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Mouse V1 responds to illusory Brightness in NSC illusion
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Materials and Methods
Subjects

rective 2010/63/EU (European Community Guidelines for the Care and Use

of Laboratory Animals). Data acquisition was done through 32 electrode
penetrations in both hemispheres of two C57BL/6 mice (male) and four PV-
Cre mice (three males, one female; homozygous for the PV-Cre genes,
B6;129P2-Pvalbtm1(cre)Arbr/J).

Surgical Preparation

Mice were induced by 2.5 % of isoflurane during surgery and maintained at

1-2 %. Also, Atropine (Atropinsulfat B. Braun, 0.3mg/kg) and Buprenor-
phine (0.1 mg/kg) were administered via subcutaneous injections to reduce
bronchial secretions and as analgesics, respectively. The scalp was sterilized
and opened to expose the lambda and bregma sutures. A lightweight head-
post was installed onto the skull using an adhesive primer and dental ce-
ment (OptiBond FL primer and adhesive, Kerr dental; Tetric EvoFlow den-
tal cement, Ivoclar Vivadent). A small well was built around the exposed
area using dental cement. Two silver wires were implanted between the
dura and skull over the frontal lobe as ground references for extracellular
recordings. Then, the skull was covered with Kwik-Cast (WPI). The post-
surgery analgesic (Flunixin, 4mg/kg) continued to be administered every 12
hours for three days, and antibiotics (Baytril, 5mg/kg) were administered
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for five days. After recovery, animals were habituated to head-fixation and
placed on a disc for three days (0.5 hours/day). On the fourth day, a small
craniotomy (1 mm2) was drilled above the V1 at 2.5 mm laterally and 1.1
mm anterior of the transverse sinus” under general anesthesia. Electro-
physiological recordings were started one day after craniotomy surgery and
continued on consecutive days for as long as the neuron isolation remained
of high quality. The craniotomy was covered with Kwik-Cast after each re-
cording.

Electrophysiological Recordings

Mice were head-fixed on a disc and allowed to sit or run on it in a dark and

electromagnetic isolated room. A 32-channel linear silicon probe
(Neuronexus, A1x32-5mm-25-177-A32) was penetrated perpendicularly to
~900 um below the brain surface. Electrical signals were amplified and
digitized at 30 kHz by the Cerebus data acquisition system (Blackrock
Microsystems LLC) or RHD recording system (Intan Technologies). A
photodiode was attached to the lower right corner of the screen to capture
the exact stimulus onset from a white square synchronized to the stimulus

presented.
Visual Stimulation and Experiment Design
Stimuli were projected onto a gamma-corrected LED monitor (Dell

U2412M, 24 inches, 60 Hz) placed 15 cm in front of the animal’s eye. Visual
stimuli were programmed and generated in MATLAB (MathWorks, Inc.)
and Psychophysics Toolbox Version 3 (PTB-3). To obtain the receptive field
map of recorded neurons, black squares (15 *widths) were presented on a
gray background with a duration of 100 ms and an interval of 100 ms in
different locations of 8 by 13 grids. The duration of the receptive field
mapping session was 20 minutes. After this section, the response to each
square was extracted by an analysis of multi-unit activity (MUA). Then the
center of the MUA receptive field was estimated by the best fit of a two-
dimensional Gaussian to the MUA activities. Subsequent target stimuli
were presented on a gray background at the estimated receptive field center.
To obtain the size-tuning curve, circular patches of drifting grating (spatial
frequency 0.05 cycles/degree, temporal frequency 3 Hz) with different sizes
(2.5, 5, 10, 15, ..., 45 degrees) and two drifting directions (rightward and
upward) were presented. The duration of the stimulus presentation was
666.7 ms with a 500 ms interval, and the duration of the whole session was
25 minutes.

We presented three types of drifting grating stimuli for the neon color
session. (1) Neon color spreading (NCS) consists of nine patches of white
concentric circles (0.1° thickness) as inducers (each patch had three circles),
arranged on a three-by-three virtual grid on a black square (35° widths). The
diameter of the inducers was 3, 6, and 9 degrees, respectively. At each frame,
the intersection of concentric circles and a drifting grating (spatial
frequency =0.05 cycle/degree and temporal frequency= 2 Hz) was replaced
with gray segments, resulting in the “darker than black” illusory grating
(Fig. 1a, Supplementary Movie 1). (2) Diffusion-blocked stimulus is a
control condition with exactly the same pixel-wise changes as NCS, while
each inducer circle is sandwiched by two white circles (0.4 thickness). The
added circles constrain the gray filling-in and reduce the illusory effect (Fig.
1c, Supplementary Movie 2). (3) Luminance-defined grating (LDG) is
defined as gray grating moving on top of inducers (Fig. 1d, Supplementary
Movie 3). These three types of drifting grating were generated in eight
directions, making 24 conditions. These stimuli were presented with a
duration of 1 second for 70 trials in a pseudo-randomized order.

Data analysis
For spike detection and clustering, we first concatenated the recorded data

in all three experiment sessions ( i.e., receptive field mapping, size tuning,
and neon color). We then used the Kilosort algorithm, a template matching
algorithm written in MATLAB for spike sorting, with the default
parameters”. A manual clustering followed this for further merging,
splitting, and choosing isolated clusters using template-gui”. All further
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analyses were done in MATLAB using built-in functions and CircStat
Toolbox™. The peristimulus time histogram (PSTH) initially was calculated
with a resolution of 1 ms and smoothed by a moving average window of 2
ms. To extract visually evoked neurons and estimate their onset latency, we
assumed that the spontaneous spiking activity prior to stimulus
presentation follows a Poisson distribution”. By fitting a Poisson
distribution to 300 ms prior to stimulus onset, the spontaneous firing rate A
was estimated. If the spiking activity after stimulus onset deviates from the
background Poisson distribution to a particular level in three consecutive
bins (a probability of p< 0.01 for the first two bins and p< 0.05 for the third
bin), the neuron was considered as an evoked neuron, and the
corresponding time for the first bin is considered as a response latency of
the neuron®, The preferred angle of cells is defined as the stimulus direction
with the maximum response. To calculate changes in the preferred angle of
neurons in NCS and LDG, first, we captured the direction tuning curve of
the neuron by taking the average response of cells during the stimulus
presentation (one second). Then we interpolated the tuning curve with the
spline method to get a more precise estimation of the preferred angle.

We have quantified the illusory grating response for each neuron as follows.
_ RNCS) — RILDG) @

R(NCS) + R(LDG)
Where R is the average response of the neuron to the stimulus over the

IGR

presentation period. A positive IGR represents a higher response to NCS

and vice versa.

We defined the surround modulation index as

max(R(< 30°)) — R(45°) (2)
max(R(< 30°))

The surround modulation index is negative for facilitative cells and positive

surround modulation =

for suppressive cells.
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Supplementary Fig. 1: Suppressive and facilitative cells

We implemented Fast Fourier Transform (FFT) on the PSTH to extract a
temporal component of neuronal responses. The F1 component of the
response is the power for 2 Hz, which is the same as the temporal frequency
of the stimulus, and the FO component is the average response.

The complex-simple modulation index was calculated using the following

equation for every single unit:

F1-F0 ®?3)
F1+ F0

Where F1 is the power of 2 Hz frequency, and FO is the average firing rate

CSM =

in response to LDG stimuli. Neurons with a positive CSM index have a
phase-locked response to the temporal frequency of drifting grating and are
classified as simple cells. The phase-locked response is due to the separated
excitatory and inhibitory subregions in their receptive field. A negative CSM
index indicates the degree of spatial invariance in the receptive field and a
lack of phase-locked responses.
We calculated the relative amplitude of the F1 component (IGR;,) as in the
following,
1GRyy = F1(NCS) — F1(LDG) “)
FI(NCS) + F1(LDG)
where F1(NCS) and F1(LDG) are the amplitude of the F1 component of the
response to NCS and LDG respectively.
To classify cells into two groups of putative inhibitory and excitatory cells,
we fitted two Gaussian functions to the histogram of TPL, which shows a
bimodal distribution. The intersection point of two Gaussian curves was
selected as a threshold to classify putative I/E cells (Supplementary Fig. 4).
We have used the two-sided Wilcoxon rank-sum test and Chi-squared test
for the statistical analysis, and for directional statistics, Rayleigh’s test has
been implemented.
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a, size tuning curve of 30 example of suppressive cells. b, size tuning curve of 30 example facilitative cells.
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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
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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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