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Abstract Recent work suggests that stimuli in the surround can drive V1 neurons even without11

direct visual input to the classical receptive field (RF). These surround-induced responses may12

represent a prediction of the occluded stimulus, a prediction error, or alternatively, a13

representation of the gray patch covering the RF. Using Neuropixels recordings in mouse V1, we14

found that a distal surround stimulus increased V1 firing rates for gray patches up to 90° in15

diameter, while LGN firing rates decreased for the same stimuli. These responses occurred16

across a wide range of conditions: they were elicited by both moving and stationary surround17

stimuli, did not require spatial continuity or motion coherence, and persisted even for large gray18

patches (90°) where there was no mismatch between the classical RF stimulus (∼20°) and the19

near surround. They also emerged when the gray patch appeared as a salient object against a20

uniform black or white background. Additionally, response magnitudes and latencies were highly21

similar for black/white uniform surface stimuli on a gray background, with latencies increasing22

with the gray-patch diameter. These findings are difficult to reconcile with the predictive coding23

interpretation and fit best with the hypothesis that surround-induced responses reflect the24

representation of the uniform surface itself and may thereby contribute to image segmentation25

processes.26

27

Introduction28

A characteristic feature of cortical circuits is the integration of feedforward afferent inputs with29

horizontal and top-down feedback (Angelucci et al., 2002, 2017; Gilbert and Wiesel, 1990; Vezoli30

et al., 2021). This integration may account for the observation that sensory responses in the neo-31

cortex exhibit a systematic dependence on the spatiotemporal context and cognitive factors like32

attention, working memory, etc. (Gazzaley and Nobre, 2012; Quak et al., 2015; Pasternak and33

Greenlee, 2005; De Lange et al., 2018). While feedforward influences are commonly conceptual-34

ized as "driving", feedback has been characterized as "modulatory", i.e. strengthening or diminish-35

ing the feedforward responses, without driving neural responses in the absence of feedforward36

inputs (Vezoli et al., 2021; Cavanaugh et al., 2002b; Self et al., 2013). Receptive fields in primary vi-37

sual cortex (V1) are usually conceptualized along these lines, with a classic receptive field (RF) that38

accounts for evoked sensory responses and an extra-classical surround that allows for further39

modulation of sensory responses by spatial context (Maffei and Fiorentini, 1976; Allman et al.,40
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1985; Angelucci et al., 2002, 2017). However, recent studies in mice challenge the idea that the sur-41

round acts in a purely modulatory manner (although we note that there are some inconsistencies42

between primate studies Slllito et al. 1995; Cavanaugh et al. 2002a; Gieselmann and Thiele 2008,43

see Discussion).44

Specifically, Keller et al. (2020) report that in mouse V1, firing rates are higher when a drifting45

grating is partially occluded by a gray mask over the classical RF compared to an unoccluded full-46

field drifting grating. Keller et al. (2020) describe this phenomenon as an inverse (or second) RF,47

emphasizing the driving influence of the surround. Optogenetic manipulation further suggests48

that the reported increase in V1 firing rates for the gray-patch condition depends on top-down49

feedback from secondary visual cortical areas (Keller et al., 2020). These findings from Keller et al.50

(2020) raise two major questions:51

First, we argue that it is still uncertain whether stimuli presented in the surround alone can52

independently drive neural responses, which we refer to as a "surround-induced response". In53

particular, the strongest increase in firing rates in (Keller et al., 2020) occurred for gray patches54

around 15°diameter. For such a small gray patch, part of the grating stimulus may still activate the55

classical RF, particularly given that neurons with RFs up to 10° from the patch center were included56

(Keller et al., 2020, see Discussion). In other words, the gray patch may introduce a new stimulus57

(grating/gray) within the RF, increasing firing rates because of a mismatch with the surround. The58

results for large surrounds, where any remaining stimulation of the classic RF can be excluded,59

were not systematically investigated and appear to be inconclusive (Keller et al., 2020). To address60

this issue, it is necessary to systematically investigate V1 responses for large-diameter gray patches61

where bottom-up sensory stimulation can be excluded.62

Second, the stimulus-dependence of surround-induced responses remains to be systematically63

investigated, which is necessary to determine the computational mechanisms and functional sig-64

nificance of surround-induced responses. In particular, we wish to contrast two interpretations65

of surround-induced responses: (i) One interpretation is that surround-induced responses result66

from predictive processing (Rao and Ballard, 1999) ("predictive processing hypothesis"). In this in-67

terpretation, the inverse RF may reflect either an omission signal, resulting from the absence of68

a predicted input, or a prediction signal of the occluded content (Muckli et al., 2015; Keller et al.,69

2020). These predictive processing explanations entail that the properties of the surround stimulus70

should be a critical factor. One would expect that prediction error or predictive fill-in signals will71

be boosted when the visual system can infer that there is a stimulus behind the gray patch, which72

thereby acts as an "occluder". We reckoned that the inference of a stimulus behind the gray mask73

would be facilitated when the surround stimulus appears to be moving behind the occluder. Fur-74

thermore, we reasoned that prediction signals should depend on the spatial or motion coherence75

of the surround stimulus, as a coherent surround leads to interpolation and increases the preci-76

sion of predictions. In this study, we tested these predictions by comparing moving vs. stationary77

stimuli and manipulating the spatial or movement coherence of the surround stimulus.78

(ii) An alternative explanation for surround-induced responses is that these responses reflect79

the representation of the gray patch itself and relate to segmentation processes ("segmentation80

hypothesis"). In macaque V1, Zweig et al. (2015) have shown that responses to black or white81

uniform surfaces have longer latencies at the stimulus center compared to the edge and show a82

systematic increase in response latency with the size of the surface stimulus. Zweig et al. (2015)83

suggests that this increase in latency reflects the perceptual inference of the uniform surface in-84

formation, requiring information transfer from the surface edge towards the center of the surface.85

The rationale here is that at the center of an achromatic surface stimulus, there is no intrinsic signal86

of the surface properties and that these properties are inferred by using information from the sur-87

face’s edge Zweig et al. (2015). In this scenario, presenting a stimulus in the surroundmay create a88

transient activation around the edge that leads to a transient enhancement of the representation89

of the gray surface itself (Peter et al., 2019). This "segmentation" interpretation would entail that90

the surround-induced responses for gray masks should be very similar to the case of black/white91
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center stimuli with a uniform gray surround. Another prediction is that there should be a system-92

atic increase in the response latency with the size of the gray patch (Zweig et al., 2015). Finally, the93

"segmentation hypothesis" does not require spatial ormotion coherence of the surround stimulus,94

because a gray patch will be visible both for a spatially coherent and incoherent surround.95
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Figure 1. V1 responses to gray patches with gratings in the surround. a) Extracellular recordings across V1 layers in awake head-fixed mice on arunning disk. b) Example session of current source density analysis to identify cortical layers. c) Sparse noise protocol (top) for RF (receptivefield) mapping. Example RF for MUA (multi-unit activity). d) Main stimulus conditions: In the classical condition, gratings of different sizes werepresented, either drifting (Drift) or stationary (Stat). In the gray condition, a gray patch was centered on the neuronal RF and had the sameluminance as the background during the inter-trial interval (baseline). Hence, at stimulus onset, only the surround stimulus changes. Example ofa grating (top) or gray center patch (bottom) of 70°. The dashed circle represents an RF of 20° diameter. e) Average firing rates of single units,normalized to baseline, shown in logarithmic scale. The left panel corresponds to the early (0.04 s to 0.15 s) and the right panel to the latestimulus period (0.2 s to 1 s after stimulus onset) (number of neurons 𝑛 =335, 6 animals). f) Statistical analysis for all conditions from e). Sizesare separated into small < 45° and large ≥ 45° (*p-values < 0.01 comparing drifting vs. stationary per size, Wilcoxon signed-rank test). Allconditions had values higher than the baseline (p-values < 0.01 Wilcoxon signed-rank test). g) Average spike density normalized to baseline.Solid lines represent drifting conditions, and dashed lines represent stationary conditions. The black line on top of each subplot represents thestimulus period. h) Histogram of rise times of neural responses for Gratings (black) or Gray (red) (sizes ≥ 45°). PDF is the probability densityfunction. Solid lines are a Kernel smoothing function of the histogram (Wilcoxon signed-rank test, *p-value < 0.01). i) Each point represents thepeak response time of the average spike density function as a function of response magnitude.

In the present study, we recorded V1 and lateral geniculate nucleus (LGN) neurons using Neu-96
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Figure 2. LGN responses to gray patches with a grating in the surround. a) Stimuli, as in Figure 1. b) Representative scheme of extracellularrecordings in LGN. c) Average firing rates normalized to baseline (𝑛 =30, 2 animals).

ropixels in awake mice. We demonstrate that neural responses in V1 can increase with stimula-97

tion of the distal surround, up to 90°diameter, while LGN firing rates decrease for the same stim-98

uli. Based on these observations, we performed a detailed investigation of the neural responses99

to distal surround stimuli with a large gray patch covering the RF. We systematically investigated100

the dependence of the neural response on the properties of the surrounding stimuli using single-101

unit and population decoding analyses. We presented four kinds types of stimuli: (1) stationary102

and drifting gratings that were spatially continuous; (2) surround stimuli that were divided into103

two drifting gratings that lacked motion coherence or spatially discontinuous static gratings; (3)104

noisy textures; and (4) black/white surface stimuli on a gray surround, or gray surface stimuli in a105

black/white surround.106

Results107

Responses to occluded grating stimuli108

We used Neuropixel probes to record neuronal activity across all layers of V1 in head-fixed mice109

placed on a running disk (Figure 1a,b; see Methods). Visual stimuli were centered on the RFs of110

the recorded neurons (Figure 1c, see Methods). We included only single units into the analysis that111

met several criteria in terms of visual responsiveness and a significant RF with a center within 10°112

(absolute) distance to the stimulus center of the grating.113

Throughout the paper, we use the following nomenclature: We will describe the configuration114

of a stimulus in the center, e.g., a circular gray patch superimposed onto a background consisting115

of a drifting grating, as "Gray/Drift". Likewise, we shall refer to a grating superimposed onto a gray116

background as "Drift/Gray" or simply as "Drift". In the first experimental paradigm, we presented117

both stationary and drifting grating stimuli. The stimuli were presented in four main conditions,118

namely "Drift/Gray", "Stat/Gray", "Gray/Drift" and "Gray/Stat" (Figure 1d). In the Drift/Gray and119

Stat/Gray conditions, gratings of different sizes were presentedwith direct visual stimulation of the120

neurons’ classical RFs with a grating stimulus. By contrast, in the Gray/Drift and Gray/Stat (patch)121

conditions, gray circular patches of different sizes were positioned at the center and a grating of a122

fixed size was presented in the surround (seeMethods). The gray patches thus effectively occluded123

part of the grating stimulus and had the same intensity as the gray screen in the inter-trial interval.124

We separately analyzed the early (0.04 s to 0.15 s) and late (0.25 s to 1 s) neuronal responses and125

refer to these as the early stimulus period and late stimulus period.126
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In the Drift/Gray condition, neurons showed maximum firing rates for gratings of sizes around127

15°-25° of diameter. Firing rates gradually decreased with the size of the drifting grating, i.e. sur-128

round suppression (Figure 1e-g, S1a-c). In theGray/Drift condition, neuronal firing rates also reached129

a maximum value for gray patch sizes around 15° of diameter, with a decrease in firing for larger130

gray patch sizes (Figure 1e-g). We observed an increase in neuronal firing rates during the late131

stimulus period (but not during the early period) for a 15° diameter gray patch in the Gray/Drift132

condition, as compared to the response to the 90° grating stimulus in the Drift/Gray condition (Fig-133

ure S2d). Keller et al. (2020) have described this firing increase in the Gray/Drift condition relative134

to the large drifting grating stimulus as an "inverse receptive field".135
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Figure 3. Neural responses to rectangular gray patches with orthogonal grating stimuli in the surround. a) Spatially continuous gratings and agray rectangular patch covering the gratings (Gray/Cont). The stimulus could be presented as either drifting or stationary. b) Discontinuousgratings in the surround and discontinuous gratings covered by the gray patch (Gray/Disc). c) Population size tuning, shown as firing ratesnormalized to baseline during early (0.04 s to 0.15 s) and late (0.2 s to 1 s) stimulus periods. "Drift" and "Stat" refer to drifting and stationaryconditions. The sizes correspond to the different dimensions of the rectangular patch. In this condition, the classical condition was presentedonly as full-field gratings. d) Statistical analysis of data in (d). Sizes were divided in small (< 45°) and large (≥ 45°) (*p-values < 0.01 Wilcoxonsigned-rank test. 𝑛 =132 single units in 5 animals). All conditions were significantly higher than baseline during early and late periods (p < 0.01,Wilcoxon signed-rank test). e) Average spike density function for different sizes of the rectangular gray patch. The solid line represents thestimulus period. f) Histogram of response latencies (rise time) for Gratings (black) and Gray (red) conditions. Latency was computed for sizes of
≥ 45°. The black and red lines are (kernel) smoothing estimates. Drifting and stationary conditions are pooled together. PDF corresponds to theprobability density function (Wilcoxon signed-rank test, *p-value < 0.01). g) Scatter plot of rise time for the Gratings vs. Gray condition (sizes ≥45°, r-Pearson correlation value).

Importantly, increased firing rates relative to baseline for gray patch sizes of 15°-25° diameter136

(Figure 1e-g) might potentially be explained by the presence of an edge in the neuronal receptive137

field. Because of variability in RF centers across neurons, the stimulus was not always exactly138

centered on the neuronal RF but could be 10° diameter away from the RF center. Consequently,139
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for gray patch sizes of 15°-25° diameter, a small part of the grating stimulus may have been placed140

inside the classical RF in the Gray/Drift condition. This explanation does not apply to larger gray141

patch sizes, in which case we can be certain that the surround stimulus does not induce a direct142

bottom-up drive. In our experiment, we included gray patches with sizes up to 90°. Strikingly, we143

found that in the Gray/Drift condition, firing rates were increased relative to baseline (i.e. the full-144

field gray screen) even for large gray patch sizes up to 90°, (Figure 1e-h). Thus, a stimulus presented145

in the distal surround induced a reliable increase in firing rates relative to baseline. We shall refer146

to this effect as the "surround-induced response". Surround-induced responses were stronger in147

the early stimulus period (0.04 s to 0.15 s) than in the late stimulus period (from 0.2 s to 1 s) (Figure148

1h).149

We wondered if there would be a major difference in the magnitude of surround-induced re-150

sponses between Gray/Drift and Gray/Stat conditions, considering that for a drifting grating, the vi-151

sual systemmay infer that an object is moving behind the gray patch. However, surround-induced152

responses were found for both drifting and stationary grating stimuli presented in the distal sur-153

round. In the early stimulus period, in which surround-induced responses were the strongest, we154

did not observe a significant difference in the magnitude of surround-induced responses between155

Gray/Drift and Gray/Stat conditions. However, we did observe a stronger rate increase for the156

Gray/Drift condition as compared to the Gray/Stat condition in the late stimulus period (Figure157

1e,f).158

We further analyzed how the temporal structure of the surround-induced response differed159

from responses in the classical stimulus condition. To study the latencies of firing responses, we160

first quantified, for each neuron, the rise time of the neuronal response based on the spike-density161

function. We then compared response latencies between Gray/Drift (for a gray patch of 45° and162

larger) and Drift/Gray (for a drifting grating of 45° and larger). Response latencies were delayed163

for both the Gray/Drift and Gray/Stat conditions as compared to the Drift/Gray and Stat/Gray con-164

ditions (Figure 1h). For both the Gray/Drift and Gray/Stat condition, response latencies showed a165

systematic increase with the size of the gray patch, resulting in a negative correlation between the166

magnitude of the neuronal response and the response latency (Figure 1i).167

Specifically, response latencieswere comparable between the classic (i.e. Drift/Gray and Stat/Gray)168

and patch (i.e. Gray/Drift and Gray/Stat) conditions up to gray patch sizes of about 45° diameter169

(Figure 1h). For larger center stimuli, firing responses in the Gray/Drift and Gray/Stat conditions170

were delayed by about 50ms compared to the classical Drift/Gray and Stat/Gray conditions (Figure171

1h).172

In addition, we recorded single LGN neurons using the same paradigm (Figure 2a,b). Similarly173

to V1, LGN neurons had a maximum response to drifting and static grating stimuli (i.e. Drift/Gray174

and Stat/Gray) for sizes around 15°-25° diameter. In contrast to V1 neurons, LGN neurons did not175

show an increase in firing rates relative to baseline for larger diameters of the gray-patch in the176

Gray/Drift and Gray/Stat conditions. Instead, during both the early and late stimulus period, LGN177

firing rates decreased below baseline levels, with maximum suppression for gray patches of 45°178

diameter (Figure 2c, Rank-Wilcoxon test, p<0.01). Even for gray patches of 25° diameter, the firing179

response of LGN neurons was weak and did not differ from baseline levels in the late stimulus180

period. These analyses indicate that the increase in V1 firing rates for gray-patch diameters of181

25° and larger is not inherited from area LGN but depends on horizontal and top-down cortical182

feedback.183

Responses induced by discontinuous surround stimuli184

As described above, grating stimuli presented in the distal surround can increase V1 firing rates185

relative to baseline (i.e. surround-induced response). These grating stimuli were spatially coherent,186

i.e. they had a continuous spatial structure that was interrupted by the gray center patch. Such187

a continuous grating stimulus allows for prediction of the object occluded behind the gray center188

patch via interpolation. We therefore wondered to what extent the surround-induced response189
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depends on the spatial continuity of the surround stimuli.190

To investigate this, we disrupted the spatial continuity of the surround stimulus by dividing the191

surround stimulus into two separate gratings of orthogonal orientations (Figure 3a,b). These two192

gratings were placed next to each other, with the dividing line centered on the neuronal RF. In the193

drifting-grating condition, the stimuli moved in orthogonal directions. Gratings were presented in194

two conditions, either vertical and horizontal (0° and 90°) or diagonal (45° and 135°) (Figure 3a,b).195

In the vertical-horizontal condition, the two gratings were spatially discontinuous at the location of196

the patch, whereas in the diagonal condition, the gratings were spatially continuous (although the197

motion of the grating was non-coherent in both conditions). The grating stimuli could appear in198

four configurations: drifting/stationary (Drift/Stat) and continuous/discontinuous (Cont. or Disc.),199

i.e. Drift.Cont., Drift.Disc., Stat.Cont., and Stat.Disc. For the Gray/Grating condition, a rectangular200

gray patch was superimposed onto the grating stimuli. We varied the width of this rectangular gray201

patch up to a width of 90°.202

We found surround-induced responses when the surround stimulus was a grating with orthog-203

onal orientations (Figure 3c-e), with delays in response latencies for both Gray/Drift and Gray/Stat204

conditions (Figure 3f,g). The surround-induced response was found both for drifting and station-205

ary gratings in the surround and for both spatially continuous (i.e. diagonal) and discontinuous206

(vertical-horizontal) gratings in the surround (i.e. Gray/Drift-Cont, Gray/Drift-Disc., Gray/Stat-Cont.,207

Gray/Stat-Disc.). In fact, surround-induced responses were greater for the discontinuous than con-208

tinuous surround stimuli during the late stimulus period (comparing Gray/Stat-Drift. vs. Gray/Stat-209

Cont. in Figure 3d). Hence, the spatial continuity of the stimulus in the surround does not increase210

7 of 27

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 24, 2025. ; https://doi.org/10.1101/2024.06.03.597080doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.03.597080
http://creativecommons.org/licenses/by/4.0/


surround-induced responses, and surround-induced responses can be observed also in case of211

surround stimuli exhibiting incoherent motion.212

The observation that the spatial continuity of the surround stimulus is not necessary to gen-213

erate a surround-induced response predicts that surround-induced responses might also occur214

when the surround stimulus is a noisy texture. To test this, we presented pink-noise stimuli ei-215

ther in the classical condition (Noise) or with a circular gray patch centered on the neuronal RF216

(Gray/Noise); (Figure 4a). In the Gray/Noise condition, surround-induced responses were observed217

for gray patches up to 90° diameter (Figure 4b,c). Surround-induced responses were strongest in218

the early stimulus period, and their magnitude showed a negative dependence on the size of the219

gray patch (Figure 4c). We also observed a difference of ∼50 ms in response latency between the220

classical Noise and the Gray/Noise condition (Figure 4d,e).221

Uniform surface stimuli222

If surround-induced responses comprise a representation of the gray surface centered on the RF,223

then one would expect that these responses can also be found when the gray patch is superim-224

posed onto a uniform black or white background. Furthermore, it is plausible that responses to a225

gray surface stimulus on a white or black background show similarities to responses to a white or226

black surface stimulus on a gray background, both in terms of response latency and magnitude.227

Similar to the experiments described above, we centered a gray patch on the neuronal RF. In228

this experiment, the background was either white or black (Gray/White and Gray/Black conditions)229

(Figure 5a,b). In the classical condition, we presented white or black patches of different sizes on a230

gray background, and we refer to these stimuli as white/black surface stimuli. In this case, the cen-231

ter of the stimulus was black or white, and the surround was gray (White/Gray; Black/Gray) (Figure232

5a,b). We found that the onset of a white or black surround stimulus (Gray/White and Gray/Black)233

led to an increase in V1 firing rates above baseline levels. This firing increase was strongest for234

gray patches around 5°-15° diameter but was still significant for large gray patches (Figure 5c-235

f). V1 firing rates also increased for white or black surface stimuli centered on the neuronal RF236

(White/Gray and Black/Gray, Figure 5c-f). The differences in firing rates were relatively small be-237

tween the Gray/White and White/Gray conditions and between the Gray/Black and Black/Gray238

conditions. In the late stimulus period, opposite patterns were found for white and black con-239

ditions: Firing rates were higher in the White/Gray than in the Gray/White condition (Figure 5e).240

However, firing responses were higher in the Gray/Black than the Black/Gray condition (Figure241

5e). Hence, firing rates were generally higher in the condition with the brighter surface in the cen-242

ter. Furthermore, we found that latencies were not significantly different between conditions and243

peaked around 120 ms, similar to the latency observed for the Gray/Drift and Gray/Stat protocols244

(Figure 5g,h). Thus, firing responses to gray surface stimuli on a white/black background tend to245

havemagnitudes and latencies that are similar to white/black surface stimuli on a gray background.246

This finding differs from the case of grating stimuli, where we found a strong latency difference and247

stronger response for grating stimuli on a gray background, as compared to gray patch stimuli on248

a grating background (see Figure S3 for a direct comparison).249

Decoding of population firing rate vectors250

Finally, we asked to what extent surround-induced responses carry information about the specific251

stimulus in the surround. To this end, we investigated differences in neuronal population vectors252

between different kinds of surround stimuli by computing the Euclidean distance between two fir-253

ing rate vectors for all pairs of trials (Figure 6a-b). Based on these distance matrices, we computed254

low-dimensional embeddings via t-SNE (Figure 6c). In addition, we performed supervised classifi-255

cation via support vector machines (Figure 6d). We performed these analyses including 70° and256

90° diameter gray patches or stimuli for the protocols with stationary and drifting gratings (Figure257

1), the rectangular gray patch with orthogonal gratings (Figure 3, and the protocol with black/white258

backgrounds (Figure 5).259
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Figure 5. Neural activity for a gray patch with a black or white surround. a) White stimuli: white patches with a gray surround (White/Gray) or agray patch with a white surround (Gray/White). b) Black stimuli: black center with a gray surround (Black/Gray) or a gray patch with a blacksurround (Gray/Black). c) Average firing rates normalized to baseline and in logarithmic scale for early (0.04 s to 0.15 s) and late (0.2 s to 1 s)stimulus period. d) Same as (c) for black stimuli shown in (b). e) Mean and SEM of neural responses for small and large patch sizes, separatelyfor early and late stimulus periods. (*p-values < 0.01, Wilcoxon signed-rank test, 𝑛 =170 units in 5 animals). All conditions were significantlyhigher than baseline. f) Average spike density for different stimulus sizes. Spike densities are normalized to baseline and shown in a logarithmicscale. g) Histogram of response latencies across neurons (response rise time). The line highlighted shows the estimated probability density(kernel smoothing). Response latencies were computed for patch sizes of 45° and larger. PDF corresponds to the probability density function. h)Scatter plot of the rise time for the classical and gray patch condition per unit (single units 𝑛 =247, 5 animals, r-Pearson correlation value).

Across protocols, we refer to the condition with the gray patch in the center as the “patch" con-260

dition, and the condition with the stimulus (grating, or black surface) centered on the RF as the261

“classical" condition. We first examined whether the patch and classical condition could be distin-262

guished. In all three protocols, firing rate vectors formed distinct clusters for the patch condition263

and the classical condition, with classification performance above 90% for all stimulus conditions264

and early and late stimulus periods (Figure 6d). Next, we analyzed to what extent the surround265

stimulus in the patch condition could be decoded from the surround-induced response. For all266

protocols, the surround stimulus could be decoded with high accuracy during the early and late267
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Figure 6. Population analyses to investigate stimulus specificity. a) Dissimilarity matrices of firing rate vectorsacross trials. The distance between firing rate vectors was computed using Euclidean distances. Forvisualization purposes, the diagonal shows the maximum value. b) Mean distances between protocols basedon dissimilarity matrices. Black lines show the 𝜎∕
√

𝑛 (i.e., SEM), where 𝑛 is the number of samples (i.e.,distances). Stat/Gray-Gray/Stat indicates the distance between stationary grating (classical) andgray-center/stationary-grating (patch) conditions. For gratings with a circular gray patch during early periods,only (Stat/Gray-Gray/Stat, Stat/Gray-Gray/Drift) were not distinguishable (p-val equals 0.396). For late periods,all the distances were statistically distinguishable. For Gratings with rectangular patch during early periods,(Stat/Gray-Gray/Stat, Drift/Gray-Gray/Stat), (Stat/Gray-Gray/Stat, Drift/Gray-Gray/Drift), and(Drift/Gray-Gray/Stat, Drift/Gray-Gray/Drift) were not significant distinguishable (p-values equal to 0.4585,0.9402, 0.9478, respectively). For late periods, all the comparison yielded significance. Finally, for B&W, all thecomparisons were statistically significant except for the distances between (Black/Gray-Gray/White,Gray/Black-Gray/White) (p-val = 0.0247) for early periods. For late periods, the comparisons(Black/Gray-Gray/Black, Black/Gray-White/Gray) and (Gray/Black-Gray/White, Gray/Black-White/Gray) werenot significantly distinct (p-values 0.0338 and 0.0308, respectively). c) 2D t-SNE embedding based ondissimilarity matrices shown in a). d) Support Vector Classifier (SVC) based on matrices in a). Classificationscore across 20 repetitions. 40% of trials were used for training and 60% for testing.

stimulus periods (Figure 6d). Decoding performances were comparable between the patch and268

classical conditions. That is, the surround-induced response contained about the same amount269

of information about the surround stimulus as the activity in the classical condition (i.e. when the270

same surround stimulus was presented) (Figure 6d).271

Nevertheless, there were differences between the grating and rectangular protocol compared272

to the black and white protocol. The t-SNE and dissimilarity matrices showed two main clusters in273

the grating and rectangular protocol, one for the classical and one for the patch condition. This was274

reflected by the fact that the distance between stationary and drifting grating in the patch condition275

was substantially smaller than the distance between the other conditions. However, in the black-276

white protocol, we did not observe a distinct cluster for the gray patch condition, and the distance277
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was not consistently lower than distances between the other conditions (Figure 6a-b). Finally, we278

examined if the surround-induced responses in the gray patch condition, for a given surround279

stimulus, tended to be similar to the responses in the classical condition for the same surround280

stimulus. This was generally not the case. However, the distance between a stationary grating281

in the classical and patch condition (Stat/Gray-Gray/Stat) was larger than the distance between a282

drifting grating in the classical and stationary grating in the patch condition (Drift/Gray-Gray/Stat),283

for example.284

Discussion285

Recent studies suggest that V1 neurons can be driven by a surround stimulus when a gray patch286

covers the classical RF, an effect that likely depends on feedback (Schnabel et al., 2018; Keller287

et al., 2020; Kirchberger et al., 2023). The present study had two main objectives: First, to confirm288

that neural responses can indeed be driven by stimuli in the surround alone, by recording a large289

number of neurons electrophysiologically and using distal surround stimuli for which direct stim-290

ulation of the classic RF can be excluded. Our second aim was to systematically investigate the291

stimulus-dependence of surround-induced responses, thereby distinguishing different computa-292

tional mechanisms and interpretations. In particular, previous work has proposed that surround-293

induced responses may result from predictive processing, either as a prediction of the occluded294

content or a prediction error (Keller et al., 2020; Muckli et al., 2015). A competing interpretation295

is that surround-induced responses reflect the representation of the uniform gray patch itself and296

relate to segmentation processes (Zweig et al., 2015).297

We recorded V1 and LGN neurons using Neuropixels in awake mice and showed that V1 firing298

rates increase by presenting a grating stimulus in the background, while the RF is covered by a299

gray patch up to 90° of visual angle. Our findings suggest that the surround-induced responses300

are due to horizontal or top-down feedback because surround stimuli induced decreases in LGN301

firing rates, which had RF sizes comparable to V1. Furthermore, mice make infrequent and small302

eye movements, while our surround stimuli were up to 45° away from the RF center.303

Increased firing at the gray center patch did not require spatial continuity or motion coherence304

of the surround stimulus and was generalized to noisy textures and uniform black or white sur-305

faces in the surround. Responses to black/white surfaces (with a gray background) had a similar306

magnitude and response latency as responses to a gray patch with uniform black/white stimuli in307

the surround. V1 response latencies showed a systematic increase in the size of the gray center308

patch, similar to what we observed for black/white stimuli. Based on these findings, we suggest309

that increased V1 firing for a gray patch following the presentation of a distal surround stimulus310

primarily reflects the representation of the gray patch itself.311

Surround-induced responses in mice312

Our results demonstrate that V1 neurons are driven (i.e. increased firing rates relative to baseline)313

by various kinds of distal surround stimuli. We refer to this effect as the "surround-induced re-314

sponse". We further observed an increase in response latency with the increase in the size of the315

gray patch up to about 50 ms. In previous experiments in mice, Keller et al. (2020) also presented316

drifting gratings masked by circular gray patches with sizes up to 90°. Some (their Figure 1) but317

not all (their Figure 4) of their figures showed increased ΔF/F activity above zero. We argue that318

surround-induced response should be distinguished from the concept of an inverse RF that was319

recently put forward in amice study by Keller et al. (2020). The surround-induced response reflects320

an increase in firing rates relative to baseline levels, while the inverse RF refers to an increase in321

firing for a full-field stimulus masked by a gray patch relative to the same full-field stimulus. Thus,322

the interpretation of the "inverse RF" is that V1 firing rates increase due to the omission of classic323

RF stimuli. However, it is unclear what mechanism underlies the inverse RF. Keller et al. (2020) re-324

ported preferred inverse RF sizes of about 15°. Similarly, we found an increase in V1 firing rates as325

compared to the full-field grating when it wasmasked by gray circular patches of 15°. We observed326
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this increase specifically in the late stimulus period and only for drifting, but not for static gratings327

(Figure S2). We further find that the neural response for stimuli around 15° to 25° does not have328

a delayed latency as compared to classic RF inputs (note that Keller et al. (2020) did not analyze329

the dependence of response latencies on the gray patch size). Given that the strongest inverse330

response occurs for circular gray patches around 15° without a delayed response latency, it is pos-331

sible that for such a stimulus there is some remaining bottom-up input into the classical RF. We332

noted that V1 RF sizes are approximately 15° large and that units are included in the analysis (also333

in Keller et al. (2020)) that have a classic RF within 10° away of the stimulus center. Hence, some334

of the grating in the surround may still cover the classical RF, which is consistent with the finding335

that LGN neurons show increased firing relative to baseline in the gray-center/grating-surround336

condition for gray patches of 15°. We posit that when a small circular gray patch is superimposed337

onto a grating stimulus, there are two factors determining the neural response: (1) The gray patch338

changes the spatial frequency content of the classical RF input. Consequently, the bottom-up drive339

may decrease compared to a grating stimulus. (2) The mismatch between surround and classic RF340

input induced by the gray patch can increase the response strength. If the influence of the second341

factor exceeds the influence of the first factor, the overall neural responsemay increase compared342

to a full-field grating stimulus, giving rise to an "inverse RF". As the second factor depends on feed-343

back, inverse RFs may be observed specifically in superficial layers (Keller et al., 2020).344

However, it is unclear whether the phenomenon of surround-induced responses also occurs in345

primates. Several studies did not report surround-induced V1 firing responses for grating stimuli,346

neither in the anesthetized nor the awake monkey (Gieselmann and Thiele, 2008; Slllito et al.,347

1995; Cavanaugh et al., 2002a). By contrast, other studies did observe surround-induced V1 firing348

responses in primates. Rossi et al. (2001) showed an increase in V1 firing rates in the awakemonkey349

for an oriented textured surround with a gray patch of 4° centered around the neuronal RF. Similar350

to our study, this response was substantially weaker than the classical response and also delayed351

in time, andwas induced by distal surround stimulation considering thatmacaque RFs are about 1°352

wide. Papale et al. (2023) found increased V1 firing rates for natural scenes in macaques. In their353

study, the surround stimulation however occurred relatively close to the neuronal RFs. In humans,354

similar stimuli have been shown to increase V1 BOLD responses (Muckli et al., 2015).355

It remains to be investigated what explains these discrepancies between non-human-primate356

studies. A possible explanation is that the studies reporting surround-induced responses inmacaques357

used full-field stimulus in the surround (Rossi et al., 2001; Papale et al., 2023), similar to our study,358

while the other studies that did not report surround-induced responses used a smaller surround-359

ing annulus (Slllito et al., 1995;Cavanaugh et al., 2002a;Gieselmannand Thiele, 2008). It is possible360

that many forms of surround stimulation induce subthreshold activity in V1 neurons, composed361

of a mixture of excitatory and inhibitory conductances, but that only a subset of stimuli induce362

suprathreshold activity. Indeed, studies of the cortical point-spread function demonstrate that363

a visual stimulus elicits a wave of activity propagating up to 10 times bigger than the size of the364

retinotopic start point (Grinvald et al., 1994). Moreover, studies in cats have shown that postsynap-365

tic integration fields in V1 are up to five times larger than the integration fields of suprathreshold366

spiking activity (Bringuier et al., 1999). The latencies of the subthreshold potentials increased with367

the distance of the stimulus to the center of the integration field.368

There may be structural differences between mice and monkeys that could entail differential369

contextualmodulation: In contrast tomacaque V1 (Talluri et al., 2023), neurons inmouse V1 can be370

strongly driven by many factors not related to visual stimulation (Vinck et al., 2015; Stringer et al.,371

2019a). Consequently, a modulatory or weak input caused by surround stimulation may lead to372

changes in suprathreshold activity in mice but not in monkey V1. Surround stimuli may have a dif-373

ferent effect on inhibitory and excitatory neurons as compared to mice. One characteristic feature374

of primates is their high acuity vision as compared to rodents. Theoretical models of predictive and375

efficient coding entail that stimuli with high precision should induce stronger inhibitory feedback,376

whereas lower precision should lead tomore pooling (Huang and Paradiso, 2008; Coen-Cagli et al.,377
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2012). This is illustrated by the increased spatial summation for low-contrast stimuli compared to378

high-contrast stimuli (Sceniak et al., 1999). Therefore, there may be more spatial summation in379

mouse V1 than in monkey V1.380

Mechanisms381

In the Introduction, we contrasted two interpretations of surround-induced responses:382

1) Predictive processing accounts: A first possibility is that surround-induced response result383

from predictive processing. In this view, surround-induced responses could either represent a384

omission mismatch signal (i.e. prediction error) (Keller et al., 2020; Rao and Ballard, 1999), or a385

prediction of the content behind the mask (Derrington, 1996; Komatsu, 2006;Muckli et al., 2015).386

We argue that the prediction-error explanation may account for the inverse RF, but not for the387

surround-induced responses. For the surround-induced responses, there is no mismatch when388

there is a large gray patch centered around the neural RF, because the bottom-up input into the389

RF (i.e. homogeneous gray surface) is the same as the near (proximal) surround (i.e., also a homo-390

geneous gray surface). In other words, for a 90° gray patch centered on a neuron’s classic RF of 15°,391

there is a 75° gray surround, such that the RF input should be entirely predicted from the surround.392

Furthermore, contrary to our observations, one would have expected that a mismatch response393

depends on the continuity of the surround stimuli, i.e. whether a consistent prediction based on394

the surround can be generated. Yet, we showed that the surround-induced response generalizes395

to moving and stationary stimuli, continuous and discontinuous stimuli, noisy textures, and uni-396

form surfaces in the surround.397

We furthermore argue that our data does not support that surround-induced responses reflect398

a perceptual inference (prediction) of the stimulus content behind the gray patch (acting as an399

occluder): First, we found equally strong surround-induced responses when the surround stimulus400

was not spatially continuous. For such a stimulus, the rectangle is not perceptually interpreted as401

an occluder of a "hidden" object. Likewise, we did not find stronger surround-induced responses402

for moving stimuli in the early period, even though moving stimuli should facilitate the inference403

that there is an object behind the gray patch. Second, we found equally strong surround-induced404

responses when the gray patch appeared as a salient object over a non-salient uniform black or405

white background. In this case, it is unclear why surround-induced responses would represent the406

uniform background behind the salient object rather than the salient and directly visible object407

(the gray patch) itself.408

2) Segmentation accounts: A second possibility is that the surround-induced responses reflect409

the representation of the uniform gray patch itself, and relate to segmentation processes A previ-410

ous study in macaque V1 has shown that for uniform surfaces (e.g. a black patch on a gray back-411

ground), neural firing increases at the center of the uniform surface with a delay (relative to stimu-412

lus onset) compared to the response at the edge (Zweig et al., 2015; Peter et al., 2019). This delay413

in V1 activity increased with the size of the black or white surface stimulus (Zweig et al., 2015). This414

effect was interpreted as the inference of the surface information itself. Importantly, this surface415

information may not be available from the direct feedforward input, considering that a uniform416

surface has zero power at all spatial frequencies (Zweig et al., 2015). Thus, according to Zweig417

et al. (2015), the V1 representation of the center of a uniform surface stimulus derives from neural418

responses at the edge of the surface.419

We argue that the surround-induced response with a gray patch in the RF has a similar mecha-420

nistic origin and may reflects a representation of the gray patch itself. That is, presenting a distal421

surround stimulus activates neurons around the edge of the gray patch, which then leads to a422

transient and delayed increase in V1 firing (i.e. a surround-induced response) at the center of the423

gray patch. This interpretation is compatible with several observations: First, we showed that the424

responsemagnitude and latency of the surround-induced response were very similar to the neural425

response when a black or white patch was presented on a gray background. In fact, in the late stim-426

ulus period, surround-induced responses (i.e. with a gray patch) were stronger than responses to a427
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black patch on a gray background. Furthermore, we did not observe that the population vectors for428

the gray patch on a black or white background formed a separate cluster (in the t-SNE embedding)429

as compared to a black or white patch on a gray background. Second, similar to Zweig et al. (2015),430

we observed a systematic increase in the latency of surround-induced responses as a function of431

the surface (patch) size.432

A closely related explanation is that the surround-induced responses represent a figure-ground433

effect (Self et al., 2013; Schnabel et al., 2018; Kirchberger et al., 2023) as suggested in mice and434

macaque studies. In this interpretation, the surround-induced response occurs because the gray435

patch appears as the figure (i.e. the foreground) on a background, and thus draws bottom-up at-436

tention (i.e. is salient). While figure-ground modulation may have contributed to the increase in437

V1 firing, we note that figure-ground modulation assumes that there is some representation of438

the gray patch to begin with, begging the question of how this representation emerges. Following439

(Zweig et al., 2015), we argue that the representation of a uniform surface stimulus, with informa-440

tion traveling from the edge to the center, forms amechanism throughwhich the surface is seen as441

an object, leading to perceptual grouping and image segmentation. These signals can then be fur-442

ther boosted when the surface appears as a figure on a background (i.e. figure-ground), however,443

they may also occur when e.g. the patch is large and flanked by two salient stimuli, as observed444

here.445

It is possible however that V1 representations are mixed and reflect both segmentation and446

predictive processes. In this way, a single V1 vector could contain information both about the447

stimulus itself (i.e. the gray patch) but also about the spatial context inwhich it is embedded. That is,448

surround-induced responsesmay notmerely encode the surface information of the gray patch, but449

could in addition encode information about the properties of the distal surround stimulus. Such a450

scenario would be consistent with the finding that human fMRI activity contains information about451

the predicted content behind the occluder (Muckli et al., 2015). In our study, we did observe that452

the surround-induced response had some degree of stimulus-specificity: We showed that it was453

possible to decode with high accuracy if the surround stimulus was drifting or stationary. Likewise,454

it was possible to decode if the surround stimulus was black or white. It is possible however that455

e.g. the difference between a stationary and drifting grating reflects the strength of the surround456

input, with less adaptation for drifting surround stimuli. Thus, more work is required to investigate457

this stimulus-specificity and distinguish e.g. adaptation from predictive processing accounts.458

In sum, the most consistent explanation for our empirical observations of increased V1 firing459

due to a distal surround stimulus is that the distal surround stimulus evokes a representation of460

the gray center patch covering the classical RF, which can contribute to segmentation processes.461

Methods and Materials462

Materials availability463

Further information and requests for resources should bedirected toMartin Vinck (martin.vinck@esi-464

frankfurt.de).465

Data and code availability466

The open-source MATLAB toolbox Fieldtrip (Oostenveld et al., 2011) was used for data analysis.467

Data and customMATLAB scripts are available upon request from Martin Vinck (martin.vinck@esi-468

frankfurt.de) or Nisa Cuevas (nisa.cuevas@esi-frankfurt.de). For the population analysis, we used469

Scikit-Learn 0.22.1, Numpy 1.18.1 and Numba 0.51.2 for data cleaning and multi-CPU processing,470

SciPy 1.5.4 for statistics, and Matplotlib 3.1.3 for visualizations.471

Animals472

The experiments were conducted in compliance with the European Communities Council Directive473

2010/63/EC and the German Law for Protection of Animals, ensuring that all procedures were eth-474

ical and humane. All procedures were approved by local authorities, following appropriate ethics475
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review. We included female and male mice (C57BL/6), a total of six animals for V1 recordings be-476

tween three and eight months old. In two of those animals, we recorded simultaneously from LGN477

and V1. In one of the animals, we only recorded the gratings protocol, hence, that protocol has 6478

animals, and the other protocols have 5 animals. Mice were maintained on an inverted 12/12 h479

light cycle, and recordings were performed during their dark (awake) cycle.480

Head Post Implantation Surgery481

One day before the surgery, we handled the mice to reduce stress on the surgery day. We ad-482

ministered an analgesic (Metamizole, 200 mg/kg, sc) and an antibiotic (Enrofloxacin, 10 mg/kg, sc,483

Bayer, Leverkusen, Germany) and waited for 30 minutes. Anesthesia was then induced by plac-484

ing the mice in an isoflurane-filled chamber (3% in oxygen, CP-Pharma, Burgdorf, Germany) and485

maintained throughout the surgery with isoflurane (0.8-1.5% in oxygen). We regulated the animal’s486

body temperature by using a heating pad, previously set to the body temperature. We constantly487

applied eye ointment (Bepanthen, Bayer, Leverkusen, Germany) to prevent eye dryness. Before488

making an incision, the skin was disinfected three times with Chlorexidine, followed by ethanol489

each time. After exposing the skull, we cleaned it with 3% peroxide three times, followed by iodine490

each time. The animal was positioned on a stereotaxic frame (David Kopf Instruments, Tujunga,491

California, USA). The skull was then aligned, and we measured the coordinates for V1 bilaterally,492

utilizing the transverse sinus as a reference point as previously described (Wang et al., 2011) (V1,493

AP: 1.1 mm anterior to the anterior border of the transverse sinus, ML: 2.0-2.5 mm) and marked494

the coordinates for V1. We positioned a screw in the frontal part of the skull to stabilize the implant.495

A custom-made titanium head-post was placed at the level of bregma, securing it with dental ce-496

ment (Super-Bond C & B, Sun Medical, Shiga, Japan). The area designated as V1 was covered using497

cyanoacrylate glue (Insta-Cure, Bob Smith Industries Inc, Atascadero, CA USA). We closely moni-498

tored the animal’s recovery for 3-5 days, administering antibiotics for two consecutive days and499

providing metamizole in drinking water. We acclimated the animals to the running disk over five500

days. On the first day, we placed the mice on the disk for 5 minutes in complete darkness. We501

gradually increased the duration of exposure over the following days.502

Extracellular Recordings503

On the day of the recording session, we performed a circular craniotomy of approximately 0.8504

mm-1mm diameter on V1 while the animals were under anesthesia (Isoflurane). We administered505

dexamethasone andmetamizole thirty minutes before the procedure. We covered the craniotomy506

with Kwik-Cast (World Precision Instruments, Sarasota, USA) and inserted two pins into the cere-507

bellum for grounding. We waited for at least 2 hours before the recording session. For the record-508

ing sessions, awake animals were head-fixed and placed on a running disk. We used Neuropixel509

probes, the probe was inserted around 1100-1300 µm depth with a 15° angle and recorded simul-510

taneously from ∼150 channels, for LGN recordings we simultaneously recorded 384 channels. For511

each animal, we recorded around 2-3 sessions from each hemisphere, and we recorded from both512

hemispheres. For histological confirmation, we coated the probe in DiD (Invitrogen, 1 mg/mL) be-513

fore the recordings to track the location of the probe. We isolated single units with Kilosort 2.5514

(Steinmetz et al., 2021) and manually curated them with Phy2 (Rossant et al., 2021). We included515

only single units with a maximum contamination of 10 percent.516

Visual stimuli517

The experiment was run on Windows 10 and stimuli were presented on an Asus PG279Q mon-518

itor set at 144 Hz refresh rate, racing mode, contrast 50% and brightness 25%. We employed519

Psychtoolbox-3 (Brainard, 1997) to create the stimuli presented. Throughout the study, we consis-520

tently placed the screen at a 30° angle of the eye contralateral to the recording hemisphere at a521

distance of 15 cm. For all protocols, the stimulus duration was 1 s, followed by an inter-trial interval522
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of 1.3 s unless specified.523

524

Sparse Noise and Receptive Field Mapping: We employed a locally sparse noise protocol to find525

the center of the RFs, modified from Allen Brain (see https://observatory.brain-map.org). The pro-526

tocol consisted of black andwhite squares of 4.65 degrees, arranged in a 23×42 array. The stimulus527

was presented for 0.25 s, during which black and white squares were randomly positioned on a528

gray background. The total session duration was 15 minutes. We computed the response for each529

position separately, by averaging the response across all trials where a square was presented at a530

given position. A heatmap of the response was computed. This heatmap was then smoothed, and531

we calculated the location of the peak response. From the heatmap we calculated the centroid532

of the response using the function regionprops.m that finds unique objects, we then selected the533

biggest area detected. Using the centroids provided as output. We then fitted an ellipse centered534

on this peak response location to the smoothed heatmap using the MATLAB function ellipse.m. To535

center the visual stimuli during the recording session, we averaged the multiunit activity across536

the responsive channels and positioned the stimulus at the center of the ellipse fit to the MUA re-537

sponse averaged across channels. For all the following analyses based on the neuronal response538

to visual stimuli, we performed RF mapping using single-unit responses. During each trial, we col-539

lected responses to black and white squares presented in random positions on the screen and540

gray regions in the surround area not covered by a black/white square. We used a permutation541

test to compare the neuron’s responses to black and white squares inside the RF to the condition542

where there was no square in the RF (i.e. the RF was covered by the gray background). We included543

RFs of single units that met the following criteria: z-score of the response > 4, a permutation test544

p-value < 0.03, and an RF diameter within the range of 10° to 30°. We only included units in which545

the center of the RF was < 10° of visual angle from the center of the stimulus. As the locations of546

LGN RFs change across the dorsoventral positions, for LGN recordings, we averaged only channels547

with RFs close by and centered the gray patch’s position there. In each LGN recording session, we548

changed the locations of the center of the stimulus to two to three different positions.549

550

Sinusoidal gratings: We presented drifting (2 cycles/sec) and static sinusoidal gratings, with a551

spatial frequency of 0.04 cycles per degree, with randomized orientations (0°, 45°, 90°, 135°, 180°,552

225°) and sizes (5°, 10°, 15°, 25°, 45°, 55°, 70°, and 90°), equally balanced between gratings and553

gray patches over gratings. All stimuli were displayed in full contrast with a gray background. The554

patch had the same gray value as the one presented during the inter-stimulus interval. For the555

patch condition, we displayed gratings covering half the size of the x-axis of the screen. We pre-556

sented only half of the x-axis due to the large size of ourmonitor, in order to avoid over-stimulation557

of the animals with very large grating stimuli. We presented 10-20 repetitions of each condition558

(2 motion conditions, 6 orientations, 8 sizes, 2 conditions of the patch, with or without a patch, in559

total 192 conditions per session). Luminance of all the stimuli were measured with Flame UV-VIS560

Miniature Spectrometer sensor placed at the center of the visual stimulus patch. Luminance inten-561

sities were constant across all stimulus conditions (100 lumen 𝑐𝑑∕𝑚2).562

563

Orthogonal gratings with elongated patch: We presented gratings with orthogonal orientations564

in each half size of the screen (Figure 3a-b). The drifting (0.04 cycles per degree) or static gratings565

were in randomized orientations (0°, 45°, 90°, 135°, 180°). We randomized conditions with full-field566

gratings without a patch (0°) or with a rectangular gray patch with different sizes of diameter (5°,567

10°,15°,25°,45°,55°,70°, 90°). The sizes represent the varying dimensions of the rectangular patch.568

In this condition, the classical condition was shown only as full-field gratings, which is depicted in569

the plot as size 0, indicating no rectangular patch was present. For continuous gratings, the direc-570

tion of the gratings on each side of the screen allowed for the completion of a pattern (one-half571

of the screen with 45° gratings and the other half of the screen with 135° gratings). Opposite, for572

the non-continuous condition, the orientations of gratings in each half of the screen did not allow573
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pattern completion as one side was horizontal and the other side was vertical (0° vs. 90°). We574

presented 10-15 repetitions of each condition (8 sizes, 5 orientations and 2 stimuli conditions only575

gratings or gratings with patch, in total 80 conditions per session).576

577

Pink Noise: We randomly presented one of two different pink noise images, together with a578

gray patch of different diameter sizes (0°, 5°, 15°, 25°, 35°, 45°, 55°, 70°, 80°, and 90°). We used579

two (high/low) contrast values of the pink noise, randomized, and each size of the patch was pre-580

sented in 10-20 repetitions per session.581

582

Black and white stimuli with patch: We showed 2 sets of stimuli: (1) White patches (centered583

on the RF) with a gray surround (WcGs) or a gray patch with a white surround (GcWs). (2) A black584

patch with a gray surround (BcGs) or a gray patch with a black surround (GcBs). The diameter size585

of the center patch was randomized (5°, 15°, 25°, 35°, 45°, 55°, 70°, 80°, and 90°), as well as the586

color (black or white) of the patch or the background. We presented around 10-15 repetitions per587

condition (9 sizes, and 4 conditions of the patch, either gray patch with white/black background or588

black/white patch with gray surround).589

Assignment of cortical layers in V1590

The assignment of superficial, L4, and deep cortical layers was based on the current source density591

(CSD) of the average LFP signal during whole screen flash stimulation. The protocol consisted of a592

100 ms long white screen period with a 2 s gray screen for the inter-stimulus period. To increase593

the spatial sampling rate, we interpolated the LFP traces with an interpolation factor of 4. CSD594

analysis was computed by taking the second discrete spatial derivative across the different elec-595

trode recording sites. The step size of the discrete spatial derivative was 200 µm. Single units were596

assigned to a cortical layer based on the location of the channel with the highest amplitude during597

a spike.598

Assignment of units in LGN599

A flash stimulus was employed to confirm the locations of LGN at the beginning of the recording600

sessions, similar to our previous work in which we recorded from LGN and V1 simultaneously601

(Schneider et al., 2023). This stimulus consisted of a 100 ms white screen and a 2 s gray screen as602

the inter-stimulus interval, designed to identify visually responsive areas. The responses of multi-603

unit activity (MUA) to the flash stimulus were extracted and a CSD analysis was then performed604

on the MUA, sampling every two channels. The resulting CSD profiles were plotted to identify605

channels corresponding to the LGN. During LGN recordings, simultaneous recordings were made606

from V1, revealing visually responsive areas interspersed with non-responsive channels. For LGN607

recordings, only the protocol with gratings was presented.608

Inclusion criteria609

We included the following criteria in the spike-sorted units: 1) The ZETA-test (Montijn et al., 2021)610

was applied to the period around the onset of the classical gratings (0 ms, 250 ms) to test which611

neurons showed significantly modulated spiking activity (p-value<0.05 and zeta responsiveness >612

2). 2) V1 units: assignment of the layer with CSD analysis. 3) Units that met the selection criteria613

of a good RF and Euclidean distance from the center of the RF to the center of stimulus had to lie614

within < 10 of visual angle. 4) Modulation of response to each protocol (gratings, black/white, pink615

Noise, and rectangular patch). We included units that were positively modulated for the classical616

condition of each protocol. The modulation response was calculated as the average firing rate617

during the stimulus presentation (30 to 250 ms) subtracting the average response from baseline618

(-250 to -30 ms) and dividing by the average response from baseline (i.e., (𝐹𝑅𝑠𝑡𝑖𝑚 − 𝐹𝑅𝑏𝑎𝑠𝑒)∕𝐹𝑅𝑏𝑎𝑠𝑒).619

For each stimulus protocol, we used the same units to compare different stimulus conditions (i.e.,620

drifting vs. static).621
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Statistical Analysis622

We obtained the average firing rate from 0.04 s to 0.15 s for the early period and 0.2 s to 1s for623

the late period in the size-tuning plots. For all analyses, we normalized the responses per unit to624

the baseline, calculated the logarithm of the normalized responses, and presented the mean and625

standard error of the mean (SEM). For the spike density function for the different conditions, we626

used a timewindowof theGaussian smoothing kernel from -.05 s to .05 s, with a standard deviation627

of 0.0125 s. The spike density functions of every unit were also normalized to the baseline, and we628

obtained the logarithmic values and presented them as mean responses and SEM. We defined the629

rise time (latency of responses) as the time inwhich the response of every unit (baseline subtracted)630

crossed a threshold (𝜇𝑏𝑎𝑠𝑒 + 𝜎2
𝑏𝑎𝑠𝑒) up to 0.5s. We plotted the population density function (PDF) of631

the rise times for diameter sizes of the patch or the gratings ≥ 45°. We included values > 0.02632

s and obtained the kernel density function of the PDF. At the end, we calculated the Pearson’s633

correlation coefficient to correlate the rise time values of different conditions of visual stimuli. For634

all the statistical analyses, we calculated the Wilcoxon signed-rank test.635

Population Analysis636

In total, the dataset yielded population spiking patterns that consisted of 𝑁 = 344 neurons, which637

were pooled across multiple sessions as in previous studies (Kheradpezhouh et al., 2020; Deitch638

et al., 2021; Sotomayor-Gómez et al., 2023). For the population analyses, we analyzed the condi-639

tions in which the gray patch sizes were 70 ° and 90 °.640

We calculated firing rate vectors for each analysis period by dividing the spike count per neu-641

ron by a window length 𝑇 . From each dissimilarity matrix, we computed a 2D representation of642

epochs using the t-Distributed Stochastic Neighbor Embedding (t-SNE) manifold algorithm. For the643

t-SNE visualization, we used a perplexity value of 20 for the Gratings with circular and rectangular644

occluders, and 100 for the black and white condition. Although t-SNE is commonly employed for645

clustering tasks, our primary use of t-SNE was for visualization purposes. This allowed us to ef-646

fectively represent the overall structure of the dissimilarity-based embeddings. Notably, changing647

the perplexity value would not influence the core analytical steps of our study, as t-SNE’s role was648

strictly to aid in visualizing group separation, not to impact the dissimilarity matrices or classifica-649

tion results.650

We trained a C-Support Vector Classifier (C-SVC) based on dissimilarity matrices, which were651

calculated using Euclidean distance between firing rate vectors for all pairs of trials. The classifier652

was trained using 40% of the trials for training and 60% for testing. To ensure robust performance,653

we shuffled the trials for training and testing 20 times, repeating this procedure to account for654

potential variability. The classifier was binary, distinguishing between two classes (e.g., Dr vs St),655

and the classification score corresponds to the average accuracy across these 20 iterations.656

Statistical significance657

We compared the population of distances, shown in Figure 6, using a two-sided Wilcoxon test. We658

computed the p-value for statistical comparison for gratings, gratings with the rectangular patch,659

and black and white stimuli. We consider 𝑝-𝑣𝑎𝑙𝑢𝑒 < 0.01 as a threshold for statistical significance.660

Face movement analysis661

The mouse videos were reduced in dimensionality using SVD method as described in (Stringer662

et al., 2019b)663

Video Acquisition: Infrared videos were acquired during the recording using either DALSA Ge-664

nie Nano-M1450 or DALSA Genie Nano-M1280 GigE camera with zoom lens and an infrared filter665

(720 nm, Edmond optics R-72 cutoff). Outputted Camera exposure of each frame were used to666

synchronize video timing with the recording setup.667

Pre-processing: Videos were cropped around the face of the animal and resized by 0.5. The ab-668

solute motion energy was computed as the absolute value of the difference between consecutive669
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frames.670

SVD: The absolutemotion energy was subtracted by the averagemotion across all frames. Next,671

we computed the singular value decomposition (SVD) on the motion energy movie. The movie PCs672

were computed from svd output, and the top 4 PCs were used. We synchronized the videos to the673

behavioral paradigmandwe calculated themotion signal of the trials with the gray patch, trials with674

gratings and intertrial intervals in which we presented a gray screen. The activity was normalized675

as676

motion normalized = mean motion −minimum motion
maximum motion −minimum motion

We considered trials with movement to trials that crossed a threshold calculated with the motion677

signal from thebaseline trials (gray screenpresented) as: threshold = mean motion + Std Dev motion2.678
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Figure S4. Histological confirmation of LGN recordings. Coronal sections of the mouse brain. During each recording session the Neuropixelprobe was covered with DiD dye, this allowed to track of the recordings site at the end of each experiment. Histological sections of 100 𝜇m wereobserved under a fluorescent microscope. Representative images of one brain confirm that our coordinates targeted LGN (-1.94 mm, -2.06 mmand -2.18 mm relative to Bregma).
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Figure S5. No difference in face movement during gratings, gray and baseline. a)Example of a ROI of a frame to analyze face movement. b)Example of the normalized motion signal during one session. The trials are separated into gratings, gray, and baseline, and the face movementis compared between conditions. The top right inserts represent the percentage of trials that crossed a threshold value (in dashed gray line). c)Comparison of the mean normalized face motion across sessions (20 sessions). Mean and SEM per session were then compared acrosssessions. d) Comparison of the percentage of movement and no movement across sessions. The percentages were calculated per session andaveraged across sessions (20 sessions).
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Figure S6. Analysis per session shows similar effects. a) Mean of each condition per session, divided into early (0.04 s - 0.15 s) and late (0.25 s - 1s) stimulus periods. Each session has a different number of units. b) Scatter plots comparing the mean response per session between gratingscondition and Gray patch condition, overall per session the responses are maintained as we previously presented comparing all units.
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