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Dear Editor,

Understanding the primitives of visual perception is a

fundamental question in the study of vision. To address this

question, a theory of topology-based functional hierarchy

in visual perception has been proposed [1, 2]. This theory

suggests that the extraction of topological properties (TPs)

serves as the starting point of object perception. The TP of

a figure is the holistic identity which remains constant

across various smooth shape-changing transformations of

an image [2]. For example, the shape of a rubber sheet can

be changed through bending and twisting without changing

its TP as long as the sheet does not tear. The number of

holes in a geometrical object is a TP because it is retained

during such rubber-sheet deformations. Thus the TP of an

object is thought to be a basic attribute that is crucial for

the stability of perception from variable visual input and is

processed with priority during visual perception [2]. The

‘‘early topological perception’’ hypothesis was first demon-

strated by a finding showing that the visual system is more

sensitive to topological differences than non-topological

differences [1, 2]; this hypothesis has been widely tested in

the past decades and is backed substantially by evidence

from human infants and adults [3–5], other mammals [6],

and even insects [7]. However, it is unclear how the TP is

rapidly processed. Previous human fMRI data showed that

the inferior temporal cortex, which is associated with the

late stages of visual processing, is involved in the

processing of topological recognition [8, 9]. These neu-

roimaging results seem to contradict behavioral evidence

supporting the early topological perception hypothesis. To

address this contradiction, we hypothesized that topolog-

ical perception is processed in a fast subcortical visual

pathway that stems from the superior colliculus (SC).

We used mice to test the subcortical hypothesis. If

topological perception is relatively conserved across

species, topological perception in animals may be innate

and be processed through a conserved subcortical pathway.

Here, we present behavioral evidence for innate topological

perception and c-fos activation evidence in the SC for

subcortical processing of the TP in mice.

A looming visual stimulus is usually presented as an

expanding black disk, to mimic the shadow of an

approaching aerial predator, and has been extensively

adopted to study the innate defensive behaviors of animals

and humans [10, 11]. When mice are presented with an

upper field looming stimulus, they demonstrate conserved

flight-to-nest behavior. The read-out parameters for defen-

sive behavior induced by looming include (i) flight latency:

the time from the onset of a looming stimulus to the onset

of escape to the nest, (ii) time to the nest: the time taken to
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escape to the nest, and (iii) time in the nest: the time that a

mouse spends in the nest after exposure to a stimulus. As

reported in previous studies of mice [12], the flight latency

to a looming stimulus is an important and sensitive index

reflecting the magnitude of the defensive response to an

incoming threat. In the looming paradigm of the present

study, a topological shape change was inserted briefly into

the continuous looming stimulus, to investigate the pro-

cessing of the TP and the impact of topological shape

change on the innate defensive behavior of mice.

The study was approved by the Ethics Committees at the

Shenzhen Institutes of Advanced Technology, Chinese

Academy of Sciences. Eighty adult (6–8 weeks old) male

C57BL/6J mice were used in the behavioral experiments.

Mice were placed in a closed Plexiglas box with a dark

sheltered nest in one of the corners (Fig. 1A). The looming

stimulus was presented on an LCD monitor in the ceiling.

Four types of looming stimulus were presented (Fig. 1B):

normal looming (no-change, Disk), topologically-changing

looming (TP-change, Ring), and two non-topologically-

changing looming (non-TP-change, Square and S). The

Disk, Square, and S stimuli had the same TP (no hole), so

the shape transformations between them were non-TP

changes. The Ring stimulus (one hole) was topologically

different from the other three, hence a TP-change looming.

The S-like figure was specially designed to control the

figure area and other potential confounding factors (spatial

frequency and perimeter length). Therefore, the main

difference between the S (and the Square) and the TP-

change (Ring) stimulus was the hole in the ring, i.e., the

topological property. The normal looming stimulus was a

black disk expanding from 2� to 30� during a 300-ms cycle

that was repeated 15 times. The TP-change looming

stimulus was almost the same except that during each

cycle, an 80-ms topologically different figure—a black

ring—was inserted to replace the disk 100 ms after

stimulus onset. Similarly, in the non-TP-change looming,

a square or an S-like figure was introduced after the

expanding disk had been shown for 100 ms and lasted for

80 ms before transforming back to the disk shape. The

parameters flight latency, time to nest, and time in nest,

were analyzed separately using one-way ANOVAs with

stimulus type as the factor (for detailed materials and

methods, please refer to the Supplementary Material). We

found that flight latency showed a significant main effect

(F(3,168) = 2.921, P = 0.035). Specifically, the average

flight latency (Fig. 1C) was higher for the TP-change

looming than the other conditions (all t[ 2.22, P\ 0.05),

while the two non-TP-change looming stimuli had no

significant impact on the flight latency compared to normal

looming (both t\ 0.49, P[ 0.6). Time to nest and time in

the nest showed no significant difference between these

conditions (both F(3,168)\ 0.894, P[ 0.445). These

results suggested that the defensive response of mice was

weakened by the TP change but was not affected by non-

TP shape changes in the looming stimuli.

Previously published evidence shows that the SC is

involved in the defensive response [13] and the early stage

of topological processing [14]. The effects of a TP change

on defensive response may first occur in the SC, so we

tested whether c-fos activation in the different layers of the

SC decreased for topologically-changing looming stimuli.

Mice were exposed to either a no-change or the TP-change

looming stimulus. C-fos-positive cells within the SC were

manually counted by an individual experimenter blind to

the experimental groups. The number of c-fos-positive

cells (18 sections for no-change conditions, 12 for the TP-

change condition) was submitted to two-way ANOVA with

topological change and SC layer as the factors. We found

significant main effects for both topological change and SC

layer (both F[ 8.298, P\ 0.001), and no significant

interaction (F(3,112) = 1.012, P = 0.390). Further t-tests

showed a significant decrease in neuron activation in all

layers of the SC for the TP-change looming compared to

the normal looming stimuli (Fig. 1D–E, all t[ 2.4,

P\ 0.02). This result indicated that activation of the

entire SC was reduced by the topological change, which is

in agreement with the weakened defensive response for the

TP-change looming stimulus during the behavioral

experiment.

It seems plausible that topological change-detection

itself takes place in the SC, because a topological change

can affect the defensive response to looming stimuli and

also affect neuronal activation in the SC. To test this

hypothesis, we used constant-sized stimuli, instead of

looming stimuli that grow rapidly in time and are

associated with danger. Two types of stimuli were used

(Fig. 2A). The TP-change stimulus was a transformation

back and forth between a disk and an area-matched ring,

and the non-TP-change was between a disk and an area-

matched square. We found a significant decrease in neuron

activation in all SC layers in mice exposed to the TP-

change stimulus (26 sections) compared with mice exposed

to the non-TP-change stimulus (22 sections, see Fig. 2, all

t[ 2.86, P\ 0.006). These results suggest that the SC is

involved in the detection of topological differences.

Although the theory of early topological perception has

been discussed for decades to address the question of the

primitives of vision [1]. the processing pathway of

topological perception remains unclear. The subcortical

hypothesis of early topological perception posits that the

TP is processed through a fast subcortical pathway that

stems from the SC and ends at the inferior temporal cortex

instead of being processed through the classical slow

cortical visual pathway [15–17]. Our previous work [14]

provided human-brain imaging evidence for this
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subcortical hypothesis, demonstrating that the TP of an

unconscious visual stimulus is processed in the SC and the

pulvinar rather than in the lateral geniculate nucleus and

the primary visual cortex. In the current study, there were

two fundamental questions: (1) whether topological detec-

tion in rodents is an innate ability, and (2) whether

topological detection occurs at the subcortical level. We

used a visual-induced defensive paradigm to test the effect

of a topological change inserted into a threatening looming

stimulus and compared the results with those using a non-

topological change insertion. We found that a topological

change in a looming stimulus significantly decreased the

magnitude of defensive responses. Our results suggest that

topological perception is innate and capable of modifying a

well-conserved defensive behavior in mice. This finding

provides more evidence supporting the conclusion that

topological perception is conserved across species [6, 7].

Furthermore, looming-evoked defensive responses are

Fig. 1 Topological changes increase flight latency and decrease

neuron activation in the SC of mice. A Schematic of the looming

testing environment. B The four visual stimuli. C Flight latency, time

to nest, and time in nest in response to the four stimuli (80 mice). D,
E Representative immunohistochemistry and quantification showing

less c-fos immunoreactivity after TP-change looming stimuli (12

sections) than normal looming stimuli (18 sections) in all layers of the

SC (scale bars in (D), 500 lm). Graphs show the mean ± SEM;

*P\ 0.05, ***P\ 0.001, Student’s t-test with Holm-Sidak’s

correction.
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relatively conserved across rodents [11], monkeys [18] and

humans [10]. It is intriguing that perception of a topolog-

ical change affects a biological function and modulates

innate defensive behavior. A possible explanation is that a

topological change inserted into a looming stimulus

impairs object continuity and reduces the dangerousness

of visual stimulation, thus weakening the defensive

response in mice.

A topological change in a looming stimulus not only

weakened the behavioral defensive responses but also

reduced c-fos activation in the SC, which has been reported

to be a key nucleus in the subcortical pathway responsible

for looming-evoked defensive behaviors. Furthermore, we

found that topological changes in non-threatening visual

stimuli also modulated activation of the SC in mice even

when they were presented with non-alerting visual signals.

It is widely accepted that the superficial layer of the SC is

associated with visual information-processing and is

responsible for the detection of visual motion, and deeper

layers are involved in saccades and orienting responses

[19]. Our present c-fos activation measurements showed

that all the SC layers were less active when mice were

exposed to the topologically-changing stimulus than when

exposed to non-topologically-changing stimuli in both the

looming and non-looming paradigms. Further studies

deciphering the detailed mechanism of signal processing

by/between different layers of the SC in response to

looming stimuli may help to answer questions such as

which layers of the SC are first responsible for the

modulation of a topological change in looming-evoked

behavior.

The present study provides, for the first time, behavioral

evidence for innate topological perception in rodents and

its influence on conserved defensive behavior. And the

c-fos results provide further evidence for subcortical

processing of the TP and imply a critical function of

subcortical processing of the TP in visual perception.

Dissecting the subcortical pathways for topological

Fig. 2 Continuous non-looming topological changes decrease neu-

ron activation in the SC. A Schematic of the non-topologically

changing stimulus and the topologically changing stimulus. Note that

these two visual stimuli were unlikely to be perceived as threatening

and therefore did not trigger a defensive response in mice. B,
C Representative immunohistochemistry and quantification showing

that mice had lower c-fos immunoreactivity in all SC layers following

the topologically-changing stimulus (26 sections) than the non-

topologically changing stimulus (22 sections) (scale bar in (B),
500 lm; graphs in (C) show the mean ± SEM; *P\ 0.05,

***P\ 0.001, Student’s t-tests with Holm-Sidak’s corrections).

D Schematic of the subcortical hypothesis of topological processing

and supporting evidence from human-brain imaging [14] and innate

mouse behavior.
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perception provides access to the mechanisms underlying

the fast processing of the basic visual primitives and also

sheds light on the mechanism of interaction between visual

perception and innate defensive responses. Furthermore,

several brain diseases, such as schizophrenia and autism,

have been reported to be associated with dysfunction of

subcortical pathways [20]. Future work with varying

stimulus parameters such as size, time of change, and

speed may help us understand how the SC processes

topological perception.
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