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Looming stimuli reliably drive
innate defensive responses in male
rats, but not learned defensive
responses

Mirjam Heinemans & Marta A. Moita™*

Survival relies on an organism’s intrinsic ability to instinctively react to stimuli such as food, water,
and threats, ensuring the fundamental ability to feed, drink, and avoid danger even in the absence of
prior experience. These natural, unconditioned stimuli can also facilitate associative learning, where
pairing them consistently with neutral cues will elicit responses to these cues. Threat conditioning,

a well-explored form of associative learning, commonly employs painful electric shocks, mimicking
injury, as unconditioned stimuli. It remains elusive whether actual injury or pain is necessary for
effective learning, or whether the threat of harm is sufficient. Approaching predators create looming
shadows and sounds, triggering strong innate defensive responses like escape and freezing. This study
investigates whether visual looming stimuli can induce learned freezing or learned escape responses
to a conditioned stimulus in male rats. Surprisingly, pairing a neutral tone with a looming stimulus
only weakly evokes learned defensive responses, in contrast to the strong responses observed when
the looming stimulus is replaced by a shock. This dissociation sheds light on the boundaries for learned
defensive responses thereby impacting our comprehension of learning processes and defensive
strategies.

Most of our knowledge regarding survival circuits in the brain comes from threat conditioning studies'~. These
studies mainly focus on defensive behavioral responses, such as freezing, to learned cues predicting an aversive
stimulus. Electric shocks, which may mimic painful injury upon contact with a predator, are predominantly used
as the unconditioned aversive stimulus. More recently, other noxious stimuli have been shown to effectively drive
this form of learning, such as heat*-, or activation of pain responsive brain regions’. Non-painful threatening
stimuli are seldomly used for threat learning, even though animals can rapidly detect danger through visual,
chemical and auditory cues, and avoid contact through rapid innate defensive responses like freezing and escape®.
Whether these cues (artificial cues similar to those produced by the presence or approach of a predator) are able
to drive learning remains unclear. Predator odors have been used to drive threat learning with variable results.
In most cases the context in which subjects were exposed to predator odors fails to drive freezing or escape
responses, although sometimes it drives avoidance behaviors®-!!. One possibility is that a predator’s odor, often
present in excretions, does not imply the predator’s proximity, thus constituting a remote cue of threat. Hence,
animals may learn to avoid the location where the odor was scented, but will not learn to exhibit acute defensive
responses like escape or freezing, typically triggered by an imminent encounter with a predator.

A looming stimulus, in the form of a rapidly expanding black disk that mimics the shadow of an approaching
predator, elicits strong innate freezing and escape responses in virtually all visual animals tested in the lab, to
varying degrees, including invertebrates and vertebrates such fish, rodents and humans'?-'%. The immediacy of
threat associated with a looming stimulus may result in animals learning to associate cues and locations with its
presence more effectively, and to display acute defensive responses to these cues. Studies in mice have shown that
the superior colliculus, where information about visual looming stimuli is processed, sends projections to the
dorsal periaqueductal gray (dPAG), capable of driving escape responses. The superior colliculus also projects to
the amygdala, which is required for looming-triggered freezing'®-*!. This looming-triggered freezing is possibly
driven by projections from the amygdala to the ventral PAG—a brain structure essential for threat learning'>*.

To test the efficacy of looming stimuli in driving threat learning, we developed a conditioning protocol
where a neutral pure tone, the conditioned stimulus, was either paired with foot shock or with a visual looming
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stimulus that robustly induces freezing and escapes. It was previously demonstrated that looming stimuli do
not efficiently drive contextual threat learning'®, therefore, in this study, we chose a cued conditioning task that
typically drives conditioned responses more reliably than contextual conditioning paradigms. Specifically, we
used a tone-shock or a tone-loom paradigm in which a neutral tone cued the arrival of electric shock or looming
shadow. We used these conditioning protocols in two separate experiments—one focused on freezing, the other
on escape—to assesses whether male rats exhibit either of these acute defensive behaviors in response to tones
associated with visual looms.

Results

Looming stimuli are weak drivers of learned freezing responses

The first experiment was performed to assess the amount of learned freezing triggered by a tone previously
associated to either a shock or a visual loom. Male rats were put in a conditioning box and exposed to a neutral
tone followed by either a foot shock or a visual looming stimulus (Fig. 1A). In the conditioning session of this
experiment, rats in both groups displayed similarly low freezing during the baseline period (median freezing of
shock condition: 1.87%; median freezing of loom condition: 4.35%; U =251, p=0.92) and showed equivalently
high levels of freezing during the tone-shock or tone-loom pairings (Fig. 1B, median percentage increase in
freezing upon exposure to tone-shock pairings: 64.76% and upon tone-loom pairings: 53.63%; U =56, p=0.65; see
Suppl. Fig. 1 for a similar analysis focusing on freezing during tone presentations). The following day both groups
of rats were tested for their ability to display learned freezing to the tone cue in a neutral environment. Again, little
or no freezing was observed during the baseline period (shock: 0.22% freezing, loom: 0.51% freezing). However,
upon the presentation of the tone cue, rats previously exposed to tone-shock pairings during conditioning
showed robust freezing that was significantly higher than the low freezing displayed by rats previously exposed
to tone-loom pairings (Fig. 1C and suppl. videos 1 (shock) and 2 (loom), median increase in shock condition:
94.27%; median increase in loom condition: 5.86%, U=2, p<0.0001). Figure 1B shows a small decrease in
freezing at the end of the training session, in response to the last few tone-loom presentations, a decrease
that seems absent in the tone-shock group. This could reflect habituation to the looms and explain the lack of
robust conditioned responses by rats in the tone-loom group to the tone in the test session. To investigate this
possibility, we quantified freezing to each tone during the training session and verified that indeed there was a
decrease in the tone-loom group. This decrease was not present in all animals in the tone-loom group (see suppl.
Fig. 2A). Therefore, we next analyzed the behavior of the rats that sustained high levels of freezing throughout
the training session (suppl. Fig. 2B and C). We found that these rats also showed only weak responses to the
tone in the test session (suppl. Fig. 2C, median increase =5.86% for tone-loom, W =0, p=0.0076), suggesting
that habituation during training is unlikely to drive the low levels of conditioned freezing in male rats exposed
to tone-loom pairings.

Although the freezing response to loom-associated tones was low, it was not absent, as the increase in
freezing from baseline to the tone was statistically significant (Fig. 1C, median increase in freezing: 5.74%,
W =5, p=0.0017). Freezing was observed mainly upon the first tone and rapidly decreased before the second
tone. The question whether this is the result of habituation to the tone or extinction of learned freezing needs
further investigation. Either way, the freezing to loom-related tones pales in the face of the robust responses to
the tone after conditioning with shocks (median =94.5%). If the weak response to the tone in the test session
is driven by stimulus saliency, it should not be different from the first tone presentation of the training session,
before rats were exposed to either a shock or aloom. Indeed, we found no difference in freezing responses to the
first tone presentation of the training and test sessions for rats in the tone-loom group, and a significant increase
in this response for rats in the tone-shock group (suppl. Fig. 1F; for tone-loom median increase is 4.83%, W =21,
p=0.16; for tone-shock the median increase is 33.4%, W =4, p=0.027). Furthermore, tone-evoked freezing
responses decreased over the course of the test session for rats in the tone-loom group, while rats in the tone-
shock group increased this response (Fig. 1C and suppl. Fig. 1D). In sum, these results indicate that a visual
looming stimulus, while a potent driver of innate freezing in male rats, only weakly drives freezing in response
to a previously neutral cue associated with it, a response possibly caused by the stimulus saliency. We checked
for other defensive strategies, rearing and scanning (see suppl. Fig. 3), to assess whether the tone-loom condition
could potentially show different overt signs of learning. Rearing sharply decreased during the stimulation period,
where tones were presented, for the tone-shock, but not for the tone-loom condition, probably due to the high
freezing response of tone-shock rats. Very little scanning was observed in both groups throughout the test session,
however a marginally significant increase in scanning could be observed for rats in both the tone-shock and
tone-loom groups. In conclusion, male rats show mild, transient defensive responses to loom-associated tones.
Whether the decrease in these responses after the first tone is a result of habituation to the tone or extinction of
learned freezing, remains to be established.

Looming stimuli are weak drivers of learned escape responses
To test conditioned escape responses, we adapted an existing task where rats display escapes in response to an
approaching naturalistic predator®®. We modified this task to test escapes in response to a visual looming stimulus
or to a conditioned tone that was previously paired either with shocks or looms. Rats were first trained during
two consecutive days to retrieve food pellets placed at increasing distances; up to 1 m from a shelter located at
one end of a 2-m runway (Fig. 2A). Most rats slowly came out of the shelter and ran back to it as soon as they
got the pellet, consuming the pellet inside the shelter (Fig. 2B), suggesting that indeed they regarded the shelter
as their “safe space” in the setup.

After the two days of pellet retrieval training, we tested whether looms provoked escape to the shelter in this
setup. Rats were tested in the runway with a pellet 1 m away from the shelter. Once rats reached the middle of
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Figure 1. Rats freeze more to shock-associated tones than loom-associated tones. (A) Diagram of the
behavioral paradigm used to study learned freezing response to conditioned neutral tone. Rats received 10
tone-shock or tone-loom pairings and were exposed to 3 tone presentations the next day. (B) Freezing during
threat conditioning. Left: percentage of time freezing throughout the training session per ten-second epoch.
Baseline period in white (0 until 10 min) and period of exposure to tone-shock/tone-loom pairings in gray (10
until 40 min). The line depicts average and the shade represents SEM. Middle two panels: the total percentage of
freezing during baseline and stimulus presentation period per animal, for tone-shock and tone-loom conditions
respectively. Right: change in percentage of time freezing (stimulation period—baseline). Each dot corresponds
to an individual animal; the box represents the median and interquartile ranges and the whiskers min and max
values. (C) Same as in (B) for freezing during the recall test. Gray dotted vertical lines indicate the time of the

tone delivery. In all panels rats exposed to tone-shock pairings are depicted in red and rats exposed to tone-loom
pairings in blue.

the runway, 10 cm before the pellet’s location, a train of looming stimuli was presented on an overhead screen
(totaling five 1 s looms with a 1 s interval, Fig. 2C). Of the 10 rats tested, one retrieved the pellet before running
back to the shelter, with all other 9 rats escaping to the shelter without the pellet (Fig. 2D, suppl. video 3). Of these,
5 rats exited the shelter to retrieve the pellet in the remaining 15 min of the experiment (requiring varying times
to do so), while the other 4 rats failed to retrieve the pellet (Fig. 2E). Interestingly, the rats that took a shorter
time to retrieve the pellet were also the ones that required repeated presentation of the looming stimuli to flee
to the shelter (Fig. 2D,E). Hence, both an empty-handed return to the shelter and the amount of time taken to
retrieve the pellet seem to be good indicators of the perceived threat level.
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Figure 2. Escape responses upon looming stimulus presentation during pellet retrieval task. (A) Diagram of
runway used in pellet retrieval training sessions. Rats were trained to retrieve yoghurt pellets on two consecutive
days. Pellets were placed at an increasing distance from the shelter on the left: 0.25, 0.5 and 0.75 m from shelter
entrance on the first day, 0.5, 0.75 and 1.0 m distance on the second day. (B) Left: example trace of a rat that
retrieved 3 pellets within 500 s. The purple shaded area indicates shelter location (-30 to 0 cm) and orange dots
indicate when and where a pellet was retrieved. Right: the traces of all animals (n=10) aligned to retrieval of the
last pellet (time of pellet retrieval =0 s). All but two rats went back to the shelter once they retrieved the pellet.
(C) Diagram of test day. 5 consecutive looms are triggered when rats reached a virtual threshold distance from
the shelter (90 cm, represented by the dashed line). (D) Trajectory of rats aligned to time of loom presentations
indicated by vertical dashed lines, starting at t=0 s. Most rats returned to the shelter after the first loom, two
after the second loom, and only one rat retrieved the pellet before returning to the shelter (orange dot). Inset, pie
chart indicating number of pellets retrieved before re-entering the shelter. (E) Time elapsed between crossing

of loom triggering threshold and pellet retrieval. Each dot corresponds to one animal. Lighter dots represent
shorter times for pellet retrieval, while darker colors represent longer retrieval times. Gray dots represent rats
that failed to retrieve the pellet within 15 min after loom presentation. The colors of the dots are matched to that
of the trajectories of the same animals in (D).

Having established the loom-triggered escape task, we turned to studying learned escape responses. We
conditioned a new set of rats to a tone cue paired with either shocks or looms, as in the experiment before
(except the tone was 1 s long, see Methods and Fig. 2A), and tested their response to the tone in the pellet
retrieval task. Whereas the lack or low level of freezing responses to a neutral tone has been extensively reported,
the response of rats to a neutral yet salient stimulus in this pellet retrieval task was not known, thus, we added
a tone-alone control group (see Fig. 3A and Methods). All of the tone-shock conditioned rats escaped to the
shelter before retrieving the pellet (8/8 rats), whereas in the tone-loom and the tone alone groups only 3/7
and 3/6 rats, respectively, did so (Fig. 3B, suppl. videos 4-6 for tone-shock, tone-loom, and tone conditions
respectively). In addition, rats in the tone-shock group took longer to retrieve the pellet than rats in both other
groups, which showed similar pellet retrieval times (Fig. 3C; we used “pellet survival” curves, which take into
account whether and when a pellet was retrieved during the test session; Chi square =11.00, p-value =0.004).
It is possible that the difference seen in escape responses between the tone-shock and tone-loom groups stems
from the lower conditioning levels to the tone of the latter group, reflected in lower freezing levels observed
during conditioning of these rats (see suppl. Fig. 4). However, none of rats in the tone-shock group retrieved the
pellet before retreating to the shelter, regardless of their freezing levels (which varied between 42 and 87%, suppl.
Fig. 4A). In addition, we observed no clear relationship between pellet retrieval time and amount of freezing
during conditioning in any of the groups (suppl. Fig. 4C).

The remaining behaviors, including rearing, reaching, scanning and freezing were scored, but there were
no differences in those behaviors across conditions (data not shown). Taken together, these results show that,
similar to learned freezing responses, looming stimuli are not effective at driving robust learned escapes, despite
evoking robust innate escape responses.

Discussion

Here we establish that a visual looming stimulus, a feature of an approaching predator, induces robust innate
defense responses in rats. Using two different setups, we show that if a shelter is available, male rats escape to
the shelter upon seeing visual looms, while they freeze to looming stimuli if no shelter is present. This indicates
that the rats’ choice between freezing and fleeing is heavily modulated by context, as previously reported in
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Figure 3. Escape responses upon conditioned tone presentation during the pellet retrieval task. (A) Behavioral
paradigm to test conditioned escapes after tone-shock or tone-loom exposure. After two days of training the
pellet retrieval task, rats received ten presentations of a neutral tone paired with a shock, a visual loom, or
nothing. The next day (day 4), the rats were placed in the runway with a pellet located at a 1 m distance from the
shelter. Crossing the virtual threshold in between the shelter and pellet (dashed line) triggered the presentation
of 5 consecutive pure tones previously associated to shock or loom, or nothing. (B) Trajectory of rats aligned

to time of tone presentations indicated by vertical dashed lines, starting at t=0 s. Orange dots indicate when
and where a pellet was retrieved. Inset, pie chart indicates number of animals that retrieved the pellet before
re-entering the shelter. (C) “Pellet survival” plots for the different conditions. The p-value represents significance
of the differences in survival of the pellets as calculated by a Kaplan-Meier test. The significant difference is
driven by the increased survival rates of the pellets in the tone-shock group compared to the two remaining
groups. In all panels, rats exposed to tone-shock pairings are depicted in red, rats exposed to tone-loom pairings
in blue and rats exposed to tone alone in gray.

mice!®?, Yet, an auditory cue repeatedly paired with the same looming stimulus failed to trigger these behaviors
in a robust manner, unlike auditory cues paired with shock that drive both responses strongly (Figs. 2C and 3C).

Further experiments are required to establish the boundaries of loom-triggered learning, including
investigating the behavior of female rats, which show defensive responses distinct to those of males in response
to the same threatening stimuli**?’. Changing the features of the looming stimuli, for example using faster
looms, changing the properties of the conditioned cues, either using different sounds, for example natural
sounds, or even other sensory modalities, and/or looking at other behaviors such as avoidance, might provide
useful insights. Still, the discrepancy between the ability of looming stimuli to drive innate responses and the
ability to drive these same responses through association with other cues is evidenced in this study. In addition,
it was previously shown that exposure to multiple looming stimuli failed to drive contextual threat learning!.
Crucially the two studies differ in both the looming stimuli used (here, each tone cue was paired with a single
loom, with an average ITI of 3 min, in the previous study 8 trains of 20 looms were delivered at 1 Hz, with an ITI
of 30 s) and in the conditioned stimulus (here a pure tone cue was used, in the previous study, contextual cues,
i.e. the conditioning box, were used).

Multiple factors may explain the discrepancy observed between the tone-shock and tone-loom conditions.
Looming shadows and foot shocks may activate neuronal circuits that are distinct from those that drive threat
learning and control the expression of freezing and escapes in responses to learned cues. Although it has been
proposed that innate and learned defensive responses rely on partially distinct circuits', more recent studies
suggest considerable overlap of involved brain areas. The lateral (LA), basal (BA) and central (CeA) nuclei of
the amygdala, are crucial for threat learning and conditioned freezing®?*%. Of these, the LA and CeA have also
been implicated in loom-triggered freezing?' or escape followed by freezing'®*°. Strikingly, auditory cues paired
with optogenetic activation of the Superior Colliculus (SC), involved in the processing of visual looms, lead
to conditioned freezing, indicating that a sufficiently strong activation of the SC could evoke learned freezing
responses®. In addition to conditioned freezing, rats also show conditioned escapes in response to cues predicting
shocks if given the opportunity. Active avoidance is thought to be predominantly processed in the LA and BA,
and then relayed to the Nucleus Accumbens®' =, Similar to conditioned escapes, inactivating or lesioning the
amygdala of rats abolished innate escape and avoidance responses to an artificial robotic predator in a naturalistic
foraging task?’. More recently, it has been shown that different sub-populations of cells in central amygdala
drive freezing and avoidance responses upon socially triggered threat®>. However, Evans et al.*® showed that
innate escapes to looming stimuli can bypass the amygdala, through direct projections from SC to the dorsal
periaqueductal gray (dPAG), where escape responses are thought to be initiated®”. In summary, looming stimuli
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can activate various circuits, most of which include sub-nuclei of amygdala widely implicated in the expression
of learned freezing and escape responses.

It is also possible that only close encounters with predators, resulting in injury or pain, lead to a learning
process capable of driving acute defensive responses, such as freezing or escape, in response to cues associated
with the encounter. Information about pain enters the brain through parallel ascending pathways reaching
various sub-nuclei of the amygdala: the LA, BA and CeA’*®. Silencing either the parabrachial nucleus (PBN) or
the dPAG, which provide pain information to the amygdala, during conditioning attenuates conditioned freezing
responses”*®, while pairing a neutral tone with activation of the PBN or dPAG is sufficient to drive learned
freezing to the tone cue in rodents”*. These findings illustrate the importance of pain information reaching the
amygdala during threat learning. Experiencing a painful stimulus evokes the release of neuromodulators such
as noradrenaline and acetylcholine, which modulate activity in the amygdala*-**. Decreasing or increasing
noradrenergic or cholinergic modulation of the amygdala has been shown to attenuate or enhance threat learning,
respectively**~*". Given that the SC projects directly to the dPAG and the dPAG in turn projects to the locus
coeruleus (LC), the main source of noradrenaline to the amygdala, looming stimuli could in theory trigger a
noradrenergic response similar to the one triggered by shocks****#34°, However, it is currently unknown whether
the SC has a functional connection to the LC through the PAG. Finally, dopamine has been implicated in learned
freezing responses® as well as innate and learned avoidance®. Since both noradrenaline and dopamine have tonic
and phasic firing patterns, with the latter being associated with mechanism of learning®'~** it could be interesting
to examine whether innate defensive responses also rely on modulation of phasic firing of these modulatory
neurons or whether instead they are mediated by changes in tonic firing changes. Further research is required to
understand how neuromodulators differentially contribute to learned and innate defensive responses.

Defensive responses may vary depending on proximity to threat®. Upon inevitable contact with a threat,
rats show a burst of activity or fight. Upon threat detection, either more distant or when escape is possible, rats
will show acute defensive responses, respectively freezing and escape. If threat is more remote, such as when the
presence of a predator is likely but not detected yet, other responses such as avoidance or risk assessment may
be displayed. Indeed, shocks, mimicking contact with the threat, typically drive the unconditioned responses
jumping, running, and squeaking, whereas cues associated with shock, thus one step removed from the threat,
typically drive freezing or escape if possible®>*°. A looming stimulus, an unconditioned cue of impending threat,
can also be considered one step removed from the threat, and just as learned cues of shock it drives freezing
and escape. It follows that cues associated with the loom represent an even more distant threat, which could
be learned through second order conditioning. This could lead to a different set of defensive behaviors such
as risk assessment and avoidance, or weaker learned freezing or escapes. Although we did not find evidence
of learned freezing or escape, beyond the weak responses observed to the novel salient tone, future studies are
needed where one would vary a number of parameters, such as looming speed, number of pairings, inter-trial
intervals, size of arenas, etc.

The fact that we did not see robust learned defensive responses does not necessarily mean that the rats did
not learn about the relationship between tone and loom. For example, sensory pre-conditioning studies show
that rats can learn to associate two neutral stimuli with each other, but this learning is not accompanied by any
overt behavioral response®”*%. The same might be true in our study: rats may learn about the association between
the tone and the looming stimulus, but not show an acute, overt, defensive response to the tone. Visual looming
stimuli, often generated by an approaching predator, may fail to evoke acute defensive responses after being paired
with a tone. However, the detection of a predator, involving multisensory integration, could be more effective
at driving learning resulting in freezing or escapes triggered by neutral cues associated to the predator, even in
the absence of a painful interaction.

In conclusion, our work broadens our understanding of learned defensive responses and their boundaries,
by showing that the detection of innate cues of threat leads to robust acute defensive responses, but these cues
by themselves are not as effective drivers of threat learning. Several requirements may have to be met for a
stimulus to be able to drive learned acute defensive responses. An acute defensive response, such as escape or
freezing, may require proximity of the threat, while other responses such as avoidance or risk assessment may be
displayed in response to more distant threats®. A learned cue, i.e., a stimulus that is associated with the presence
of the threat, is necessarily at least one step further from the threat itself. Indeed, foot shocks typically drive the
unconditioned responses jumping, running, and squeaking, whereas cues associated with shock typically drive
learned freezing™. Arguably freezing is a response adjusted to a more distant threat than jumping and squeaking.
It follows that while a looming stimulus drives freezing and escape, cues associated with the loom represent an
even more distant threat, possibly driving avoidance. This implies that for an acute defensive response to be
displayed upon the presentation of a learned cue, the learned association between the cue and the threat must
be very strong which in turn depends on the degree of the threat, such as those that result in pain or injury.
However, whether these constraints of threat learning hold for wild rats in their natural habitat, needs to be tested.
Still, the findings in this study suggest that the emotional state of an animal in danger can be quite distinct for
different kinds of threat, even when the overt behavioral response is similar, opening the path for the mapping
between features of emotional states of fear and the forms of learning they afford. The dissociation between the
capacity to drive an innate defensive response and to drive threat learning raises new questions regarding the
functioning of survival mechanisms.

Materials and methods

Subjects

A total of 60 naive male Sprague Dawley rats, weighing 225 g to 250 g, were obtained from Charles Rivers
Laboratories (France). All animals used were males as all our prior experiments, protocols etc., were optimized
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for male rats and there are sexual dimorphisms?*~%’. Upon arrival, the animals were pair-housed in Plexiglas top
filtered ventilated cages (GR900 for rats, Tecniplast S.p.A, Italy) with ad libitum access to water and food. They
were maintained on a 12 h light/dark cycle (lights off at 8 p.m.), a temperature of 20-22 °C and 40-70% humidity.
After a one-week acclimatization, the experimenter handled all animals on three consecutive days in the week
preceding experimental procedures. The experimental protocols were approved by the Portuguese competent
authority for the use of animals in experimental research (Dire¢do Geral de Alimentagio e Veterindria, DGAV),
under project license 014304 | 0420/000/000/2011. All experimental procedures, statistical analyses, and results
are reported in accordance with the ARRIVE guidelines.

Behavioral apparatus

Shock-conditioning: the shock conditioning box (model H10-11RTC, Coulbourn Instruments; 30.5 cm
width x 30.5 cm height X 25.4 cm depth) was equipped with a metal grid floor to deliver foot shocks (model
H10-11RTC-SE Coulbourn Instruments) and placed inside a sound isolation chamber (Action, automation
and controls, Inc) with white walls. The side walls of the conditioning box were made of clear Plexiglas and
cleaned with rose scented detergent after every conditioning round. A precision programmable shocker (model
H13-16, Coulbourn Instruments) was used to deliver foot shocks. Pure tones (5 kHz, 60 dB) were produced by a
sound generator (RM1, Tucker-Davis Technologies) and delivered through a horn tweeter (model TLI6H80HM,
VISATON). The rats’ behavior was tracked by a video camera mounted on the ceiling of each sound attenuating
chamber. An infrared surveillance video acquisition system was used to record and store all videos on a hard
disk and freezing behavior was scored manually offline.

Loom-conditioning: the visual loom conditioning box was made of a black acrylic floor and clear, dark red side
walls (30 cm width x 50 cm height x 55 cm depth) and was cleaned with a lemon-scented detergent solution.
This box was placed in a room with ceiling lights on. Pure tones were delivered through the same system as the
shock conditioning (see above). Visual stimuli were projected with an LED projector (ML750e, Optoma Europe
Itd, United Kingdom) onto an opaque white Plexiglass screen placed on top of the behavioral box. The behavior
was captured with an infrared camera (PointGrey Integrated Imaging Solutions GmbH, Germany) and stored
on a hard disk for offline manual scoring. Both the tone-loom delivery and the video capture were controlled by
a custom workflow using the Bonsai visual programming language®’.

Recall-test for freezing: the box to test conditioned freezing consisted of a chamber made of clear Plexiglas
walls (30 cm width x 34 cm height x 27 cm depth, Gravoplot). The floor contained a removable tray with clean
bedding (the same used in the animals’ home cages). The box and tray were cleaned with water and 70% ethanol.
The box was placed inside a sound attenuation chamber (80 cm width x 52.5 cm height x 56.5 cm depth) made
of MDF lined with high-density sound attenuation foam (MGO Borrachas Tecnicas) and a layer of rubber. Pure
tones were delivered through the same equipment as described for conditioning (see above). The behavior of
the animals was tracked by infrared video cameras mounted on the walls of the sound attenuating chambers. A
surveillance video acquisition system was used to record and store all videos, and freezing behavior was scored
using the FreezeScan software from Clever Sys. In all tests, the rats were considered to be freezing if they did not
show any movement except breathing for at least one second.

Escape runway: a large runway (200 cm length x 50 cm width x 50 cm height), with an adjacent shelter (30 cm
length x 50 cm width x 50 cm height) was used to look at escape behavior. The shelter consisted of a black acrylic
floor, with red-transparent acrylic walls. A black acrylic plate was used as a roof, and could be removed to place
rats in the shelter at the beginning of each experiment. The shelter was connected to the large runway through
a small gate (10 cm x 10 cm) that could be closed with a transparent acrylic sliding door. The runway’s back and
side walls, as well as the floor, were made of (waterproof) black painted wood. The front wall was made out of
red-transparent acrylic, allowing for video recording of the rats’ behavior inside of the runway, and the ceiling
consisted of transparent acrylic with white baking paper on top that functioned as a screen for the looming
stimuli. Looming stimuli were projected with an LED projector (ML750e, Optoma Europe Itd, United Kingdom),
and pure tones were delivered with a horn tweeter (model TL1I6H80HM, VISATON). The runway had two
infrared lights at each far-end side illuminating the area, while the shelter had one on top. The behavior was
captured by infrared cameras (PointGrey Integrated Imaging Solutions GmbH, Germany) and stored for later
use. There was one sideways camera capturing the behavior of the rats in the large runway, and one filming the
behavior in the shelter from above.

Behavioral procedures

Conditioned freezing experiment

Habituation and tone conditioning: on days 1-3 all rats were randomly exposed to one environment per day:
the test box, the loom box, and the shock box, for 20 min. Afterwards, the animals were randomly assigned to
either the tone-loom or tone-shock conditioning group. On day 4, rats in the tone-shock group were placed in
the shock conditioning box, where they received 10 tone-shock pairings after a ten-minute baseline. The pure
tones (5 kHz, 60 dB) lasted 10 s, immediately followed by a shock of 0.5 mA lasting 0.5 s. The interval between
tone-shock presentations ranged from 1 to 5 min, with an average of 3 min. The animals in the tone-loom
conditioning group were placed in the loom box, where they received 10 tone-loom pairings after a ten-minute
baseline period. The tone had the same properties as that of the tone-shock pairings and was immediately
followed by the looming stimulus: a black disk that increased exponentially from 1 to 30 cmin 1's (I/v=16.7 ms).
Again, inter-trial intervals varied between 1 and 5 min (average of 3 min). The behavior of all rats was recorded
for offline scoring of freezing, which was calculated by taking the percentage of freezing per ten-second epoch
throughout the duration of the conditioning.
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Conditioned freezing test: the day after conditioning, all animals were placed in the test chamber individually,
and after a 5-min baseline they were exposed to three tones (same as described above) with a 3-min inter-trial
interval. The behavior of the rats was recorded for offline scoring of freezing using FreezeScan. Similar to the
conditioning, freezing was calculated by taking the freezing percentage per ten-second epoch.

Escape experiment

Habituation: each day after handling (3 min for 3 days in the week prior to the start of the experiment), rats
received yoghurt-flavored pellets (mini yoghurt drops, BioServ, United States) in their home cage, to habituate
them to the treat. Prior to the beginning of the experiment, rats were habituated to the shelter. Habituation was
achieved by placing the rats in the shelter with 3 yoghurt pellets for two consecutive days, and allowing twenty
minutes for rats to explore the closed shelter and eat the pellets. On the first day of the experiment (training day
1) a single yoghurt pellet was placed in the runway, 25 cm away from the shelter exit. After putting the rat in the
shelter, the door to the runway was opened, and the rat was free to explore the runway and retrieve the pellet.
As soon as the first pellet was retrieved and consumed, the sliding door was closed again while the rat was in the
shelter, and a second pellet was placed at a 50 cm distance from the shelter. The rat was once again allowed to
explore and retrieve the pellet, and the sequence was repeated to place a third pellet at a distance of 75 cm. The
training session ended as soon as the animal had retrieved all three pellets, or if the total time of the session had
reached 30 min. The second training session, the following day, was identical to the first, with the exception that
the pellets were placed at a distance of 50, 75, and 100 cm from the exit of the shelter. All training sessions were
recorded with the Bonsai visual programming language® and saved for offline analysis.

Conditioning: on day 3 of the experiment, the rats were assigned to either a loom-alone, tone-shock, tone-
loom, or tone-alone condition. Loom-alone rats, used to test innate escape responses the looming stimuli,
were put in the shock conditioning box for the same length of time as all other animals, but no stimuli were
presented. The conditioning protocol for the tone-shock and tone-loom groups was performed as described
for the conditioned freezing experiment (tones were 5 kHz at 60 dB; shocks were 0.5 mA lasting 0.5 s; looms
increased exponentially from 1 to 30 cm in 1 s). In short, after a 10-min baseline, animals were either exposed
to ten tone-shock pairings, or ten tone-loom pairings, with an interval between 1 and 5 min (3-min average).
The animals in the tone-alone condition were placed in the shock conditioning box, and received ten pure tone
presentations. The interval between the tones was the same as described for the other groups. The behavior of
the animals was recorded and saved for offline scoring of freezing. In this experiment, the tones were 1 s rather
than 10 s long, as a pilot experiment showed that with a 10-s conditioned tone, animals had time to retrieve the
pellet and reach the shelter before the end of the tone (when the unconditioned stimulus was expected), whereas
the 1-s tone did not allow for this.

Escape test: the day after the conditioning—day 4—a single yoghurt pellet was placed in the runway at 100 cm
from the shelter. Afterwards, rats were placed in the shelter and the door to the runway was opened, allowing
rats to freely explore the arena, like the pellet retrieval training sessions on days 1 and 2. However, this time rats
triggered a stimulus as soon as they reached a 90 cm distance from the shelter. For the rats in the loom-alone
group, this stimulus was a series of five visual looming stimuli, with an inter-stimulus interval of 1 s. The looming
stimuli expanded from 1 to 30 cm in 1 s. The rats in the three remaining groups received a series of five 1 s pure-
tone stimuli (5 kHz), with a 1 s inter-stimulus interval. The automatic triggering of the stimuli and the recording
of the behavior was done using the Bonsai visual programming language®.

Criteria for animal exclusion

For the freezing experiment, there were a total of 10 rats in the tone-shock condition, and 18 in the tone-loom
condition. In each condition, 2 animals were excluded due to high freezing levels during the baseline, making it
impossible to infer the effect of the conditioned tone on their freezing behavior. The behavior of 8 and 16 animals
respectively was analyzed. For the escape experiment, 32 animals were used in total. Of those, 7 rats did not
manage to retrieve all three pellets within 30 minutes on training day 2, and 1 rat managed to open the sliding
door by itself during the test, leading to the exclusion of these 8 animals.

Video analysis

The freezing behavior during the cue test of the conditioned freezing experiment was scored automatically using
FreezeScan from Clever Sys. This requires optimization and validation, which depends on the cameras used, size
of the boxes and illumination, which was previously done for the cue testing chambers (Pereira, Cruz, Lima, &
Moita, 2012). Given the variation in all these settings for the conditioning sessions (tone-shock, tone-loom and
tone alone) it was difficult to standardize the freezing-settings across conditions during the conditioning phase.
Hence manual scoring using the open-source program Python Video Annotator (https://pythonvideoannotator.
readthedocs.io) was done instead for the conditioning sessions of both experiments, while FreezeScan was used
to score freezing during the test sessions aimed at testing learned freezing (first experiment).

Videos obtained from the training and test sessions of the escape experiment were used to analyze various
behaviors (particularly displacement and pellet retrieval). Time of pellet retrieval, freezing, scanning, and the
time spent in the shelter were scored manually. The position in the arena of each animal for the duration of
training and test was tracked using Bonsai visual programming language*. Information from manual scoring
and automated scoring was combined with custom Python (Spyder v3.6) scripts and further analyzed.

Statistical analysis
Statistical analyses were performed using the PRISM 8 software (Graphpad) and Python. For the conditioned
freezing experiment, differences between groups were investigated using a Mann-Whitney U test. Within subject
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changes in freezing from baseline to stimulation period were investigated with a Wilcoxon signed-rank test. In
the escape experiment, a Kruskal-Wallis analysis with post hoc Dunn’ test for multiple comparisons was done
to investigate the difference between time spent freezing during conditioning of the three groups. Within-subject
changes in time spent freezing were again analyzed with a Wilcoxon signed-rank test. Statistical significance
was accepted at p-value < 0.05 for all tests. Regarding the pellet retrieval in the escape experiment, comparisons
between the tone-shock, tone-loom and tone-alone groups were done using a Kaplan-Meier test for survival
(of the pellet in this case).

Data availability

All behavioral videos are stored on hard drives at the Champalimaud Centre for the Unknown and will be shared
freely upon request. The tracked data, python code, bonsai code, and all data used to create the graphs are freely
accessible on Github: https://github.com/MirjamH/Heinemans_Moita.

Received: 26 February 2024; Accepted: 14 August 2024
Published online: 16 September 2024

References
. Gross, C. T. & Canteras, N. S. The many paths to fear. Nat. Rev. Neurosci. 13, 651-658 (2012).
. LeDoux, J. E. Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155-184 (2000).
. Tovote, P, Fadok, J. P. & Liithi, A. Neuronal circuits for fear and anxiety. Nat. Rev. Neurosci. 16, 317-331 (2015).
. Biederman, G. B. & Davey, V. A. Taste aversion conditioning with heat as an unconditional stimulus: The role of taste intensity
and preexposure in rats. Learn. Motiv. 28, 140-152 (1997).
5. Hendersen, R. W. & Graham, J. A. Avoidance of heat by rats: Effects of thermal context on rapidity of extinction. Learn. Motiv. 10,
351-363 (1979).
6. Kung, J. C., Su, N. M,, Fan, R. ], Chai, S. C. & Shyu, B. C. Contribution of the anterior cingulate cortex to laser-pain conditioning
in rats. Brain Res. 970, 58-72 (2003).
7. Han, S., Soleiman, M. T., Soden, M. E., Zweifel, L. S. & Palmiter, R. D. Elucidating an affective pain circuit that creates a threat
memory article elucidating an affective pain circuit that creates a threat memory. Cell 162, 363-374 (2015).
8. Pereira, A. G. & Moita, M. A. Is there anybody out there? Neural circuits of threat detection in vertebrates. Curr. Opin. Neurobiol.
41, 179-187 (2016).
9. Wallace, K. J. & Rosen, J. B. Predator odor as an unconditioned fear stimulus in rats: Elicitation of freezing by trimethylthiazoline,
a component of fox feces. Behav. Neurosci. 114, 912-922 (2000).
10. Blanchard, R. J., Yang, M., Li, C. I, Gervacio, A. & Blanchard, D. C. Cue and context conditioning of defensive behaviors to cat
odor stimuli. Neurosci. Biobehav. Rev. 25, 587-595 (2001).
11. Takahashi, L. K. Olfactory systems and neural circuits that modulate predator odor fear. Front. Behav. Neurosci. 8, 1-13 (2014).
12. Ball, W. & Tronick, E. Infant responses to impending collision : Optical and real. Am. Assoc. Adv. Sci. 171, 818-820 (1971).
13. Dunn, T. W. et al. Neural circuits underlying visually evoked escapes in Larval Zebrafish. Neuron 89, 613-628 (2016).
14. Oliva, D. & Tomsic, D. Visuo-motor transformations involved in the escape response to looming stimuli in the crab Neohelice
(=Chasmagnathus) granulata. J. Exp. Biol. 215, 3488-3500 (2012).
15. Schiff, W,, Caviness, J. A. & Gibson, J. J. Persistent fear responses in rhesus monkeys to the optical stimulus of ‘looming’. Science
136, 982-983 (1962).
16. Yilmaz, M. & Meister, M. Report rapid innate defensive responses of mice to looming visual stimuli. Curr. Biol. 23, 2011-2015
(2015).
17. Zacarias, R., Namiki, S., Card, G. M., Vasconcelos, M. L. & Moita, M. A. Speed dependent descending control of freezing behavior
in Drosophila melanogaster. Nat. Commun. 9, 1-11 (2018).
18. Cruz, A., Heinemans, M., Marquez, C. & Moita, M. A. Freezing displayed by others is a learned cue of danger resulting from
co-experiencing own freezing and shock. Curr. Biol. 30, 1128-1135.e6 (2020).
19. Shang, C. et al. A parvalbumin-positive excitatory visual pathway to trigger fear responses in mice. Science (80-.) 348, 14721477
(2015).
20. Usunoff, K. G., Schmitt, O., Itzev, D. E., Rolfs, A. & Wree, A. Efferent connections of the parabigeminal nucleus to the amygdala
and the superior colliculus in the rat: A double-labeling fluorescent retrograde tracing study. Brain Res. 1133, 87-91 (2007).
21. Wei, P. et al. Processing of visually evoked innate fear by a non-canonical thalamic pathway. Nat. Commun. 6, 6756 (2015).
22. Rozeske, R. R. & Herry, C. Neuronal coding mechanisms mediating fear behavior. Curr. Opin. Neurobiol. 52, 60-64 (2018).
23. Choi, J. S. & Kim, J. J. Amygdala regulates risk of predation in rats foraging in a dynamic fear environment. Proc. Natl. Acad. Sci.
U.S. A. 107, 21773-21777 (2010).
24. Vale, R, Evans, D. A. & Branco, T. Rapid spatial learning controls instinctive defensive behavior in mice. Curr. Biol. 27, 1342-1349
(2017).
25. Gruene, T. M., Flick, K., Stefano, A., Shea, S. D. & Shansky, R. M. Sexually divergent expression of active and passive conditioned
fear responses in rats. Elife 4, 1-9 (2015).
26. Pellman, B. A., Schuessler, B. P, Tellakat, M. & Kim, J. J. Sexually dimorphic risk mitigation strategies in rats. eNeuro 4, 1-11 (2017).
27. Bauer, E. P. Sex differences in fear responses: Neural circuits. Neuropharmacology 222, 109298 (2023).
28. Maren, S., Fanselow, M. S. & Angeles, L. Synaptic plasticity in the basolateral hippocampal formation stimulation amygdala in
viva induced by. J. Neurosci. 15, 30 (1995).
29. Wilensky, A. E., Schafe, G. E., Kristensen, M. P. & LeDousx, J. E. Rethinking the fear circuit: The central nucleus of the amygdala is
required for the acquisition, consolidation, and expression of Pavlovian fear conditioning. J. Neurosci. 26, 12387-12396 (2006).
30. Shang, C. et al. Divergent midbrain circuits orchestrate escape and freezing responses to looming stimuli in mice. Nat. Commun.
9,1-17 (2018).
31. Amorapanth, P, LeDoux, J. E. & Nader, K. Different lateral amygdala outputs mediate reactions and actions elicited by a fear-
arousing stimulus. Nat. Neurosci. 3, 74-79 (2000).
32. Killcross, S., Robbins, T. W. & Everitt, B. J. Different types of fear-conditioned behaviour mediated by separate nuclei within
amygdala. Nature 388, 377-380 (1997).
33. Lazaro-Mufioz, G., LeDoux, J. E. & Cain, C. K. Sidman instrumental avoidance initially depends on lateral and basal amygdala
and is constrained by central amygdala-mediated pavlovian processes. Biol. Psychiatry 67, 1120-1127 (2010).
34. Ramirez, F, Moscarello, J. M., Le Doux, J. E. & Sears, R. M. Active avoidance requires a serial basal amygdala to nucleus accumbens
shell circuit. J. Neurosci. 35, 3470-3477 (2015).
35. Andraka, K. et al. Distinct circuits in rat central amygdala for defensive behaviors evoked by socially signaled imminent versus
remote danger. Curr. Biol. 31, 2347-2358.e6 (2021).

BN =

Scientific Reports |

(2024) 14:21578 | https://doi.org/10.1038/s41598-024-70256-2 nature portfolio


https://github.com/MirjamH/Heinemans_Moita

www.nature.com/scientificreports/

36. Evans, D. A. et al. A synaptic threshold mechanism for computing escape decisions. Nature 558, 590-594 (2018).

37. Ruiz Martinez, R. C,, Ribeiro De Oliveira, A. & Brandao, M. L. Conditioned and unconditioned fear organized in the periaqueductal
gray are differentially sensitive to injections of muscimol into amygdaloid nuclei. Neurobiol. Learn. Mem. 85, 58-65 (2006).

38. Johansen, J. P, Tarpley, J. W,, Ledoux, J. E. & Blair, H. T. Neural substrates for expectation-modulated fear learning in the amygdala
and periaqueductal gray. Nat. Neurosci. 13, 979-986 (2010).

39. Kim, E. J. et al. Dorsal periaqueductal gray-amygdala pathway conveys both innate and learned fear responses in rats. Proc. Natl.
Acad. Sci. U. S. A. 110, 14795-14800 (2013).

40. Galvez, R., Mesches, M. H. & Mcgaugh, J. L. Norepinephrine release in the amygdala in response to footshock stimulation.
Neurobiol. Learn. Mem. 66, 253-257 (1996).

41. McGaugh, J. L. Memory—A century of consolidation. Science (80-.) 287, 248-251 (2000).

42. Naser, P. V. & Kuner, R. Molecular, cellular and circuit basis of cholinergic modulation of pain. Neuroscience 387, 135-148 (2018).

43. Strobel, C., Hunt, S., Sullivan, R., Sun, J. Y. & Sah, P. Emotional regulation of pain: The role of noradrenaline in the amygdala. Sci.
China Life Sci. 57, 384-390 (2014).

44. Wilson, M. A. & Fadel, J. R. Cholinergic regulation of fear learning and extinction. J. Neurosci. Res. 95, 836-852 (2017).

45. Bush, D.E. A,, Caparosa, E. M., Gekker, A. & LeDousx, J. Beta-adrenergic receptors in the lateral nucleus of the amygdala contribute
to the acquisition but not the consolidation of auditory fear conditioning. Front. Behav. Neurosci. 4, 1-7 (2010).

46. Gu, Y. et al. A brainstem-central amygdala circuit underlies defensive responses to learned threats. Mol. Psychiatry 25, 640-654
(2020).

47. Jiang, L. et al. Cholinergic signaling controls conditioned fear behaviors and enhances plasticity of cortical-amygdala circuits.
Neuron 90, 1057-1070 (2016).

48. Ennis, M., Behbehani, M., Shipley, M. T, van Bockstaele, E. J. & Aston-Jones, G. Projections from the periaqueductal gray to the
rostromedial pericoerulear region and nucleus locus coeruleus: Anatomic and physiologic studies. J. Comp. Neurol. 306, 480-494
(1991).

49. Fallon, J. H., Koziell, D. A. & Moore, R. Y. Catecholamine innervation of the basal forebrain II. Amygdala, suprarhinal cortex and
entorhinal cortex. J. Comp. Neurol. 180, 509-531 (1978).

50. Fadok, J. P, Dickerson, T. M. K. & Palmiter, R. D. Dopamine is necessary for cue-dependent fear conditioning. J. Neurosci. 29,
11089-11097 (2009).

51. Sippy, T. & Tritsch, N. X. Unraveling the dynamics of dopamine release and its actions on target cells. Trends Neurosci. 46, 228-239
(2023).

52. Wilmot, J. H. et al. Phasic locus coeruleus activity enhances trace fear conditioning by increasing dopamine release in the
hippocampus. Elife 12, 1-35 (2023).

53. Omoluabi, T., Power, K. D., Sepahvand, T. & Yuan, Q. Phasic and tonic locus coeruleus stimulation associated valence learning
engages distinct adrenoceptors in the rat basolateral amygdala. Front. Cell. Neurosci. 16, 1-9 (2022).

54. Fanselow, M. S. Neural organization of the defensive behavior system responsible for fear. Psychon. Bull. Rev. 1, 429-438 (1994).

55. Fanselow, M. S. Conditional and unconditional components of post-shock freezing. Pavlov. J. Biol. Sci. 15, 177-182 (1980).

56. Fanselow, M. S. Factors governing one-trial contextual conditioning. Anim. Learn. Behav. 18, 264-270 (1990).

57. Kim, S. D., Rivers, S., Bevins, R. A. & Ayres, J. ]. B. Conditioned stimulus determinants of conditioned response form in pavlovian
fear conditioning. J. Exp. Psychol. Anim. Behav. Process. 22, 87-104 (1996).

58. Nader, K. & LeDoux, J. E. Inhibition of the mesoamygdala dopaminergic pathway impairs the retrieval of conditioned fear
associations. Behav. Neurosci. 113, 891-901 (1999).

59. Lopes, G. et al. Bonsai: an event-based framework for processing and controlling data streams. Front. Neuroinform. 9, 7. https://
doi.org/10.3389/fninf.2015.00007 (2015).

Acknowledgements

This work was developed with the support from the Rodent platform and the Scientific Software platform
at the Champalimaud Centre for the Unknown, and the research infrastructure Congento LISBOA-01-0145-
FEDER-022170. We want to thank Jodo Frazdo for his support with Bonsai, and Gil Costa for creating the
illustrations in the figures. We thank the Moita lab members and Andreia Cruz for helpful discussions and
comments on the manuscript.

Author contributions
M.H. and M.A.M. designed the research, discussed the results and wrote the paper. M.H. performed all
experiments and data analysis.

Funding

This work was supported by Fundagdo Champalimaud, Portugal; European Research Council, European Union
ERCStG337747-CoCO. M.H. was further supported by Fundagdo para a Ciéncia e Tecnologia, Portugal SFRH/
BD/143423/2019.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-70256-2.

Correspondence and requests for materials should be addressed to M.A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:21578 | https://doi.org/10.1038/s41598-024-70256-2 nature portfolio


https://doi.org/10.3389/fninf.2015.00007
https://doi.org/10.3389/fninf.2015.00007
https://doi.org/10.1038/s41598-024-70256-2
https://doi.org/10.1038/s41598-024-70256-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:21578 | https://doi.org/10.1038/s41598-024-70256-2 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Looming stimuli reliably drive innate defensive responses in male rats, but not learned defensive responses
	Results
	Looming stimuli are weak drivers of learned freezing responses
	Looming stimuli are weak drivers of learned escape responses

	Discussion
	Materials and methods
	Subjects
	Behavioral apparatus
	Behavioral procedures
	Conditioned freezing experiment
	Escape experiment

	Criteria for animal exclusion
	Video analysis
	Statistical analysis

	References
	Acknowledgements


