
 

Research Articles | Systems/Circuits   
Prefrontal ensembles represent freezing of conspecifics 
 

https://doi.org/10.1523/JNEUROSCI.0948-26.2026
 
Received: 3 June 2026
Revised: 4 September 2026
Accepted: 13 October 2026
 

Copyright © 2026 the authors

This Early Release article has been peer reviewed and accepted, but has not been through
the composition and copyediting processes.The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
             formatted version of this article is published.

https://www.jneurosci.org/alerts
https://doi.org/10.1523/JNEUROSCI.0948-26.2026
https://doi.org/10.1523/JNEUROSCI.0948-26.2026


 

Prefrontal ensembles represent freezing of conspecifics 1 

Abbreviated title: MPFC cells represent freezing of conspecifics 2 

 3 

Blake A. Miranda1*, Anita Torossian1*, Fernando M. C. V. Reis1, Nitish A. Patel1, Xiaoqi Anita Liu1 , Enya E. 4 

Walker1, Hillary S. Leeds
1
, Elizabeth L. Hilgert1, Renesh Gudipati1, Avishek Adhikari1,2 5 

 6 

*These authors contributed equally to this work 7 

 8 

1Department of Psychology, University of California, Los Angeles, Los Angeles, CA 9 

2Correspondence: avi@psych.ucla.edu 10 

 11 

Number of pages: 35 12 

Number of figures: 8 13 

Number of words in Abstract: 216 14 

Number of words in Introduction: 546 15 

Number of words in Discussion: 789 16 

 17 

Conflict of interest statement 18 

The authors declare no competing interests. 19 

 20 

Acknowledgements 21 

This work was supported by the National Institute for Mental Health (R00MH106649 and R01MH119089) (AA), 22 
the National Diabetes and Digestive and Kidney Diseases (R01DK139605 to AA), the Bernice Wenzel and 23 
Wendell Jeffrey Term Endowed Chair in Behavioral Neuroscience (AA), and the UCLA Division of Life Sciences 24 
(Startup funds for AA, Graduate Dean’s Scholar Award and GRM awards for NAP and EEW and GRSM awards 25 
for NAP, XAL and EEW). BAM was supported by the National Science Foundation (NSF-GRFP to B.A.M.) and 26 
the Eugene Cota-Robles Award. AT was supported by F31MH127943-01A1. FMCVR was supported by Judy 27 
Genshaft and Steven Greenbaum for funding the 2022 Young Investigator Award (Grant # 31093) and The 28 
Nancy and Jon Glaser Family Friends of Semel Scholar Award. Research reported in this publication was 29 
supported by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), the Office of 30 
Disease Prevention (ODP), the Office of Nutrition Research (ONR), the Chief Officer for Scientific Workforce 31 
Diversity (COSWD), and the Office of Behavioral and Social Sciences Research (OBSSR) of the National 32 
Institutes of Health under Award Number U24DK132746-01, UCLA LIFT-UP (Leveraging Institutional support for 33 
Talented, Underrepresented Physicians and/or Scientists). The content is solely the responsibility of the authors 34 
and does not necessarily represent the official views of the National Institutes of Health. 35 

 36 

Abstract 37 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

Social buffering is a process in which the presence of other members of the same species (conspecifics) 38 
decreases stress reactions during threat exposure. In parallel, prior reports showed that groups of individuals 39 
display synchronous actions in non-threatening situations. However, it is unknown if individuals also synchronize 40 
actions when facing threats. Prior studies showed social buffering of freezing in pairs of subjects. We now expand 41 
these findings and show social buffering of freezing during exposure to a predator and a shock grid in mice of 42 
both sexes in a larger group of four conspecifics. Furthermore, mice also displayed synchronized freezing. The 43 
presence of freezing synchrony suggests the existence of a neural representation of conspecific freezing. We 44 
reasoned that this encoding might be in the medial prefrontal cortex (mPFC), as this region has been implicated 45 
in social behaviors and freezing. Strikingly, mPFC neural activity represented the average level of freezing across 46 
conspecifics. MPFC ensembles displayed differential encoding of self and conspecific freezing, and during 47 
predator exposure the mPFC encoded the number of conspecifics freezing and conspecific freezing bout 48 
duration. These data show, for the first time, neural representation of conspecific freezing, and suggest that the 49 
mPFC may coordinate behavioral responses to threat across conspecifics. 50 

 51 

Significance Statement 52 

Social animals display attenuated threat-elicited responses when encountering threats as a group. However, it 53 
is unknown how freezing signals from conspecifics are encoded by the brain when facing threats, as prior work 54 
has been limited to studies of pairs, or assays without social interactions. We identify a neural population in the 55 
medial prefrontal cortex (mPFC) that represents conspecific freezing during grouped threat exposure, and these 56 
cells dynamically represent the duration of other animals' freezing bouts. Strikingly, the activity of these 57 
ensembles also represents the number of conspecifics freezing. These findings uncover a previously unknown 58 
function of the mPFC to encode conspecific freezing. 59 

 60 

Introduction 61 

Social interactions are ubiquitous throughout much of the animal kingdom; among conspecifics – that is, 62 
members of the same species – social interactions vary widely in their complexity, ranging from minimal 63 
encounters such as brief breeding engagements such as in bears, to intricate societies, such as in humans 64 
(Krause and Ruxton, 2002; Rocha et al., 2021; Anon, 2024). Evolutionary perspectives suggest that sociality 65 
confers distinct survival advantages whereby conspecific behaviors influence and tune individual responses that 66 
minimize the risk of predation and other threats (Rubenstein, 1978; Strodl and Schausberger, 2012; Guindre-67 
Parker and Rubenstein, 2020). Interestingly, threat-elicited responses are reduced in the presence of 68 
conspecifics in a phenomenon known as social buffering (Taylor, 1981; Kikusui et al., 2006; Flannery et al., 69 
2017). This effect of social buffering has been documented in mice (Parise et al., 2022), zebrafish (Faustino et 70 
al., 2017), insects (Sanmartín-Villar, 2023), non-human primates (Sanchez et al., 2015) and humans (Yirmiya et 71 
al., 2020; Qi et al., 2021). However, it is unknown how animals encode conspecific information when 72 
experiencing threat exposure. 73 

 74 

In the presence of conspecifics, individuals display coordinated actions at levels higher than expected by chance 75 
(Hasson and Frith, 2016; Murakami et al., 2022), indicative of group coordination. The simplest form of group 76 
coordination is the temporally aligned co-incidence of behavior, or behavioral synchrony (Mayo and Gordon, 77 
2020). Behavioral synchrony (Feldman and Rimé, 1991; Koul et al., 2023) is present during sharing of affective 78 
states (Fuhrmann et al., 2014), or emotional mirroring (Vartanov et al., 2023). However, most assays 79 
interrogating synchrony measure unidirectional sharing of states between pairs of subjects (Pärnamets et al., 80 
2020). This limits our understanding of how synchrony is represented when a larger group of conspecifics 81 
encounter a threat. 82 
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 83 

Social buffering and synchronized freezing responses presumably require the representation of conspecific 84 
freezing. The medial prefrontal cortex (mPFC) is a particularly promising candidate for this role, as it regulates 85 
social processes such as social novelty preference (Liu et al., 2025) and supports conspecific recognition through 86 
its reciprocal connections to the nucleus reuniens (Chen et al., 2024). Moreover, excitation of socially-activated 87 
prefrontal neurons induces social buffering of threat-induced behavior (Gutzeit et al., 2020). This region also 88 
encodes key social information such as hierarchical rank within a group (Padilla-Coreano et al., 2022). However, 89 
previous studies have not uncovered if mPFC cells represent conspecific freezing. This gap is potentially due to 90 
the lack of an assay where multiple conspecifics are simultaneously exposed to the same aversive stimulus.  91 

 92 

Here, we present a novel multi-animal experimental paradigm where four mouse conspecifics are simultaneously 93 
exposed to a live predator, which is a highly ethologically relevant situation. Grouped mice displayed social 94 
buffering of freezing that was not explained by interruptions due to conspecific social interaction, and their 95 
freezing responses were synchronized at levels greater than expected by chance. These findings did not require 96 
prior familiarity and were seen in mice of both sexes. We further show that mPFC neurons differentially encoded 97 
freezing of conspecifics and self freezing behavior. Cortical activity also encoded the duration of conspecific 98 
freezing bouts and the number of conspecifics freezing in real-time. This report defines a previously 99 
unrecognized role of the mPFC in encoding conspecific freezing, suggesting this structure may possibly have a 100 
function in using social information to guide behavior in threatening situations. 101 

 102 

Methods 103 

All procedures were approved by the University of California, Los Angeles Institutional Animal Care and Use 104 
Committee, protocols 2017-011 and 2017-075. 105 

 106 

Mice 107 

Mice (Mus musculus) of the C57BL/6J strain of both sexes (Jackson Laboratory stock No. 000664) between 2 108 
and 6 months of age were used for all experiments. Mice were maintained on a 12 hr reverse light-dark cycle 109 
with food and water ad libitum. Mice were handled for a minimum of 5 days prior to any behavioral task. All mice, 110 
including mice that were exposed to each assay alone as part of the "single" cohort, were group-housed in cages 111 
containing four mice. Accordingly, "grouped" mice were group-housed cage-mates of four mice for all behavioral 112 
assays. All cages were composed of mice of the same sex. Cages were randomly assigned to be part of the 113 
single or grouped conditions. For the miniscope experiments, one mouse per cage was randomly assigned to 114 
be implanted with the miniscope. 115 

 116 

Number of mice used and exclusion criteria 117 

Rat and toy rat: n = 24 single mice, 9 grouped sessions, 4 mice per grouped session (36 unique grouped mice 118 
in total). 119 

Shock grid: n = 10 single, 8 grouped sessions, 4 mice per grouped session (32 unique grouped mice in total). 120 

Miniscope recording 6 mice, 653 cells, one rat session recording per mouse.  121 

All mice were exposed to either the rat or the shock grid assay only once. The same mice were exposed first to 122 
toy rat and then live rat, 24 hours later. 123 
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 124 

Animals were excluded due to mistargeting of the miniscope lens implant or due to unexpected deterioration in 125 
mouse health. No mice were excluded from any group. 126 

 127 

Rats 128 

Male Long-Evans rats (250-400 g) were obtained from Charles River Laboratories and were individually housed 129 
on a standard 12 hr reverse light-dark cycle with food and water ad libitum. Rats were only used as a predatory 130 
stimulus presentation.  131 

 132 

Surgeries 133 

Eight-week-old mice were anesthetized with 1.5-3.0% isoflurane and affixed to a stereotaxic apparatus (David 134 
Kopf Instruments). A scalpel was used to open an incision along the midline to expose the skull following fur 135 
removal and site preparation by alternating Betadine and 70% isopropyl alcohol. After performing craniotomy, 136 
250 nl of AAV9-CaMK2α-GCaMP6f was injected into the mPFC (coordinates from skull surface): AP 1.9 mm, 137 
ML ±0.35mm, and 2.2mm DV. Five days after virus injection, animals underwent a second surgery in which two 138 
skull screws were inserted and a microendoscope was implanted above the injection site. A 0.5 mm diameter, 139 
~4 mm-long gradient refractive index (GRIN) lens (Inscopix, Palo Alto, CA) was implanted above the mPFC at 140 
2.0mm DV. The lens was fixed to the skull with cyanoacrylate glue and adhesive cement (Metabond; Parkell, 141 
Edgewood, NY, USA). The exposed end of the GRIN lens was protected with transparent Kwik-seal glue and 142 
animals were returned to a clean cage. Two weeks later, a small aluminum base plate was cemented onto the 143 
animal’s head on top of the previously formed dental cement. 144 

 145 

Behavior and miniscope recordings 146 

All behavior videos were captured at 30 frames/s in standard definition (640 x 480) using a Logitech HD C310 147 
webcam. For miniscope experiments, videos were captured using a custom-built, head mounted UCLA 148 
miniscope. Open-source UCLA Miniscope software and hardware (http://miniscope.org/) were used to capture 149 
and synchronize the neural and behavioral videos. There were 6 mice in which miniscope recordings from mPFC 150 
cells were obtained. Mice were only exposed to the rat once, so only one rat session per mouse was used, and 151 
in total 653 cells were recorded, over 6 sessions (1 session per unique mouse). All cells were used in all the 152 
analyses, including the GLMs. The median number of cells recorded in each session was 108. Recordings were 153 
only obtained in the rat assay and not in the shock grid or toy rat assays. Three mice of each sex were used for 154 
miniscope recordings. This sample size does not allow identification of sex-specific effects, when considering 155 
the individual animal as the independent biological replicate. 156 

 157 

Rat exposure assay 158 

For rat experiments, mice were habituated to an empty white rectangular box (75 cm length, 30 cm width, 45 cm 159 
height) for 2 days in periods lasting 10 minutes. Mice used in the single cohort were habituated alone while mice 160 
from the grouped cohorts were habituated with their cage mates. On the following day, mice were exposed to 161 
the same environment for 10 minutes but with a toy rat. Twenty-four hours later, mice were exposed to an adult 162 
rat in this same environment. The rat was secured by a leash tied to one of the walls and could not freely 163 
ambulate outside of a limited area. Rats were handled for several weeks prior to use, and were screened for low 164 
aggression to avoid attacks on mice. Rats were gently tied with a leash connected to the upper corner of the 165 
box. The leash allows all normal rat ambulatory motions, but in a perimeter restricted by the leash. The leash is 166 
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not too tight, as this makes the rat stressed, inducing it to vocalize and make high acceleration movements to 167 
break free, which in turn create erratic behavior in mice across sessions. We only used well-handled docile rats 168 
that were able to comfortably rest and explore during the entire session, as we have done previously (Reis et 169 
al., 2021, 2024; Wang et al., 2021; La-Vu et al., 2022; Tobias et al., 2023; Torossian et al., 2025). Mice were 170 
placed near the wall opposite the rat and freely explored the environment. No separating barrier was placed 171 
between the mice and the rat, allowing for close naturalistic encounters that can induce a variety of defensive 172 
behaviors. The same mice were exposed to the toy rat and rat. All mice were exposed to each of these stimuli 173 
only once. Different mice were exposed to the shock grid. 174 

 175 

Non-cagemate rat exposure assay  176 

For the non-cagemate rat exposure assay, grouped mice were habituated with their cage-mates to an empty 177 
white rectangular box (75 cm length, 30 cm width, 45 cm height) for 2 days in periods lasting 10 minutes. On 178 
day 3, mice were placed in groups of four with mice not from their home cage and habituated to the enclosure 179 
for 10 minutes. On day 4, mice were placed in new groups of four with mice not from their home cage or from 180 
their final habituation day, and were exposed to a toy rat placed on one end of the enclosure. On day 5, mice 181 
were again placed in new groups of non- cage mates and exposed to a live rat tethered to one end of the 182 
enclosure.  183 

 184 

Shock grid assay 185 

We used a modified version of the standard contextual conditioning method to better evaluate a broader species-186 
specific defense repertoire that may differ between single and grouped mice. Conditioning was performed in a 187 
chamber (dimensions 77 × 15 cm with 40 cm high walls), with a 16.5 × 15 cm shock grid placed at one end of the 188 
chamber. All sessions of this experiment were held for 10 min. Mice were given two habituation days to acclimate 189 
to the enclosure. On shock day, mice freely explored the environment and received a 0.6 mA shock when mice 190 
touched the grid. A 10 min retrieval day without shock was given 24 h later. 191 

 192 

Behavior detection 193 

To extract the pose of freely behaving mice in the described assays, we implemented Social LEAP Estimates 194 
Animal Poses (SLEAP) (Pereira et al., 2022) and DeepLabCut (Mathis et al., 2018), both open-source deep 195 
learning toolboxes that allow for the markerless tracking of mouse nose, ear, and tail base x and y- coordinates 196 
in each recorded video frame. These coordinates were then used to calculate speed and position at each time 197 
point. These toolboxes were selected for their ability to track multiple animals within the same session 198 
simultaneously, a recent development in the pose estimation field. 199 

 200 

‘Freezes’ were defined as epochs when head and tail base velocities fell below 0.25 cm/s for a period of at least 201 
0.33 s. 202 

 203 

‘Approaches’ were defined as epochs for which (1) the mouse moved toward the threat at a speed exceeding a 204 
minimum threshold of 3 cm/s and (2) the distance traveled between approach onset and offset exceeded 5 cm. 205 

 206 
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‘Escapes’ were defined as epochs for which (1) the mouse moved away from the threat at a speed exceeding a 207 
minimum threshold of 3 cm/s, (2) movement away from the threat was initiated at a minimum distance-from-208 
threat of 40 cm and (3) the distance traversed from escape onset to offset exceeded 5 cm.  209 

 210 

'Stretches’' were defined as epochs for which (1) the distance between mouse nose and tail base exceeded a 211 
distance of approximately 1.2 mouse body lengths and (2) mouse tail base speed fell below 1 cm/s. 212 

 213 

‘Rears’ were defined as epochs for which the mouse’s head exceeded the enclosure floor boundaries at a 214 
duration greater than 0.5 seconds. 215 

 216 

‘Social investigations’ were defined as epochs for which a mouse’s nose xy coordinate was less than 1 cm away 217 
from any tracked body part of another mouse (nose, both ears, sides, and tail base). 218 

 219 

t-Distributed Stochastic Neighbor Embedding (t-SNE) 220 

Unsupervised dimensionality reduction of behavioral states was performed using the MATLAB implementation 221 
of t-Distributed Stochastic Neighbor Embedding (t-SNE) to characterize behaviors as ethologically distinct 222 
actions repeated throughout each session. As t-SNE preserves small pairwise distances found in high-223 
dimensional space when embedding to low-dimensional space, its structure therefore retains local 224 
neighborhoods of close points. The features used in the t-SNE process were mouse x position, x velocity, 225 
distance to rat and distance between mouse tail base and mouse nose. 226 

 227 

Synchrony 228 

Binary freeze traces from each mouse were obtained after scoring freezing as detailed in "Behavioral Detection" 229 
above. The four freeze traces of each mouse in a session were added together. Timepoints with zero, one, two, 230 
three, or four mice freezing together were identified. Synchronous freezing was defined as 100*(# of timepoints 231 
with 2 or more mice freezing) / (# of total timepoints with freezing). Additionally, we also quantified synchrony of 232 
behavior by calculating the pairwise Pearson correlation of binary freeze traces across all pairs of mice in a 233 
session. The average of these values was the mean pairwise correlation of freezing for a given session. These 234 
procedures were repeated to calculate synchrony between other variables, such as escape and approach 235 
behavior. To determine a null distribution of synchrony, each freeze trace was shifted by at least 200 samples, 236 
and then the synchrony measures described above were calculated for this shuffled data. This was repeated 237 
1000 times to generate a circular shifted shuffled null distribution. A session was considered to have significant 238 
freezing synchrony if the observed synchrony was higher than the 95th percentile of the shuffled distribution. 239 

 240 

Mutual information  241 

Mutual information is an information theory-derived metric reflecting the amount of information obtained for one 242 
variable by observing another variable. In the case of the multi-animal behavioral analysis, the related variables 243 
were the behavior indices (freezing, approach-avoidance score, stretch-attending, rearing) between a pair of 244 
conspecific mice. Mutual information was calculated using custom Matlab code for all samples. Calculating 245 
mutual information requires computing the marginal distribution and joint distribution for behavioral indices of 246 
both mice in a pair. This distribution was calculated using a histogram count after discretizing mouse pair 247 
behaviors each into 20 bins. The product between the joint probability and the log-ratio of the marginal and joint 248 
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probabilities was calculated for all possible values, and their summation indicates the amount of mutual 249 
information shared in bits. This same procedure was completed for pseudo pairs of mice for each behavior.  250 

 251 

Approach-avoidance score 252 

To calculate the continuous approach-avoidance score for each assay, the distance from safety was calculated 253 
as the distance from the safe wall and normalized such that it ranged from 0 to 1, as described in prior work 254 
(Reis et al., 2021). A binarized direction value was also assigned to each timepoint, indicating if the mouse was 255 
moving toward (+1) or away from (−1) the threat. To incorporate categorized behaviors, the approach-avoidance 256 
score for freeze samples equaled the minimum score of −1.  257 

 258 

To calculate the score at each timepoint: 259 

 260 

Score while approaching threat: approach-avoidance score = distance to safety × direction 261 

 262 

Score while avoiding threat: approach-avoidance score = [1−distance to safety] × direction 263 

 264 

Perfusion and histological verification  265 

Mice were anesthetized with Fatal-Plus and transcardially perfused with phosphate-buffered saline followed by 266 
a solution of 4% paraformaldehyde. Extracted brains were stored for 12 hr at 4°C in 4% paraformaldehyde. 267 
Brains were then placed in sucrose for a minimum of 24 hr. Brains were sectioned in the coronal plane in a 268 
cryostat, washed in phosphate-buffered saline, and mounted on glass slides using PVA-DABCO. Images were 269 
acquired using a Keyence BZ-X fluorescence microscope with a 10 or 20× air objective. 270 

 271 

Miniscope post-processing 272 

Calcium imaging videos were processed using the open-source MiniAn package for Python 273 
(https://github.com/denisecailab/minian), which includes motion correction, background subtraction, and spatial 274 
footprint and temporal calcium calculations using constrained non-negative matrix factorization. Parameters 275 
were consistent across all mice, and each extracted cell was manually confirmed prior to conversion to a 276 
MATLAB-readable format for subsequent analysis. 277 

 278 

z-Scoring and high-frequency noise removal 279 

Cell activity was z-scored prior to being used in any analysis. A Gaussian kernel was convolved with each neural 280 
trace to attenuate high-frequency noise while preserving real calcium dynamics. The kernel is given by: 281 

𝐺[𝑘]  ∝  𝑒𝑥𝑝(−
𝑘2

2𝜎2
), 282 

for 𝒌 =  −𝑴, . . . , 𝑴, where 𝑀 defines half of the kernel width. The standard deviation σ was defined as: 283 

 284 
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𝜎 =  
𝑓𝑠

2𝜋𝑓𝑐𝑢𝑡𝑜𝑓𝑓
, 285 

where 𝑓𝑠 is the sampling rate and 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 is the cutoff frequency. The kernel was normalized to sum to 1 to 286 

preserve signal amplitude before convolution with the fluorescence trace.  287 

 288 

Ridge regression decoder using raw (non-residualized) data 289 

To evaluate whether population-level calcium imaging traces encode behavioral states, we implemented a linear 290 
decoding pipeline using ridge regression. Raw GCaMP fluorescence traces were converted into inferred spike 291 
rates using an autoregressive AR(1) model to correct for indicator decay dynamics. Behavioral target variables 292 
to be decoded were self freezing (S-freeze), conspecific freeze (C-freeze), and freeze of individual mice #s 2, 3, 293 
and 4. To prevent bias from unbalanced behavioral states, target distributions were balanced via stratified 294 
binning into equal intervals. Decoders were trained and evaluated using 5-fold cross-validation. To prevent 295 
temporal autocorrelation artifacts inherent to calcium imaging data, a 150-sample (10 seconds) buffer gap was 296 
enforced between the training and testing sets. We used nested cross-validation to choose the regularization 297 
factor lambda. Hyperparameter optimization for ridge regularization (lambda) was performed via an inner 3-fold 298 
cross-validation loop embedded within each outer training fold. Candidate lambda values were tested across a 299 
base 10 logarithmic range from 10-3 to 105 (9 values total). The optimal lambda for each outer fold was selected 300 
as the value that minimized the mean squared error (MSE) averaged across the inner validation folds. The final 301 
model was then trained on the full outer training set using the selected lambda and evaluated on the held-out 302 
test set. Decoder performance was quantified using the Pearson correlation coefficient (r) between observed 303 
and predicted behavioral traces in the testing dataset.To confirm that decoding performance reflected true time-304 
locked neural representation rather than general temporal structure or slow baseline drifts, we performed circular 305 
shifting. To calculate confidence intervals for each mouse's decoding performance, the Pearson correlation 306 
coefficients obtained across the 5 cross-validation folds were used. For each mouse, the mean correlation and 307 
its standard error of the mean (SEM) were computed from the fold-level correlation values. The 95% confidence 308 
intervals were then calculated using a normal approximation, defined as 1.96 x SEM. This same decoder was 309 
also used to predict mouse freeze using rat behavior as predictors (rat x position, rat velocity, rat acceleration, 310 
distance between rat headbase and tailbase, and rat approach). 311 

 312 

GLM with rat behavior as predictors for mouse freeze 313 

To investigate the relation between rat behavior and mouse freezing, we constructed one GLM per grouped 314 
mouse recording session using rat behavior as a predictor for freezing. The predictors used were angle between 315 
the rat head and mouse, rat x position, rat velocity, rat acceleration, distance between rat headbase and tailbase, 316 
and rat approach. A rat approach event was registered when a mouse met all of the following conditions relative 317 
to the rat's head: (1) proximity within 15 cm, (2) rat head-mouse body center angle < 20 degrees, (3) a forward 318 
approach rat velocity of at least 5 cm/sec projected toward the target mouse, and (4) a spatial distance reduction 319 
of at least 3 cm over a lookback window of 5 frames. If multiple mice satisfied these criteria simultaneously, the 320 
closest target was selected. Rat approaches were required to persist for a minimum duration of eight frames. A 321 
rat approach event was terminated if the rat-to-mouse distance exceeded 1.5 times the proximity threshold or if 322 
heading alignment deviated beyond 30 degrees (1.5 times the angle threshold) following the minimum duration. 323 
Two approaches could only be scored if they were at least 1 second apart from each other. 324 

Ridge regression using residualized neural activity and residualized C-freeze  325 

To test whether neural calcium imaging data encodes conspecific freezing (C-freeze) independently of spatial 326 
and motor confounds, we implemented a regularized GLM decoding pipeline with blocked cross-validation. 327 
Because freezing may be affected by physical movement, spatial positions, and social interactions, we 328 
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constructed a comprehensive matrix containing numerous behavioral and kinematic covariates (23 variables in 329 
total). These included: individual velocities and x and y positions for all mice and the rat, distance between the 330 
miniscope implanted mouse and the rat, rat acceleration, miniscope-implanted mouse acceleration, two vectors 331 
containing binary score of receiving or performing social investigations, angle between the miniscope-implanted 332 
mouse’s head and the rat’s body, angle between the rat’s head and the miniscope mouse. To isolate the unique 333 
neural representation of conspecific freezing, multiple linear regression was used to regress out (residualize) the 334 
effects of these covariates from both the target behavior (C-freeze) and the neural fluorescence traces. The 335 
resulting residualized C-freeze and residualized neural data were utilized for all subsequent decoding analyses. 336 
These residualized data have been stripped of influences from the 23 behavioral covariates listed above. Since 337 
we used residualized neural activity to decode residualized C-freeze, the resulting decoding accuracy cannot be 338 
accounted for by the covariates listed above. To prevent temporal autocorrelation from artificially inflating 339 
decoding performance, data were partitioned into 3 continuous outer folds. A separation gap (5 seconds) was 340 
enforced around the test fold boundaries, completely excluding adjacent training samples to prevent information 341 
leakage between the training and testing sets. For each outer fold, prediction of held-out testing residualized C-342 
freeze was performed using regularized linear regression (via MATLAB's lasso function with alpha = 0.0001, 343 
approximating ridge regression). Features were z-scored within the training set, and the scaling parameters were 344 
applied to the test set. Optimal regularization parameters (lambda) were determined in each outer fold via internal 345 
5-inner fold cross-validation by selecting the lambda that minimized the mean squared error across a log-spaced 346 
grid of 50 custom lambda values ranging from 10-5 to 10-1. Decoding accuracy for each outer fold was quantified 347 
using the Pearson correlation coefficient (r) between the observed and predicted residualized C-freeze. 348 

To evaluate the statistical significance of the decoding performance, real decoding accuracy was compared 349 
against two baseline null models. To implement a block shuffled null model C-freeze was segmented into 350 
contiguous blocks of 200 samples and randomly permuted. This preserves local temporal structure while 351 
destroying time-locking with the neural data.To implement circular shift shuffle C-freeze was circular shifted in 352 
time by a random offset larger than 100 samples over multiple iterations. Decoding performance with the original 353 
data was compared to these shuffled controls to determine if decoding was higher than chance. 354 

Generalized linear model (GLM) using behavior as predictors for df/F 355 

To classify cells as being self or conspecific freeze-responsive, a GLM was fit for each cell. Each GLM mapped 356 
behavior variables to the cell’s calcium activity. In total, there were eight behavior variables used: rat position, 357 
rat speed, mean conspecific centroid x-position, mean conspecific speed, mean conspecific freezing, self mouse 358 
centroid x-position, self mouse speed, and self mouse freezing. ‘Self’ variables indicate the imaged mouse, while 359 
‘conspecific’ variables indicate the average (mean) of the three other mice within the same session. All predictor 360 
variables were z-scored, and no other processing was done prior to using them in the GLM. Behavior variables 361 
were then modeled to produce the cell’s calcium fluorescence as: 362 

 363 

𝑦 =  𝛽1𝑥1  + 𝛽2𝑥2+ . . . +𝛽𝑚𝑥𝑚  +  𝑐  364 

 365 

where βi is the coefficient for the ith behavior variable. The Matlab function glmfit was used for this and all other 366 
GLMs. These predictors and procedures were used for all GLMs to fit neural data.  367 

Encoding of C-freeze Bout-Length  368 

Raw calcium fluorescence traces from individual neurons were deconvolved into inferred spike rates or events 369 
at 15 Hz using autoregressive AR(1) temporal filtering. C-freeze bouts were separated into those longer or 370 
shorter than 1.0 second. Bouts longer than 1.0 second were excluded from the training data. The remaining 371 
timepoints, containing C-freeze=0 or =1, were used to fit a separate GLM on each individual neuron. GLM 372 
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predictors were rat velocity, self x position, mean conspecific x position, S-freeze and C-freeze. All predictors 373 
were z-scored. Neurons were classified as C-freeze-activated (C-freeze+) or C-freeze-inhibited (C-freeze-) 374 
based on significant GLM regression coefficients (p<0.05) corresponding to C-freeze. To evaluate neural 375 
encoding properties independent of the training set, only the long social freezing bouts (bouts longer than 1.0 376 
second) were subsequently analyzed. For each classified cell, we calculated the Pearson correlation between 377 
average activity in long bouts (longer than 1 sec) against the duration of these long bouts. The correlations of all 378 
C-freeze+ cells in a mouse were averaged. The same was done for C-freeze- cells from a given mouse. To test 379 
whether population-level correlation coefficients deviated significantly from zero across recording sessions while 380 
properly accounting for hierarchical session-to-session variance, Linear Mixed-Effects Models (LMM) were fitted 381 
using restricted maximum likelihood estimation. Specifically, session-aggregated mean correlation coefficients 382 
were modeled against an intercept with mouse ID as a random intercept.  383 

Encoding of number of conspecifics freezing 384 

To identify neural populations encoding the number of conspecifics freezing, for each neuron a GLM was trained 385 
using data restricted strictly to timepoints where zero or one other conspecific mouse was freezing. Samples 386 
with more than 1 conspecific freezing were excluded. The GLM predictors were: rat speed, S-speed, C-speed, 387 
C-x position, S-x position, S-freeze and C-freeze. 388 

Neurons were classified into functional populations based on significant GLM regression coefficients (p < 0.05). 389 
Cells were classified as C-freeze+ if they had a positive GLM weight for C-freeze, with p<0.05 for that weight, 390 
and higher activity during one mouse freezing compared to zero mice freezing. Conversely, C-freeze- cells had 391 
a negative GLM coefficient and lower mean activity during one mouse freezing than 0 mice freezing.  392 

Following classification, neural activity of the classified cells was averaged across all cells within each recording 393 
session for zero, one, and two freezing conspecific conditions. To test for significant population-level differences 394 
specifically between the one-mouse and two-mouse freezing conditions while properly accounting for session-395 
to-session baseline variability, Linear Mixed-Effects Models (LMM) were fitted using restricted maximum 396 
likelihood estimation, modeling session-averaged activity against condition with recording session included as a 397 
random intercept.  398 

Shuffled df/F 399 

Cell activity was shuffled by circular shifting by a randomly chosen value between 1500 and 6000 samples using 400 
the Matlab function circshift.  401 

 402 

Statistical analyses 403 

For all main behavioral analysis in grouped mice conditions, effects were first averaged across mice in a single 404 
session and then averaged across sessions. Thus, the group, or session, was considered the independent 405 
sample. Similarly, for neural data analysis, effects were first average across cells in one mouse and then 406 
averaged across mice. Nonparametric Wilcoxon rank-sum tests were used, unless otherwise stated. Welch’s t-407 
test with unequal variances is considered a better option than the rank sum test when comparing two groups 408 
with large differences in sample size (Krzywinski and Altman, 2014). We thus used Welch’s t-test with unequal 409 
variances across groups when comparing single mouse rat sessions with grouped mouse rat sessions (n=24 410 
single sessions and n=9 grouped sessions, respectively). Two-tailed tests were used with ɑ = 0.05. Standard 411 
error of the mean was plotted in each figure as an estimate of variation of the mean. Correlations were calculated 412 
using Pearson’s method. All statistical analyses were completed with custom MATLAB scripts. Unless otherwise 413 
stated, all data is represented as mean ± SEM. See complete statistical information for all main figures inTable 414 
S1. 415 
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 416 

Data, Materials, and Software Availability 417 

The Matlab code and miniscope data are available at https://doi.org/10.5061/dryad.wdbrv164n 418 

 419 

Results 420 

Mice show social buffering of freezing during exposure to a live predator 421 

In order to investigate social buffering of freezing in mice, we exposed both grouped (4 cage mates) and single 422 
mice to a live predatory rat (Fig. 1a), and used markerless pose estimation to score behavior in both cohorts 423 
(Fig. 1b). Both single and grouped mice showed avoidance of the rat (Fig. 1c). Further behavioral analysis 424 
showed that the scored behaviors (escape, approach, stretch-attend postures and freeze) formed clusters in a 425 
low dimensional space (Fig. 1d), indicating these actions have consistent pose and kinematic differences. 426 
Relative to single mice, grouped mice showed reduced freezing (Fig. 1e) (% time freezing for single mice is 427 
11.99 ± 1.39 and for grouped mice it is 6.95 ± 0.6; Ranksum p=0.002), suggesting social buffering of freezing. 428 
These two groups did not significantly differ in other metrics, such as percent time facing the rat, number of 429 
escapes, distance to the rat, number of approaches or rears (Fig. 1g-n) (Ranksum test p > 0.05). These results 430 
were observed for both sexes (Fig. S1). For this, and all other assays, mice of both sexes were used, and all 431 
mice were grouped housed, including mice that were presented with threat alone. Importantly freezing and 432 
avoidance were significantly higher during exposure to the rat compared to a toy rat, indicating the live predator 433 
was inducing threat-induced actions in mice (Fig. S2c-d). Additionally, exposure to the toy rat did not desensitize 434 
mice to the live rat (Fig. S2e-f). The same mice were first exposed once to the toy rat, and once to the live rat, 435 
for both single and grouped mice.  436 

 437 

We sought to determine if the lower amount of freezing seen in grouped mice was due to freezing bouts being 438 
interrupted or prematurely ended by the freezing mouse being socially investigated (SI) by conspecifics (Fig. 439 
2a). SI occurrence was suppressed during freezing, showing that conspecifics perform less SI to a freezing 440 
mouse (Fig. 2b-c). Furthermore, the majority of freezing bouts did not contain any SIs within a 1 second window 441 
centered at freeze bout offsets (Fig. 2e, left panel). The presence or absence of SI near freeze offset did not 442 
alter freeze bout duration (Fig. 2e, right panel) (freezing bout with SI duration was 1.81 ± 0.13 and bout duration 443 
for No SI bouts was 1.71 ± 0.06, Signrank p=0.86). This result suggests that freeze bouts were not being 444 
prematurely ended by SIs (Fig. 2d-e). Furthermore, the correlation between SI and freezing was modest (r=-445 
0.03 ± 0.01 (mean ± SEM)) (Fig. 2f-g), consistent with our result showing that the majority of freezing happens 446 
during time periods without SI (Fig. 2e). To rule out the possibility that simple proximity to conspecifics reduces 447 
freezing, we partitioned freeze bouts based on whether the freezing mouse was near (<10 cm) or far (>10 cm) 448 
from the closest conspecific at the freeze bout offset (Fig 2h). There was no statistically significant difference in 449 
the duration of freeze bouts (Fig. 2i) (freezing bout duration near and far from other mice was, respectively, 1.61 450 
± 0.06 and 1.82 ± 0.1, Signrank p=0.14). Additionally, there was no significant correlation between freeze bout 451 
duration and distance from the closest mouse at freeze offset (Fig. 2j-l). These results confirm that the reduced 452 
freezing observed in grouped mice is not a consequence of investigation or conspecific proximity artificially 453 
terminating freezes. Social buffering of freezing was also not caused by other mice blocking visual detection of 454 
the rat, as freezing levels were not significantly different when comparing timepoints with and without visual 455 
occlusion (Signrank test p=0.45) (Fig. S3). 456 

 457 

Freezing is synchronized across conspecifics 458 
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We next investigated if freezing behaviors were synchronized in grouped mice. To calculate freezing synchrony, 459 
we added the binary freeze traces from the four mice during rat exposure (Fig. 3a-b). Some timepoints showed 460 
coincident freeze occurrences, where more than 1 mouse was freezing (Fig. 3b, red). We next calculated 461 
synchronized freezing as the percentage of timepoints with freezing that had more than 1 mouse freezing (29% 462 
in the example in Fig. 3b). We then repeated the procedure after circular shuffling to obtain a null distribution. In 463 
the example circular shuffle shown in Fig. 3d, only 13% of synchronized freezing was observed. The observed 464 
synchronized freezing (red arrowhead in Fig. 3e) was then compared to a distribution created by 1000 circular 465 
shuffles (Fig. 3e, grey). All rat sessions showed synchronized freezing above the 95th percentile of the circular 466 
shuffle (Fig. 3f-h). Freezing synchrony was higher in observed data than in the 95th percentile of the circular 467 
shuffle (Fig. 3g) (observed synchrony was 22.77 ± 1.83 and 95th percentile shuffle synchrony was 14.96 ± 1.0, 468 
Wilcoxon test p=0.0039). In contrast, escape and approach behaviors did not consistently display 469 
synchronization higher than the 95th percentile of the null distribution (Fig. 3j,l). To validate behavioral synchrony 470 
with another approach, we calculated the average pairwise correlations and mutual information between freeze 471 
traces and compared them to a null distribution generated by circular shuffle. These approaches also revealed 472 
higher synchrony than chance for freezing, but not other behaviors (Fig. S4).  473 

 474 

These data show that cagemate conspecifics show higher than chance freezing synchrony. Interestingly, social 475 
buffering of freezing and freezing synchrony was also observed when unfamiliar groups of mice were exposed 476 
to a live rat (Fig. S5), demonstrating these effects are independent of prior familiarity.  477 

 478 

It is noteworthy that changes in rat behaviors are shared by mice in the same session. It is thus possible that 479 
mouse freezing synchrony occurred not due to social information, but instead were elicited by synchronous 480 
exposure to the same rat actions, which in turn induced freezing synchrony. Rats mostly laid approximately 481 
perpendicularly oriented to mice (rat head to mouse angle = 86.0 ± 6.51 degrees) (Fig. 4a). Additionally, as rats 482 
were constrained by a leash, they showed restricted movements (Fig. 4b-c), and low speed (Fig. 4d). Rat 483 
kinematics also were not found to be significantly correlated with freezing (Fig. 4e). Freezing was also not 484 
significantly different in periods of high or low rat speeds (Fig. 4f) (% time freezing when rat speed was < 5 cm/s 485 
and > 5 cm/s was respectively 6.97 ± 0.61 and 8.72 ± 1.94; Signrank test p=0.30). Similarly, freezing was not 486 
significantly different when the rat was facing toward or away from mice (Fig. 4g) (% time freezing when rat was 487 
not and was facing the mouse was respectively 7.05 ± 0.63 and 6.40 ± 0.89). Furthermore, none of the variables 488 
in a GLM using rat behavioral predictors had a distribution of weights that was significantly different from zero 489 
(Fig. 4h). Additionally, we could not decode freezing above chance using rat behaviors as predictors (Fig. 4k). 490 
Taken together, we did not find evidence indicating that rat behavior strongly affected freezing, suggesting it is 491 
unlikely that rat behavior produced synchronous freezing in grouped mice. Additionally, we did not detect 492 
differences in rat behavior between grouped and single sessions that could potentially drive synchronized 493 
freezing (Fig. 4l). 494 

 495 

Though we failed to find results suggesting that rat behavior affected freezing, it is possible that unmeasured 496 
variables, such as changes in rat smell or vocalizations may synchronize freezing. To address this confound, we 497 
exposed mice to a non-dynamic, static shock grid (Fig. 5a). Mice were exposed only once to the shock grid. 498 
Social buffering of freezing was also observed in the shock grid assay (Fig. 5c). Additionally, escape velocity 499 
was higher in single mice (Fig. 5d). Single and grouped conditions did not differ significantly in # of stretches, # 500 
of escapes, # of approaches or distance from the shock grid (Fig. 5e-h). In the shock assay, there was no 501 
significant difference in freeze bout duration associated with the freezing mouse being socially investigated (Fig. 502 
5j). These findings are similar to the results seen in the rat assay (Fig. 2e,i), and suggest that the observed 503 
decrease in freezing in grouped mice is not artifactually induced by other mice prematurely ending freeze bouts 504 
of the freezing mouse. Mice also displayed significantly higher freezing correlation and showed higher % of 505 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

synchronized freezing than expected by chance (Fig. 5m-n). Additionally, freezing did not differ in non-shocked 506 
mice during shock delivery (Fig. 5o-p). 507 

 508 

mPFC ensembles represent conspecific freezing 509 

The presence of freezing synchrony (Fig. 3h) suggests that mice have a neural representation of conspecific 510 
freezing. We reasoned that the mPFC may encode this variable because this structure controls freezing (Morgan 511 
and LeDoux, 1995; Burgos-Robles et al., 2009) and also represents social information (Bicks et al., 2015; Chavez 512 
and Heatherton, 2015; Demolliens et al., 2017). To analyze how mPFC activity encodes conspecific freezing, 513 
we obtained GCaMP6f-expressing excitatory CamK2α cell activity recordings from the dorsal mPFC of one 514 
mouse from each group (Fig. 6a-b) (see histology in Fig. S6a). This was achieved by implanting miniature head-515 
mounted microscopes (miniscopes) above the mPFC of one mouse during rat exposure (Fig. 6d). We hereafter 516 
refer to freezing by the miniscope-implanted mouse as self-freezing (S-freeze), and we named the average 517 
conspecific freezing of the other three mice as conspecific freezing (C-freeze) (Fig. 6e). We show that a ridge 518 
regression decoder can predict C-freeze in non-overlapping testing data (Fig. 6f-i), indicating that mPFC cells 519 
represent freezing in conspecifics (Observed Mean decoding accuracy r: 0.31 ± 0.04 and Shuffled Mean: 0.013 520 
± 0.03; Wilcoxon Signrank Test p=0.03) (Fig. 6i). It is noteworthy that C-freeze may be related to and influenced 521 
by various behavioral and kinematic variables, such as mouse position and rat velocity, among others. It is thus 522 
possible that mPFC encoding of C-freeze (Fig. 6i) may be due to neural activity representing not C-freeze, but 523 
covariates that are related to C-freeze. To account for this possibility, we regressed out a large collection of 524 
covariates from both C-freeze and neural data, obtaining residualized versions of C-freeze and mPFC activity. 525 
In total, 23 covariates were regressed out, including S-freeze, the velocities, x and y positions of all four mice 526 
and the rat, rat and mouse head direction and acceleration, among other covariates (see “Methods”). This 527 
procedure generated df/F and C-freeze with these covariates regressed out (i.e., residualized versions of df/F 528 
and C-freeze). We then used a ridge regression decoder to decode residualized C-freeze using residualized 529 
df/F. Example traces of measured and predicted residualized C-freeze suggest the decoder performed well (Fig. 530 
6j). Importantly, the regularization parameter lambda was selected within each fold (Fig. 6k) to prevent overfitting 531 
of the training data and optimize generalization. Decoder accuracy was above chance relative to both block 532 
shuffled data and circular shuffled data (Signrank p=0.031) (Fig. 6m), showing that the mPFC encoded C-freeze 533 
even after regressing out S-freeze and numerous other covariates. Furthermore, decoder performance did not 534 
become significantly impaired when using only timepoints without self-freeze (S-freeze=0) (Fig. S6b). 535 
Interestingly, cells could decode the freezing of individual conspecifics, and thus are not only representing 536 
aggregate conspecific freezing (Fig. S6b). Taken together, these data suggest that mPFC ensembles can 537 
represent conspecific freezing (C-freeze). Importantly, we did not find significant behavioral differences in mice 538 
with miniscopes compared with other mice (Fig. S7). Additionally, groups in which neural recordings were 539 
obtained did not display significantly different behaviors from un-surgerized groups (Fig. S7). These comparisons 540 
suggest that there were no overt behavioral differences in sessions with miniscope-implanted mice that may 541 
confound the analysis of results of the neural data.  542 

 543 

Conspecific and self-freezing are encoded differentially in the mPFC 544 

We next investigated whether mPFC ensembles represent C-freeze and S-freeze with differential dynamics. 545 
Indeed, the activity of a representative cell was positively correlated with C-freeze and negatively correlated with 546 
S-freeze, suggesting that these two variables may be differentially encoded (Fig. 7a-b). To further investigate 547 
how mPFC cells represented kinematic and behavioral variables, we performed a GLM on each cell (Fig. 7c-e). 548 
For a representative mouse, we show the correlation of C-freeze GLM weights for each cell with the correlation 549 
of that cell’s df/F with various features, including S-freeze GLM weight (Fig. 7f), C-freeze (Fig. 7g), S-freeze 550 
(Fig. 7h), walking speed (Fig. 7i) and x position (Fig. 7j). In this example mouse, C-freeze GLM weight only 551 
showed a strong correlation with the correlation of df/F and C-freeze (Fig. 7g). In average, C-freeze and S-freeze 552 
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GLM weights were not significantly correlated, suggesting differential representation of conspecific and self-553 
freezing (mean Pearson correlation of C-freeze and S-freeze GLM weights was 0.02 ± 0.10) (Fig. 7k). C-freeze 554 
GLM weights were correlated with the correlation of each cell’s neural activity and C-freeze, validating the C-555 
freeze GLM weights (Fig 7k) (“C” is used as an abbreviation for “conspecifics” in all these variable names. For 556 
example, C-speed is the average speed of the three conspecifics). These results indicate differential encoding 557 
of C-freeze from S-freeze, as the GLM weights for these variables were not significantly correlated (Fig. 7k). 558 

 559 

Neural representation of the number of conspecifics freezing 560 

We next investigated if mPFC activity represented the number of conspecifics freezing and the length of C-freeze 561 
bouts, as shown by a representative cell (Fig. 8a-c). To determine if the population of cells encoded the number 562 
of conspecifics freezing, we performed a GLM (GLM1) on each cell using the same predictors as before in (Fig. 563 
7), but this time excluding all time points with more than one conspecific mouse freezing (light blue, in Fig. 8e). 564 
The cells classified as activated by C-freeze (C-freeze+) with GLM1 were selected based on activation to one 565 
conspecific freezing compared to no (zero) conspecific freezing. Remarkably, these C-freeze+ cells displayed 566 
higher activation when 2 conspecifics were freezing compared to 1 (observed modulation was 0.13 ± 0.05 and 567 
shuffle data modulation was 0.01 ± 0.0, Significance was determined using a linear mixed-effects model 568 
comparing 1 versus 2 mice freezing with session as a random effect p = 0.019) (Fig. 8f, h). This higher activation 569 
of C-freeze+ cells in bouts with 2 conspecifics freezing was found even though samples with two conspecifics 570 
freezing were excluded from the model used to classify them as C-freeze+ cells. In contrast, C-freeze- cells did 571 
not show increased modulation when two mice were freezing compared to one mouse freezing (Fig. 8h). These 572 
data indicate that C-freeze+ cells monotonically scale neural activity with the number of conspecifics freezing.  573 

 574 

Next, we investigated if cells encoded the duration of C-freeze bouts. To do so, we performed a second GLM 575 
(GLM2) for each cell using the same predictors as before, but excluding all C-freeze bouts longer than 1 second 576 
(light green in Fig. 8j). Thus, C-freeze+ and C-freeze- cells were now classified only using short C-freeze bout 577 
lengths. The activity of these cells was then correlated with bout lengths using only bouts longer than 1 second. 578 
We observed that C-freeze+ and C-freeze- cells classified using only short bout lengths showed significantly 579 
positive and negative correlations with bouts longer than 1 second (Fig. 8l), suggesting mPFC ensembles 580 
encode C-freeze bout length. Importantly, neither the representation of number of conspecifics freezing nor C-581 
freeze bout length was seen using cells classified as C-freeze+ after circular shifting (Linear Mixed-Effects Model, 582 
Wald t-test, p=0.018 and p=0.022 for C-freeze+ and C-freeze- cells, respectively) (gray bars in Fig. 8h, l). These 583 
data show mPFC cells encode the duration of conspecific freezing bouts, as well as the number of conspecifics 584 
freezing. 585 

 586 

Discussion 587 

We investigated how conspecific freezing is represented by the medial prefrontal cortex (mPFC) using a novel 588 
multi-animal assay that recruits four mice facing threats. We show that mice tend to freeze synchronously ans 589 
that the mPFC dynamically represents conspecific freezing, including features such as the number of 590 
conspecifics freezing. 591 

 592 

Freezing synchrony and social buffering of freezing occur in grouped mice  593 

We show that the presence of conspecifics suppresses freezing. This social buffering of freezing was not an 594 
artifact of either social investigation by other mice or of proximity to other mice, in agreement with reports showing 595 
that the presence of conspecifics can attenuate threat-induced behaviors (Kiyokawa et al., 2014; Mulej Bratec 596 
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et al., 2020; Qi et al., 2020). Additionally, freezing buffering and synchrony were present in unfamiliar mice, 597 
showing that these effects do not require prior familiarity.  598 

 599 

Reduced freezing and social buffering of freezing was seen during both rat and shock grid assays. This 600 
replication is important because it shows the effects are generalizable across two distinct threat-inducing 601 
situations. The live predator induces innate responses, while the shock grid elicits freezing due to associative 602 
learning. Consequently, these two assays depend on unique neural circuitry (Fanselow, 2010; Silva et al., 2013; 603 
Tobias et al., 2023). Additionally, the assays have different features, as relative to the shock grid, the rat assay 604 
is more naturalistic, but less well-controlled, due to the rat’s behavior.  605 

 606 

We did not detect any significant correlations between the rat’s behavior on mouse freezing (Fig. 4h,k). We also 607 
did not detect any significant differences between the rat’s behavior across single and group mice conditions 608 
that may have suppressed freezing in grouped mice (Fig. 4l). It is important to emphasize that the rat did not 609 
attempt to aggressively attack or eat mice, and it spent most of the time facing in a direction approximately 610 
perpendicular to the mice (Fig. 4b), displaying relatively low speed (Fig. 4d). The freezing displayed by the 611 
mouse was thus not induced by aggressive rat attacks, and was instead most likely caused by the presence of 612 
a large foreign animal combined with the presence of predator odor, which is a stimulus known to cause freezing 613 
even in the absence of a predator (Wallace and Rosen, 2000; Otsuka, 2017). 614 

 615 

mPFC neurons encode conspecific freezing 616 

The mPFC is well-positioned to represent social and freezing conspecific information considering its extensive 617 
connections with brain areas that regulate social behaviors (Choi et al., 2024) and emotional valence (Park et 618 
al., 2018; Chen et al., 2022). Excitatory mPFC projections to the basolateral amygdala regulate social novelty 619 
preference (Liu et al., 2025), and optogenetic excitation of mPFC-projecting cells in the basolateral amygdala 620 
increases anxiety (Gutzeit et al., 2020). Additionally, reciprocal connections between the mPFC and the thalamic 621 
nucleus reuniens are necessary for conspecific recognition (Chen et al., 2024), and inputs from the ventral 622 
hippocampus to mPFC support social memory (Wang et al., 2025). When compared to the nucleus reuniens and 623 
ventral hippocampus, mPFC neurons consistently display more stable encoding of social information. Lastly, 624 
individual populations of mPFC neurons encode competitive actions of a partner during social dominance 625 
(Kingsbury et al., 2019), suggesting this region has a key role in representing conspecific actions. We add to this 626 
growing body of work, finding that mPFC cell activity encodes conspecific freezing. Furthermore, cells encoded 627 
the number of conspecifics freezing, providing a potential mechanism for the observation that group size 628 
modulates social buffering of freezing (Kiyokawa et al., 2018; Tedeschi et al., 2021).  629 

 630 

These results support the view that the mPFC may potentially act as a multisensory integrator that underlies 631 
behavioral adaptations when responding to environmental cues. Conspecific freezing in threatening contexts 632 
represents a complex signal that contains both social and freezing information. The mPFC may use conspecific 633 
freezing information to regulate self-freezing, potentially by recruiting downstream structures necessary for 634 
inducing freezing, such as the amygdala (Garcia et al., 1999; McGarry and Carter, 2017) and periaqueductal 635 
gray (Rozeske et al., 2018; Skog et al., 2024).  636 

 637 

In summary, our study reveals a unique function of the mPFC to represent conspecific freezing in a manner that 638 
follows the synchronous freezing of group members. By designing a novel assay and performing single-cell 639 
analyses of mPFC neurons, we show that cells represent conspecific freezing, expanding upon the function of 640 
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the mPFC as a hub that delineates complex internally and externally generated social actions. Though we 641 
observed both social buffering of freezing and freezing synchrony, it is unclear if these effects occur 642 
independently or if they affect each other. Future studies in which these features can be separately manipulated 643 
are needed to test their causal relationship with each other. Future studies may also investigate whether the 644 
encoding of threats is altered in grouped mice compared to single mice, among other interesting questions. 645 
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Figures Legends 792 

 793 

Figure 1. Grouped mice freeze less than single mouse during exposure to predator. (a) Schemes of (top) 794 
single mice assay and (bottom) grouped mouse assay. The rat was restrained by a short lead (shown in red) 795 
attached to the upper enclosure edge and cannot move outside of the colored area. Groups in the grouped rat 796 
exposure assay were composed of four cagemates of the same sex. (b) Kinematic tracking was completed using 797 
multi-animal 2D markerless pose estimation algorithms that track individual mouse and rat body parts for both 798 
(top) single mice and (bottom) grouped mice. (c) Representative heatmaps of mouse centroid positions for both 799 
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(top) single and (bottom) grouped mice. Mice in both cohorts predominantly avoided the area containing the rat 800 
demarcated by the dashed red boundary line. (d) tSNE was done using kinematic (velocity, position, etc) and 801 
pose (distance from taillbase to nose, etc) variables, showing that the main scored behaviors form clusters. (e) 802 
Compared to single mice, grouped mice showed significantly less freezing in the rat assay (t-test; p = 0.002; 803 
*p<0.05, **p<0.01) (f) Top: example mouse exploration track at top. Bottom: distribution of freeze bouts relative 804 
to distance to the rat. In both cohorts, freeze bouts were more frequent far from the rat. There was no difference 805 
between single and grouped mice in time facing rat (t-test; p = 0.26) (g), distance to rat (t-test; p = 0.95) (h), 806 
number of escapes (t-test; p = 0.26) (i), escape velocity (t-test; p = 0.62) (j), number of approaches (t-test; p = 807 
0.24) (k), approach velocity (t-test; p = 0.76) (l), number of stretch attend postures (t-test; p = 0.42) (m) and 808 
number of exploratory rears (n). (d-n) n = 24 single mice, 9 grouped cages (9x4=36 grouped mice in total). Data 809 
are plotted as mean ± SEM. 810 

 811 

Figure 2. Freezing bouts in grouped mice are not being prematurely ended by social interaction. (a) 812 
Scheme showing social investigation (SI) or no social investigation (no SI). SI here is defined as a non-freezing 813 
mouse socially investigating a freezing mouse. (b) Top: probability of social investigation relative to freeze bout 814 
onset. Bottom: probability of social investigation relative to time of freeze bout offset for real pairs of mice in the 815 
rat assay. Note that social investigation by the non-freezing mouse increased after the freeze bout ends, 816 
indicating that being socially investigated was not causing freeze bouts to end. (c) Social investigations were 817 
suppressed during freezing. Wilcoxon signrank test (Wilcoxon Signrank p=0.008). (d) If an SI occurred within a 818 
1 second window centered at freeze bout offset, that bout was designated as an “SI freeze bout” (top), while 819 
instances where SI did not occur within this window were “no SI freeze bouts” (bottom). (e) Left: The majority of 820 
freeze bouts did not have SI in a 1 second window centered at freeze bout offset (Wilcoxon Signrank p=0.0004). 821 
Right: Bouts with SI within 1 second around bout offset were the same average length to no SI bouts, indicating 822 
that the presence of social interactions was not prematurely ending freeze bouts (Wilcoxon Signrank p=0.86). 823 
(f) Example plot showing freezing and social investigation (SI) binary indices. (g) Correlation between SI and 824 
freezing across mice (Wilcoxon signrank test, p=0.004). (h) Scheme showing classifications of being near or far 825 
from the closest mouse (<10 cm or >10 cm distance between mice body centers, respectively). (i) Freeze bout 826 
durations did not differ in bouts in which mice are near or far from the closest other mouse (Wilcoxon Signrank 827 
p=0.14). (j) Left: Example scatter plot showing no correlation between freeze bout length and proximity to other 828 
mice (each point represents a freeze bout, pooling bouts across all mice). Right: There was no correlation 829 
between duration of freeze bout length and proximity to other mice (Wilcoxon Signrank p=0.57). (k) Example 830 
scatter plot showing lack of correlation between freeze bout length and proximity to the closest other mouse 831 
(each point is a freeze bout from a single example mouse). (l) There was no correlation between freeze bout 832 
duration and distance to the nearest mouse (Wilcoxon Signrank p=0.78). (a-l) n = 9 grouped cages (9x4=36 833 
grouped mice in total). Data are plotted as mean ± SEM. 834 

 835 

Figure 3. Mice show synchronized freezing during exposure to a live rat. (a) Representative freezing traces 836 
of four grouped mice during the rat assay. (b) Sum of the four example traces in (a). Samples with more than 837 
one mouse freezing are plotted in red and samples with 1 mouse freezing are shown in blue. Synchronized 838 
freezing was quantified as the % of freezing samples in which more than one mouse is freezing (synch. 839 
freeze=100*(# of red timepoints / # of total timepoints with freeze>0). In this example, 29% of the freeze samples 840 
displayed synchronized freeze. (c) Example circular shuffle of the four traces shown in (a). (d) Plot of the sum 841 
of the circular shifted shuffled traces. In this example circular shuffle for the same data shown in (a-b), the amount 842 
of synchronous freeze was 13%. Note that circular shuffling decreased synchronized freezing. (e) Distribution of 843 
% synchronized freezing obtained after multiple circular shuffles of the data in (a) are shown in grey. The red 844 
arrowhead indicates synchronous freezing calculated in the observed, un-shuffled real data. (f) Bar plot showing 845 
for each session, the percentile for the circular shuffle that was seen for the observed (unshuffled) data. For all 846 
sessions, the amount of synchronized freezing was above the entire range of the shuffled distribution (p=0.0020, 847 
Wilcoxon Signrank right-tailed test comparing the 95th percentile of the shuffle with the observed synchrony). (g) 848 
Bar plot showing the amount of synchronized freezing seen in the real data (red) and the 95th percentile of the 849 
circular shuffle. (h) Difference in synchronized freezing between the observed data and the 95th percentile of the 850 
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circular shuffle. (g-h, p=0.0039, Wilcoxon Signrank test). (i-j) Same as (e-f), but for escape behavior (j, p=0.99, 851 
right tailed Wilcoxon Signrank test). (k-l) Same as (e-f), but for approach (mice voluntarily approaching the rat) 852 
(j,l, p=0.99, right tailed Signrank test). (j,l) Note that the real observed synchronized freezing is not significantly 853 
above the 95th percentile of the circular shuffle for escape and approach behavior. (f,g,h,j,l) (n=9 sessions, 4 854 
mice per session, 36 unique mice in total, exposed to the rat only once). Data are plotted as mean ± SEM. 855 

 856 

Figure 4. Relation between rat behavior and mouse freezing. (a) Example histogram showing distribution of 857 
angles between the head of a rat and the center of a mouse. Zero degrees corresponds to the rat’s head pointedly 858 
directly at the mouse without any angular offset. Ninety degrees corresponds to the rat’s head being oriented 859 
perpendicularly relative to the mouse. (b) Average angle between rat head and mouse (a). (c) Example data 860 
showing that rat movement (red) along the x axis is much more restricted than the mouse (blue). (d) Median rat 861 
speed across sessions (n=9 rats). (e) Correlation of mouse freezing with rat speed (p=0.07 Signrank test) and 862 
acceleration (p=0.1 Signrank test). (f) Freezing was not significantly different during moments with high or low 863 
rat speed (p=0.30, Signrank test). (g) Freezing was not significantly different when the rat was facing the mice 864 
or not (p=0.42, Signrank test). (h) GLMs was performed using rat behavioral features to reconstruct mouse 865 
freezing. None of the measured behaviors had a distribution of weights significantly different from zero (p>0.05, 866 
Signrank test). (i) A decoder using ridge regression and the rat behaviors shown in (h) was used to predict 867 
mouse freezing. Example data showing observed and predicted freezing. Note the poor correspondence 868 
between the two time series. (j) Representative plot showing inner-loop validation mean squared error (MSE) as 869 
a function of candidate penalty values lambda. The decoder was 5-fold cross-validated. Within each of these 5 870 
outer folds, the optimal regularization parameter lambda was chosen as the value yielding the minimum MSE 871 
across a 3-fold inner cross-validation on the training set. (k) Difference between the correlation of observed and 872 
predicted freeze for real and circular shifted shuffled data. Decoding using unshuffled data was not significantly 873 
above chance levels (p=0.13, Signrank test). (l) A wide variety of rat behavioral measures were quantified during 874 
the rat assay for grouped and single mice conditions. None of the plotted measures showed significant 875 
differences across conditions, including angle (t-test p=0.68), x position (t-test p=0.58), velocity (t-test p=0.12), 876 
# of stretches (t-test p=0.07) and # of rat approaches (t-test p=0.18). Angle measures the angle between rat 877 
head and mouse body center. Stretch measures the distance from rat head to tailbase. Rat approaches are 878 
exploratory approaching movements rats made towards mice.(d-h, k,l) n=9 grouped cages (9x4=36 grouped 879 
mice in total). Data are plotted as(d-h, k. l) n=9 grouped cages (9x4=36 grouped mice in total). Data are plotted 880 
as mean ± SEM. 881 

 882 

Figure 5. Grouped mice freeze less than single mice in shock grid contextual conditioning. (a) Scheme 883 
of assay. Mice were placed in a corridor with a shock grid in one end, either with cagemates (grouped) or by 884 
themselves (single). (b) Representative occupancy heatmaps showing that both grouped and single mice 885 
avoided being near the shock grid. Relative to grouped mice, single mice displayed higher freezing (Wilcoxon 886 
Ranksum test, p = 0.043) (c) and escape velocity (Wilcoxon Ranksum test, p = 0.0013) (d). No significant 887 
differences were found in # of stretch-attend postures (Wilcoxon Ranksum test, p=0.09) (e), # of escapes 888 
(Wilcoxon Ranksum test, p=0.57) (f), # of approaches (Wilcoxon Ranksum test, p=0.91) (g), or mean distance 889 
from the shockgrid (Wilcoxon Ranksum test, p=0.89) (h). (i) The majority of grouped mice freezing bouts did not 890 
have social investigation (no SI) occurring within 1 second of freezing bout offsets. SI in this figure indicates a 891 
non-freezing mouse socially investigating a freezing mouse (Wilcoxon Signrank test, p = 0.007). (j) Freeze bout 892 
duration was not different for bouts that did or did not have SI within 1 second of freeze bout offset. (Wilcoxon 893 
Signrank test, p=0.94) (k) Freeze bout durations were similar regardless of whether the closest non-freezing 894 
mouse was near (<10 cm distance between mouse body centers) or far (>10 cm) from the freezing mouse. 895 
(Wilcoxon Signrank test, p=0.81) (l) There was a significant, but very modest, negative correlation between SI 896 
and freeze (r=-0.03 ± 0.01, Wilcoxon Signrank test, p = 0.02). (m) Freezing was more strongly correlated across 897 
mouse pairs compared to circular shuffled data. (n=24 mouse pairs) (Wilcoxon Ranksum test, p= 0.03). (n) 898 
Across sessions, the observed synchronous freezing was higher than that of the 95th percentile of circular 899 
shuffled data (Wilcoxon Signrank test, p=0.039). (o-p) For each delivered shock, a 10-second window 900 
centered at shock onset was determined. Freezing (o) and synchronized freezing (p) by the other 3 901 
non-shocked mice was measured in all other time points (non-shock samples) and during these shock 902 
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delivery windows.. (o, p=0.11, Signrank test, p, p=0.54 Signrank test). (c-p) n=8 shock grid sessions, 4 903 
unique mice per session. Data are plotted as mean ± SEM. 904 

 905 

Figure 6. mPFC encodes conspecific freezing. (a) Representative image showing expression of GCamP6f in 906 
CamK2α glutamatergic cells in the mPFC, along with the track from the implanted GRIN lens used for 907 
miniaturized microscopy. (b) Representative spatial footprints of extracted mPFC cells. (c) Example fluorescence 908 
traces of GCaMP6f-expressing mPFC CamK2α cells. (d) Cage mates were exposed to a predatory rat. One 909 
mouse per cage had an implanted miniaturized microscope to record neural activity of mPFC cells. (e) Self freeze 910 
(S-freeze) is the freezing of the miniscope-implanted mouse. Freezing traces of the other 3 cagemate mice were 911 
averaged to calculate mean conspecific freezing (C-freeze). (f) Representative data shows observed C-freeze 912 
(light brown) overlaid with the reconstructed prediction generated by a ridge regression decoder (blue). The 913 
correspondence between the two time series suggests that mPFC activity encodes C-freeze. (g) Representative 914 
plot showing inner-loop validation mean squared error (MSE) as a function of candidate penalty values lambda. 915 
The decoder was 5-fold cross-validated. Within each of these 5 outer folds, the optimal regularization parameter 916 
lambda was chosen as the value yielding the minimum MSE across a 3-fold inner cross-validation on the training 917 
set. (h) Decoder performance was quantified as the Pearson correlation coefficient (r) between observed and 918 
predicted behavioral values across held-out testing folds. Decoder performance for individual mice showing 95% 919 
confidence intervals. (i) Correlation between real and predicted C-freeze in testing data for decoder using 920 
observed and shuffled data (p=0.03, Wilcoxon Signrank Test). (j-m) To ensure neural activity genuinely encodes 921 
conspecific freezing (C-freeze) rather than correlated kinematics, 23 behavioral covariates (including S-freeze, 922 
position and speed for all mice and the rat, and head direction for the rat, among other features) were regressed 923 
out from both the neural data and C-freeze prior to decoding. A regularized ridge regression decoder was trained 924 
on these regressed out (i.e., residualized) neural traces and residualized C-freeze using a blocked cross-925 
validation scheme and compared against block-shuffled and circular shifted null models. (j) Example traces 926 
showing observed and predicted residualized C-freeze. (k) Example internal fold regularization curve. (l) 927 
Decoder performance for individual mice (mean ± SEM) (m) The decoder performance was significantly higher 928 
compared to block-shuffled or circular shuffled data (*p=0.031, Signrank test). Data is plotted as mean ± SEM. 929 
(n=6 mice in their own grouped rat assay sessions, 653 mPFC cells).  930 

 931 

Figure 7. mPFC uses differential encoding to represent self and conspecific freezing (a) Example cell 932 
showing positive correlation between neural activity and mean conspecific freeze (C-freeze). (b) This same cell’s 933 
activity was negatively correlated with self-freeze (S-freeze) during the rat exposure assay. (b) Example cell 934 
trace (gray) overlaid with its generalized linear model (GLM)-reconstructed activity trace (red). (d) Histogram 935 
showing distribution of correlation of observed df/F and GLM-reconstructed GLM df/F for all cells. (e) Matrix 936 
showing pairwise GLM weight correlations across all variables used in the GLM. Variables starting with “C-” and 937 
“S-” respectively indicate “conspecific” and “self”. For example, “C-x pos.” is the average x position of the 3 938 
conspecific mice, while “S-x pos.” is the x position of the mouse with the miniaturized microscope. (f) Scatterplot 939 
showing that C-freeze and S-freeze GLM weights were not positively correlated in an example mouse. (g) 940 
Scatterplot showing that C-freeze GLM weight was positively correlated to the correlation of cell activity with C-941 
freeze in an example mouse. (h-j) C-freeze GLM weights were not correlated with the correlation of neural activity 942 
and S-freeze (h), C-speed (i), or C-x position (j) in a representative mouse. (k) Average correlation across mice 943 
for the example scatterplots in (f-j) (n=6 mice in their own grouped rat assay sessions, 653 mPFC cells). Data 944 
are plotted as mean ± SEM. 945 

 946 

Figure 8. mPFC cells represent the number of conspecific mice freezing in rat assay. (a) Trace of an 947 
example mPFC cell (green), with mean conspecific freeze (C-freeze) overlaid (blue). (b) Scatterplot showing the 948 
activity of this example cell was positively correlated with C-freeze bout length in rat assay. (c) This example cell 949 
showed higher activity when a larger number of conspecifics was freezing. (d) Distribution of behavioral bouts 950 
with 0, 1 or 2 conspecifics freezing. (e) GLM1 was performed for each cell after excluding time points in which 951 
the number of conspecifics freezing was higher than 1. Cells with significant positive and negative scores were 952 
classified as C-freeze+ and C-freeze-cells. Excluding bouts with more than one conspecific freezing allows 953 
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testing if cells classified as C-freeze+ based on activation during 1 mouse freezing show higher activity when 2 954 
mice were freezing, even though those timepoints were excluded from GLM1 input. This GLM1 was used for the 955 
analysis shown in (f-h). (f) GLM1-classified C-freeze+ activity was higher when 2 mice were freezing compared 956 
to 1 mouse freezing (n=6 mice, 74 C-freeze+ cells, Linear Mixed effects Wald t-test p=0.024). (g) GLM1 C-957 
freeze- cell activity was not significantly different between samples with 1 and 2 mice freezing (n=6 mice, 186 C-958 
freeze- cells, Linear Mixed effects Wald t-test p=0.30). (h) Bar graph showing the difference in neural activity 959 
between 2 and 1 conspecific freezing. A positive number indicates higher activity when 2 conspecifics were 960 
freezing compared to 1 other mouse freezing. GLM1-classified C-freeze+ cell activity was higher when 2 961 
conspecifics were freezing compared to 1 conspecific freezing. Shuffled cells that were classified as C-freeze+ 962 
and C-freeze- cells after circular shifting did not show increased modulation in bouts with 2 conspecifics freezing. 963 
(f-h) Data were evaluated using a Linear Mixed-Effects Model to test for significant differences between 1-mouse 964 
and 2-mouse freezing conditions while considering session ID as a random effect. (n=6 mice, 74 C-freeze+ cells, 965 
186 C-freeze- cells). (i) Distribution of C-freeze bout lengths across all mice. (j) GLM2 was performed for each 966 
cell after excluding C-freeze bouts with duration longer than 1 second. Cells with significant positive and negative 967 
scores were classified as GLM2 C-freeze+ and GLM2 C-freeze- cells. Excluding bouts longer than 1.0 second 968 
allows testing if cells classified as GLM2 C-freeze+ based on activation during short C-freeze bouts show higher 969 
activity during longer bouts, even though those timepoints were excluded from the GLM2 input. GLM2 was used 970 
for the analysis shown in (k-l). (k) Representative cell classified as C-freeze+ after excluding C-freeze bouts 971 
longer than 1.0 second. Scatterplot showing correlation of neural activity of this representative cell with C-freeze 972 
bout length. (l) The activity of cells activated by C-freeze+ and C-freeze- cells was, respectively, positively and 973 
negatively correlated with C-freeze bout length, which was calculated only using bouts longer than 1.0 second. 974 
Shuffled cells that were classified as C-freeze+ and C-freeze- cells after circular shifting did not show correlation 975 
with C-freeze bout length (n=99 C-freeze+ cells, 302 C-freeze- cells, *p<0.05, Linear Mixed-Effects Model, Wald 976 
t-test p=0.018 and 0.022 for C-freeze+ and C-freeze- cells, respectively). (n=6 mice in their own grouped rat 977 
assay sessions, 653 mPFC cells). Data are plotted as mean ± SEM. 978 

 979 

 980 
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