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Preference-independent saliency map in
the mouse superior colliculus
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Detecting salient stimuli in a visual scene is crucial for animal survival, yet how the brain encodes visual
saliency remains unclear. Here, using two-photon calcium imaging, we reveal a preference-
independent saliency map in the superficial superior colliculus of awake mice. Salient stimuli evoke
stronger responses than uniform stimuli in both excitatory and inhibitory neurons, with similar
encoding patterns across both cell types. The strongest response occurs when a salient stimulus is
centered within the receptive field, with contextual effects extending approximately 40°. Response
amplitude scales with saliency strength but remains independent of neurons’ orientation or motion
direction preferences. Notably, saliency-encoding neurons exhibit weak orientation and direction
selectivity, indicating a complementary relationship between saliency and feature maps. Importantly,
this preference-independent saliency encoding does not require cortical inputs. These findings
provide insights into the neural mechanisms underlying visual saliency detection.

Every second, humans extract about 20 bits of relevant information from the
one gigabit of visual input entering the eyes to guide behavior'”. Visual
attention is critical in filtering this vast influx of data, enabling survival in a
complex and ever-changing environment. There are two types of visual
attention: endogenous and exogenous. Endogenous attention is goal-
directed, such as searching for a specific object in a scene. In contrast,
exogenous attention is stimulus-driven and automatically directed towards
salient objects that “pop out" in the visual scene’”.

Saliency, defined as the conspicuousness of a specific visual area within
a scene, arises from physical attributes such as orientation, color, motion
direction, size, and shape. Where and how visual saliency is encoded in the
brain remains debated. A theoretical model proposes the existence of a
feature-independent saliency map in the brain™’. This map integrates inputs
from multiple feature maps to encode saliency strength regardless of feature
preferences. It then merges with goal-driven attention to generate a priority
map, ultimately guiding where to attend'*'. In primates, several brain
regions have been implicated in encoding visual saliency, including the
primary visual cortex (V1)"*", the superficial and intermediate layers of the
superior colliculus (sSC and iSC)'°, V4", the posterior parietal cortex'*, and
the frontal eye field"”. However, except for sSC and V1, these regions also
process goal-driven attention, suggesting they may inherit saliency maps
from upstream regions and instead host priority maps™.

Although the theory predicts that ideal saliency-encoding neurons
respond to salient stimuli independently of their preferences within a

specific visual feature or across different features, experimental evidence
from both V1 and sSC fails to consistently support this prediction. In cat and
monkey V1, salient stimuli made by orientation have elicited larger, similar,
or smaller responses compared to iso-orientation stimuli'****'**. Similar
inconsistencies have been observed in responses to salient stimuli made by
motion direction***”. These contradictory findings can be largely recon-
ciled by considering neurons’ orientation or direction preferences. A recent
study in primate V1 found that responses to salient stimuli are influenced by
both the orientation contrast of stimuli and neurons’ orientation
preferences'’, contradicting the model prediction. Encoding of saliency in
sSC is also debated. Recent work in awake monkeys suggests a correlation
between neural activity and saliency strength, but the role of feature pre-
ference remains unsolved'®. Studies in mice further complicate this picture,
as saliency encoding appears to be influenced by anesthesia and depends on
the specific visual features that define saliency’*”’. Other factors, such as
cortical integrity and the number of neurons recorded, may also affect data
interpretation.

Furthermore, the relationship between feature encoding and saliency
encoding remains poorly understood. At the single-neuron level, no clear
correlation has been observed between orientation or direction selectivity
and responses to salient stimuli”’. At the population level, while the func-
tional organization of orientation and motion direction has been well-
documented in the visual cortex across species” " and in the mouse SC**™*,
neither saliency maps nor their relationship to feature maps has been
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reported. Because perceptually detecting saliency is orthogonal to detecting
features, we hypothesize that neurons involved in feature encoding are less
likely to encode visual saliency.

To test our hypothesis and investigate the neural encoding of visual
saliency, we conducted in vivo two-photon calcium imaging in the sSC of
awake head-fixed mice with an intact cortex. Our goal was to understand
how the encoding of visual saliency is affected by different visual features
and contributed by excitatory and inhibitory neurons across different
depths of the sSC. To achieve this, we expressed non-floxed GCaMP8 in
the mouse sSC, where GABAergic or glutamatergic neurons were
genetically labeled by tdTomato. We then measured and analyzed neu-
ronal responses to salient stimuli defined by orientation or motion
direction. Our results provide the first direct experimental evidence
supporting the existence of preference-independent saliency maps in the
brain. Specifically, for both excitatory and inhibitory neurons in the
mouse SC, the encoding of visual saliency is not influenced by their
preference for specific orientations or motion directions. Furthermore,
supporting our hypothesis, neurons involved in saliency encoding cluster
together to form maps within the sSC and exhibit weaker tuning to
orientation and motion direction.

Results

Excitatory and inhibitory neurons show robust responses to
salient stimuli in the sSC of awake mice

To reveal how the sSC encodes visual saliency, we performed two-photon
calcium imaging in the posterior-medial SC of awake head-fixed mice
(Fig. la, b), leaving the cortex intact as previously described™*”.
We measured the activity of excitatory and inhibitory neurons in response
to visually salient stimuli. Excitatory and inhibitory neurons were dis-
tinguished by expressing tdTomato in genetically labeled neurons in
Vglut2-Cre or Vgat-Cre mice (Fig. 1c). In both lines, excitatory neurons
comprised about 40% of the total population, consistent with the fluores-
cence in situ hybridization data™. Across 54 imaging planes and up to a
depth of 300 ym, we recorded a total of 3232 excitatory neurons and 5103
inhibitory neurons from eight animals. Throughout the imaging session,
animals exhibited occasional locomotion and eye movements (Supple-
mentary Fig. 1a, d). During locomotion, pupil size was positively correlated
with locomotion speed, and neuronal responses showed either a negative or
positive correlation with pupil size (Supplementary Fig. 1b, ¢), consistent
with previous findings®.

Presumably, saliency-encoding neurons should show stronger
responses to salient stimuli than to uniform stimuli. To test this, we
measured neuronal responses to stimuli in which saliency was defined by
either orientation or motion direction. For orientation-defined saliency,
we used salient flashing gratings (SFGs): a 10° patch grating super-
imposed on a full-field grating in the orthogonal orientation, both flashed
simultaneously on a gray background (see Methods). We tested two
stimulus configurations: circular patches with sinusoidal gratings and
square patches with square gratings. In both cases, excitatory and inhi-
bitory neurons showed stronger responses to salient stimuli when the
salient patch was centered in their receptive fields (RFs) compared to
responses to the background alone (Fig. 1d). For direction-defined sal-
iency, we used salient moving gratings (SMGs): a 10° patch grating
moving in one direction superimposed on a full-field grating moving in
the opposite direction. Similarly, both types of neurons responded more
strongly to SMGs compared to uniform stimuli (Fig. le). The enhanced
responses to SFGs and SMGs suggest that the sSC plays an important role
in encoding visual saliency. Because neuronal responses were consistent
across circular and square patches, we combined the data for subsequent
analysis.

Neural encoding of visual saliency is independent of orientation
preference

Neurons in the sSC are retinotopically organized and show orientation
preference. A neuron’s response to SFGs is influenced by three factors: (1)

the distance between its RF center and the patch; (2) the orientation contrast
between the patch and the background; and (3) its orientation preference.
To understand how these three factors affect neuronal responses, we mea-
sured the RFs and orientation preferences of individual neurons, along with
their responses to SFGs with the patch positioned at different spatial loca-
tions relative to their RFs. For both excitatory and inhibitory neurons,
responses were strongest when the patch was centered in the RF and gra-
dually decreased as the patch moved away (Fig. 2a, b and Supplementary
Fig. 2a). These findings suggest that collicular neurons function as saliency
detectors.

To disentangle the contributions of orientation contrast and neurons’
orientation preferences, we grouped SFG-elicited neuronal responses based
on whether the neurons preferred vertical or horizontal background grat-
ings. Regardless of the background orientation, the response amplitude at
the RF center remained constant for both types of neurons, indicating that
saliency encoding in the sSC is independent of the orientation preference
(Fig. 2c and Supplementary Fig. 2b-d). As the patch moved further from the
RF center, the response amplitude gradually decreased, up to ~40°. For the
preferred orientation, the response amplitude became comparable to that
evoked by the background when the distance reached ~10°, the typical RF
size of sSC neurons***". A further decline in amplitude with increasing
distance up to 40° suggests a long-range suppression effect from the patch.
Conversely, a long-range facilitation effect was observed if the background
grating was orthogonal to the neurons’ preferred orientations. This con-
trasting long-range effect for preferred and orthogonal orientations could be
mediated by local neurons with extended dendritic arbors, such as inhibi-
tory horizontal cells and excitatory wide-field cells, which have dendrites
extending up to 500 yum™.

To confirm the preference-independent saliency encoding, we cal-
culated a saliency index (SI) to quantify each neuron’s contribution to
saliency encoding (see Methods). For both excitatory and inhibitory
neurons, about 80% showed stronger responses to salient stimuli com-
pared to the background, even when the background matched their
preferred orientation (Fig. 2d). Interestingly, a smaller proportion of
saliency-encoding neurons exhibited orientation selectivity compared to
non-saliency-encoding neurons (Fig. 2e), suggesting a negative correla-
tion between saliency encoding and orientation selectivity. Among
neurons encoding saliency (SI>0), responses to SFGs remained con-
sistent regardless of whether the background was aligned with or
orthogonal to their preferred orientations, and this consistency was
maintained even in highly orientation-selective neurons (Fig. 2f). Fur-
thermore, the difference in responses to SFGs with different backgrounds
was uncorrelated with the orientation selectivity index (OSI), supporting
the notion of preference-independent saliency encoding. These findings
remain robust when the SI was defined as the relative difference between
responses to SFGs and those to flashing squares on a gray background
(Supplementary Fig. 2e-g). Thus, our data demonstrate that saliency
encoding in the sSC is independent of orientation preference for indi-
vidual neurons. In addition, saliency encoding remained consistent
across different depths within the sSC (Supplementary Fig. 3).

Neural encoding of visual saliency is independent of direction
preference

Saliency in visual stimuli can be induced by different features. To explore
whether the orientation preference-independent saliency encoding gen-
eralizes to other features, we measured and analyzed neuronal responses to
SMGs. Consistent with SFG-evoked responses, neurons exhibited the
strongest responses when the patch was centered in the RF, with the
response amplitude decreasing as the patch moved away from the RF center
(Fig. 3a, b). Further analysis revealed a negative correlation between visual
saliency and motion direction encoding (Fig. 3¢, d), mirroring what was
observed for orientation. For neurons encoding both saliency and motion
direction, response amplitude remained consistent regardless of whether the
background moved in the preferred or null direction (Fig. 3e). Furthermore,
the difference in responses to SMGs with the background moving in
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Fig. 1 | Excitatory and inhibitory neurons show robust responses to salient sti-
muli. a Schematic of the experimental setup. Mice were head-fixed and free to run on
a treadmill. Visual stimuli were presented on a screen. Two-photon microscopy was
used to image neuronal calcium activity and tdTomato expression. PMT, photo-
multiplier tube. b Schematic of mouse brain anatomy after insertion of a triangular
transparent plug to expose the posterior-middle portion of the superior colliculus
beneath the posterior cortex. TS, transverse sinus. ¢ A mean projection of tdTomato-
labeled Vglut2+ or Vgat+ neurons and GCaMP8+ neurons in two mice. The right
panel shows the proportion of double-labeled neurons in both Vglut2-tdTomato
and Vgat-tdTomato mice. d Example response profiles of excitatory and inhibitory
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neurons to salient flashing gratings and backgrounds. Left, circular patches with
sinusoidal gratings. Right, square patches with square gratings. Gray shade indicates
the SD across 5 trials. Blue and red arrows mark the onset and offset of visual stimuli,
respectively, while gray arrows mark the phase shift of the gratings. Red lines indicate
the baseline activity without visual stimulation. Scale: 30% AF/F, 0.5 s. e Example
response profiles to salient moving gratings and backgrounds. Gray shade indicates
the SD across 5 trials. Blue and red arrows mark the onset and offset of visual stimuli,
respectively. Red lines indicate the baseline activity without visual stimulation. Scale:
30% AF/Fq, 0.5 s.

opposite directions showed no correlation with the direction selectivity
index (DSI). Taken together, these findings demonstrate that the encoding
of visual saliency is independent of a neuron’s preference for both orien-
tation and motion direction.

Neurons in the sSC encode saliency strength

An ideal saliency-encoding neuron would not only be independent of
orientation and direction preference, but its amplitude would also reflect
exclusively the saliency strength of visual stimuli. To examine whether
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Fig. 2 | Neural encoding of visual saliency is independent of orientation pre-
ference. a Calcium responses of an example neuron to three types of visual stimuli: a
flashing black square (10°) against a gray background (left), a flashing circular patch
(10°) with horizontal (middle) or vertical (right) sinusoidal gratings against an
orthogonal background. The patches were displayed at each of the 4 x 6 locations.
Gray shade indicates the SD across 5 trials. Blue and red arrows mark the onset and
offset of visual stimuli, respectively. The red dashed ellipse represents the outline of
the fitted RF with a 2D Gaussian at half maximum. Red lines indicate the baseline
activity without visual stimulation. Scale: 30% AF/Fy, 1 s. b Violin plots for response
amplitudes to SFGs with the patch at different distances from the RF center (colored
bars), as well as amplitudes to the background (gray bars) for both excitatory
(N'=1531) and inhibitory (N = 2915) neurons. Red circles denote the RF. ¢ Response
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amplitude to SFGs and backgrounds, grouped by the orientation preference of the
background. d Histograms of SI for excitatory (Pref: 0.15 + 0.26; Orth: 0.39 + 0.26)
and inhibitory (Pref: 0.17 + 0.28; Orth: 0.41 + 0.29) neurons. Cyan dashed lines mark
the 0. e The percentage of orientation-selective neurons (OSI = 0.25) in both non-
saliency-encoding (SI < 0, left) and saliency-encoding (SI > 0, right) populations.
f Violin plots for the difference in response amplitudes evoked by SFGs with the
preferred and orthogonal backgrounds for saliency-encoding neurons, plotted
against different levels of orientation selectivity. Low: OSI < 0.25; Medium:

0.25 < OSI < 0.5; High: OSI 2 0.5. The means of the three groups are the same: one-
way ANOVA, p = 0.15 for excitatory neurons, N = 637, 309, 98; p = 0.44 for inhi-
bitory neurons, N = 1087, 698, 160.
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Fig. 3 | Neural encoding of visual saliency is independent of direction preference.
a Calcium responses of an example neuron to a circular patch (10°) sinusoidal
grating moving in four directions against a background moving in the opposite
direction. Green arrows indicate the motion direction of the background, and red
arrows indicate the direction of the patch. Gray shade indicates the SD across 5 trials.
Blue and red arrows mark the onset and offset of visual stimuli, respectively. Red
lines indicate the baseline activity without visual stimulation. Scale: 30% AF/F, 1 s.
b Violin plots for response amplitudes to SMGs (colored bars) and the background
(gray bars) for both excitatory (N = 2082) and inhibitory (N = 3496) neurons,
grouped by direction preference. ¢ Histograms of SI calculated from SMG-evoked
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responses for excitatory (Pref: —0.03 £ 0.26; Null: 0.21 + 0.25) and inhibitory (Pref:
—0.02 + 0.26; Null: 0.22 + 0.25) neurons. Cyan dashed lines mark the 0. d The
percentage of direction-selective neurons (DSI > 0.25) in both non-saliency-
encoding (SI < 0, left) and saliency-encoding (SI > 0, right) populations. e Violin
plots for the difference in response amplitudes evoked by SMGs with backgrounds
moving in the preferred and null directions for saliency-encoding neurons, plotted
against different levels of direction selectivity. Low: DSI < 0.25; Medium:

0.25 < DSI < 0.5; High: DSI > 0.5. The means of the three groups are the same: one-
way ANOVA, p = 0.44 for excitatory neurons, N = 907, 197, 32; p = 0.10 for inhi-
bitory neurons, N = 1555, 286, 58.

neurons in the sSC meet this criterion, we systematically varied the
patch’s orientation against a fixed vertical or horizontal background, with
an orientation contrast of 90° indicating the maximal saliency strength.
Our results showed that neuronal responses indeed reflected the orien-
tation contrast (Fig. 4a). To quantify the impact of orientation contrast,
we examined the relationship between neuronal responses and orienta-
tion contrast in both excitatory and inhibitory neurons. The response
amplitude of saliency-encoding neurons gradually decreased as the
orientation contrast deviates from 90°, indicating that these neurons
encode the saliency strength (Fig. 4b, d). Note that neuronal responses to
salient stimuli with weak orientation contrasts could be smaller com-
pared to responses to the preferred orientations. In particular, salient
stimuli with 0° or 30° orientation contrast elicited weaker responses
compared to the uniform stimuli at the preferred orientation (Supple-
mentary Fig. 6a, b). Furthermore, the difference in response amplitude
between 30° and 90° orientation contrasts reflected the difference in their
saliency strength and was independent of the neuron’s orientation
selectivity (Fig. 4c, e).

Encoding of visual saliency depends on the preference across
different visual features

So far, we have demonstrated that the response amplitude of saliency-
encoding neurons correlates with the saliency strength of visual stimuli
while remaining independent of their orientation or direction preferences.
The theoretic model further predicts that the response amplitude of neurons
should also be independent of their selectivity for various visual features that
create saliency (Fig. 5a). Note that while the saliency strength of SFGs can be
quantified as orientation contrast, it is challenging to directly compare the
saliency strength between SFGs and SMGs. Ideally, the difference in
response amplitude (AR) elicited by two salient stimuli would depend solely
on the difference in their salient strength, independent of the neurons’
preference for specific orientations, motion directions, or features (Fig. 5b).
For example, AR between two stimuli with the same saliency strength
should be close to zero and independent of OSI or DSI (Figs. 2f and 3e,
orange line in Fig. 5b). When the saliency strength of two stimuli differs, AR
should be non-zero and reflect this difference. This applies to salient stimuli
made by the same feature (Fig. 4c, e, the green line in Fig. 5b) and by different

Communications Biology | (2025)8:565


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08006-x

Article

a

e e e g

0S1<0.25
O Exc

N
(9]

15

A

N
o

-
[¢)]
p—

-
o
—
———

[¢)]

Response amp (% AF/F;)
A Response amp (% AF/F,)
(6}

30 60 90 30 60 90
Orientation contrast (deg)

Low
oSl

High

Fig. 4 | Neurons in the sSC encode saliency strength. a Response profiles of
example excitatory and inhibitory neurons to SFGs with 5 different orientation
contrasts in two backgrounds. Gray shade indicates the SD across 5 trials. Blue and
red arrows mark the onset and offset of visual stimuli, respectively, while gray arrows
mark the phase shift of the gratings. Red lines indicate the baseline activity without
visual stimulation. Scale: 30% AF/F, 0.5 s. b Violin plots for response amplitudes to

gy v e e g e

0OS1<0.25
p=0.93
M Inh
25 —
2 £
L 20 :
X [ <
o 15 /‘ g b
€ |} 5
@ W/ °
g 10 -
< Il g 0
g s |8
Z g
0 0 -5 .
30 60 90 30 60 90 Low High
Orientation contrast (deg) oSl

different orientation contrasts for saliency-encoding neurons with OSI < 0.25 (left,
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OSI 2 0.25, t-test. d, e The same plots for inhibitory neurons. Left, N=121;

Right, N =53.

features (the blue line in Fig. 5b). To test whether saliency encoding is
independent of feature selectivity, we compared neuronal responses evoked
by SFGs and SMGs. The selectivity strength was quantified with a feature
selectivity index (FSI, see Methods). Notably, our data revealed a strong
positive correlation between FSI and AR (Fig. 5¢). When neurons were
divided into three groups with different levels of feature selectivity, AR
varied significantly among groups (Fig. 5d). Thus, our results demonstrate
that neural encoding of visual saliency is influenced by feature selectivity,
contradicting the theoretic prediction. In addition, we observed a weak but
significant positive correlation between SI_SFG and SI_SMG (Fig. 5e),
suggesting some overlaps in neurons encoding saliency induced by orien-
tation and motion direction.

Relationship between saliency map and feature map

Neurons tuned to orientation and motion direction form a functional map
in the mouse SC” . How does this feature encoding relate to saliency
encoding? As shown in Figs. 2e and 3d, saliency-encoding neurons contain a
smaller proportion of neurons selective for orientation or motion direction.
To have a more comprehensive understanding of their relationship, we
plotted the orientation map, direction map, and saliency maps for the same
group of neurons (Fig. 6a). In the saliency map, neural encoding of saliency
strength at different locations is indicated by SI. We found that neurons with
strong orientation or direction selectivity tended to have low SI and show
weak responses to salient stimuli (Fig. 6a and Supplementary Fig. 7a-c). To
quantify the spatial organization of saliency encoding, we calculated the
absolute difference in SI between neuron pairs as a function of their hor-
izontal distance. This difference increased with distance up to approxi-
mately 100 ym, after which it stabilized (Fig. 6b), suggesting saliency-
encoding neurons form patches with a radius of around 100 ym.

Further analysis revealed a significant negative correlation between SI
and both gOSI and gDSI for excitatory and inhibitory neurons (Fig. 6¢, d).
This weak but significant negative correlation suggests that visual features
and saliency are encoded by partially overlapping neural ensembles. This
negative correlation can not be attributed to the response amplitude at the
preferred orientation or direction, as feature selectivity is primarily driven by
a decrease in responses at the orthogonal orientation or null direction
(Supplementary Fig. 7d, €). Note that the saliency map described here differs
from the one proposed in the theoretical model. In the model, the saliency
map represents saliency strength at each location in the visual field. In
contrast, the saliency map described here, similar to previously reported
orientation and direction maps, represents the encoding capacity for visual
saliency in anatomical space.

Preference-independent saliency encoding in the sSC does not
require cortical inputs

Neurons in the sSC receive direct inputs from V1*. To investigate how
this top-down projection influences preference-independent saliency
encoding in the sSC, we silenced V1 using muscimol, a GABA receptor
agonist. Following drug injection, visually evoked responses in cortical
neurons were largely suppressed (Fig. 7a). We then compared the
responses of SC neurons to SFGs with different backgrounds after cor-
tical silencing. For saliency-encoding neurons, responses to SFGs were
unaffected by whether the background matched their preferred orien-
tations (Fig. 7b), indicating that cortical inputs are not necessary for
preference-independent saliency encoding in the sSC. Furthermore, after
cortical silencing, the SI increased for both excitatory and inhibitory
neurons (Fig. 7c), consistent with a previous study using
electrophysiology”.
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Discussion
Cracking the neural encoding of visual saliency is important for under-
standing how useful information is extracted from massive visual input—a
process critical for animals to survive and thrive in complex and dynamic
environments. To uncover how visual saliency is encoded in the sSC, we
applied two-photon calcium imaging to measure the responses of excitatory
and inhibitory neurons to salient visual stimuli in awake mice. We found
that excitatory and inhibitory neurons show similar response properties to
these stimuli (Fig. 1). Specifically, salient stimuli evoke the strongest
responses when centered in the RF, with response amplitudes gradually
declining as the stimuli move away up to ~40° (Figs. 2 and 3). Notably, the
response amplitude to salient stimuli is independent of the neurons’
orientation and direction preference (Figs. 2 and 3); instead, it is determined
by the saliency strength of the stimuli (Fig. 4). However, comparing neu-
ronal responses to salient stimuli made by orientation versus motion
direction reveals that response amplitudes are influenced by feature pre-
ference (Fig. 5). Further analysis reveals that saliency-encoding neurons are
less tuned to orientation and motion direction and form saliency maps
(Fig. 6). Notably, preference-independent saliency encoding in the sSC
persists after removing cortical inputs (Fig. 7). These findings provide partial
support for the saliency encoding theory proposed by Koch and Ullman’®.
Our findings align with and extend previous studies on the factors
influencing neuronal responses to salient stimuli in the sSC. First, the size of
the salient stimulus plays a role. In our study, sSC neurons exhibit maximal
responses to a 10° salient stimulus presented at the RF center, but the
stimulus edge also elicits stronger responses than the background. As the
stimulus size increases beyond the RF size, iso-feature suppression reduces
responses to the stimulus center, causing neurons to function as edge

detectors™'. Second, neuronal responses are influenced by anesthesia. In
anesthetized mice, excitatory neurons in the sSC show stronger responses to
motion contrast relative to the background, while inhibitory neurons show
weaker responses. Both neuron types, however, respond more strongly to
orientation contrast®. In contrast, our findings in awake mice reveal that
excitatory and inhibitory neurons respond similarly to salient stimuli
induced by orientation or motion direction. Third, saliency encoding in the
sSC does not require cortical inputs. While previous work reported that V1
limits saliency encoding in the sSC”, our findings show that this limitation
was observed in both excitatory and inhibitory neurons. Moreover, the
preference-independence property of saliency encoding does not require
cortical inputs. Finally, our findings are not influenced by the sharp edges in
square patches with square gratings, as consistent results were obtained
using circular patches with sinusoidal gratings (Supplementary
Figs. 4 and 5).

While both V1 and SC show stronger responses to salient stimuli
compared to iso-feature backgrounds, previous studies indicate distinct
mechanisms of saliency encoding between these two regions. In primate V1,
neurons exhibit strong preferences for specific orientations or motion
directions”, and the encoding of visual saliency is closely tied to these
preferences'*"". For example, when the orientation surrounding a neuron’s
RF matches its preferred orientation, iso-orientation stimuli within the RF
elicit stronger responses than cross-orientation stimuli. Conversely, when
the surrounding orientation is orthogonal to the neuron’s preferred orien-
tation, cross-orientation stimuli become more effective. These contextual
effects can be understood by convolving the visual stimulus with the neu-
ron’s subthreshold RF (Supplementary Fig. 8), which reflects integrated
synaptic inputs and is larger than the spike RF*’. However, it remains to be
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determined whether these findings generalize to mouse V1, where neurons
respond robustly to salient stimuli*” but show weaker orientation selectivity
compared to cats and monkeys'*™".

In contrast, neurons in the primate sSC are less tuned to specific
orientations or motion directions but show robust responses to salient
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locations in natural scenes'**"*, suggesting a feature-agnostic encoding of
saliency. This aligns with observations in the rat sSC, where visual saliency
encoding is not influenced by orientation preference™. Similarly, in the optic
tectum, the non-mammalian homologue of SC, neurons encode direction-
induced visual saliency in a preference-independent manner’™. Our
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Fig. 6 | Saliency-encoding neurons are less selective to orientation and motion
direction. a Upper panels: orientation map and direction map represented by
excitatory and inhibitory neurons in an example imaging plane. The length of lines
or arrows is proportional to gOSI or gDSI. Lower panels: saliency maps measured by
SFGs and SMGs in the same plane. b Box plots for the absolute difference in SI of
neuron pairs versus their horizontal distance. Black dashed lines indicate the
separation at 75% of the maximum. SFG_Exc: 85 um, N = 167834 neuron pairs;
SEG_Inh: 75 um, N = 400335 neuron pairs; SMG_Exc: 155 ym, N = 167834 neuron

pairs; SMG_Inh: 125 ym, N = 400335 neuron pairs. ¢ SI is negatively correlated with
gOSI measured by flashing gratings: r is Pearson’s correlation coefficient, p < 0.001
for all panels. Top inset: histograms of gOSI for neurons with SI < 0 and SI > 0. Right
inset: histograms of SI for neurons with gOSI < 0.25 and gOSI > 0.25. d SI is nega-
tively correlated with gDSI measured by moving gratings: p < 0.001 for all panels.
Top inset: histograms of gDSI for neurons with SI <0 and SI > 0. Right inset: his-
tograms of SI for neurons with gDSI < 0.15 and gDSI > 0.15.
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cortical silencing. The means of the three groups are the same: one-way ANOVA,
p =0.19 for excitatory neurons, N = 84, 74, 50; p = 0.41 for inhibitory neurons,

N =163, 156, 112. ¢ SI of excitatory and inhibitory neurons in the sSC without versus
with cortical inputs. Exc: 0.18 £0.30 vs. 0.26 £ 0.23, N = 208; Inh: 0.18 + 0.29 vs.
0.24 +0.23, N = 431. Black dashed lines indicate the identity line. Error bars
represent standard deviation. Top and right insets: histograms of SI with and
without cortical inputs. Black dashed lines mark SI = 0. Percentage values indicate
the proportion of neurons with SI > 0.

findings in the mouse SC provide further evidence that saliency encoding in
the sSC is independent of both orientation and direction preferences, sup-
porting a general principle of saliency encoding across species.

How is the saliency map implemented in the sSC? As proposed in the
computational model, surrounding inhibition is essential for generating the
saliency map™’. Compared to V1, sSC contains a larger proportion of

inhibitory neurons. These inhibitory neurons have horizontally extended
dendritic arbors that span up to 500 ym, accounting for ~60% of all neurons
in the sSC**. In contrast, inhibitory neurons in V1 exhibit heterogeneous
morphologies and represent only ~25% of the total neuronal population”.
Another contributing factor is the functional patches in the sSC***°. The size
of these patches is comparable to the observed long-range effect over ~40°
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(Figs. 2c and 3b), and the connection strength between neurons is affected
by both their distance and functional similarity’**. Furthermore, wide-field
excitatory neurons with large dendrites may also play a role in saliency
encoding®.

Alternatively, the saliency map could be inherited from the retina
or V1. In the retina, salient stimuli made by orientation or motion
direction elicit stronger responses in retinal ganglion cells (RGCs)
compared to uniform stimuli®*>. Importantly, object motion sensitive
RGCs respond robustly to salient moving stimuli independently of their
direction preferences**, suggesting that saliency encoding in sSC may
be partially inherited from the retina. In contrast, cortical inputs from
V1 reduce the distinction between responses evoked by cross-
orientation and iso-orientation stimuli, thereby compromising the
encoding capacity”. Future modeling work could explore how these
factors collectively contribute to the preference-independent saliency
map in the sSC.

What is the role of SC in visual attention? In primates, the sSC
plays a critical role in bottom-up attention but does not participate in
arousal-related top-down attention'®*’. Supporting this, our data show
that saliency encoding is not affected by pupil size (Supplementary
Fig. le), a well-established indicator of arousal state®’. The sSC projects
to multiple brain regions, including the pulvinar, the lateral geniculate
nucleus, and the iSC***. The iSC plays a key role in top-down attention,
receiving direct inputs from the prefrontal cortex”. It encodes learned
saliency relevant to behavioral tasks'® and integrates sensory informa-
tion from different modalities”’. These properties position the iSC as an
ideal hub for integrating the preference-independent saliency map from
sSC with goal-driven attention, ultimately generating a modality-
independent priority map that determines the attended location.
Indeed, inactivating the deep layers of the primate SC impairs beha-
vioral performance in visual attention tasks”. An exciting direction for
future research is to explore how the preference-independent visual
saliency map in the sSC is transformed into the modality-independent
priority map in the iSC.

Beyond physical differences or learned associations, visual saliency can
also arise from ethological relevance-stimuli that are inherently significant
due to evolutionary pressures. For example, looming stimuli, which signal
the approach of a predator, naturally capture an animal’s attention. Recent
studies in mice have demonstrated that both sSC and iSC are more strongly
activated by such ethologically relevant stimuli compared to neutral
ones™”"”. These findings indicate that the SC is involved in three types of
saliency: physical saliency based on contrast, ethological saliency shaped by
evolution, and learned saliency derived from experience. Understanding
how these types of saliency are encoded, integrated, and interact in the brain
could provide insights into the neural mechanisms that underlie attention
and decision-making.

Methods

All experimental procedures were performed under animal welfare guide-
lines and approved by the Institutional Animal Care and Use Committee at
the Chinese Institute for Brain Research, Beijing. We have complied with all
relevant ethical regulations for animal use.

Animal

Vglut2-ires-Cre (JAX no. 028863) or Vgat-ires-Cre (JAX no. 028862)
mice were crossed with Ail4 mice (JAX no. 007914) to express tdTomato
in either excitatory (Vglut2+) or inhibitory (Vgat+) neurons. A total of
nine mice at ages 2-4 months were used: one male and two female
Vglut2-tdTomoto mice, and five female Vgat-tdTomato mice. In addi-
tion, one male Thyl-GCaMP6s (GP3.4, JAX no. 024275) mouse was used
for cortical imaging.

Viral injection and plug implantation
Adeno-associated viruses expressing non-floxed GCaMP8m (AAV2/9-
syn-jGCaMP8m-WPRE, 1x 10" GC/ml dissolved in 1xPBS) were

injected into the SC of Vglut2-tdTomato and Vgat-tdTomato mice. The
injection coordinates were 0.42 mm anterior and 0.5 mm lateral to the
lambda, at two depths of 1.0 mm and 1.6 mm. At each depth, 200 nl of
AAVs were injected at a speed of 50 nl/min, followed by a 5-min waiting
period before slowly retracting the pipette. After three weeks, a custom-
made head plate was attached to the skull and a silicon plug was
implanted. Specifically, a 3mm x2mm oval craniotomy was made
0.5 mm posterior to the lambda, and the dura was removed. The silicone
plug was placed posterior to the transverse sinus and pushed forward
~1 mm to expose the posterior-medial portion of the sSC, which corre-
sponds to the upper-temporal region of visual field. Three days after
implantation, two-photon microscopy was used to image calcium signals
in the sSC of head-fixed awake mice.

In vivo two-photon calcium imaging

Mice were head-fixed on a treadmill and allowed to move freely.
After a 15-min habituation period, two-photon imaging was per-
formed using an Ultima 2P Plus microscope (Bruker) with a 16x, 0.8
NA, 3-mm WD objective (CF175, Nikon). A tunable femtosecond
laser (InSight X3+ Dual, Spectra-Physics) was raster-scanned using
resonant galvanometers. GCaMP8m and tdTomato were excited at
920 nm, with laser power at the sample plane typically set between
30 and 50 mW. For each session, three 550 ym x 550 ym fields of
view (FOVs) were imaged at different depths, spaced 50 ym apart.
Each FOV was captured as 512 x 512 pixel images with a sampling
rate of 10 Hz, with imaging depths up to 350 ym. Emitted green and
red fluorescence were split with a dichroic mirror (t565lpxr), passed
through two bandpass filters (et525/70m-2p and et595/50m-2p), and
detected by two GaAsP photomultiplier tubes (H10770PB-40,
Hamamatsu). The animal’s locomotion, pupil size, and pupil position
were recorded and synchronized with image acquisition. During
imaging sessions, mice exhibited rare eye movements and
locomotion.

Visual stimulation

A 21-inch LED monitor was placed 17 cm away from the mouse’s right
eye, centered at 95° azimuth and 25° elevation, covering a 104° x 80°
visual field. During the habituation period, the screen displayed a gray
background. To locate the receptive field (RF) of recorded neurons, for
each imaging session, we manually moved a 10 black or white dot across
the screen and identified a 40° x 60° responsive region. To investigate
how visual saliency is encoded in the sSC, we presented six types of visual
stimuli. (1) a 4 x 6 grid of 10° x 10° flashing squares (one at a time, 1s
black or white + 1 s gray) in this identified region to map the RF. (2) A
full-field flashing square or sinusoidal grating (0.1 cycles/degree spatial
frequency, 1 Hz temporal frequency, 4 s grating + 1 s gray) presented in
6 orientations and 4 phases to measure the orientation selectivity. (3) a
grid of 4 x 6 grid of 10° x 10° flashing square patches with square gratings
or 10° circle patches with sinusoidal gratings in vertical (0°) or horizontal
(180°) orientations on a full-field grating background in the orthogonal
orientation. (4) A 10° x 10° flashing square patch with square gratings or
a 10° circle patch with sinusoidal gratings in 6 orientations presented at
the center of the identified region on a vertical or horizontal grating
background. (5) A full-field moving square or sinusoidal gratings (0.1
cycles/degree spatial frequency, 1Hz temporal frequency, 2s
grating + 1 s gray) presented in 12 directions to measure the direction
selectivity. (6) a 4 x 6 grid of 10° x 10° moving square patches with square
gratings or 10° circle patches with sinusoidal gratings moving in 0°, 90°,
180°, and 270° directions on a full-field grating background moving in
the opposite directions. All stimuli were displayed for 5 repetitions, and
the sequence was pseudo-randomized for each stimulus.

Cortical silencing
To assess the cortical influence on saliency encoding in the sSC, we
measured the responses of SC neurons to salient stimuli before and after
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cortical silencing. V1 was silenced with muscimol, a GABA, receptor
agonist. A 3-mm coverslip was implanted 0.5 mm anterior and 2.5 mm
lateral to the lambda, targeting the V1 region that corresponds to
the upper-temporal visual field. The coverslip had a 0.6 mm hole in the
center for drug delivery. We first imaged neuronal responses in the sSC
and then injected 150 nl of 5 mM muscimol (Sigma-Aldrich) at a depth
of 0.4 mm using a micro-injection pipette. The injection process lasted
about 5 min. After a 30-min waiting period to allow the drug to take
effect, we re-imaged visually evoked responses in the same imaging plane.
To confirm cortical silencing, we performed two-photon calcium ima-
ging of cortical neurons, measuring their responses to moving sinusoidal
gratings before and after injection.

Data analysis
Measurement of calcium responses. Brain motion during the imaging
was corrected using NoRMCorre™ and CalmAm”. Regions of interest
(ROIs) were manually drawn using the Cell Magic Wand Tool (Image])
and fitted with an ellipse. Fluorescence traces for each ROI were
extracted after estimating and removing contamination from sur-
rounding neuropil signals, as described previously’™’®”. The true
fluorescence  signal of a neuron was calculated as
Firue = Fraw— (7 - Freuropil)» Where 7 is the out-of-focus neuropil con-
tamination factor, estimated to be ~0.7 for our setup. Slow baseline
fluctuations were removed using detrended fluctuation analysis with a
15-s sliding window.

For any given stimulus, the neuronal response was defined by the
fluorescence trace in its ROI during the stimulus period:

(1

where F is the instantaneous fluorescence intensity, and F, is the mean
fluorescence intensity without visual stimulation (gray screen).

Two criteria were applied to interpret ROIs as neurons: (1) The ROI
size was limited to 10-20 ym to match the typical size of a neuron; (2) The
ROI response had to exceed a signal-to-noise ratio (SNR) of 0.5 for at least
one visual stimulus*:

2

where C is the N; (time samples) x N, (stimulus repetitions) response
matrix, =1, ..., Nyand r=1, ..., N, {-), and (-); are the means over
repetitions or time respectively, and Var[-], and Var[-], are the corre-
sponding variances. All ROIs meeting these criteria were selected for further
analysis, yielding a total of 8335 neurons, including 3232 excitatory neurons
and 5103 inhibitory neurons.

Quantification of neuronal responses. To quantify orientation tuning,
we calculated the orientation selectivity index (OSI) as the normalized
difference between the response amplitude at the preferred and ortho-
gonal orientations. The global orientation selectivity index (gOSI) was
calculated as the normalized amplitude of the response-weighted vector
sum across all orientations:

_ R(pref) — R(orth)

OSI = R(pref) + R(orth)

3)

where R(pref) and R(orth) are the average responses to the preferred and
orthogonal orientation, respectively.

OSI =
£ POWICA)

4)

where 6 is the k™ orientation in radians, and R(6j) is the average response
during the stimulus period at that orientation.

To quantify motion direction tuning, we calculated the DSI as the
normalized difference between the response amplitude at the preferred and
null directions. The global direction selectivity index (gDSI) was calculated
as the normalized amplitude of the response-weighted vector sum of all
directions:

_ R(pref) — R(null)

st = R(pref) + R(null)

(©)

where R(pref) R(null) are the average responses to the preferred or null
direction, respectively.

> kR(py) % x|
> kR(py)

where py is the k™ direction in radians, and R(p) is the average response
during the stimulus period at that direction.

To quantify preference for salient stimuli, we calculated the SI as the
relative difference between the response to SFGs or SMGs and the response
to the background:

gDSI = (6)

_ R(s) — R(bg)

1= R 1 Rbg)

@)

where R(s) is the average response to salient stimuli, and R(bg) is the average
response to the background.

To quantify preference for specific visual features, we calculated the FSI
as the relative difference between the responses to flashing and moving
gratings:

o — R = Rmg) ©
R(fp) + R(mg)
where R(fg) is the average response to flashing gratings at the preferred
orientation, and R(myg) is the average response to moving gratings at the
preferred motion direction.

To quantify RF properties, calcium responses at 4 x 6 spatial locations
were fitted with a 2D Gaussian function:

f —A.e ((XfE>cos(D)Z;(2yfF)sin(D))2 ((xfl?)s\n(D);»C(év—F)cos(D)iz (9)
The RF size is defined as the area at half maximum: 7 - 2In2 - B - C.
Subsequent analyses were omitted if the coefficient of determination for the
fit was below 0.5. The RF center was also calculated as the center of mass for
evoked responses, yielding consistent results with the Gaussian fitting.

Neural modeling

For simplicity, the model was built in 1D visual space with only two
stimuli: positive and negative. Functional patches are simulated with a
sinusoidal function, termed the functional preference index (FPI), which
quantifies the preference of each neuron at different spatial locations.
Since OSI is mainly correlated with responses at the orthogonal orien-
tation (Supplementary Fig. 7d), we set a neuron’s response amplitude to
its preferred stimulus as 1, while responses to non-preferred stimuli
varied with FPL

FPI = cos(/p * v) (10)

33,36

where p = 30° denotes the patch size
visual space (—60° to 60°).

, and v is a vector representing the
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The RF of each neuron was simulated as a 1D Gaussian function:

2
RF = exp(— (vz_af) ) (1)

where y is the location of the RF center in visual space, and o was set to 5° for
the subthreshold RF.
The neuronal response to a given visual stimulus is simulated by
convolving the RF with the stimulus.
R=R,*(RF-vp)+ R, *(RF - vn) (12)
Where vp and vn are the positive and negative stimuli, and R, and R,,
are the response amplitude.

Statistics and reproducibility

The Kolmogorov-Smirnov test was used to assess the normality of data
distributions. Parametric tests were applied to normally distributed data,
while non-parametric tests were used for all other data. Statistical sig-
nificance was defined as p < 0.05. Sample sizes were not predetermined by
statistical methods but followed common practices in the field.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Data are available in a GitHub repository at https://github.com/yatangli/
Wu_SailencyMap_2025 and a Zenodo repository’® at https://zenodo.org/
records/15086844.

Code availability

Code is available in a GitHub repository at https://github.com/yatangli/
Wu_SailencyMap_2025 and a Zenodo repository”® at https://zenodo.org/
records/15086844.
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