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Abstract

Behavioral responses to threats — such as fleeing, freezing, or fighting — can be either
innate or shaped by learning and context. Here, we investigated whether mice exhibit fear of
predators across four experimental contexts: one in a novel head-fixed condition and three in
established, freely moving scenarios. In head-fixed mice, we measured the behavioral outcome
and response to a live rat. Mice were water-deprived and habituated to walk on a treadmill that
controlled a virtual environment and reward delivery. After meeting performance criteria,
baseline data were collected in one session, followed by a test session in which the mice were
exposed to a live rat. Despite the presence of the predator, most (5 out of 7) mice continued to
forage at baseline levels; however, individual mice showed significant alterations in one or more
of the following measures: running speed, pupil size, eye movement, and posture. To assess how
behavioral context and physical restraint influence predator responses, we exposed 36 naive,
freely moving mice to fear-inducing stimuli — including looming visual cues, rat odor, and a
live rat. Even in these conditions, a substantial proportion of mice failed to exhibit classical
defensive responses such as avoidance or escape. Notably, when presented with a freely moving
rat, only about half of the mice displayed avoidance behavior. Together, these findings suggest
that mice do not universally express innate fear behaviors such as avoidance or fleeing, even in
ethologically relevant predator encounters. Instead, their responses appear to be context-
dependent and variable, challenging common assumptions about automatic defensive reactions

in rodents.

Keywords: Mice, Innate Fear, Predator, Defensive Behaviors, Rats, Contextual Modulation
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Graphical Abstract

We implemented a novel head-fixed foraging paradigm in mice to observe defensive responses

to the simulated appearance of a live rat, but did not observe expected motifs (such as fleeing or

freezing). To verify, we also applied three paradigms with a larger number of freely moving

mice, including presenting a looming stimulus, rat odor, and finally a live rat. Unexpectedly we

observed in these paradigms also no, or only limited, defensive behaviors.
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Introduction

Threat perception and appropriate reaction to a threat are necessary for survival. Incorrect
assessment of a sound in a bush, or the strength of a barrier holding a vicious animal at bay can
on the one hand lead to death or injuries, and on the other hand to anxiety even when there is
nothing to fear. Earlier work on threat perception in both animals and human beings has focused
on three aspects of threat and behavior: how the brain detects threats, responds to threats, and the
conscious feeling of fear that occurs in threatening or dangerous situations (Beckers et al., 2013;
Fanselow & Pennington, 2017; LeDoux & Brown, 2017; Mobbs et al., 2019; Silva et al., 2016;
Tovote et al., 2015). These aspects of threat perception and the response to threats have most
often been studied using Pavlovian conditioning, in which an innocuous stimulus, usually a
sound cue is paired with an unpleasant noxious stimulus like an electric shock (Mowrer &
Lamoreaux, 1946). Over time the innocuous stimulus elicited the same behavioral defensive
responses -- freezing, fleeing, changes in posture -- as the noxious stimulus and physiology, i.e.
changes in pupil size and increases in heartbeat rate (Blanchard & Blanchard, 1989). The
advantage of this class of paradigms is that investigators have control over the causal conditions
-- the stimulus -- and can measure the effect of stimuli on behavior. These approaches have been
successful in elucidating the brain circuits involved in threat perception and those involved in
generating the behavioral response to the threat (Phillips and LeDoux 1992; review by Tovote,
Fadok, and Liithi 2015). In recent years, a plethora of other paradigms have been developed
using a variety of stimuli for inducing fear. Looming stimuli -- where a shadow grows above a
rat or mouse, simulating a bird of prey readying to pounce -- can be threatening to rodents: they
run, hide or freeze (Schiff, 1965; Yilmaz & Meister, 2013). Noxious odors -- fox or cat urine --
or loud sounds, heights, or larger rodents have also been used to elicit fear by introducing a
"natural" threat (Farmer-Dougan et al., 2005; Gibson & Walk, 1960; Mongeau et al., 2003; Silva
etal., 2016).

Our goal in this study was to design a head-fixed mouse preparation for prey-and-
potential-predator interaction and test the outcome of this work against existing paradigms. In the
head-fixed preparation we examined whether the need to forage for food affects the expression
of fear. Earlier work suggested that rats prey on mice, and that mice are innately afraid of rats,

1.e. that the presence of a rat elicits defensive behaviors in mice (Blanchard et al., 1998; Karli,
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1956; Panksepp, 1971). Here we assessed whether head-fixed mice showed evidence of fear and
changed their behavior, whether they continued foraging even in the presence of the rat. In our
paradigm, mice ran on a treadmill to obtain a water reward and decided between "foraging" i.e.
licking for reward, while faced with a threat, a living rat hovering over the lick tube.
Surprisingly, even though mice showed some expression of fear in the presence of a rat, most
head-fixed mice continued foraging even in the presence of the rat. During the interaction, all
manners of sensory cues were available to mice -- mice could almost touch the rat, could smell,
see and hear the rat moving -- and still most mice continued foraging. Even more surprisingly,
when we used established standard paradigms designed for freely moving mice i.e. exposing
mice to looming stimuli -- in the form of a rapidly expanding black disk designed to mimic the
shadow of an approaching predator -- rat odors, or live rats, mice did not consistently show

defensive fear behavior.
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112 Methods and Materials

113 All experiments were conducted in accordance with the guidelines of animal welfare of
114  the Charité Universitdtsmedizin Berlin and the local authorities, the ’Landesamt fiir Gesundheit
115  und Soziales’. Adult mice (n=43) on a C57BL / J6 background sourced from various breeding
116  facilities and 5 rats were used in this study. For experiments involving head fixation, seven mice
117 (4 male, 3 female, 2-12 months old) were sourced from the internal breeding facilities. For

118  experiments with freely moving mice, male mice (~8 weeks old at start of experiments) were
119  sourced from our in-house breeding colony, Janvier, or Charles River. Mice were housed socially
120  with at least one other littermate. Five female Wistar rats served as the predator stimulus and

121 were kept in the same facility as the mice, but in another room. The mice and rats were kept in a
122 12h reversed light cycle (mice 6pm to 6am, rats Spm to Sam). Except for mice that were actively
123 used in the head-fixed simulated foraging paradigms and were on water restriction, all animals

124  had ad lib access to food and water.

125  Surgical procedures for head-fixation

126 On the day of the surgery, adult C57B16 mice (n=7) weighing 20-40 grams were injected
127  with Carprofen (5 mg/kg) intraperitonially pre-surgery, then deeply anesthetized with a mixture
128  of Ketamine and Xylazine (Ketamine 12.5mg/ml, Xylazine 1 mg/ml, 10 ul/g dose) and placed
129  on a heating pad maintained at 37°C. A local analgesic, Lidocaine (100 pul), was injected under
130  the skin at the site of the incision. Lightweight aluminum headposts -- 3 cm long, 2mm thick,
131  weighing 0.4 gm -- were affixed to the skull using Rely X and Jet Acrylic (Ortho-Jet) black

132 cement (Dominiak et al., 2019; Ebner et al., 2019). Post-surgery analgesia was provided over 3
133 days, with Carprofen injections (5 mg/kg) intraperitonially and, if there were signs of post-

134 operative pain, Buprenorphine (0.05-0.1 mg/kg) subcutaneously in addition.

135  Simulated foraging experiment

136 The simulated foraging environment consisted of a rigid-foam-based circular treadmill
137  and a 30 cm long plexiglass tube with a 7 cm diameter (Figure 1, Video 1). The treadmill was
138  lightweight enough that mice could move it effortlessly. It had a rubberized surface to increase
139  the grip of the mouse on the wheel. The movement of the treadmill was read by an encoder. The

140  output of the encoder was used to control the position of the plexiglass tube, which was mounted
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141  on arail and controlled by a small stepper motor (Figure 1). To ensure safe and stable

142 movement, and to minimize the stress on a rat held in the tube, the top speed of the tube was
143 limited to 4 cm per second. The output of the encoder was also linked to the PC that controlled
144 two large monitors positioned on each side of the treadmill that were used to stream visual

145 stimuli tethered to the movement of the treadmill.

146 The tube holding the rat was coated with a red film limiting the ability of mice to see the
147  position of the rat, or to see whether there was a rat in the tube (Figure 1A). Additionally, the
148  front of the tube was covered with a disk which could be rotated by an electronic input (Figure
149  1B). When a rat was in the tube, the disk could be used to selectively hide or show the rat during
150  the simulated predator encounter. The disk could be rotated to allow odors through, or to block
151  all sensory stimuli from inside the tube. When the disk was in the open position, the rat could

152  stick its nose out of the tube and almost touch the mouse when it was at the lick spout.

153 Electronics and control of behavior

154 A finite state machine (Bpod r2, Sanworks LLC) monitored trial states, and the sequence
155  of reward delivery and data acquisition. This state machine also controlled the high-resolution
156  acquisition of movement traces from the encoder in the treadmill and triggered the cameras

157  (recording at 100Hz) (Error! Reference source not found.). In addition to the state machine, a s
158  ingle-board PC (Raspberry Pi 4 by Raspberry Pi Foundation) was used for real-time control. The
159  1kHz output from the Bpod was down sampled to 25 Hz, then transferred to a microcontroller
160  (Arduino Nano by Arduino.cc) which controlled stepper motors to translate this into motion of
161  the plexiglass tube. If the mouse moved the treadmill faster than 4 cm / s then the output of the
162  encoder was truncated to ensure that the tube followed smoothly. Note that the treadmill moved
163  as fast as the mice needed; but if the treadmill moved at a high speed, the output was translated
164  into a manageable speed for moving the lick spout, and the associated large tube that could

165  contain a living rat.

166 The position of the disk at the front of the tube was also controlled by the single-board
167  PC and microcontroller (Arduino Nano by Arduino.cc) and updated by stepper motors that
168  rotated the disk. Finally, the single-board PC was used to generate the virtual visual environment

169 tethered to the movement of treadmill.
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170 The monitors used for displaying the streaming stimuli were also used as a go-cue at the
171  beginning of the trial and an end-cue at the end. The streaming stimuli consisted of symbols that
172 moved in synchrony with the treadmill. The screen flashed green at the start of a new trial and

173  red at the end of a failed trial.

174  Habituation and training

175 After surgical operation to implant a head post, mice were habituated to being handled
176  and head-fixed (Figure 1C, D). Training on the treadmill began, once mice tolerated head

177  fixation for ~ 20 minutes. At this point, water intake for mice was monitored and restricted, but
178  ensured to be at a level resulting in no more than 20% of weight loss per mouse compared to the
179  weight before onset of water control. To ensure that all mice were available on the same

180  experimental day when a rat was introduced, training continued for 3-4 weeks.

181 The initial training consisted of rewarding mice manually with Saccharose-sweetened
182  water when they were head-fixed and they moved the treadmill in the correct / forward direction.
183  Once mice moved the treadmill in the correct direction, training was automated. In the first days,
184  there were no time constraints. Mice simply had to move at least 28.5 cm forward on the

185  treadmill to receive the sweetened water reward. Five to seven seconds after reward delivery, the
186  lickspout / tube contraption automatically moved to its starting position, away from the mouse
187  and the next trial began. The beginning of a new trial was indicated by a sound cue (played by a

188  buzzer at S0Hz) and flashing of the virtual reality screens.

189 In the next phase of training, a time limit was introduced. Mice had 30 seconds to move
190  the treadmill at least 28.5 cm. Once mice learned to keep moving the treadmill to obtain a

191 reward, the duration of the trial was shortened to 12 seconds. When a cohort of mice achieved
192 >65% successful trials under these conditions for 3 days, the control and experimental data were

193  collected.

194 Live predator encounter

195 Once baseline control data had been collected on the next day (Figure 1C-F), a rat that
196  had been habituated to handling and to the apparatus, was placed in the tube. The mouse was
197  then head-fixed to the treadmill and experimental data were collected. The day after the

198  encounter with the rat, a second day of baseline data was collected without the rat.
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199  Experimental paradigm with freely moving mice

200 One cohort of twelve male C57B16/J mice and a second cohort of twenty-four male

201  C57BI6/J mice were used in these experiments. Mice were ordered from the in-house breeding
202  colony, Janvier, or Charles River. For the first cohort the 3 female Wistar-rats as in the simulated
203  foraging task were used, and for the second cohort 2 additional female Wistar-rats were used.
204  Female rats were used to minimize the possibility of a rat biting through the holder or injuring a
205  mouse (Karli, 1956). We chose to use animals from multiple sources to verify whether mice

206  obtained from our in-house colony showed unusually low threat responses.

207  Looming stimuli

208 To evaluate innate threat responses independent of the presence of a live predator, we
209  applied the well-established looming stimulus paradigm. This paradigm is a standard for

210  inducing fear in mice. The mice were solitary housed and habituated to changes in day-night-
211  cycle for 5 days, then over the next four days, one mouse per source and day (resulting in 3 mice
212 per day) was placed in a darkened room for an hour before experiments began. The purpose of
213 the solitary housing of these mice was to ensure a minimum of unintended interaction between
214  mice before each recording session. On the experimental day, mice were moved into a plexiglass
215  arena (0.5 m x 0.29 m) and left to explore it for 10 minutes. The arena was cleaned with 15%
216  Ethanol before each mouse was introduced. It contained a shelter, made of red plexiglass. When
217  mice entered a pre-defined zone, a looming stimulus -- a shadow that expanded above the mouse
218  -- was presented. The looming stimulus consisted of 5 presentations of a small black dot

219  (3°visual angle) expanding rapidly over 200ms to its full size (50°) and then remaining at this
220  size for 250 ms. The stimulus was repeated at least 90 s after the last presentation. The sequence
221  of looming stimuli was repeated 10-14 times for each mouse over 45 minutes. Video data was
222 collected at 60 Hz. Each stimulus presentation was triggered manually by a researcher

223 supervising the experiment through a monitor located out of sight of the mouse, but within the

224  same room as the setup.

225 Test with Rat odor

226 The mice used in the looming experiments were then used to examine place preference in
227  the presence or absence of rat odors. Over two days two mice from each source, i.e. in-house,

228  Charles River, and Janvier, per day (6 mice per day) were moved into the plexiglass arena one at
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229  atime. The arena was split in half with a small connector between the two sides. Mice were left
230  to explore both sides of the arena for 10 minutes. Then the mouse was removed, and a rat was
231  brought into the arena, but could only explore one side of the arena. The rat was removed after 5
232 minutes, and the mouse was returned to the arena. Movement of the mouse in the two conditions
233 was tracked offline with video acquired at 60Hz for the first cohort and 25Hz for the second

234  cohort. The arena was cleaned before each mouse was introduced into the arena.

235  Assaying response to live rat

236 Finally, the same mice were placed in a modified version of the plexiglass arena (again 2
237  mice per group per day). The arena was divided in half by a Imm thick metal mesh, with gaps
238  that were just large enough for mice or rats to stick the tips of their noses through the mesh.

239  Control data was acquired for five minutes, then mice were removed, and a rat was brought into
240  the arena. Two minutes after introducing the rat, mice were introduced into the other side of the
241  arena. Movement of the mouse was tracked offline with video acquired at 25-60Hz. The arena

242  was cleaned before each mouse was introduced into the arena.

243 Behavioral analysis

244 Simulated foraging with a live rat encounter predator encounter

245 Behavioral measures including overall performance, speed of movement and a variety of
246  movement parameters were tracked using high speed video at 100 Hz, over the course of the 3
247  days. Analog traces from the treadmill encoder, and the movement sequences of the mice were
248  captured on two Basler cameras, one aimed at the body, and one aimed at the face. Movement
249  and posture of the mice was tracked using DeepLabCut (Mathis et al., 2018). Behavioral

250  phenotypes that were available for analysis in the control condition and in the presence of the rat
251  included: 1) Flight, apparent as a backward movement on the treadmill. This movement pushed
252 the tube holding the rat away from the mouse and showed up as negative deflection in the

253  encoder output and leads to a failure in licking. 2) Freezing, i.e. the mouse stops moving, which
254 would be apparent in the speed traces and lead to a failure of the trial. 3) Changes in mouse

255  posture, hunching or stretching. 4) Changes in pupil size. 5) Changes in nose movement.
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256 We performed the experiments in such a way that we were able to pair the behavioral
257  phenotype of each mouse on the first recording day (before a rat was introduced) as a baseline to

258  all further recordings of the same mouse.

259  Assaying threat response in freely moving mice

260 One of the three assays -- the looming stimuli -- was dependent on vision, two of them
261  had olfactory components. In these experiments —looming, rat odor avoidance, and live rat
262  exposure— the position of the mice was tracked using SLEAP (version 1.3.3). Three key body
263  points were annotated along the midline of each mouse. For positional tracking, the pixel

264  coordinates of the neck point were extracted and transformed into millimeter-based coordinates
265 relative to the layout of each experimental arena. To reduce noise, positional data were clipped to
266  the arena boundaries and smoothed using a sliding half-second window. Due to the side-view
267  recording setup in the looming experiment (necessitated by an overhead screen), additional

268  geometric corrections were applied. The X-coordinate was taken directly from the neck point,
269  while the Y-coordinate was defined as the lowest Y-value among the three tracked points. An
270  empirical downward shift of 20 pixels was then applied to the Y-coordinate. The adjusted

271  coordinates were subsequently clipped to the nearest point within the arena polygon visible in
272 each frame. After these corrections the pixel-based position converted to millimeter-scale

273 coordinates.

274 Because the perspective of the looming videos enforced a strong correlation between the
275  X-and Y-position, only the X-position of the mouse relative to the shelter was used for further
276  analysis. The absolute X-axis speed (relative to the shelter) was smoothed with an 11-frame

277  window before being used to classify looms as either "fleeing" or "non-fleeing" events.

278


https://doi.org/10.1101/2025.06.09.658679
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.09.658679; this version posted June 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

279  Statistical analysis

280  Simulated foraging with live a rat

281 Here we first assayed mouse behavior for evidence of innate fear -- i.e. freezing, fleeing,
282  -- which would be evident in performance. This study was also designed to capture subtle

283  changes in the behavior of mice -- speed of movement as mice approach rats, success rate, pupil
284  size, body elongation nose movement -- in the presence of rats. To assay these changes in

285  behavior, the data related to each behavioral feature (pupil size, speed of movement, nose

286  movement, etc.) were first filtered with a rolling z-score across a one second window. Values
287  with an absolute score above three were removed. The time series data was then smoothed with a

288  half second window by way of a rolling mean.

289 In the case of the video data (DeepLabCut output) it was also necessary to perform initial
290 filtering steps, according to the detected likelihood that a feature was discovered in a frame, and

291  with an initial z-score filtering across the x- and y-position of the features. In statistics where we
292  considered the pupil-diameter and pupil position, we also filtered the eight detected markers

293  around the pupil with a modified z-score (Iglewicz & Hoaglin, 1993).

294 We compared the behavioral items pairwise per mouse, between the day of the baseline
295  recording and the following days. To achieve this, we summarized half-second wide bins relative
296  to the beginning of the trial or the delivery of reward of the timeseries and compared these

297  between the two conditions. These data were plotted to show the mean and standard deviation
298  per feature and condition. Binned data for sessions with and without the rat were compared, and
299 the difference between the mean and standard deviation and the significance of this shift shown
300 as a bar plot. Significance was assessed for each half second bin. Additionally, for each

301  behavioral parameter i.e. position, speed pupil size, eye position -- differences between sessions
302  with and without the rat had to be significantly different for 6 consecutive bins. In the reward
303  phase which lasts for a short duration, the pupil x-position, pupil diameter, body length, nose

304  speed -- there had to be significant difference over at least 3 consecutive half-second bins.

305 The continuous mean and standard deviation of the timeseries was calculated with the

n
i=1%i

306 formulas u = L - and 0 = \/% 2, (x; — p)?. These values were then used to calculate the
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307  difference between both statistics. We used the following formulas for this: tgirr = Uminuena —

308  Usubtrahena and ogirr = \/ 02 imuena T Oliberanena» With the subtrahend always being the

309  baseline condition and the minuend representing either the rat encounter condition or the

310  measurements from the day after the simulated rat encounter. To determine the significance of
311  the shifts, we used the Mann-Whitney U-Test. The original thresholds in the figures were

312 *=0.05, **=0.01, ***=0.001, and n.s. = not significant, which were then applied with a

313 Bonferroni-correction corresponding to the number of bins considered in each subplot.

314 For the summary data, multiple mice into one group, the means and standard deviations

315  of their individual bins were combined, under the assumption of independence between mice,

n .
i=19i

noo ..
Ziz1 Hi ==L for the standard deviation of the

316  with the formulas u = e for the mean and ¢ =

317  combined bin. The p-values were averaged, weighted by the inverse of the variance of the
318  individual bins they originated from. This happened according to the formula p gy, =

Z?:ll/o'iz "Di
n 2 9
Yizq 1/}

319 with n corresponding to the individuals in the group. Due to the high number of

320  single samples per bin, the estimate of significance was limited to the ethologically relevant
321  threshold of 10% of the 5" to 95" percentile span of each behavioral feature, across animals and

322 conditions.

323 Data analysis for freely moving mice

324 All analyses were performed blind to the source of the mice. When shown, the unblinded
325  mouse ID follows the format “C{Cohort #} {Source} {Mouse #},” where the source is indicated
326  as C (Charles River), I (Internal), or J (Janvier). For example, the ID C2J1 refers to the first

327  mouse from Janvier in cohort 2. No significant behavioral differences were observed among

328  mice from the three sources. Detailed categorizations by experiment, cohort, and source are

329  presented in Supplementary Figure 9.

330 Mice were classified as “fleeing” or “non-fleeing” based on the median of all loom-wise
331  ratios comparing the mean speed during the 5-second looming visual stimulus to the mean speed
332  in the subsequent 5 seconds. A threshold ratio of 2 was chosen as a conservative criterion for

333 identifying clear fleeing behavior.
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334 The same threshold (a two-fold change) was used to identify mice that exhibited

335  ethologically meaningful changes in behavior in the odor-based experiments. Specifically, this
336  included avoidance or preference for the rat-odor side of the arena, as well as avoidance of the
337  region adjacent to the mesh in the live rat exposure condition. Mice falling below this threshold

338  were classified as behaviorally unchanged.

339  Data analysis Software

340 SLEAP

341 Two different SLEAP (Pereira et al., 2022) bottom-up models (version 1.3.3) were

342 trained to track the location of the mice in the verification experiments. The side view model for
343  videos recorded in the looming stimulus experiments was trained on 225 masked frames (to crop
344  the moving looming stimulus and reduce the complexity of the video). The top view model for

345  videos recorded in the rat odor and presence experiments was trained on 430 frames.

346  DeepLabCut

347 A series of DeepLabCut models (version 2.1; Mathis et al., 2018) were trained to track
348  key features of mice for behavioral analysis in the simulated foraging task. Separate models were
349  trained for each anatomical landmark: Body key points (nose, shoulder, tail base): trained on
350 220 labeled frames for one cycle of 1,030,000 iterations. Nose key points (nose ridge, nose base,
351  nose tip): trained for two cycles of 1,030,000 iterations each. The first cycle used 220 labeled
352 frames; the second used 337. Eye key points (eight equidistant points around the pupil, starting
353  from the 12 o'clock position, plus the left and right corners of the eye): trained over three cycles
354  0of 1,030,000 iterations each. The training sets consisted of 260, 466, and 629 labeled frames,

355  respectively.

356
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357 Results

358  Simulated foraging

359 This paradigm was designed to be easy for mice to perform but was also designed to

360  minimize stress for both rats and mice. Once mice were habituated to head restraint and to

361  obtaining reward by moving the treadmill they could perform 50-100 trials in a day, obtaining a
362  total reward of 0.5 ml in a ~30-45-minute session. When mice started a trial, the lickspout was at
363  astarting position ~30 cm from the mouse (Video 1, Figure 1). A go cue -- the flashing of the
364  virtual reality monitors -- and a sound cue initiated the trial. A successful trial was one in which
365 mice moved the treadmill 28.5cm in 12 seconds, with the last 1.5 cm of movement controlled
366  automatically within the code. Two to four seconds after reward delivery, depending on the start

367  of licking, the lick spout and red tube over it were reset to their starting position (Figure 1A).

368 Well trained, motivated mice start running on the tread mill immediately after licking the
369  reward, even before the lick spout moved back to starting position. As mice improved their daily
370  performance, adult female rats were habituated to being handled and to the apparatus. Once a
371  cohort of mice were stable in their performance for 3 successive days -- reaching the threshold
372  criteria in their performance -- the experimental data was collected over 3 consecutive days. On
373  the first day control data was collected, on the second day the rat was introduced into the

374  behavioral paradigm (Figure 1A-C). The third day was a post-rat control session. To maximize
375 the potential for interaction between the head-fixed mouse and restrained rat, we used only one
376  setting -- open-- on the disk that covered the mouth of the tube holding the rat. Note that in this
377  setting mice could almost touch the rat on each trial and mice could see, smell and hear the rat
378  moving in the tube as it came closer to the mouse. On each trial, with every mouse, rats could
379  stick their nose out of the tube. When rats were in this position, their nose was effectively just
380  above the lickspout for mice (Video 1). In the following plots the male mice are enumerated as

381 mouse 1-4, and the female mice as mouse 5-7.

382  Performance
383 Performance of each mouse was analyzed for three consecutive days: control / baseline
384  day, day with the rat, and a post-rat day. Surprisingly, the success rate of most mice (5/7 mice)

385  was unaffected by the introduction of the rat (Figure 1F). Two mice manifested a significant and
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386  dramatic decrease in their performance that persisted into the post-rat day. Next, we examined

387  whether mice changed their behavior when the rat was introduced.

388  Movement speed on treadmill

389 One measure of performance is the rate of success; another measure was the speed with
390  which mice moved the treadmill (Figure 2; Video 2). Mice could run or walk slowly and

391  consistently to cover 28.5 cm in 12 seconds. Most mice learned to move at a consistent speed of
392 around 0.2 m/s. This speed was mostly uniform and on average it stayed constant for most of
393  the trial (Figure 2B), but the speed decreased abruptly as mice stopped moving to lick the

394  reward spout (Figure 2B).

395 One issue that arose in monitoring and comparing the behavior of mice from day to day,
396  was whether the position of the mouse on the treadmill changed across days. It was possible that
397  mice were positioned at slightly different height relative to the treadmill, and this effectively

398  changed the speed with which mice moved (Figure 2B). To examine this, we selected frames
399  from different time points during each session and examined them for any obvious differences in
400  height of the mouse relative to the treadmill (Figure 2A; Supplementary Figure 8). There were

401  no significant differences in the positioning of mice from day to day.

402 Next, we compared the speed of movement from control sessions (Figure 2B, green

403  traces) and sessions when the rat was present for individual mice. These data show that while the
404  majority of mice show no consistent significant changes in their movement speed in presence of
405  the potential predator (Figure 2B, blue traces), three out of seven mice showed significant

406  (p<0.01, Mann-Whitney U test; MWU) and consistent changes in their movement speed

407  throughout the session (Figure 2C). Their average speed was significantly different at the onset
408  of the trials when the rat was present. The two mice that decreased their movement speed in the
409  presence of the rat were slow on the treadmill from the beginning of the trial. One mouse ran
410  significantly faster in the presence of the rat. In the remaining mice, there were no consistent
411  changes in average speed (Supplementary Figure 2, 3). Taken together these data suggests that
412  some mice are strongly but differentially affected by the presence of the rat.

413  Eye movement and pupil diameter
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414 To assess whether mice attend to the presence of the rat, we used DeeplabCut to track eye
415 movement and pupil diameter on the control day and on the day that the rat was introduced into
416  the tube (Figure 3, Video 3). We plotted the average position of the pupil in the horizontal axis
417  relative to the two corners of the eyes, over the course of the control session and in the presence
418  of the rat (Figure 3A-C). In five out of seven mice, there was a significant (p< 0.01, MWU)

419  change in the horizontal position of the pupil in the presence of the rat (Figure 3B, green traces);
420  in the remaining 2 there were no consistent changes in eye position. On average, the position of
421  the eyes of five mice was significantly different (p < 0.01, Mann Whitney U) during their reward
422  phase compared to the control days (Supplementary Figure 4). When the rat was present in the
423  tube and the mice were directly in front of the tube, on average, 3 mice positioned their eyes

424  more in the direction of the rat (looked right) and 2 looked away from the rat. These effects were
425  significant and were evident throughout the trial. Two mice showed no significant change in

426  their eye position (Figure 3C, right panels).

427 Next, we examined pupil size (Figure 3D-F; Video 4). Pupil size changes with changes
428  in lighting, or changes in parasympathetic or sympathetic system. To establish that light around
429  the face and head of the mouse remained consistent, we measured brightness and light intensity
430  around the eye and at another point on the head. There was no effect on the luminance / light

431  levels around the eyes or head when the rat was introduced.

432 But in the presence of the rat there were significant (p<0.01, MWU) changes in pupil

433  diameter in five out of seven mice (Figure 3D, Supplementary Figure 5), especially when mice
434  were close to the rat (Blue traces, Figure 3E). In these mice, the pupil diameter was consistently

435  smaller throughout the course of the trial and in four out of five of these mice the change in pupil
436  size persisted into the next session. The other 2 mice showed no significant changes in their pupil

437  diameter.

438  Posture and facial movements

439 To assess whether any other aspects of mouse posture or facial movement were affected
440 by the presence of the rat, we measured mouse posture -- estimated by body-length -- and facial
441  movements (Figure 4A-C; Video 5, Supplementary Figure 6, 7). In three out of seven mice

442  there was a significant change in the pose when the mouse was confronted by the rat (blue).
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443  Additionally, in 2 other mice there was a significant increase in nasal movement speed in the

444  presence of the rat (Figure 4D-F; Video 6).

445 Taken together this work suggests that head-fixed mice forage for reward, they do not
446  flee but a diverse set of behaviors change when they are faced by the rat (Supplementary

447  Figure 9). They move differently on the treadmill; they move their eyes and change their pupil
448  size.

449 Next, we considered whether head fixation, thirst, and the need to forage affected threat
450  perception or the mouses behavioral response to the threat. At the same time, we also assessed
451  whether the mice in our colony were inherently less fearful. To address these issues, we used

452  naive freely moving mice, from our colony and from two other sources.

453  Effect of looming stimuli

454 In these experiments, we used 36 naive mice, 12 mice were from our animal facility, 12
455  newly acquired from Charles River, and 12 from Janvier. Overall, it was not possible to
456  determine whether the source of mice made a difference to the results, but mice obtained from

457  our inhouse facility showed very similar behaviors as those obtained from external sources.

458 Mice were placed in an arena (Figure SA, B), and when they entered a particular location
459  in the arena, the looming protocol was initiated. A dark shadow enlarged above the mouse,

460  simulating a bird of prey swooping over the mouse. For each mouse, the looming stimulus

461  protocol was repeated 14 times. Post-hoc video analysis showed that none of the mice froze in
462  response to the looming stimulus; seven out of 36 mice ran into the shelter (Figure 5C, D). The
463  mice that ran into the shelter moved rapidly during the looming stimulus, and we verified the
464  detection of fleeing behavior (Figure SE, F), the remaining 29 mice did not show any significant
465  and consistent movement toward the shelter. Overall, these results suggest that looming stimuli

466  can reliably evoke fleeing in mice, but this effect is only observed in ~19% of the mice.

467  Avoidance of rat odors and rat presence

468 Next, we examined whether freely moving mice (n = 36) reacted to rat odors (Figure 6A-
469  C). Mice were placed in an arena with a partition down the middle -- a partition that mice could

470  and did traverse. Five minutes after putting mice in the arena, they were removed from the arena.
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471 A rat was introduced on one side of the partition -- a partition that rats could not traverse -- and
472  then removed. The mouse was returned to the arena. Post-hoc analysis of the amount of time
473  spent in each portion of the arena, revealed that mice either preferred the side that had contained

474  the rat (p<0.01, MWU), or showed no clear preference for either side of the arena (Figure 6C).

475 Next, we used the same arena but closed off the wire mesh partition that separated the
476  arena into two halves (Figure 7A, B). Once again naive mice were placed in the arena but were
477  allowed to explore only one half of the arena, then they were removed, and a rat was placed on
478  the right side of the arena. Mice were then returned to the arena. In these experiments, half the
479  mice avoided being close to the wire mesh that separated the rat from the mice (Figure 7C-E).
480  The other half showed either no preference for one side or the other. Three mice preferred

481  staying close to the mesh. These data suggests that mice do not innately display defensive

482  behaviors in the presence of rats.

483 Discussion and conclusion
484 Our work shows that the obvious behavioral expressions of fear -- fight, flight or freezing
485  --are not easily elicited in laboratory mice. Specifically, the hardwired innate fear of a potential

486  predator is not expressed in our experiment in head-fixed mice "foraging" for a reward. In fact,
487  mice continue to forage even when a rat, the "predator", was in close proximity, within licking
488  distance of the mouse. Furthermore, even when mice were free -- not head-fixed -- and able to
489  move in their environment, looming stimuli did not elicit freezing responses and elicited escape
490  to shelter responses in just a quarter of the mice. Finally, freely moving rats elicited an avoidance
491  response in just half of the freely moving mice. Taken together our data suggests that the idea of
492 an innate stimulus, that elicits a fixed and hardwired behavioral response is likely to be very

493  sensitive to context; it might be learned or be history dependent.

494 Our goal was to reproduce a natural prey and predator encounter in a controlled setting
495  where it is possible to monitor many dimensions of mouse behavior. In our simulated foraging
496  paradigm, the movement of the mouse was digitally tethered to the movement of the reward

497  spout and the tube that could contain the rat toward the mouse. Rats were only introduced into
498  the paradigm for a single session, and only after mice displayed an expert level of understanding

499  of the paradigm that allowed them to obtain a reward.
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500 Our results with this paradigm are surprising. Even though the head-fixed mouse and the
501  rat almost touched each other, most mice did not freeze or flee, and did not push the treadmill in
502  the opposite direction to push the rat away, they simply continued to move to the reward spout.
503  None of the mice showed classic defensive responses in the presence of rats. Instead, in the

504  presence of rats, even though mice adjusted aspects of their movement and posture and two out
505  of five mice showed a decrease in performance most continued toward the reward spout.

506  Furthermore, even though most mice changed their behavior when the rat was introduced, the
507  changes in behavior were not uniform. On average in the presence of the rat, mice did not

508  uniformly run faster or slower, they did not hunch up or elongate, nor did they all look in the
509  direction of the rat. Contrary to our expectations that the pupil would dilate, we observed a

510  consistent constriction in pupil size -- a constriction that could not be explained by a change in
511  luminance. Taken together this work suggests that head-fixed mice do not automatically display

512  aset of defensive responses in the presence of a potential predator.

513 To examine whether foraging pressure, head fixation or the nature of our mouse colony
514 could explain our results, we modified our experimental design to assess fear in freely moving
515  mice that had ad lib access to food and water (Burnett et al., 2016; Verma et al., 2016). We

516  replicated looming stimulus paradigms (Lenzi et al., 2022), used noxious stimuli, i.e. rat odor
517  (Banik & Anand, 2011), presented live rats (Karli, 1956) and tested mice from 3 different

518  sources. Surprisingly, looming stimuli elicited a flight response only in ~20% of the of mice; the
519  smell of rats elicited no avoidance response. But the presence of a live rat in an adjacent

520  enclosure generated an avoidance response, even then in only half the mice (Supplementary

521  Figure 10).

522 Recent work suggests that the history of individual mice changes how they react to

523  looming stimuli (Lenzi et al., 2022; Wang, 2020). In their work, socially isolated mice were

524 more likely to attempt to escape from the looming stimulus. In our work mice were socially

525  isolated for a few days before the experiments and still few mice showed escape or defensive
526  behaviors. These results are surprising given that we closely followed previously published

527  paradigms (Lenzi et al., 2022; Yilmaz & Meister, 2013) where freezing and fleeing could be

528 elicited. The cohort of animals we used for these experiments was sufficiently large (36 animals),

529  handled identically, and was from diverse sources. It is possible that some aspects of how we


https://doi.org/10.1101/2025.06.09.658679
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.09.658679; this version posted June 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

530  habituate, or house animals or how animal caretakers look after mice reduce fear and stress or
531  reduce the behavioral expression of fear in mice (Furlong et al., 2016; Gouveia & Hurst, 2017,
532  Kallnik et al., 2007). It is also possible that just as in rats, the sexual identity of mice affects how
533 they respond in our behavioral paradigms (Gruen et al., 2015).

534 Our simulated foraging experimental design was novel. It had visual cues; it had a

535  moving tube (that could hold a rat) linked to the motion of the mouse on a treadmill. It had

536  olfactory cues -- the smell of a rat. It had auditory cues related to the motion of treadmill and the
537  ratin the tube. The behavioral approach was designed to measure fear, to measure how

538 individual mice express defensive responses -- how their behavior changed over ~50-100 trials,
539  spread over 2 days in response to a live rat. Even though mice continue to forage, even after rats
540  come close to them -- almost lick them -- it is possible that for a short time, for a trial or a few
541 trials, mice are in fact afraid of rats, but they rapidly habituate to the presence of the rat. This
542  kind of rapid learning over the course of a few trials cannot be ruled out. But as we would be left
543  with only very few trials, potentially just a single trial per mouse, we could not perform these

544  experiments on a scale necessary to rule out these effects.

545 Our work suggests that mice adapt rapidly and learn to suppress their escape responses,
546  that even the response to an innate fear-inducing threat, such as presence of a predator can be
547  dynamically adjusted. It is possible that even innate processes need an appropriate sensory
548  stimulus to trigger or help teach the appropriate behavioral response. Is the innate response
549  genetically programmed, or do innate responses also need to be triggered by contextual stimuli
550  and learning? Our work suggests that even potentially innate processes are context dependent

551 and or they need a correct initial trigger (Heinemans & Moita, 2022).

552
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688  Captions

689  Figure 1. Experimental design, setup, and performance in the presence of a rat. A) Side view of
690  the mechanical components in the apparatus. The movement of a treadmill was tethered to the
691  movement of a lick spout and a large red tube. When mice walked forward, the lick tube moved
692  towards them, when mice moved backwards, the lick tube moved away. A flashing screen (part
693  of a virtual reality display) and a sound cue signaled the start of a trial. Mice had 12 seconds to
694  complete a trial, if they succeeded, reward was delivered within reach of the mouse, and a new
695 trial was initiated by resetting the position of the spout to its starting position away from the

696  mouse. B) Threat perception disc. The apparatus was designed to mimic four user defined

697 interactive conditions with the large red tube positioned over the lick spout. The full view

698  condition was one where the opening of the tube was completely open, and it was possible for a
699  head-fixed mouse and the rat to almost touch each other. The olfactory condition was one where
700  odors could be delivered but visual, tactile and other elements inside the tube were blocked. The
701  visual condition was one where mice could see inside the tube. The opaque condition blocked all
702 cues from inside the tube. Note that auditory cues were not filtered and that a fan at the end of
703  the tube could be activated to extract smells from the red tube. C) Training procedures.

704  Habituation consisted of head fixing mice on the treadmill and manually rewarding them when
705  they moved forward spontaneously. Following this brief, 1- to 2-day habituation period, the

706  reward delivery was automated. Reward was dispensed after mice had moved 28.5 centimeters--
707  the circumference of the treadmill. This movement was sufficient to move the lick spout into a
708  position where mice could lick the reward as it was delivered. Over days the flashing light cue of
709 the virtual reality screens, and the sound cue were added as go-cues to begin the trial. The

710  duration of the trial was shortened, giving mice 12 seconds to reach the spout, or move at least
711  28.5 cm. D) Data acquisition. Once all mice of the cohort reached criterion (65% success rate)
712 baseline data was acquired. In the next session, a live rat was placed inside the tube, and the

713 experiment was repeated -- with the full interaction between the mouse and the rat. Finally, on a
714  third day, reference data in the absence of the rat were acquired. E) Performance data. Of the
715  seven mice used for these data sets, five showed no change in their performance in any of the
716  three sessions. For the other two, performance was affected by the presence of the live rat. For
717  both these mice, the reduction in performance persisted through the next day, post rat. Vector
718  drawings of rat and mouse adapted from SciDraw (Branco and Costa 2020; Scidraw 2020).

719

720  Figure 2. Movement speed in the presence of rat. A) Representative images of mouse position
721  from three sessions. The images show the position of a mouse at 3 different times on three

722  different sessions. These kinds of images were used to assess whether the head-fixation height or
723  position of the mouse were stable from day to day. Plots for each of the seven mice are in

724  Supplement-figure 8. B) Speed of movement on the treadmill. The median and confidence

725  interval of the speed of movement in baseline -- control day -- recordings (black trace) and the
726  session with the rat present (blue) show the two outcomes of having the rat hovering over the
727  lick spout. The left plot (trial phase) shows no change in velocity throughout the trial. In another
728  mouse there was a momentary reduction in speed at the beginning of the trials (right panel, trial
729  phase). When the mice were at the lick spout, they stopped moving (see reward phase).

730  Significance was assessed with a Mann-Whitney U-test (*: p<0.05, **: p<0.01, ***: p<0.001).
731  See methods for additional filtering applied to significant effects. C) Pie chart grouping mouse
732 behavior. Mice could be divided into two main groups, one that showed significant changes in
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733 speed and another that showed no change in speed. One mouse significantly increased its speed
734 during the approach to the tube with the rat, 4 mice showed no significant change of speed while
735  approaching the rat, and 2 slowed down significantly.

736  Figure 3. Pupil movement and pupil size in the presence of the rat. A) Schematic showing the
737  analysis of horizontal pupil position. The x-position was defined relative to the center of the

738  pupil and the corners of the eyes. Movement of the eyes could be nasally oriented (toward the
739  rat) or oriented to the back of the head away from the rat. B) Plots for a mouse that positioned its
740  eyes toward the lick tube (nasally) as it moved toward the lick spout (left plot) and positioned its
741  eyes to look forward toward the rat, when the mouse was stopped at lick spout (right plot). The
742  second set of plots on the right show eye position for a mouse which showed no significant

743 change in x-position while in front of the rat. C) Pie chart grouping mice. Five mice positioned
744 their eyes significantly differently in the presence of the rat (n=5). Two mice showed no change.
745  Three mice looked toward the tube holding the rat more often, and two looked away from the rat.
746 D) Schematic of the pupil diameter analysis. The diameter was calculated based on points

747  labeled by DeepLabCut. E) Example plots from two mice, one showing a significant reduction in
748  pupil diameter in presence of the rat (black trace is control session, blue trace was with rat

749  present) the other one showing no effect. F) Pie chart grouping mice. Mice could be divided into
750  two groups, mice that showed no change in pupil diameter and a second group of five mice that
751  had a consistent reduction in pupil diameter in the presence of the rat.

752  Figure 4. Changes in posture and facial movement in the presence of a rat. A) Schematic

753  showing analysis of posture using a tail to nose distance. B) Body-length diagrams for two mice.
754  The mouse on the left showed no significant change in posture when in front of the rat, the one
755  on the right was significantly more hunched up in the presence of the rat. C) Pie chart grouping
756  mice. Mice could be divided into three groups: 4 mice showed no change in body length in the
757  presence of the rat, and 2 mice were more hunched up at the lick tube in the presence of the rat,
758  and one elongated its body at the lick spout in the presence of the rat. D) Schematic showing the
759  analysis of facial movement / nose speed. The nose position was detected with DeepLabCut and
760  normalized to the distance between the corners of the eye, to account for mouse size and

761  position. E) Facial movement. The left plots show data from a mouse that did not significantly
762  change the movement speed of its nose even when it was directly in front of the rat. The right-
763  side plots show movement data from a mouse that increased the movement speed of its nose
764  significantly, during the reward phase. F) Pie chart grouping mice. Most mice showed no

765  significant change in nose speed even when they were directly in front of the rat.

766  Figure 5. Effect of looming stimuli on the behavior of freely moving mice. A) Experimental
767  protocol for the looming stimulus paradigm. B) Representative annotated video frame. Black
768  bars denote frame boundaries, and the white area marks the masked region used to isolate the
769  tracking area. The transformed arena outline is overlaid. C) Scatterplot showing the median
770  shelter-relative speed for each mouse across all loom presentations. The behavior classification
771  threshold (speed ratio = 2) is indicated by a dashed black line. Individual cohorts are marked
772  with distinct symbols, and behavioral groups (“fleeing” vs. “non-fleeing”) are color-coded. The
773  global distribution of all average speeds is shown as a background contour plot. Seven of 32
774  mice met the criterion for consistent flight behavior (see Methods). We avoided defining a

775  “freezing” group based on these parameters, as the trial-wise speed distribution did not show a
776  clean separation as it did for the “fleeing” animals. D) Strip plot of average speed ratios per
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777  mouse. The median ratio for each animal is shown as a black horizontal bar. Mice were classified
778  as “fleeing” if their median ratio exceeded 2. Numbers in brackets next to mouse IDs indicate
779  how many individual looms exceeded the plot's y-axis limit. Mouse C//3 completed only seven
780  looms, having remained in the shelter after the seventh presentation. E) Time-aligned traces of
781  shelter-relative X-position for all loom events from mice in the “fleeing” group. The median and
782 95% confidence interval are shown as a bold line and surrounding shaded region, respectively.
783  F) Same as in E, but for loom events from mice in the “non-fleeing” group. Vector illustrations
784  of the rat and mouse in this and subsequent figures were adapted from SciDraw (SciDraw,

785  2020a; Costa, 2020).

786  Figure 6. Avoidance of rat odors. A) Protocol of rat odor avoidance experiment. B) Same as Fig.
787 5B, but for the rat odor avoidance experiment. C) Scatterplot mapping mouse-wise preference
788  for the clean area before and after the rat was introduced to the “rat odor” area. The behavior
789  class criteria are shown as dark black dashed lines, while the 2 cohorts of animals used in the
790  experiments are marked with different symbols. The resulting behavior groups are shown with
791  three different colors (avoiding the rat odor in blue, which did not occur); and no change in

792  preference (gold) and preferring the rat odor (green). Six out of 32 mice preferred the area with
793  rat odor after the rat was introduced. D) Overall distribution of positions of mice in the arena,
794  belonging to the group of mice “preferring” the rat odor, before the rat was introduced. E) Same
795  as D, but for the position distribution after the rat was introduced.

796  Figure 7. Avoidance behavior in the presence of a live rat. A) Protocol of rat presence

797  experiment. B) Same as Fig. 5B, but for the rat presence experiment. C) Same as Fig. 6B but for
798  the ratio of avoidance of the area close to the mesh without and with the rat present. All three
799  possible behavioral groups were observed (avoiding in blue, preferring in green and no change in
800  yellow). Eighteen out of 32 mice avoided the mesh when the rat was present, while 3 mice

801  preferred to explore the mesh when the rat was present. D) Same as Fig. 6D but applied to mice
802  that avoided the mesh once the rat was present, showing positions before the rat was present. E)
803  Same as D but showing the overall position distribution while the rat was present.

804
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806  Figure 1. Experimental design, setup, and performance in the presence of a rat.
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Figure 3. Pupil movement and pupil size in the presence of the rat.
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Figure 4. Changes in posture and facial movement in the presence of a rat.
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Figure 5. Effect of looming stimuli on the behavior of freely moving mice
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811  Figure 6. Avoidance of rat odors.
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Figure 7. Avoidance behavior in the presence of a live rat.
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