
 
 

 

 
 

Mice learn from the predator-attack experience to accelerate flight behavior via optimizing the
strategy of environment exploration

Zhong, Jinling; Liu, Qingqing; Yang, Xing; Su, Junying; Li, Xiaofen; Luo, Moxuan; Wang,
Liping

Published in:
Biochemical and Biophysical Research Communications

Published: 12/07/2023

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.bbrc.2023.04.060

Publication details:
Zhong, J., Liu, Q., Yang, X., Su, J., Li, X., Luo, M., & Wang, L. (2023). Mice learn from the predator-attack
experience to accelerate flight behavior via optimizing the strategy of environment exploration. Biochemical and
Biophysical Research Communications, 665, 26-34. https://doi.org/10.1016/j.bbrc.2023.04.060

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 17/08/2023

https://scholars.cityu.edu.hk/en/publications/mice-learn-from-the-predatorattack-experience-to-accelerate-flight-behavior-via-optimizing-the-strategy-of-environment-exploration(1c75b400-d528-4cbb-9b90-08cf276c066e).html
https://doi.org/10.1016/j.bbrc.2023.04.060
https://scholars.cityu.edu.hk/en/persons/moxuan-luo(7cb27828-b515-41fd-8f4e-395ac1421f39).html
https://scholars.cityu.edu.hk/en/publications/mice-learn-from-the-predatorattack-experience-to-accelerate-flight-behavior-via-optimizing-the-strategy-of-environment-exploration(1c75b400-d528-4cbb-9b90-08cf276c066e).html
https://scholars.cityu.edu.hk/en/publications/mice-learn-from-the-predatorattack-experience-to-accelerate-flight-behavior-via-optimizing-the-strategy-of-environment-exploration(1c75b400-d528-4cbb-9b90-08cf276c066e).html
https://scholars.cityu.edu.hk/en/journals/biochemical-and-biophysical-research-communications(a77e4998-33b9-40c4-b086-0dd30d733587)/publications.html
https://scholars.cityu.edu.hk/en/journals/biochemical-and-biophysical-research-communications(a77e4998-33b9-40c4-b086-0dd30d733587)/publications.html
https://doi.org/10.1016/j.bbrc.2023.04.060


lable at ScienceDirect

Biochemical and Biophysical Research Communications 665 (2023) 26e34
Contents lists avai
Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate/ybbrc
Mice learn from the predator-attack experience to accelerate flight
behavior via optimizing the strategy of environment exploration

Jinling Zhong a, b, c, Qingqing Liu a, c, Xing Yang a, c, Junying Su a, c, Xiaofen Li a, c,
Moxuan Luo a, c, d, e, Liping Wang a, c, *

a CAS Key Laboratory of Brain Connectome and Manipulation, Shenzhen-Hong Kong Institute of Brain Science, Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences, Shenzhen, 518055, China
b University of Chinese Academy of Sciences, Beijing, 100049, China
c Guangdong Provincial Key Laboratory of Brain Connectome and Behavior, The Brain Cognition and Brain Disease Institute, Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences, Shenzhen, 518055, China
d Department of Electrical Engineering, City University of Hong Kong, 999077, Hong Kong, China
e University of Science and Technology of China, Hefei, 230026, China
a r t i c l e i n f o

Article history:
Received 3 April 2023
Accepted 18 April 2023
Available online 25 April 2023

Keywords:
Innate fear
Predator attack
Experience
Learning
Environment exploration
* Corresponding author. CAS Key Laboratory of Bra
lation, Shenzhen-Hong Kong Institute of Brain Sci
Advanced Technology, Chinese Academy of Sciences,

E-mail address: lp.wang@siat.ac.cn (L. Wang).

https://doi.org/10.1016/j.bbrc.2023.04.060
0006-291X/© 2023 The Authors. Published by Elsevier
a b s t r a c t

Efficiently avoiding predators is critical for animal survival. However, little is known about how the
experience of predator attack affects behaviors in predator defense. Here, we caught mice by tail to
simulate a predator attack. We found that the experienced mice accelerated the flight in response to the
visual threaten cue. Single predator attack didn't induce anxiety but increased the activity of innate fear
or learning related nucleus. The predator attack induced acceleration of flight was partly rescued when
we used drug to block protein synthesis which is critical in the learning process. The experienced mice
significantly reduced the focused exploration on the floor during the environment exploration, which
might facilitate the discovery of predator. These results suggest that mice could learn from the experi-
ence of predator attack to optimize their behavioral pattern to detect the predator cue immediately and
response intensely, and therefore increase the probability of survival.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wild animals must risk exposure to predators to obtain access to
food and mates. This requires maintaining vigilance so that immi-
nent predators can be discovered in time to perform appropriate
defensive responses. Though some animals may be sacrificed dur-
ing their first encounter with predators, others may survive mul-
tiple predator strikes. Field studies in mice suggest that experience
of predator attacks increase the chances of surviving future attacks
[1,2]. Other work has shown that animals change their behavior to
avoid risk after exposure to predator-related cues. For example,
experiences of visual and/or olfactory predator cues enhances
alertness and shortened foraging routes in damselfish [3] and
experience of predator-related chemical signals reduce the rate of
in Connectome and Manipu-
ence, Shenzhen Institute of
Shenzhen, 518055, China.

Inc. This is an open access article u
being caught by predators in tadpoles [4]. A single experience of
capture results in Tetramorium Ants learning to avoid dangerous
antlion pits [5]. However, little is known of how and why the
experience of a predator attack would affect innate defensive be-
haviors. One hypothesis is that a predator attack causes sustained
anxiety, and therefore leads to raised vigilance and improved
defensive behaviors in response to danger cues [6]. Another hy-
pothesis is that animals learn from predator attacks and optimize
subsequent behavioral patterns for defense against potential
predators.

Here, we evaluated the effects of simulated-predator-attack
experience on responses to subsequent predator cues, anxiety
levels, and behavioral pattern changes during environmental
exploration in mice. Looming stimuli, a series of expanding dark
disks which simulate an approaching object, were used as a pred-
ator cue. Previous studies have shown that looming stimuli can
induce robust flight responses [7,8]. However, since looming
stimuli cannot make contact with mice, we manually caught mice
to simulate an actual predator attack. Anxiety levels were evaluated
using both the elevated plus maze (EPM) and an open-field test
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(OFT). Predator-attack induced activation in the brain was evalu-
ated using the amount of expression of the immediate early gene c-
Fos [9]. Behaviors during environmental exploration were labeled
using deep learning methods [10,11]. We show that mice learned
from predator-attack experience. Experiencedmice optimized their
behavioral patterns during environmental exploration to enhance
flight behavior in response to predator cues, which may increase
the probability of survival in the wild.

2. Methods

2.1. Animals

Male C57BL6/J mice (7 weeks of age, Beijing Vital River Labo-
ratory Animal Technology, China) were group housed 5 mice per
cage on a 12-hr light/12-hr dark cycle. Food and water were
available ad libitum. All experiments were performed during day-
time (8:00e20:00). All animal experiments were performed in
compliance with the Institutional Animal Care and Use Committee
(IACUC) and were conducted following protocols approved by the
Institutional Animal Care and Use Committee at Shenzhen In-
stitutes of Advanced Technology, CAS. Each mouse was tested in
only one behavioral paradigm.

2.2. Predator-attack handling

Mice were randomly grouped. During one week before the
experiment, the cages with experimental mice were not allowed to
move; the food, water, and bedding were not changed. Mice in the
experienced group were caught tail by hand and lifted up [12],
whereas mice in the inexperienced group remained untouched on
the day before the behavior test. Behavioral test was performed the
next day. In the drug injection experiment, the catching and
intraperitoneal injection were used as the simulation of predator
attack.

2.3. Behavioral tests

2.3.1. Looming test
The looming test was performed in the AIBM system [13]. The

behavior arena was made of acrylic and consisted of a circular open
area (45 cm diameter, 30 cm height), adjacent to a refuge alley
(10 cm � 5 cm x 30 cm). The floor was frosted white, the refuge
walls were black, and the open area wall was transparent. Visual
stimuli were the real time trajectory and speed of the testingmouse
was detected by an infrared touchscreen frame. Looming stimuli
was automatically triggered when the mouse walked in the trigger
area (25 cm diameter at the center of the open area) with low speed
(<0.15 m/s). The looming stimuli were generated using MATLAB
with Psychtoolbox-3 and presented on a 42-inch LCD monitor
(refresh rate 60 Hz, AOC) displaying a grey background, positioned
46 cm above the arena floor. The looming stimulus was a black disk
that expanded from 2� to 40� in 300ms andmaintained this size for
50 ms before disappearing and was repeated 15 times with in-
tervals of 30 ms between each repetition. Each mouse was allowed
to freely explore the behavior arena for at least 5 min before the
first looming stimuli trial was triggered. Each mouse could trigger a
maximum of 5 stimuli trials within 30 min with interval of no less
than 3 min.

2.3.2. Elevated plus maze (EPM) test
The EPM apparatus was made of frosted white acrylic board,

with two open arms (23.5 � 5 � 17 cm) and two closed arms of the
same length extending from a central section (5 � 5 cm) to form a
right-angled plus. The distance between the end of the open arms
27
and the infrared frame was no less than 20 cm, and that between
the sides of the open arms and the infrared frames was no less than
23 cm. The plus maze was elevated 85 cm above the floor. Indi-
vidual mice were placed in the elevated plus maze at the beginning
of the experiment and their movements were recorded for 5 min in
the AIBM system.

2.3.3. Open field test (OFT)
The open field arena was circular (49 cm diameter, 30 cm

height). The center area was defined as a circular area (10 cm
diameter) at the center of the arena, and the edge area was defined
as a ring-shaped area (width ¼ 5 cm) at the edge of the arena. In-
dividual mice were put in the center of the open field arena at the
beginning of the experiment and their movements were recorded
for 5 min in the AIBM system. We quantified the time spent in the
center and the edge and the entry number to the center and the
edge.

2.4. Histology, immunohistochemistry, and microscopy

To quantify the expression of c-Fos positive neurons, the expe-
rienced mice were perfused 90 min after being caught by tail,
whereas the control mice were taken directly from the cage to
perfuse. Mice were euthanized with 1% pentobarbital sodium
(0.3 ml/10g body weight) and then perfused transcardially with
phosphate-buffered saline (PBS), followed by cold 4% para-
formaldehyde (PFA, Sigma, Germany). Brains were removed and
submerged in 4% PFA at 4 �C overnight to postfix, and then trans-
ferred to 30% sucrose to equilibrate. Brains weremounted in tissue-
tek® optimal cutting temperature (OCT) compound (4583, Sakura,
United States) and coronal sections (thickness 40 mm) were cut
using a cryostat microtome (CM1950; Leica, Germany). Brain sec-
tions were washed in PBS, blocked in blocking solution containing
0.3% Triton X-100 and 5% normal goat serum (NGS) for 1 h at room
temperature, incubated in rabbit monoclonal anti-c-Fos (1:500,
#2250; Cell Signaling Technology, United States), diluted in PBS
with 1% NGS and 0.1% TritonX-100 at 4 �C overnight, washed in PBS,
and stained with Alexa Fluor 488 goat anti-rabbit secondary anti-
body (1:500; Jackson Laboratory, United States) for 2.5 h at room
temperature. Then, brain sections were stained with DAPI
(1:50,000, #62248; Thermo Fisher Scientific, United States) and
cover slipped with aqueous mounting medium (Fluoromount™
F4680, Sigma, Germany). Brain slices were photographed using an
Olympus VS120 virtual microscopy slide scanning system
(Olympus; Japan). Images were analyzed using ImageJ and Adobe
Photoshop software. ROIs were traced with reference to the “The
mouse brain in stereotaxic coordinates”, by Paxinos and Franklin,
and c-Fos immunoreactivity was quantified by manual counts.

2.5. Drug injection

Th e protein synthesis inhibitor, anisomycin (150 mg/kg, MCE,
HY-18982), was used to inhibit learning and memory and PBS was
used as control. Anisomycin or PBS was intraperitoneal injected.
The catching and drug injection were used as the simulation of
predator attack.

2.6. Behavior analysis

All behavioral data from infrared frame were analyzed as pre-
vious studies [13], including the latency to refuge, latency to
maximum speed, mean escaping speed, trajectory of the mice,
distance ratio, and hiding time in the refuge. Videos were recorded
in a side view. Behavior on each frame of the training video was
manually labeled as one of the 7 behaviors, including being in
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refuge, edge exploration, floor exploration, walking head down,
walking head straight, searching head up, wall climbing and other
unclassified behaviors. A ResNet50 artificial neural network was
trained to label all the videos. The behavior labels were refined by
the mouse location and speed recorded by the infrared touchscreen
frame detector.

2.7. Statistical analysis

Data are presented as boxplots. All behavior trials were treated
independently for statistical analyses. Mann-Whitney U tests were
calculated for comparisons between the experimental and control
groups. Statistical analyses were performed using MATLAB. Aster-
isks indicate the level of statistical significance (*p < 0.05;
**p < 0.01; ***p < 0.001).

3. Results

3.1. The experience of predator-attack accelerated the looming-
evoked flight behavior

To investigate whether the experience of predator-attack would
affect the behavioral response to a cue of predator, we caught mice
by tail to simulate a predatory attack and tested their responses to
looming stimuli the next day (Fig. 1A). Looming stimuli evoked
rapid flight-to-refuge behavior in both experienced and inexperi-
enced (control) mice. However, the flight behavior in the experi-
enced mice was enhanced compared to the control mice. The
latency to refuge after looming stimuli was significantly decreased
in the experienced mice (Mann-Whitney U test: U ¼ 773, N1 ¼ 44,
N2 ¼ 49, p < 0.0191, Fig. 1B), which would increase the probability
of successful escape. We further analyzed the escaping speed and
trajectory of mice in response to the looming stimuli. The latency to
maximum speed was significantly decreased (Mann-Whitney U
Fig. 1. Analysis of flight behavior induced by looming stimuli in mice with or without expe
A) Schematic diagram showing the experimental design. Experienced mice were caught by
flight behavior was tested on the second day. B) The latency for mice to enter the refuge aft
flight. D) Mean speed during flight. E) The time spent in the refuge after the looming stimul
trial; n ¼ 44 trials from 9 mice in the control group. n ¼ 48 trials from 10 mice in the exp
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test: U ¼ 680, N1 ¼ 44, N2 ¼ 49, p < 0.0022, Fig. 1C) and the mean
speed during escaping was significantly increased in the experi-
enced mice (Mann-Whitney U test: U ¼ 666, N1 ¼ 44, N2 ¼ 49,
p < 0.0015, Fig. 1 D), indicating that the experience of being caught
induced a more rapid and intense response to the cue of predator.
Interestingly. After escaping, the hiding time in the refuge was
significantly increased in the experienced mice (Mann-Whitney U
test: U¼ 736, N1¼44, N2¼ 49, p < 0.0086, Fig. 1E), suggesting that
the experience of being caught prolonged the fear emotion and
made mice more cautious. These data suggest that the experience
of predator-attack enhanced the vigilance of mice, making them
responsemore rapidly and intensively to the predator cue, and thus
would increase the probability to survive.

3.2. The experience of predator-attack improve flight not by
increasing the anxiety level

It has been reported that anxiety reduced the latency to flight in
response to looming stimuli and increased the hiding time [6]. To
investigate whether the experience of a predator attack enhances
flight by enhancing anxiety level, we evaluated anxiety levels in
tail-caught mice using both the elevated plus maze (EPM) and an
open-field test (OFT) the following day (Fig. 2A, F). We found that
there was no difference in either the number of entries to closed
(Mann-Whitney U test: U¼ 46, N1¼9, N2¼ 11, p < 0.8182) or open
arms (Mann-Whitney U test: U ¼ 36.5, N1 ¼ 9, N2 ¼ 11, p < 0.3366)
or in the time spent in the closed (Mann-Whitney U test: U ¼ 47,
N1 ¼ 9, N2 ¼ 11, p < 0.8792) or open arms (Mann-Whitney U test:
U ¼ 47, N1 ¼ 9, N2 ¼ 11, p < 0.8792) of the EMP between experi-
enced and inexperienced mice (Fig. 2BeE). On the open field, there
was no difference in either the number of entries to the central area
(Mann-Whitney U test: U ¼ 27, N1¼N2¼10, p < 0.0857) or the edge
(Mann-Whitney U test: U ¼ 31, N1¼N2¼10, p < 0.1615), or in the
time spent in either the center (Mann-Whitney U test: U ¼ 45,
rience of predator attack.
the tail and control mice were not handled on the first day. Looming-stimuli-induced
er one trial of looming stimuli. C) The latency for mice to their maximum speed during
i. Results are shown as box plots with individual data points. Each point represents one
erienced group; *p < 0.05, **p < 0.01, Mann-Whitney U test.



Fig. 2. Evaluation of anxiety level in mice with or without predator-attack experience.
A) Example trajectories from the control (top) and experienced (bottom) groups on the EPM. B-E) The number of entries to the closed arm B), the open arm C), time spent in the
closed arm D), and the open arm E) of mice on the EPM. F) Example trajectories from control (top) and experienced (bottom) groups on the OF. G-J) The number of entries to the
central area G) or the edge H) and time spent in the center I) or at the edge J) of the OF. Results are shown as box plots with individual data points. Each point represents one mouse;
n ¼ 9 mice in the control group for EPM; n ¼ 11 mice in the experienced group for EPM; n ¼ 10 mice in the control group for OF; n ¼ 10 mice in the experienced group for OF; n. s.,
no significant difference, Mann-Whitney U test.
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N1¼N2¼10, p < 0.7337) or edge (Mann-Whitney U test: U ¼ 29,
N1¼N2¼10, p < 0.1212) between the two groups of mice either
(Fig. 2GeJ). These results indicate that catching the tails of the mice
in our experiments did not enhance anxiety levels. Therefore, the
acceleration of flight in experienced mice was likely caused by
learning. Following learning, mice may alter their behavior to
optimize defensive strategies.
Fig. 3. C-Fos expression in the brains of mice with or without predator-attack experience.
A) C-Fos expression in the SC and the PAG, two nuclei related to innate fear. B) the LA, the b
hippocampus D) and the ventral hippocampus, nuclei related to learning. E) c-Fos expressio
SC (n ¼ 5 in the control group, n ¼ 6 in the experienced group), the PAG (n ¼ 5 in the control
experienced group), the BLA (n ¼ 6 in the control group, n ¼ 6 in the experienced group)
pocampus (n ¼ 6 in the control group, n ¼ 6 in the experienced group), the ventral hippocam
control group, n ¼ 3 in the experienced group). Results are shown as box plots with indivi
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3.3. Simulated predator attack activates brain nuclei related to the
processing of innate fear and learning

To test the hypothesis that mice can learn from the experience of
a predator attack, we analyzed tail-caught-induced c-Fos expres-
sion in brain. We found that in innate-fear-related nuclei such as
the superior colliculus (SC) (Mann-Whitney U test: U ¼ 1, N1 ¼ 5,
asolateral amygdala (BLA) and the central nucleus of the amygdala (CeA), C) the dorsal
n in the anxiety related nucleus, the LC. F) Statistical analysis of c-Fos expression in the
group, n ¼ 6 in the experienced group), the CeA (n ¼ 6 in the control group, n ¼ 6 in the
, the LA (n ¼ 5 in the control group, n ¼ 6 in the experienced group), the dorsal hip-
pus (n ¼ 6 in the control group, n ¼ 6 in the experienced group) and the LC (n ¼ 4 in the
dual data points. Scale bars ¼ 200 mm, *p < 0.05, **p < 0.01, Mann-Whitney U test.
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N2 ¼ 6, p < 0.0087) [14e16] and the periaqueductal grey (PAG)
(Mann-Whitney U test: U ¼ 0, N1 ¼ 5, N2 ¼ 6, p < 0.0043) [17e19],
c-Fos expression in experienced mice was significantly higher than
in inexperienced mice (Fig. 3A, F). In brain nuclei involved in
learning and memory, including the lateral amygdaloid nucleus
(LA) (Mann-Whitney U test: U ¼ 3, N1 ¼ 6, N2 ¼ 6, p < 0.0173,
Fig. 3B, F) and the hippocampus (dorsal part, Mann-Whitney U test:
U¼ 1, N1¼N2¼6, p < 0.0043, Fig. 3C, F; ventral part, Mann-Whitney
U test: U¼ 0, N1¼5, N2¼ 6, p < 0.0043, Fig. 3D, F) [20], experience
of predator-attack also induced c-Fos expression. Meanwhile, in
anxiety-related nuclei such as the locus coeruleus (LC) [6,21], there
was no difference in c-Fos expression between experienced and
inexperienced mice (Mann-Whitney U test: U ¼ 3, N1 ¼ 4, N2 ¼ 3,
p < 0.3429, Fig. 3E and F). These data are consistent with the EMP
and OFT results which suggested that experience of a predator
attack did not induce anxiety but may have initiated a learning
process after whichmicewould increase caution and optimize their
strategy to defend against potential predators.

3.4. Inhibition of protein synthesis weakened the effect of predator-
attack on looming-evoked flight behavior

To test the hypothesis that the experience of predator-attack
had formed fear memory to optimize the flight response to the
predator cue, we inhibited the memory formation by intraperito-
neal injection of the protein synthesis inhibitor anisomycin [22,23]
and PBS was used as control (Fig. 3A). Injections were given before
tails were caught to mimic a predator attack. Looming-induced
flight behavior was tested the next day (Fig. 4A). We found that
mice injected with anisomycin took longer to reach the refuge in
Fig. 4. Analysis of flight behavior induced by looming stimuli following the injection of an
A) Schematic diagram showing the experimental design. Mice were caught by their tails a
induced flight behavior was tested on the second day. B) The latency for mice to enter
maximum speed during flight. D) Mean speed during flight. E) The ratio of the actual flight tr
spent in the refuge following looming stimuli. Results are shown as box plots with individu
group; n ¼ 25 trials from 5 mice in the experienced group; *p < 0.05, **p < 0.01, Mann-W
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response to looming stimuli compared to control mice (Mann-
Whitney U test: U¼ 156, N1 ¼ 20, N2 ¼ 25, p < 0.0327, Fig. 4B). The
latency tomaximum speedwas higher in anisomycin-injectedmice
(Mann-Whitney U test: U ¼ 132, N1 ¼ 20, N2 ¼ 25, p < 0.0073,
Fig. 4C) and mean speed during escape was lower (Mann-Whitney
U test: U ¼ 144, N1 ¼ 20, N2 ¼ 25, p < 0.016, Fig. 4D), compared to
control mice. The time spent hiding in the refuge were unaffected
by anisomycin (Mann-Whitney U test: U¼ 203.5, N1 ¼ 20, N2¼ 25,
p < 0.2934, Fig. 4F). These results suggest that mice are able to learn
from the experience of a predator attack to quicken response to a
predator, and therefore, potentially increase the probability of
survival.

3.5. The experience of predator-attack regulated the behavior
pattern during environment exploration

Experienced mice had a more rapid and intense response to the
predator cue compared to inexperienced mice (Fig. 1). We hy-
pothesized that the experience of predator-attack could regulate
the behavior pattern during the environment exploration. To test
this hypothesis, we analyzed the behavioral repertoire in mice
(Fig. 4A). We labeled the behavior on each frame of the training
videos and trained a ResNet50 artificial neural network [24] to label
behaviors in all the videos. The location and velocity of mice which
were recorded by the infrared touchscreen frame were used to
check and refine the behavior labels (Fig. 4A). Seven behaviors were
labeled, including being in the refuge, edge exploration, floor
exploration, walking with head down or head straight, searching
with head up, wall climbing and other unclassified behaviors
(Fig. 5B). The ratio of time spent at each behavior to the total time
isomycin or PBS.
nd injected (i.p.) with anisomycin or PBS (control) on the first day. Looming-stimuli-
the refuge after each looming stimuli trial. C) The latency for mice to reach their
ajectory to the straight-line distance from the trigger position to the refuge. F) The time
al data points. Each point represents one trial, n ¼ 20 trials from 4 mice in the control
hitney U test.



J. Zhong, Q. Liu, X. Yang et al. Biochemical and Biophysical Research Communications 665 (2023) 26e34
during a 5-min chamber exploration period before looming stimuli
was analyzed. We found that experience of a predator attack led to
a tendency of higher refuge ratio compared to mice with no inex-
perience (Mann-Whitney U test: U ¼ 19, N1 ¼ 10, N2 ¼ 9,
p < 0.0942, Fig. 5C). Experience had no effect on the edge-
exploration ratio (Mann-Whitney U test: U ¼ 41, N1 ¼ 10, N2 ¼ 9,
p < 0.7751, Fig. 5D). Floor-exploration ratio was significantly lower
in experienced mice compared to inexperienced mice (Mann-
Whitney U test: U ¼ 19, N1 ¼ 10, N2 ¼ 9, p < 0.0373, Fig. 5E). The
ratio of walking-related behaviors (head down, Mann-Whitney U
test: U ¼ 27, N1 ¼ 10, N2 ¼ 9, p < 0.1530; head straight, Mann-
Whitney U test: U ¼ 37, N1 ¼ 10, N2 ¼ 9, p < 0.5403; Fig. 5F and
G), upward-searching-related behaviors (head up, Mann-Whitney
U test: U ¼ 33, N1 ¼ 10, N2 ¼ 9, p < 0.3477; climb, Mann-
Whitney U test: U ¼ 35, N1 ¼ 10, N2 ¼ 9, p < 0.4379; Fig. 5H and
Fig. 5. Behavioral repertoire analysis in mice with or without predator-attack experience.
A) Schematic flow chart showing the behavioral repertoire analysis. B) Example showing th
refuge, D) the ratio of exploration at the edge of the chamber, E) the ratio of exploration o
straight, H) the ratio of head up searching, I) the ratio of wall climbing, and J) the ratio of o
n ¼ 10 mice in the control group; n ¼ 9 mice in the experienced group; *p < 0.05, Mann-
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I) and other unclassified behaviors (Mann-Whitney U test: U ¼ 41,
N1¼10, N2¼ 9, p < 0.7751, Fig. 5J) were no different in experienced
mice than in inexperienced mice. These results suggest that the
experience of a predator attack did not affect general environ-
mental exploration, except for a reduced focus on the ground.
During floor exploration, mice touch the floor with whiskers, nose,
and mouth, which is likely helpful for discovering resources such as
food and mates. However, focusing on the floor can potentially lead
to ignorance of cues present in the upper visual field, such as
predators. Therefore, the experience of a predator attack signifi-
cantly reduces focus on the floor, which can facilitate the discovery
of predators.
e refined behavioral labels of an experienced mouse. C) The ratio of time spent in the
n the floor, F) the ratio of walking with head down, G) the ratio of walking with head
ther undefined behaviors. Results are shown as box plots with individual data points;
Whitney U test.
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4. Discussion

In this study, we show that a single predator-attack experience
led mice to respond more rapidly to a subsequent predator cue. A
simulated predator attack did not induce sustained anxiety but
formed an experience which the mice used to optimize behavioral
patterns during environmental exploration to facilitate the dis-
covery of predator cues, and therefore, potentially increase their
probability of survival.

Our data suggests a new mechanism other than chronic stress
which quickens flight behavior in response to visual danger cues.
Chronic stress caused by a four-day repeated treatment that con-
sisted of restraint, forced swim and foot shock, led to significantly
elevated anxiety levels in mice. Chronic stress accelerates the flight
response via activation input of LCTH þ neurons to the SC [6]. We
show that a single predator attack did not change anxiety levels
(Fig. 2). It is likely that a single predator attack led to quick strategy
formation because nuclei related to both innate fear and learning
were activated by the tail-catching manipulation (Fig. 3).

A single predator attack activates the hippocampus and the LA
(Fig. 3), which have been reported to participate in fear memory
acquisition and consolidation [20,23,25,26]. The effect of the
predator experience can be inhibited by anisomycin, which inhibits
more than 90% of protein synthesis in the brain in the first 2 h
following injection, thereby reducing plasticity in synapses, and
blocking learning [23,27,28]. Therefore, our data suggests that the
experience of a predator attack elicited a rapid learning process. In
contrast to well-studied associative learning in humans and ani-
mals in the laboratory, the experience of a predator attack did not
associate a specific cue with punishment or reward, such as in
Pavlovian conditioning [29]. Instead, the learning process led to a
revised risk assessment which leaned towards caution during
exploration and a quickened flight response to danger cues. Ro-
dents pay attention to the overhead space via vibrant eye move-
ments which allows for the immediate discovery of predator cues
[30]. At the same time, rodents probe cues on the groundwhich can
lead to resources such as food and potential mates. Danger
defensing and resource searching alternate all the time. In the floor
exploration segments, mice focus on cues on the ground and touch
the floor with their nose and mouth, which might reduce the
chance to discover danger from above. By reducing floor explora-
tion, mice optimized attention to the overhead space, which facil-
itated predator-cue discovery. Thus, the predator-attack experience
led to a more efficient strategy for predator avoidance in mice,
whichmay enhance the chance of survival when facing predators in
the wild.

Learning from experience happens throughout the whole life of
animals and human beings. Young mammals simulate hunting or
escaping when playing with parents and siblings, which could
shape their behavior patterns and increase the chance for survival
[31,32]. We show that the learning following the predator attack
seems to start an abstractive thinking process. Here, we demon-
strated a simple paradigm in mice to evaluate the effect of learning
from experience, and we discovered what may be the brain nucleus
responsible for learning from experience. However, the detailed
mechanism of how these brain nuclei encode the learning process
for predator-attack experience remains unclear. Future work
should record the electrophysiological responses of experience-
related nuclei after the predator attack and other experiences.
Thus, the neural basis of abstract thinking and experience forma-
tion may be decoded on a neuronal level.

Catchingmice by tail, which is used in our experiments to mimic
the predator attack, is a basic operation in handling the laboratory
mice. Previous studies have shown that tail catching for several
times can induce aversion [12], stress [33,34], and increased blood
33
glucose levels [35]. Even a single instance of tail catching can
induce acute stress in mice [36]. Our data suggest that tail catching
can affect behavioral patterns during both environmental explo-
ration and predator cue defense via advanced cognitive processes.
Therefore, our results can be used for reference in animal welfare
and laboratory experiments.
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