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Illusions are a powerful tool for studying the single neuron correlates of perception. Here, we introduce the neon color 
spreading (NCS) illusion in mice and report the neuronal correlates of illusory brightness, which has heretofore only been 
studied using human fMRI. We designed a novel NCS paradigm to evoke the percept of an illusory drifting grating and 
analyzed the activity of 520 single units in the mouse primary visual cortex (V1). A substantial proportion of V1 single units 
(60.5%) responded to illusory gratings with direction tuning matched to their preferred direction, which was determined 
using physically presented luminance-defined gratings (LDG). Moreover, by presenting LDG gratings with a 180° phase 
shift relative to NCS gratings, we show that spatial phase tuning shifted 180° for most single units. This finding conclusively 
demonstrates that V1 single units respond to illusory brightness. Using this novel mouse paradigm, we show that 
responses to illusory gratings have a lower magnitude and are delayed relative to physical gratings. We determined where 
V1 single units fell in the V1 cellular hierarchy (based on their susceptibility to surround suppression, their putative 
classification as interneuron or pyramidal neuron, and designation as a simple or complex cell) and found that higher-level 
V1 single units are more responsive to NCS stimuli. These findings resolve the debate of whether V1 is involved in illusory 
brightness processing and reveal a V1 hierarchical organization in which higher-level neurons are pivotal to the processing 
of illusory qualities, such as brightness.
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Results 
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Fig. 1: The visual stimuli consisted of NCS stimuli that evoked illusory 

luminance to form a drifting grating and control stimuli that either blocked 

the illusion or presented a physical grating. a, An example of the achro-

matic NCS stimulus presented to mice. The stimulus consists of 9 sets 

of white concentric circles. Each set of concentric circles contains gray 

segments at different positions. As can be seen, the gray color is diffus-

ing into the empty area between concentric circles. This generates an 

illusory grating that appears darker than the surrounding black back-

ground. Changing the location of the grey segments on the concentric 

circles will change the orientation of this illusory grating. b, The sche-

matic shows the physical and perceptual luminance in the four arbitrary 

areas bounded by red boxes and marked as areas 1, 2, 3, and 4 in panel 

a. Luminance differences in areas 3 and 4 make an illusory perceptual 

luminance difference between areas 1 and 2 due to the diffusion of the 

gray color from area 3 to area 1. c, In the diffusion-blocked control (DBC) 

stimulus condition, the concentric circles are constrained by an outer 

white ‘band’, which serves to block the diffusion of gray color while main-

taining the presentation of the physical stimulus (i.e., the concentric cir-

cles). d, A control stimulus that provided a physical luminance-defined 

grating (LDG) was used to compare an actual grating with the perceptual 

grating evoked by the NCS illusion in panel a. This grating was pre-

sented over a background compound of a steady concentric circle with 

a temporal and spatial frequency identical to the illusory grating gener-

ated by the NCS stimulus. 

Mouse V1 single units respond to NCS stimuli. 
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Fig. 2: Single units respond to NCS stimuli with tuning properties characteristic of a response to a 

physical grating. a and b, Rasters and peri-stimulus time histograms (baseline-subtracted) of two V1 units in 

response to different stimulus types. The plots show the response to physical gratings (LDG stimuli), illusory 

gratings (NCS stimuli), and diffusion blocked illusory gratings (DBC stimuli) presented at the preferred direction 

of each unit (90° and 135°, respectively). The green lines indicate the times of stimulus onset and offset. Unit 

a responses are in accord with simple cell properties that phase-lock to grating stimuli, whereas responses of 

unit b are phase-independent and correspond to complex cell behavior. c, The pie chart shows the percent of 

single units that responded to the various stimuli. d, The scatter plot illustrates the maximal (trial-averaged) 

firing rate (spike/sec) of all 520 visually responsive units for NCS stimuli against LDG stimuli at the preferred 

orientation angle of each unit. e, The scatter plot shows the maximal response of all 520 units for LDG and 

DBC stimuli. Plotting conventions are identical to panel d. f, The bar plot shows the average response magni-

tude across all 3 stimulus types (N=520 units). Error bars indicate 95% confidence intervals. *** indicates 

p<0.0001. g and h, The direction tuning curves of the two example single units shown in panels a and b. i, 

The histogram shows the differences in the preferred angle between responses to NCS and LDG stimuli for 

the 297 units (57.2% of 520 units) that responded to both stimulus types. j, Due to the location of the grey 

segments in the NCS stimuli, the illusory grating is 180° out of phase with the physical grating (LDG stimuli). 

Example stimuli and a schematic of grating bar brightness are shown to illustrate that the dark bars of the 

illusory grating are aligned with the light bars of the physical grating. k, Frequency profile of single unit with an 

F1 dominant component of the power spectrum. l, The polar plot shows the phase shift between the response 

evoked by NCS and LDG stimuli (N = 209 units with an F1 dominant component in the evoked response). The 

red arrow shows the angular mean of this circular distribution (178.2°). The radial numbers indicate the number 

of neurons in the histogram. 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   4 

NCS responsive units are at a higher level in the V1 func-
tional hierarchy. 
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Fig. 3: NCS preferring units respond earlier, receive more surround modulation, and may correspond 
to complex cells. a, The response latencies to NCS and LDG stimuli. Points above the dotted line indicate a 
later response to NCS stimuli relative to LDG stimuli. Each point represents a single unit. b, IGR plotted against 
surround modulation index. The fit line and rho value and p-value for Pearson’s correlation coefficient are 
shown. c, Distributions of surround modulation index plotted separately for NCS-preferring units (with positive 
IGR) and LDG-preferring units (with negative IGR). *** indicates p<0.0001, Wilcoxon rank-sum test. d, The 

IGRF1 is plotted against complex-simple modulation index. Plotting conventions are as in panel b. 
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Putative inhibitory interneurons have a larger preferred re-
sponse to the NCS stimulus than putative excitatory neu-
rons. 

Discussion 

Fig. 4: Putative inhibitory interneurons were preferentially responsive to NCS stimuli.  
a, The distribution of extracellular waveform TPL values for all recorded units. The dashed red line on the 
bimodal distribution shows the intersection of two distinct Gaussian distributions. Example spike waveforms 
are shown for one example unit from each of these distributions. Those with short TPL are putative 
interneurons and those with long TPL are putative pyramidal neurons. b, The percent of E units and I units 
with visually evoked responses to NCS and LDG stimuli. * indicates p<0.05, chi-squared test. c and d, The 
mean IGR and IGRF1 magnitude of I units and E units (error bar = 95% Confidence Interval). ** indicates p< 
0.0005 Wilcoxon rank-sum test. 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   7 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   8 

References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   10 

 

 

 

 

 

 

 

Acknowledgements 

Author contributions 

Data availability 

Competing interest statement 

Materials and Methods 
Subjects

Surgical Preparation 

Electrophysiological Recordings 

Visual Stimulation and Experiment Design  

◦

Data analysis 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://github.com/kwikteam/phy-contrib/
https://github.com/kwikteam/phy-contrib/
https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   11 

Supplementary information 

 

 
Supplementary Fig. 1: Suppressive and facilitative cells  
a, size tuning curve of 30 example of suppressive cells. b, size tuning curve of 30 example facilitative cells.  
 
 
 
 
 
 
 

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

The copyright holder for this preprintthis version posted July 24, 2022. ; https://doi.org/10.1101/2022.07.24.501311doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.24.501311
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mouse V1 responds to illusory Brightness in NSC illusion 

Saeedi et al. 2022 (preprint)   12 

Supplementary Fig. 2.  Example of complex cell responses 
a and b, Raster and peri-stimulus time histogram (baseline-subtracted) of two V1 complex cells (CSM in a: -0.7 and in b:-0.6) in response to differ-
ent conditions at the preferred direction of the neuron (180° and 135°). Green lines show the stimulus onset and offset. c and d, direction tuning 
curves of the two example neurons in a and b 

Supplementary Fig. 3   
Illusory grating response plotted against complex simple modulation (CMS). There is no significant correlation (r=0.01, p=0.8) between CSM and 
IGR.
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Supplementary Fig. 4. Classification of putative I/E cells  
Two Gaussian functions are fitted to the distribution of trough-to-peak latency (TPL), and the intersection point is selected as a threshold. Cells with 
a TPL shorter than the threshold are considered as narrow-waveform inhibitory cells. Other cells are regarded as wide-waveform principal cells (i.e. 
putative excitatory cells). 

 

Supplementary Movie 1.  
Neon color spreading (NCS) stimuli with different directions. (ATTACHED) 

Supplementary Movie 2.  
Diffusion-blocked control (DBC) stimuli with different directions. (ATTACHED) 

Supplementary Movie 3.  
Luminance defined grating (LDG) stimuli with different directions. (ATTACHED) 
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