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Abstract

In an effort to understand visual perception, neuroscience proposes broad questions on the neuronal
circuitry, function and organization of the visual system. In particular, visual processes involve
contextual spatial integration of a field of view. Within this frame, surround modulation (SM) is
a phenomenon thought to entail fundamental computations and mechanisms for perceptual visual
processes. SM enables neuronal information from regions outside of the RF area of a neuron to influence
that neuron’s responses, adapting it according to its spatial context. Most studies on SM have been
done assuming the effect’s symmetry and isotropy, with stimuli uniform spatial distributions. Here,
we conducted an investigation on the possible asymmetries, non-uniformities and tuning properties of
the SM effect. The first component of the project was to devise the software tools for the intended
stimuli presentation protocols: This was implemented with the arduino-based bpod system for stimuli,
graphical user interface (GUI), and brain recordings’ synchronization. The system was validated and
used in the subsequent part of the project. The second component comprised the experimental and
analytical study of SM spatial structure. In this work, using two-photon laser scanning microscopy in
GCaMP6s-expressing transgenic thy1-mice, we displayed stimuli patches in center, and four possible
surround parcels of the subject’s field of view, with gratings moving in these patches with various
direction combinations. With this, we compared multiple configurations to assess the strength of the
SM effect, it’s significance across a large neuronal population, and how the effect differed across stimuli
conditions. In this way, main significant asymmetries were indeed noted within the SM effect, adding
to the discussion on the possible mechanisms underlying visual perception.
Keywords: neuroscience, visual, surround, modulation, non-uniformity

1. Introduction

The process of seeing requires processing astound-
ingly substantial and relevant information about
the world in a remarkably efficient, fast, detailed
and engaging way. The understanding of visual per-
ception and its processes is undertaken as one of
the major withstanding challenges in systems neu-
roscience.

In this sensory modality, the system receives the
physical image information from the retina and
then parallel processes the features from the current
state of the visual scene in an hierarchically orga-
nized neuronal structure. The signals follow feed-
forward pathways with each level integrating infor-
mation over a larger part of the visual field. Con-
currently, feedback connections are superimposed
in multiple higher order to lower order area con-
nections, transmitting signals that underlie contex-
tual information. Receiving this higher complex-
ity input, neurons can then change their function-

ing state and produce new conjectures, educated
guesses of high success probability about the input’s
nature. The unification of these parallel outputs is
proposed to finally amount to a conscious sensorial
perception.

Neurons in the primary visual cortex (V1) re-
spond to visual stimuli when it is presented in a
given region of the visual field. For each visually re-
sponsive neuron, there is thus a receptive field (RF)
- presenting a visual stimulus of optimal parameters
in that visual region will evoke a spiking response
on that neuron. By definition, presenting stimuli
outside the RF of a neuron will amount to no re-
sponse in that cell. However, the simultaneous pre-
sentation of stimuli inside and outside the RF of a
neuron will lead to a modulation of the cell’s signal:
the response will be either suppressed or facilitated
in regards to the RF-only condition, depending on
the center and surround stimuli characteristics.

Surround modulation is always active during vi-
sual processes, as natural stimuli appear not as
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locally confined isolated instances but in a visual
context. The effect has been described in several
species, in various visual system areas and in mul-
tiple sensory modalities. A mechanistic SM theory
would in this way provide a manifestly insightful
framework in which to understand sensory process-
ing.

Typically, SM is studied using one of two visual
stimulation methods: By using radius expanding
circular grating patches or by using grating patches
confined to the RF area and surrounded with an-
nular gratings whose inner radius are made to de-
crease. These approaches focus on static stimuli
and further assume the effect’s isotropy and circu-
lar symmetry.

On the other hand, recent work in mice has re-
vealed that feedback connections from one of the
major V1 feedback-relaying areas do not target
lower-order areas irrespectively of the tuning of the
higher-order sending areas. This study portrays
that feedback mainly targets lower-order neurons
that respond to the same positions in the visual
field as the former, but that a subset of these con-
nections are in fact dispersed to other neurons, de-
pending on their selectivity: If a higher-order neu-
ron is tuned to a particular direction, it is biased
to connect to a lower-order neuron that responds
to the visual field positions that would appear an-
tecedent to that direction line. Similarly, if a high-
order neuron is orientation tuned, it is biased for
connecting to lower-order neurons that map visual
field regions at orthogonal zones to that high-order
neuron’s preferred orientation.

Feedback is thought to be related to SM effects, in
particular when surround stimuli are far from the
RF. Given this, the finding of biased, tuned top-
down connections suggested possible asymmetries
also in the SM effect itself, possibly to related to
these areas’ anatomy and to put at the perspective
of the viable circuitry involved.

Additionally, SM is particularly characterized in
cat and monkey, and some of its discovered proper-
ties have not yet been reported in mice. Discover-
ing the features that govern SM in mice is specially
relevant because a vast range of genetic tools are
available to use in these species and because of their
shorter lifespan.

Another important benefit of working with a
mouse model for investigating V1 and visual per-
ception is that in this species, contrary to cat or
monkey, differently direction-tuned neurons are not
arranged in organized cortical columns but are ran-
domly distributed in a salt-and-pepper manner.
This means that imaging a given layer of V1 gives si-
multaneous access to neurons of the full range of di-
rection preferences, allowing comparisons amongst
differently-tuned cells and a big data varied supply

of information.

2. Background

2.1. Visual pathways

Most of the visual relevant information we receive
consists of spatial and time variations in light inten-
sity [1]. When receiving light, the retina maps the
light’s temporal and spatial patterns onto a layer
of receptor cells that respond to light with an elec-
trical activity pattern in a retinotopical map: or-
ganized, topographically ordered representations of
the visual field (for textbook reviews, [2], [3]).

The retina is the innermost layer of the eye, and a
part of the central nervous system. It contains light-
sensitive neurons, photoreceptors, and allows for
the transmission of visual signals through another
class of neurons, the ganglion cells. It also con-
tains horizontal, bipolar and amacrine cells. Hor-
izontal and amacrine cells mediate lateral interac-
tions. The major route of information in the retina
follows from the photoreceptors to the bipolar cells
and finally to the ganglion cells. Each ganglion cell
responds by changing its firing rate to stimulation
of a roughly circular concentric patch of the retina,
its classical receptive field [4]. This information is
then relayed to the brain.

The primary visual pathway mediates vision and
visual perception. Information is driven from the
retina, to the thalamic dorsal lateral geniculate nu-
cleus (LGN) and finally to the primary visual cortex
(V1) (for a review, [2], [3], [5]).

In both LGN and V1, the retinotopy is man-
tained. As with the retina cells, visual neurons can
be described in terms of their receptive field: the vi-
sual field area to which the neuron evokes a spiking
response when a isolated local stimulus of optimal
parameters is presented in that region [6].

Foremost, the response of neurons in cortical ar-
eas such as V1 is found to be tuned to orientation
of edges [6]. The orientation to which a given cell
produces the larger response is called the preferred
orientation of the neuron.

Neurons at higher levels in the visual pathway
are increasingly tuned, latent, and in general have
larger receptive fields.

Moreover, Superimposed in bottom-up connec-
tions, there are reentrant pathways that transmit
influences in the reversed top-down direction, in
every stage of the visual pathways except for the
retina, from higher order cortical areas to neurons
in lower processing levels ([7], for an overview on
feedback effects).

2.2. Surround Modulation and its properties

Typically, visual SM is studied with either of two
methods: An expanding circular grating patch, or
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RF grating patches surrounded by gratings in an
annulus, whose gratings parameters are made vary
sistematically (for a review, [8]).

Summarily, SM in V1 has been described with
five main attributes:

First, it is spatially extensive, with SM strength
decreasing with distance from the neuron’s RF ([9],
[10]);

Secondly, SM effect’s sign and strength are also
dependent on the strength of stimuli activation in
both the RF and the surround - stimulus size, orien-
tation optimality and contrast levels. In fact, when
the RF is strongly stimulated (high contrast, op-
timal orientation and size stimulus), either weakly
(low contrast or suboptimal orientation or size stim-
ulus) or strongly activated surrounds will cause a
suppressive effect. Conversely, when the RF is
weakly activated, strongly activated surrounds will
also evoke suppression, but weakly activated sur-
rounds can lead to facilitatory modulation ([11],
[12]).

Moreover, SM is fast, and can be described in
two temporal components: The earliest is untuned
to the stimulus properties and can occur at the on-
set of the RF response with no delay [13], nearly
independently from the distance of the surround
stimulus [14]. The later component is tuned and
10 − 30ms delayed in relation to the onset of RF
responses [14].

Additionally, SM properties are different across
cortical layers: In layer 4C that does not receive
feedback relay, but inputs from the LGN, SM is
weaker, untuned for orientation and less spatially
expansive than for any other layer. On the other
hand, for more superficial layers 4B and above, SM
is stronger and more sharply tuned for orientation
than for the deeper layers.

Finally and most importantly, SM is tuned
to specific stimulus parameters, suppressing more
strongly responses for stimuli in the RF and sur-
round with the same orientation, spatial frequency,
drift direction and speed and either weekly sup-
pressing or even enhancing the signals for orthog-
onal parameters ( [9], [13], [15]). This differenti-
ated effect appears even if the RF stimulus is not
at the neuron’s preferred orientation: the stronger
suppression for iso-oriented stimuli is present pro-
vided that the RF stimulus evokes a response when
presented alone, even if this is not the maximal re-
sponse.

2.2.1 Surround Modulation and its nonuni-
formity

As exposed in the previous subsection, surround
modulation is currently typically studied assuming
the effect’s symmetry, with cat and monkey species.
However, whilst the development of perceptual in-

ference from this effect is not well understood, evi-
dence suggests that asymmetries and different var-
ied properties of SM are paramount for these per-
ception processes.

In higher species, the effect has been reported
complex for some neurons in the visual cortex: for
these, suppression to a center line stimulus only ap-
pears when the surround stimulus is presented in
given regions of the visual field - the ends (for ex-
ample, [16]) or sides (for example, [17]) of the clas-
sical RF. This leads to width and length tuning in
these cells.

Collinear facilitation can appear: surround stim-
uli at the ends of the center stimulus, when
coaligned with the classical RF stimulus position,
can evoke an enhancement of the responses [18].

End-inhibition is more often present, and can
lead to disambiguation of motion and disparity [19].

On the other hand, side-inhibition also arises
from surround stimuli flanking (lateral to) the neu-
rons’ classical RF center stimuli. Along with
collinear facilitation, this has been proposed to be
a mechanism used for for object segmentation from
a background of differently aligned stimuli [18]. In
this way, different sets of neurons show different SM
effects. ).

3. Implementation

This work comprised two components: A technical
implementation, software development phase and
an experimental analytical phase.

3.1. Technical goal - software development

The devised system involved four main compo-
nents in communication of parameters, configura-
tions and triggered synchronization: A governing
machine and a stimulus display matlab instances,
a Bpod device and the set of two-photon laser mi-
croscopy appliances and software.

Bpod encompasses a flexible open-source plat-
form for developing stimuli presentation, be-
havioural protocol and other experiments. The sys-
tem builds on a parallel processing model, software
functions are written in Matlab/Python and the
firmware builds on Arduino language.

The main capability of the system is its precise
time measuring feature.

Bpod represents two items: The device that pro-
vides the state machine substract, with a precise
internal clock, output ports for TTL triggering, in-
put ports, behaviour ports; and the software that,
run in the governing machine, provides functions
with which to code the states matrix, to equip the
system with a GUI and the necessary supporting
functions for each protocol and to implement func-
tioning communication between the Bpod device
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and the other components - in the case, the stimuli
computer and the two-photon computer.

The states matrix implemented onto the bpod
device follows the flowchart in figure 1. In this
project, three protocols were developed for differ-
ent ends: receptive field mapping, tuning measur-
ing and studying the spatial structure of surround
modulation.

Each of these were subsequently used in mice ex-
periments. The produced data was also analysed,
validating the method and tool in the three proto-
cols.

The RF protocol served to find the RF posi-
tions after each experimental session and assess if
the majority of the measured cells’ RFs was cen-
tred at the corresponding display monitor center,
as desired. Specifically, the obtained RF maps ei-
ther indicated, in combination with the retinotopy
maps, in which directions one should move the ob-
jective to correct the imaging position in following
sessions or confirmed that the objective and mouse
placing was appropriate. Furthermore, this data
was also combined with the SM protocol’s results
for RF position-dependent analysis of the SM ef-
fect.

The tuning protocol was implemented to measure
the selectivity of cells in a flexible array of condi-
tions. This analysis served to validate the proto-
col and aided in troubleshooting the SM analysis.
Moreover, this protocol was also used to find the
RF centred imaging positions during experiments.

Finally, the SM study was the main focus of
this project’s experimental component, and the ob-
tained results are presented in section 4. The imple-
mentation of this protocol allows the presentation of
any configuration with center and surround moving
gratings’ patches, in any combination of the four
cardinal plus center positions. For this project’s
purposes, 124 were chosen, in a given set of grating
frequencies and stimuli sizes.

The stimuli were created using different masks
over a full screen of moving gratings, according to
each protocol.

3.2. RF and tuning mapping stimuli

The RF protocol consisted on the stimuli repre-
sented in figure 2.

Figure 2: Example of the RF stimuli display. Grid
masking screen and one single RF stimulus example
(onset). Stimuli could appear in any of the grid
positions, with sequenced gratings moving in the 4
cardinal directions.

The selectivity of each neuron was also controlled
for spatial and temporal frequencies, as well as for
more gratings’ directions of movement the tuning
protocol stimuli is represented in image 3.

Figure 3: Example tuning stimulus, for a given di-
rection and frequencies.

3.3. Surround Modulation stimuli

Finally, for the SM protocol the conditions are rep-
resented in table 1 and examples are in 4. There
were 124 possible trial types, repeated 20 times
each.

Feature Value
spatial frequency (/º) 0.04

temporal frequency (Hz) 1
central radius (º) 15

surround inner and outer radius (º) [27 50]
stim directions (º) [0 90 180 270]

dark, stim, background light [0 255 122.5]
groups of stimuli C, S1, S1+C, S2, S2+C

Table 1: Configurations regarding the SM protocol
stimuli properties.

There were 5 possible patches: a central one and
four surround patches in the cardinal positions. The
central patch was a circle of 15º radius, as the others
were limited by an external circumference of 50º, an
inner circumference of 27º and the corresponding
bissectors of the screen. For any patch, there were
4 available directions of gratings movement. With
these patches, five groups of stimuli types were used:

• C - only the center patch, in any of the 4 di-
rections of movement (4 types);

• S1 - only one surround patch, in any of the
4 cardinal top, bottom, left or right locations
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Figure 1: Flowchart of the states matrix implemented for the three developed protocols (RF, Tuning and
SM). A trial states machine is formed by three principal states: a baseline, a stimulus display and an
ITI. The output actions are represented by dashed arrow lines: these represent triggers to the imaging
computer (lighter green), to the NIDAQ of the psychtoolbox matlab instance (darker green) and internal
triggers to other functions in the governing machine (medium green).

(S1T, S1B, S1L, S1R), and in any of the 4 di-
rections (16 types);

• S1 + C - One surround patch and the center
patch, at any location of the surround and any
direction for the center and for the surround
(64 types);

• S2 - only two surround patches, in opposite
cardinal locations, either in the horizontal line
(S2H) or the vertical line (S2V ), both of them
with gratings moving in the same of any of the
4 directions (8 types);

• S2+C - Two surround patches and the center
patch, both surround patches either in the hor-
izontal or the vertical line, both with gratings
moving in the same of the possible directions
and the center patch with gratings moving in
any direction, not necessarily being the same
from the surround stimuli (32 types).

Figure 4: SM example stimuli.

Group C was used as a more specific confirmation
for the receptive field findings: here the stimuli was
now in the center of the screen with the selected
size for the analysis. Groups S1 and S2 provided
the data that allowed to exclude from the analy-
sis the cells that responded to stimulation in the
defined surround. These had a receptive field that
overlapped what we regarded as the surround and

thus did not meet the criteria for investigating sur-
round modulation effects in this experiment’s de-
signed manner. With the cells that did respond to
group C but did not to group S1 nor S2, we could
then regard the effects of actual surround stimula-
tion by observing the responses to stimuli in the
groups S1 + C and S2 + C.

3.4. Experiments

We started with intrinsic optical imaging on the
subjects, to assess each animal’s retinotopy maps
and find the corresponding center field of view V1
encoding locations.

Then, we use two-photon imaging at that found
location, and acquire brain recording sets of images
of that brain’s location GCaMP6s activity-related
fluorescence values, for 4 different depth planes,
while the subjects are shown stimuli (RF, tuning
and SM protocols).

These extracted raw images are then registered,
and run through Suit2p pipeline, to select ROIs ac-
cording to pixels temporal and spacial correlations
in the image. These ROIs’ pixels’ fluorescence lev-
els are averaged over that region and neuropil cor-
rected. This results in raw fluorescence traces over
the session’s time. With these, ∆F/F , base level
corrected responses are computed. These are the
processed data to map to the presented stimuli and
use in the following analysis.

The neuron’s RF maps were extracted, as well
as their tuning curves. We now follow in the next
section with the SM results.

4. Results
4.1. SM analysis - individual cells

We start with individual cell example analysis, for
a direction selective (DS) example cell: This cell
only responds significantly to one of the four center
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Figure 5: Average image of an example plane of
imaging recordings across a session from an example
animal. The full image corresponds to a 512× 512
map of 400µm×400µm of mouse V1 area, chosen as
to respond to the center of the visual field of view.

directions used in this protocol, the up direction.
Baseline-subtracted response strength for each

trial by order of appearance can be plotted against
time (stimulus onset at 0.5s), showing no visible
structure (image 6, left). Trials were then aver-
aged by trial types, and structure became notable.
We observed that this cell portrays a large response
to up center stimulation, but the responses for
other directions were not substantial. Surround-
only stimulation did not hold any significant re-
sponse for this cell, as required for this SM study.

In figure 7, some SM results are shown. Only
when center grating stimulation was on the up di-
rection did any significant response hold.

In this case, only surround suppression was
present. Qualitatively, highest suppression is mani-
fested for when surround stimulation is on the right,
going in the down direction, followed by when it is
also on the right, but going in the up direction and
when it is going nasally in the top position.

4.2. SM analysis - population of cells

We implemented multiple comparisons of stimuli
conditions, to assess surround modulation strength
and how it compares across configurations.For each
of these comparisons, the intended outputs are both
the effect’s strength and statistical significance. He
obtained six main significant comparison results af-
ter correcting with the method of Bonferroni for
multicomparison inferences. We present an exam-
ple comparison analysis plot in 8.

1. First, we regarded how differently does the
population respond to the center-only C con-
dition and the first of the pooled configuration
sets to compare, within a scatter-plot (top, first
panel of 8).

2. Second, we regard the same for the other
pooled configuration set to compare (top, sec-
ond panel of 8).

3. The population averaged (across ROIs, pooled
conditions and trial repetitions) response trace
is also extracted for each of these configura-
tion sets and compared with the population av-
eraged (across ROIs and trial repetitions) ap-
propriate center-only condition response trace
(top third panel of 8).

4. Next, we compare the responses between the
two configuration sets, within a scatter plot
(bottom first panel of 8).

5. Then, we compare the SM indexes (SMI) of
the pooled ROIs - a measurement of the sur-
round modulatory effect strength-, in a scatter-
plot, for each configuration set (bottom, sec-
ond panel of 8). The average resulted is also
marked with standard deviation error bars. For
every stimuli surround-center condition, one
can compute:

SMIa =
R̄a − R̄C

R̄a + R̄C
(1)

With R̄a the average (across trial repetitions
and stimulus time) surround and center condi-
tion at hand, and R̄C the average (across trial
repetitions and stimulus time) of the respective
center-only condition. The cell’s SMI to con-
sider for a given set of configurations then av-
erages across the SMIas for each of the pooled
conditions. A method to regard the effects ten-
dencies and significance, involves single-neuron
analysis: assessing how many neurons respond
significantly to one or to the other set of con-
figurations being compared, with a rank-sum
test, at p-value threshold p = 0.05. These are
presented in the scatter-plot of the figure, re-
spectively coloured, along with its counts (re-
spectively nb and nr).

6. Finally, we plot the frequency histogram of the
difference between the compared SM effects for
one and the other configuration sets, within the
population, ∆SMI (last panel of 8). We addi-
tionally calculate the average of these ∆SMI,
µ and the correspondent p-value, calculated
with a sign-test. This measures SM asymmetry
between the two configuration sets and corre-
spondent significance.

4.2.1 Single versus Double
We start with the surround number effect (figure
8): We find a large and significant differential ef-
fect of higher suppression for double surround con-
ditions over one surround condition. Across com-
parisons, we consistently found that two surround
conditions held the most differentiated effects. This
was a noted result, and thus we next perform the
comparisons, when possible, with the 2S+C stimuli
sets.
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Figure 6: SM protocol responses (dF/F) over time (s), for the example DS cell. Responses were baseline
subtracted (0.5s) and stimulus onset centred at 0 s.
Left: 1240 trial responses (10 repetitions, 124 trial types) as chronologically presented to the subjects,
over the trial length. No structure is apparent.
Right: Averaged repetition responses per trial type, ordered over the trial length. Consistent structure
is visible.

Figure 7: S1+C effects for each center direction condition, averaged over 10 repetitions, over trial time, for
the DS example cell. The responses were baseline subtracted and the onset was at 0 s. For comparisons,
responses for center-only condition are represented as gray curves in each plot. S1L+C, S1R+C, S1T+C
and S1B+C respectively at each column, for up center condition. For each, surround gratings can be
going temporally (blue curve), nasally (yellow curve), up (purple curve) or down (green curve).

7



Figure 8: Surround number effect: Single surround versus double surround, with center gratings moving
in the most responsive direction; n = 788, 16 (single) and 8 (double) pooled conditions per configuration
set.

4.2.2 Collinear versus flanking
Combining position and orientation surround ef-
fects, we regard the surround orientation alignment
effect of stimuli in the collinear versus the flank-
ing alignments. We found a substantial and sig-
nificant difference between the pooled configura-
tion sets: collinearity suppressed to a significantly
higher degree than flanking conditions (µ = −5.3%,
p = 9.67 · 10−14 , cond = 4, n = 788 | nb = 44,
nr = 7).

4.2.3 Iso-oriented versus cross-oriented sur-
round relative to center orientation

Now regarding the center gratings orientation of
movement, relative to the surrounds, we assess the
center-surround relative orientation effect. A sig-
nificant large result is observed: iso-oriented sur-
round suppresses more than cross-oriented surround
gratings (µ = −4.3%, p = 1.35 · 10−12 ,cond = 8,
n = 788 | nb = 50, nr = 19).

4.2.4 Iso-oriented versus cross-oriented, for
OS cells with center in the preferred
orientation

We also check this comparison for OS only cells,
when the center is in the preferred orientation.
The same qualitative result holds significant, only
weaker than in the non-OS case (µ = −3.6%,
p = 6.21 · 10−5 , cond = 8, n = 472 | nb = 32,
nr = 14).

4.2.5 Collinear versus flanking for Iso-
oriented

We now pool different conditions within the orienta-
tion alignment and the relative orientation effects,
to investigate interaction effects between these two

factors. First, we take the collinear versus flank-
ing effects, for iso-oriented stimuli.We obtain a
large significant average ∆SMI result, for higher
collinear suppression (µ = −8.1%, p = 2.82 · 10−13

, cond = 4, n = 788 | nb = 111, nr = 36).

4.2.6 Collinear versus flanking for Cross-
oriented

Then, we regard the collinear versus flanking effects,
for cross-oriented stimuli. A substantial differen-
tial trend is portrayed, again in favour of higher
collinear suppression (µ = −3.6%, p = 4.21 · 10−4 ,
cond = 4, n = 788 | nb = 64, nr = 38).

4.2.7 Interactions between alignment and
relative orientation effects

In this way, we regard the SMIs of the four config-
uration sets jointly as four groups: iso-oriented and
collinear, iso-oriented and flanking, cross-oriented
and collinear, cross-oriented and flanking.

A two-way ANOVA was performed to assess how
much of the data’s SMI variance each factor ex-
plained, as well as the interaction effect between
the two of those factors. The results are in table 2,
for each source of variance with the mean square,
the F statistic value and corresponding p-value.

We find that both the alignment, the angle and
the interactive factor affect the distribution signifi-
cantly. From the F values, we find that the larger
contribution comes from the orientation alignment
effect, followed by the relative orientation and then
by the interactive term.
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Source of variability MS F p-value
Orientation alignment 2.6861 36.73 0

C-S relative orientation 1.5627 21.37 0
Or alignment and C-S relative Or 0.4121 5.64 0.0177

Error 0.07313

Table 2: Two-way ANOVA results for the collinear
versus flanking surround effect and iso-oriented ver-
sus cross-oriented C-S effect, and interactions.

4.2.8 Collinear versus flanking, for iso-
oriented, OS cells with center in the
preferred orientation

Then, this combination effect was also assessed for
OS cells only, with the center gratings moving in
the preferred orientation, and the result hold sig-
nificant, with collinear again suppression more than
flanking conditions (µ = −9.2%, p = 4.64 · 10−11 ,
cond = 4, n = 472 | nb = 80, nr = 27).

4.2.9 Collinear versus flanking, for iso-
oriented, OS cells with center in the
anti-preferred orientation

There were also significant results on the same ef-
fect when pooling configurations for OS cells, but
with center gratings in the anti-preferred orienta-
tion, again with higher collinear suppression (µ =
−11.7%, p = 4.45 ·10−5 , cond = 4, n = 68 | nb = 7,
nr = 3).

Thus, we use a 3-way ANOVA to investigate the
influence of the orientation alignment, relative ori-
entation and orientation selectivity, as well as the
possible interaction effects. The results are summa-
rized in table 3. The effect of the stimulus in the
center (relative to the OS preference) was the fac-
tor that explained the data distribution to a greater
extent, followed by the orientation alignment effect,
the C-S relative orientation effect and the effect of
the interaction between the alignment and the rela-
tive orientation effects. Interactions with the center
stimulus factor were not significant.

Source of variability MS F p-value
Orientation alignment 0.9281 11.53 0.0007

C-S relative orientation 0.3237 4.02 0.0450
Center stimulus Or/pref 5.6469 70.16 0

Or alignment and relative Or 0.4647 5.77 0.0163
Or alignment and C Or/pref 0.0050 0.06 0.8035

Angle and C Or/pref 0.0001 0 0.9689
Error 0.0805

Table 3: Three-way ANOVA results for the collinear
versus flanking surround effect, iso-oriented versus
cross-oriented C-S effect, and center stimulus (in
regards to OS preference), as well as possible 2-way
interactions.

4.2.10 Significant average ∆SMI effects
overview

In summary, the found significant effects, within the
regarded comparisons, corrected for multiple com-

parisons, were as described in table 4.

5. Conclusions

This method and animal model enabled recordings
of large datasets of cell fluorescence traces with var-
ied selectivity characteristics. In this way, statisti-
cal comparisons between surround modulatory ef-
fects were made possible.

Here we regarded only the results that proved
significant with our test. However, across analysis
we have noted tendencial differential effects in other
stimuli configuration pools.

From what was significant, we did find that SM
effect is nonuniform: It is assymetric, depending on
the center direction and orientation, and the sur-
round directions, orientations and position combi-
nations.

First, we found that the majority of surround
modulated cell responses, across conditions, were
suppressed. This was consistent with other SM
studies across species and stimuli configurations, for
the expanding circle method, the annulus method
and for surround static bars (for a review, [8]; [20]).

This experiment’s stimuli architecture enabled us
to first-hand assess the effect of having two sur-
round patches versus only one surround patch on
the center responses. We obtained that, on average,
the effect of having two surround patches was signif-
icantly and substantially more suppressive than the
effect of having a single surround. Moreover, across
subsequent comparisons done for the one surround
patch condition and the two surround patch condi-
tion, we qualitatively found that SM effects across
given stimuli configuration condition comparisons
were more pronouncedly different when we assessed
them over the double surround condition than on
the single surround condition.

Pooling across the effects of surround position
and surround orientation, we could compare the co-
linear versus flanking conditions (surround orienta-
tion alignment effect). Here we found a large sig-
nificant effect of higher suppression for the colinear
condition over the flanking condition. This compar-
ison had been previously assessed in mouse V1, for
static bars [20], showing that there were cells that
were as suppressed by colinear bars as they were by
flanking bars, as well as cells more suppressed by
colinear stimuli (end-inhibited) and cells more sup-
pressed by flanking stimuli (side-inhibited). How-
ever, no differential effect was reported favoring one
group over the other in regards to SM strenght
and prevalence. This could be due to [20] study’s
lower statistical power (total sample size n = 128)
and/or different stimuli settings. In monkey, for
static stimuli, this effect had also been found [9].

We then pooled conditions to regard the effect
of center and surround relative orientations. We
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Configurations µ p-value
1. single vs. double 10.8% 2.71 · 10−46

2. colinear vs. flanking −5.3% 9.67 · 10−14

3. iso-oriented vs. cross-oriented −4.3% 1.35 · 10−12

4. OS pref | iso-oriented vs. cross-oriented −3.6% 6.21 · 10−5

5. iso-oriented | colinear vs. flanking −8.1% 2.83 · 10−13

6. cross-oriented | colinear vs. flanking −3.6% 4.21 · 10−4

7. OS pref | iso-oriented | colinear vs. flanking −9.2% 4.64 · 10−11

8. OS antipref | iso-oriented | colinear vs. flanking −11.7% 4.45 · 10−5

Table 4: Significant comparison population results from the presented here, as selected with multivariate
Holm-Bonferroni correction.

found a significant and high effect of more suppres-
sion for iso-oriented stimuli than for cross-oriented
surround-center stimuli. This reproduced a result
obtained with isotropic stimuli in mice V1 [15]. No-
tably, our result held for when assessing the effect
on OS cells, for which the preferred direction was
the one at the center patch and for which the an-
tipreferred direction was being shown at the center.
This showed that iso-oriented suppression is more
prevalent, regardless of the cell’s orientation prefer-
ence.

At this point, we investigated the interactions
between these orientation alignment and surround-
center relative orientation effects, and found that
the data variance was explained by the alignment,
by a larger extent, but also by the relative orienta-
tion. The interaction between the two effects was
also of significance in explaining the data’s variance.

We followed with the analysis of the effects of
combinations over the three factor conditions: ori-
entation alignment, relative orientation and cell’s
preferred orientation. We found that suppression
was significantly higher when stimuli were presented
in the anti-preferred orientation than when pre-
sented in the preferred orientation. This effect ex-
plained most of the data variance, followed by the
alignment effect and the angle effect. Interactions
also significantly explained data’s variance.

Overall, this study adds to the established idea
that vision and perception are contextual effects:
In this work’s scope, a global spatial integration is
shown to be computed in a given structured way,
with asymmetric non-uniform rules, amounting to
a complex surround modulation effect. This com-
plexity and non-uniformity are fundamentally in-
grained as neuronal non-agnostic mechanisms that
ultimately could aid in delivering an extraordinarily
efficient visual percept.
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