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Chapter 1

General Introduction

*

*

To avoid excessive overlapping with the introduction of the experimental chapters (i.e.,
chapters 2-4), this general introduction (i.e., chapter 1) will concentrate on some
exemplar references while the experimental chapters will be more exhaustive in referring
to the appropriate literature.

CHAPTER 1

Empathy and its components
Empathy, the ability to understand and share others’ feelings, is crucial for a
successful social life. It is also often considered a foundation of compassion and
a motivator of pro-social actions. Dysfunction of empathy can be detrimental to
one’s social life. It has been suggested to be a central characteristic of various
neurological and psychiatric disorders such as schizophrenia1, psychopathy2,3,
and autistic spectrum disorder4,5. Studies on the psychological and the neural
mechanism underlying empathy can greatly enrich the knowledge about our
social life and they may facilitate the development of treatments for patients
suffering from dysfunctional empathy. With the current project, I hope to
contribute to the understanding of empathy, especially its neural mechanism.
Research on empathy has a long tradition in psychology6,7. Although the
literature has not yet agreed upon a precise definition8, researchers have reached
a consensus that empathy is a multidimensional construct comprising (at least) a
cognitive and an affective component, and both components are required in a
true empathizing process9-13. Cognitive empathy involves complex cognitive
abilities, such as mentalizing and perspective-taking, which enable one’s
understanding of others’ emotional states without emotionally resonating with
others. Affective empathy, complementarily, entails sharing other’s feelings in
an embodied and resonant manner. This project mainly focuses on affective
empathy.

Affective empathy and mirror neurons
The landscape of research on affective empathy has been dramatically enriched
since the discovery of mirror neurons. These neurons, first discovered in the
macaque’s F5 (pre-motor) brain region14, are active both when a macaque acts
itself and when it observes the same action or action with the same goal
performed by others. This finding suggests that understanding others’ actions
and/or action goals may be realized by stimulating one’s own neural circuits,
which is significant for the theoretical development of a science of affective
empathy9,15,16. The existence of mirroring property shows for the first time how
resonance between self and others can be elegantly implemented with a simple
neural mechanism. Using mirror neurons, we may put ourselves in other’s shoes
by simulating other’s experiences in our own brain. Although mirror neurons
10
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were originally discovered in macaque’s motor areas, this finding sparked
curiosity in researchers about the possibility of their existence in humans and for
other modalities such as sensations and emotions.
In humans, most studies on the mirror neuron system (MNS) have been mainly
conducted with non-invasive neural imaging methods like functional magnetic
resonance imaging (fMRI). In fMRI studies, vicarious brain activations (i.e.,
indicated by overlapping voxels in fMRI images) during experience and
observation are considered a proxy of mirroring activity17. In the motor domain,
vicarious activations were found in the premotor area (PM) of the inferior frontal
gyrus (IFG, the homologues of area F5 in monkeys), the inferior parietal lobule
(IPL; which resembles the classic MNS originally found in macaques18) and a
wider neural network including the cerebellum19,20. A study using
electrophysiological recordings in human patients confirmed the existence of
neurons with mirror properties in the human brain21. These mirror neurons
recorded in human patients were found in the supplementary motor area and
medial temporal cortex*. The fact that invasive recordings reveal mirror neurons
in locations where fMRI experiments reported vicarious activations shows that
vicarious activations can be a good indication for brain regions containing mirror
neurons. These results strongly support the idea that humans have mirror neurons
at least in the motor areas.
Mirror neurons have not yet been found for other modalities (e.g., sensation and
emotion) in humans due to the difficulties in conducting studies using single-unit
recording in humans. Vicarious activations for somatic sensation and emotions,
however, have been reported outside the classic MNS regions in human fMRI
studies. For example, watching a demonstrator being touched activates specific
parts of the somatosensory cortex of the observer as if the feeling of touch was
shared17. Observation of painful or disgusted facial expressions by others is
accompanied by increased activity in one’s corresponding emotional brain
regions22-25. Adopting a simulation theory perspective of empathy, vicarious
brain activations for emotions can be used as a neural proxy for the affective
components of empathy.
Although a large number of experiments using fMRI, electroencephalography
(EEG), and magnetoencephalography (MEG) have shown vicarious activations
*

Other brain regions were not sampled due to practical reasons.
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in various brain regions (e.g., the anterior insula, AI; the anterior cingulate
cortex, ACC; and the frontal opercular taste cortex, IFO) during both experience
and observations of emotions, these vicarious activities cannot be considered as
direct evidence for the involvement of MNS in affective empathy due to the
limited spatial resolution of these techniques11,26. For example, the basic unit of
fMRI images - a voxel - contains tens of thousands of neurons. When a voxel
exhibits vicarious activation, it could be the case that one subgroup of the
neurons in this voxel responds to the observation of emotion while another
subgroup activates for the experience of the same emotion. In such a case, there
is no mirroring involved. Mirror properties can only be confirmed when the same
(subgroup of) neuron activates during both observation and experience. To
obtain such spatial resolution, invasive techniques, such as electrophysiological
recordings are required. Due to ethical and practical concerns, insufficient
systematic studies can be conducted with invasive techniques in humans to
directly study the involvement of emotional mirror neurons in affective empathy.
To investigate emotional mirror neurons, we thus turn to animal models.

Rodent model of emotional contagion
Affective empathy implies that the subject is aware of the external origin of the
triggered emotion25,37, which can be examined in humans but is difficult to
directly test in animals. The evolutionary predecessor of affective empathy,
emotional contagion, does not require self-awareness or a full understanding of
the source of the emotion in the affective coupling process13, making it a good
proximation to study empathy in animal research. In this project, we investigate
emotional contagion in animals as a proxy for human empathy. It is thus
important to select a species that shares sufficiently close evolutionary lineage
with humans (i.e., mammals) and shows complex social capacities behaviorally.
We found that rodents fit both criteria and rodent models can provide several
theoretical and technical advantages which I will discuss in this section.
Rodents, such as rats and mice, are one of the most used mammalian models in
neuroscience research27. Behaviorally, rodents are sensitive to the affective state
of their social partners, which has been demonstrated since early studies in the
mid-20th century28-30. For example, Langford et al.31 found that pain sensitivity
in mice can be modulated by exposure to cagemates in pain, showing that mice
can be responsive to the level of pain experienced by conspecifics. Applying
12
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associative learning paradigms, many studies reported that social exposure to a
demonstrator that elicits affective expressions modifies the subsequent
performance of observer rodents, indicating that communication between
rodents could modify their future ability to learn about emotionally salient
events32-34.
Further studies showed that rodents can exhibit affective responses to the distress
of conspecifics without being conditioned to a specific context35,36. In these
studies, a rodent (observer) exhibits freezing after witnessing another socially
related conspecific (demonstrator) receive repetitive footshocks as if the
observer itself had received the shocks. This freezing response from the observer
is referred to as ‘vicarious freezing’36. Since this experimental paradigm nicely
induces and captures the affective coupling of the observer and the demonstrator,
we adopt it in the current project and we use vicarious freezing as an index of
emotional contagion of distress.
In addition to the theoretical compatibility for emotional contagion studies,
rodent models have methodological advantages thanks to the long history of their
laboratory use in neuroscience38. Electrophysiology recordings of neural activity
at a single-cell resolution while the animals are performing a task is essential for
determining mirror properties in neurons and for pinpointing their functional
specificity. Advanced genetic techniques available for rodents also provide
tremendous opportunities for follow-up studies to investigate the morphological
and chemical profile of mirror neurons once they were found. Optogenetics
opens a door to various real-time control of specific groups of neurons, which is
necessary to determine the possible causal role of mirror neurons in emotional
contagion. The aforementioned technologies are readily available for use in
rodents. All studies in this project thus utilize rodents and modified versions of
the vicarious freezing paradigm to study the functional and neural mechanisms
of emotional contagion.
So far, most rodent studies on emotional contagion have used mouse and rat
models30. It is noteworthy that despite belonging to the same Muridae family,
mice and rats exhibit differences in various social aspects which may influence
their performance in social tasks. For example, mice and rats differ in their social
structure. Male mice are highly territorial while rats can live in multi-male/multifemale groups and tend to coexist peacefully if group composition is stable39. It
is important to take these differences into account when developing rodent
13

CHAPTER 1

models of social phenomena. To study emotional contagion with the prospect to
investigate its possible link to prosocial behaviors, we prefer a species that shows
a natural inclination to more social life (i.e., rats). In addition to the preferable
social disposition, rats have bigger brains that can be beneficial for surgical
manipulations.
In sum, using a rat model of emotional contagion, we hope to fill the lack of
direct evidence for the involvement of emotional mirror neurons that plagues the
considerable literature on vicarious activity for emotions in humans. Exploration
of emotional mirror neurons is an important complement to the field, and it is a
big step towards a more unifying theory of affective empathy.

Two-fold aim of the current project
This project features two main goals: one is to investigate the neural mechanism
underlying emotional contagion, especially to test the involvement of emotional
mirror neurons in the process; the second goal is to explore what factors
modulate the level of emotional contagion in rats, which helps to provide
tentative explanations about its (evolutionary) function. In addition to a
theoretical advancement, we also aim to develop useful data-analysis tools to
better understand the information exchange between animals in social
interactions, such as in our emotional contagion test. I will first briefly introduce
the theoretical endeavors and follow with the methodological developments.

Theoretical advancements
In the early studies of neural activities using the vicarious freezing paradigm,
Jeon et al.35 found that mice observing a conspecific’s distress synchronized the
theta frequency (around 6Hz) oscillation in the ACC and the lateral amygdala
(LA). This result is consistent with findings in human fMRI studies that
witnessing pain in others activates ACC in the observer’s brain25,40,41. It was also
reported that deactivation of the ACC resulted in reduced vicarious freezing in
mice35. These findings provide a good starting point for us to confirm whether
emotional neurons with mirror properties also exist in rodents.
Chapter 2 illustrates our efforts to optimize the vicarious freezing paradigm for
electrophysiological recordings in rats, which is necessary for the search of
mirror neurons. Because studying the neural coding of a conspecific’s pain
14
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benefits from a multitude of trials, in this chapter, we explore whether vicarious
freezing can be observed across multiple testing sessions in several days. This
exploration unexpectedly provided additional insights into the function of
vicarious freezing in rats.
Chapter 3 shows our multi- and single-unit recordings in the ACC of rats during
experience and observation of other’s pain and fear. In this study, we investigate
the existence of emotional mirror neurons and their selectivity for distinct but
similar types of emotions (i.e., pain and fear). A decoder algorithm is trained to
help decipher what kind of information these neurons may process. We also
conduct an experiment to test the causal involvement of the ACC in emotional
contagion by temporarily deactivating the ACC in the observers under social and
non-social conditions.
Chapters 4 and 5 illustrate a series of experiments to study different factors that
are considered important in human empathy, such as the familiarity bias (i.e.,
people are more empathic for familiar in-group others than for strangers42;
Chapter 4), prior experience (i.e., people can better ‘feel into others’ for
experiences that they have made themselves than for experiences they have never
made43; Chapter 4) and sex differences (i.e., women are found to exhibit more
empathic behaviors than men44; Chapter 5). Influences of some of these factors
on vicarious freezing were investigated in mice (see Chapters 4 & 5 for a more
extensive overview) but their impact was rarely studied in rats. Our experiments
thus help to fill this knowledge gap.

Developments in the data-analysis method
Apart from developing theories about emotional contagion and mirror neurons,
we also aim to promote the use of advanced algorithmic tools for analyzing
behavior data of social interactions in animal studies.
Traditionally, studies of social emotion transfer in rodents focus on a single
direction of information flow. On the one hand, the observer animal is the main
target of interest in the observational fear learning paradigms and emotional
contagion paradigms such as the one we use. Data analyses in these studies
usually focus on how the demonstrator’s behaviors influence the observer. On
the other hand, social buffering studies mainly focus on the opposite direction,
namely the observer’s impact on the demonstrator. They investigate how the
15
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(lack of) nocifensive behaviors and/or stress signals from the associated animal
(similar role to the observer in the vicarious freezing paradigm) influence the
stressed subject animal (similar role to the demonstrator in the vicarious freezing
paradigm) during their direct or indirect interactions45. To our knowledge, there
was no established method to investigate information transfer in both the
demonstrator→observer and the observer→demonstrator directions at the same
time. Simultaneous monitoring of bidirectional social information exchange can
help to link different social phenomena and the studies thereof, which can in turn
deepen our understanding of social communication as one integrated process.
Seeing the methodological gap in this area, we decide to apply machine learning
methods and tools from other fields to our data analyses of the social interaction
of rodents in the emotional contagion paradigm. To be more specific, we apply
Bayesian modeling to determine whether the information is being exchanged bidirectionally and we use Granger causality to investigate the fine-grain temporal
coupling between the observers and the demonstrators in our paradigm. Bayesian
model comparison has been widely used to investigate behavioral patterns in
economic and psychological research46. Granger causality is a statistical concept
of causality based on prediction47 and it has been applied to analyze different
types of time-series data in neuroscience48.
Applying these advanced data modeling methods in analyses of animal social
interaction can help us investigate the otherwise missed essential aspects of
communication in social circumstances (e.g., how the feedforward and feedback
information flow affects each other and create an information loop). Apart from
the basic test of bidirectional information exchange, we also utilize tools to
quantify the information transfer and investigate whether and how different
factors affect social communication between the observer and the demonstrator.
Details of method development are discussed in Chapter 4. Analyses using these
tools can be seen in Chapters 3, 4, and 5. We hope that the success of new tool
applications in our paradigm can motivate methodological innovations in the
field.

16
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CHAPTER 2

Introduction
Empathy, the ability to understand and share the feelings of others, can be
conceptualized as a hierarchically organized multi-level capacity such that
higher-level processes are built on top of more primal ones, like emotional
contagion1,2. Emotional contagion is an automatic tendency to converge with
another individual’s emotional state as a direct consequence of perception and
without distinguishing the origin of the emotion (i.e., self vs other) 3,4. An
increasing amount of evidence suggests that at least the basic components of
empathy, namely emotional contagion, are shared with non-human mammals.
Evidence of emotional state sharing in rodents originates from studies showing
socially-induced hyperalgesia5, social priming6 and social buffering7,8. For
example, mice and rats learn to fear a conditioned stimulus by simply observing
or interacting with a conspecific in distress6. Sharing the distress of others has
also been evidenced by the socially triggered freezing response exhibited by
shock-experienced observers when witnessing demonstrators endure painful foot
electroshocks9-13. This phenomenon is modulated by the genetic characteristics
of the rodent strain14, context12 the degree of familiarity between observer and
demonstrator and by previous experience of the observers11. In addition, the
expression of emotional contagion in both mice and humans is dependent on
stress levels of the observer animal15, as reduced affective responses can be
restored by administration of a glucocorticoid synthesis inhibitor.
So far, all the studies investigating emotional contagion in rodents have
examined the behavior of animals after a single exposure or interaction with
another in distress. Despite the increasing characterization of emotional
contagion in rodents, it is still unknown how animals would respond following
repeated witnessing of a conspecific in pain. How would animals respond
following repeated testing with a conspecific in pain? This question is of
methodological interest, as many experiments would require repeated testing of
an individual, be it to investigate, using repeated measures the effect of drugs or
to record neural activity and behavior over multiple exposures. Here, leveraging
our rodent model of empathy9, we exposed shock experienced rats on multiple
days to familiar Demonstrators undergoing footshocks to investigate whether
and how behavior changed from day to day.
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Results and discussion
Shock-experienced Observer rats were exposed to familiar Demonstrators
undergoing footshocks during six identical, semi-consecutive testing days. Each
testing day contained a preshock baseline period and 5 shocks, during which the
freezing of Demonstrators and Observers was scored (Fig 1A).
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Fig 1. Procedures and results of Experiment 1. (A) Schematic showing the timeline
and illustration of the procedures conducted in Experiment 1. Following acclimation to
the colony room and 7 days of handling, Observer-Demonstrator pairs were habituated
to the test box (20 minutes/day for 3 days). One day before the first empathy test,
Observers experienced mild shock exposure. Then, Observer-Demonstrator pairs
experienced 6 semi-consecutive footshock sessions with only 2 days of no test between
empathy test 4 and 5. (B) Graph of the freezing responses of Observers (gray line) and
Demonstrators (black line) and yawning of Observers (red line). The figures depict the
average freezing percent ±standard error of the mean (SEM) of 6 test days (1 to 6)
each consisting of a baseline (2 minutes before 1st shock) and 5 shock periods: 1st to 2nd
shock, 2nd to 3rd shock, 3rd to 4th shock, 4th to 5th shock and 5th plus 2 additional
minutes, corresponding to numbers 1 to 5 in the graph. For each test day, freezing
percent was compared between time periods where shocks were delivered (i.e., time
periods 2, 3, 4, 5 and 6) and baseline period. Black significance symbols are for
Demonstrators while grey-colored symbols are for Observers. In addition, graph
shows the cumulative (i.e., daily) median yawning of Observers for test days 1 to 6
(red-colored y-axis on the right side). (C) Top left graph shows the total number of
yawns displayed by Observers. Comparisons were made between the numbers of
normalized yawns during shock period of test days 2 to 6 (normalized to preshock) and
normalized yawns during test day 1. Top right graph shows the percent of Observers
that yawned at least once and the cumulative percent across test days of Observers that
yawn (pink bars). Bottom left graph shows the total number of yawns over all
Observers during the shock period (minus the yawns during the preshock period) in the
control condition (i.e., no pretreatment with metyrapone) and following a subcutaneous
injection of metyrapone (25mg/kg) before test. Bottom right graph shows the mean
percent of time Observers spent in the window zone (i.e., area closest to the separation
from the Demonstrators-bottom panel). All graphs show results during the preshock
(gray) and shock (black) periods of test days 1 to 6. Numbers on top of the bars
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indicate the range of yawns displayed by the animals. ***p<0.005, **p<0.01, *p<0.05,
t: p= 0.072.

Freezing of Demonstrators
A 6 Days x 6 Epochs (1 baseline + 5 shock periods) ANOVA revealed a
significant Day x Epoch interaction (F25,100=3.96, p<0.0001). This interaction
was driven by Day 1, as removing Day 1 rendered the interaction non-significant
(p>0.05). A 6 Day repeated measures ANOVA on baselines showed differences
between freezing levels of Demonstrators during the baseline period of Days 1
to 6 (F5,30=10.751, p<0.001; Fig 1B). Specifically, relative to the preshock
baseline of Day 1, Demonstrators displayed high freezing levels throughout
(paired t-tests of baseline Day 1 compared to Days 2 to 6, all p<0.05). Further,
planned comparisons using paired sample t-tests of each shock period to baseline,
revealed that on Day 1, Demonstrators froze more following each one of the five
shocks than baseline (all p<0.01; Fig 1B). In contrast, the same analysis showed
that except for two data points, on Days 2 to 6, the Demonstrators’ freezing
levels during the shock periods were not higher than on baseline. This indicated
that after the first test Day Demonstrators developed contextual freezing.

Freezing of Observers
A 6 Days x 6 Epochs ANOVA on the freezing of Observers revealed main effects
of Days (F5,20=9.45, p<0.0001) and Epoch (F5,20=4.1, p<0.01; Fig 1B) and a
significant Day x Epoch interaction (F5,20=1.68, p<0.05). In contrast to
Demonstrators, a 6 Day repeated measures ANOVA on baselines showed no
significant differences between freezing levels during the baseline period of
Days 1 to 6 (p>0.1). Planned paired sample t-tests comparing shock with
baseline periods for each Day indicate diminished freezing after Day 4 (Fig 1B).
Specifically, post hoc t-tests revealed Observers froze significantly more during
various shock- periods of Days 1, 2 and 3 (compared to those day’s baseline, all
p<0.05) while this was not the case on Days 4 to 6 (all p>0.4). This reduction in
freezing of Observers, could suggest that their sensitivity to the distress of the
Demonstrator diminishes following repeated exposure.

Emergence of Yawning in Observers
Throughout the experiment, we however noticed the appearance of yawning, an
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unusual behavior displayed only by the Observers (Fig 2, S1 Video). Yawning
included extensive opening of the mouth and most of the time a full-body
extension and upward pointing of the snout. A 6-day repeated measures
Friedman test on normalized yawns (i.e., number of yawns during the first
10mins of shock period minus number of yawns during preshock period [first 10
minutes at start of test before 1st shock]) detected differences in yawning
frequency between Days (χ2 (5) =12.12, p=0.033). Planned Wilcoxon post hoc
tests comparing yawning frequency between Day 1 and Days 2 to 6 revealed that
Observers yawned more during Day 6 compared to Day 1 (p=0.017). The
yawning response of Observers appeared to be specific to the distress of the
Demonstrators, as a Wilcoxon signed rank test comparing the total number of
yawns during the combined preshock periods of Days 1 to 6 to the total number
of yawns during the shock periods of Days 1 to 6, showed that Observers yawned
more during the shock periods (Z (6)=-2.2, p<0.05) (Fig 1B,1C). Further, the
percent of Observers yawning increased throughout the experiment, with more
than 70% of animals yawning in the last two Days compared with 0% on Day 1
(Fig 1C). Moreover, by Day 6, all Observers had yawned at some point
indicating a generalized behavioral response. The number of yawns depended on
the time of day at which rats were tested. Three rats were tested in the morning
(beginning of their dark phase) and showed on average a total of 9 yawns over
the 6 days. Four rats were tested in the afternoon (second half of their dark phase)
and showed on average a total of 19 yawns. To ensure that the increase of yawns
across Days was not due to an inadvertent shift in testing time, the total number
of yawns on each Day was compared with the average testing time on that day,
but the relationship was clearly non-significant (r2<0.0067, p=0.87). Importantly,
the results of a separate experiment showing that yawning was significantly
inhibited by pre-treatment with metyrapone (t(18)=2.191, p=0.042), suggests that
yawning reflects heightened stress levels in the Observers (Fig 1C).
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Fig 2. Consecutive frames (< 500 msecs) of an empathy test clip showing yawning
of an Observer animal during the shock period.

Attention in Observers
To investigate whether the attention of Observers towards the Demonstrators
changed throughout the experiment, the percent of time Observers spent in the
window zone (i.e., 12cm x 25cm area closest to the divider from the
Demonstrator chamber) was quantified (Fig 1C). A repeated-measures ANOVA
with 6 Days x 2 Epochs (comparing the 10-minute preshock period prior to shock
start and the 10 to 15 minutes after the 1st shock) revealed a main effect of Epoch
(F1,4=13.3, p<0.05). This indicated that Observers were drawn to spend a higher
percentage of time in the window zone following shock delivery. The absence
of interaction of Epoch and Day (p>0.05) however shows this effect to be
constant across days, suggesting that the attention of Observers was captured by
the Demonstrators receiving shocks in a way that was sustained throughout the
experiment.

Discussion
Demonstrators submitted to repeated and unavoidable footshocks exhibit
elevated freezing levels. Confirming previous findings9,11,12,16 in the first testing
session (i.e., Day 1), shock-experienced Observers display freezing in response
to familiar Demonstrators enduring painful footshocks. As to our core question
of whether these effects can be measured over repeated days, as necessary for
designs that require repeated testing, our results show that freezing gradually
diminishes as a consequence of repeatedly witnessing the Demonstrator receive
painful stimulations. Results of a separate pilot experiment revealed that this
reduction of freezing occurs even if a number of experimental factors are
manipulated to reduce such habituation (S1 Fig). Alternating between different
testing contexts, increasing the length of time between testing sessions, pairing
two Demonstrators to each Observer and adding a reminder shock session for
the Observers, failed to avoid a progressive reduction of the Observer’s freezing.
From an experimental design point of view, our findings thus indicate that
socially triggered freezing, as an assay of social sensitivity in rodents may be
more suited for between-subject designs (that do not require multiple testing of
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a given rodent) than for within-subject designs. In addition, at first glance, our
findings could suggest that the affective response of Observers to the distress of
Demonstrators is progressively reduced throughout the testing sessions. The
appearance of yawning however complicates this interpretation.
Yawning is a phylogenetically old behavior, ubiquitously present across
vertebrates17-21. It is characterized by an extensive and involuntary opening of
the mouth with deep, prolonged inspirations and short expirations lasting
approximately 10 seconds and commonly accompanied by stretching. Yawning
has been observed in stressful situations in different species like monkeys 22-25,
rats26 and birds27. Thus, the emergence of yawning as freezing becomes
infrequent could mean that animals change the way they manifest their affective
response to the distress of others, but that animals are still responsive to the
distress of the other. Yawning as a possible indicator of elevated stress levels in
the Observers was confirmed by the reduction of this behavior following
administration of an anti-stress drug (i.e., metyrapone) on test days 5 and 6. This
is in agreement with the results showing that administration of anxiogenic drugs
to monkeys induces both anxiety-like behavior and yawning25, suggesting that
indeed yawning is indicative of elevated stress levels. It has been hypothesized
that in addition to being a marker of arousal, yawning marks the transition
between different types of arousal or levels of arousal28. Perhaps then, yawning
in Observers indicates a change in the type of arousal the Observers experience
during the first testing days compared to the arousal in the last testing days. In
contrast, the repeated daily shock exposure the Demonstrators undergo maintains
a highly elevated but similar arousal type throughout the experiment, thus
preventing yawning from emerging. However, this is highly speculative and
further testing such as corticosterone measurements throughout the experiment
would be necessary to confirm this hypothesis. In addition to the postulated role
in stress, yawning has been linked to a variety of other functions, such as
thermoregulation20,29. Here though all sessions were conducted in conditions of
constant room temperature. That yawning appeared following repeated testing,
was specific to the shock periods and only present in Observers suggests that the
most parsimonious explanation for its emergence is that it is indicative of
changes in autonomic regulation and reflects an affective response in the
Observer to the distress of the Demonstrator. Together, these findings and the
results showing that the Observers attention towards the Demonstrators is
unaltered indicate that although the freezing response to witnessed distress
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changes over time, the affective response of the Observers may outlast socially
triggered freezing and invite yawning as a coping mechanism. However, more
data will be needed to fully understand the relationship between freezing,
yawning and other stress-related manifestations.

Materials and Methods
Subjects
Male Long-Evans rats (6-8 weeks old/ 250-350g) were obtained from Harlan
Laboratories (Germany). Upon arrival, animals were socially housed in couples
and maintained at ambient room temperature (22-24 °
C, 55% relative humidity,
SPF, type III cages with sawdust), on a reversed 12:12 light-dark cycle (lights
off at 07:00). Food and water were provided ad libitum. All experimental
procedures were preapproved by The Institutional Animal Care and Use
Committee of the Netherlands Institute for Neuroscience (IACUC-NIN-1211).
Studies were conducted in strict accordance with the European Community’s
Council Directive (86/609/EEC).

Setup
Two adjacent compartments of equal dimensions (each Length:24cm x
Width:25cm x Height:34cm; Med Associates, Inc.) separated by stainless steel
bars (6 mm in between bars) which allowed animals to smell, see, hear and touch
each other. The compartment walls were made of transparent Plexiglas and the
floor of stainless-steel grid rods. One of the chambers was connected to a
stimulus scrambler (ENV-414S, Med Associates Inc.) for shock exposure of
Observers and empathy testing. Behavior was video recorded throughout testing
using a camera (Model DCRDVD300, Sony Corporation of America, USA)
placed ca. 1m in front of the setup onto mini DVDs for behavior scoring.

Experimental procedures
Acclimation, handling and habituation
On arrival day, animals were randomly paired (N=16, 8 pairs), assigned the role
of Observer or Demonstrator and allowed to acclimate to the colony room for 7
days. Rats were handled during the dark phase of the circadian cycle every other
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day for 3 minutes for a total of 10 days preceding empathy testing. Three days
before the experiment started, Observer-Demonstrator pairs were transported to
the experimental room and placed in one of the compartments of the empathy
testing apparatus for 20 minutes/day for 3 days. Between each pair, the testing
apparatus was cleaned using dishwashing soap and 70% alcohol solution.
Throughout the experiment (i.e., habituation and testing, but not pre-exposure)
all Observers and Demonstrators were always placed in the same compartment
of the testing apparatus.
Shock pre-exposure
Prior foot-shock experience enhances freezing of Observers when witnessing
Demonstrators experiencing shock 9. The day preceding empathy testing one of
the compartments of the testing box was used to give footshock exposure to
Observers. To maximize discriminability from the empathy-testing context, the
walls were coated with black and white striped paper, the compartment was
illuminated with bright white light and cleaned using 30% ethanol solution,
followed by dishwashing soap with a neutral smell and 5% vinegar solution.
During shock exposure, Observers were allowed to acclimate for 10 minutes and
then delivered four mild footshocks (0.8mA, 1 sec long, 240-360 sec random
inter-shock interval). Compared to the Demonstrators, the Observers
experienced a smaller number and intensity of shocks and a longer inter-shock
interval to minimize the risk of fear conditioning and generalization during
empathy testing. The pre-exposure test was conducted during the dark phase of
the circadian cycle. Observers were then individually placed in a clean cage for
1 hour before return to their home cage.
Empathy testing
Thereafter, six daily empathy tests were conducted (Fig 1). For each test, the
setup was cleaned using dishwashing soap with a neutral smell followed by 70%
alcohol solution and illuminated with red dim light. Observer-Demonstrator
pairs were placed in their respective compartments for a maximum of 30 minutes.
After 10 minutes of acclimation, Demonstrators received five footshocks
(1.5mA, 1 sec each, with random 120-180 seconds inter-shock interval).
Following the last shock, animals were left in the testing apparatus for 2 minutes
and then returned to their home cage. This procedure was repeated for 4
consecutive days, following 2 days of no test, and then 2 more consecutive test
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days. The original experimental design included a total of 8 testing days, with 2
resting days in the middle (4 test days, followed by 2 rest days, and lastly 4 test
days). However, in this experiment to prevent unnecessary discomfort, the
experiment was stopped by test day 6, since the behavior of the animals reached
a limit by this day, with Demonstrators exhibiting maximal freezing all the time
and Observers displaying minimal freezing on test days 5 and 6. Testing
schedule appears to play a minimal role in the behavior of Observers, as different
schedules (e.g., 1 week rest in between tests) have no effect on their behavioral
response (S1 Fig). All tests were conducted in the dark phase of the circadian
cycle, between 08:30 and 16:30. Testing order was constant throughout the days,
i.e., the rats that were tested first on day 1 were tested first on all other days.
Because testing time is known to influence the number of yawns shown by
animals30 it is important to note, that we used within-subject statistics to look at
differences across testing days, and that the systematic difference in testing time
across animals is partitioned out in these statistics as between-subject variance,
and do not flow into the effect of test day.

Behavior scoring
Three experienced researchers manually scored the behavior exhibited by both
Observers and Demonstrators during all empathy tests (inter-rater reliability
assessed with Pearson’s r correlation coefficient was>90%). Freezing behavior
was defined as lack of movement (except movement due to breathing) for a
period longer than 3 seconds. Every empathy test session was subdivided into
two different periods: pre-shock and shock. The first period (preshock)
corresponded to the first 10 minutes immediately after the animals were placed
in the test apparatus. The second period (shock) was further subdivided into five
time bins: (1) from minute 10 to the first shock (baseline period), (2) from the 1st
to the 2nd shock, (3) from the 3rd to the 4th shock, (4) from the 4th to the 5th shock
and (5) after the 5th shock 2 minutes were added. For each period and time bin,
freezing was scored as the percentage of time the animal spent freezing.
Yawning was defined as a wide opening of the mouth sometimes accompanied
by stretching and elongation of the body (Fig 2, S1 Video). The yawning
frequency of Observers was scored throughout all tests. Since the occurrence of
yawning was low, the frequency of this behavior was scored for 10 minutes
following the 1st shock rather than individually for each inter-shock interval. To
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have a baseline period of a comparable length, yawning was scored during the
first ten minutes before shock delivery. Lastly, the percent of time from the total
test time that Observer animals spent in the area closest to the Demonstrator’s
compartment (window zone: 12cm x 25cm area) was scored during the preshock
and shock periods.

Statistics
The freezing responses of Observers and Demonstrators in Experiment 1 were
analyzed separately using a 2-way repeated-measures analysis of variance
(ANOVA). The factors examined included test day (1 to 6) and Epoch (i.e., 2
minutes baseline, 1st to 2nd shock, 2nd to 3rd shock, 3rd to 4th shock, 4th to 5th shock
and 5th shock plus 2 minutes) as the within factors. All post hoc analysis on
freezing responses were conducted by using planned contrasts: (1) baseline of
Day 1 was compared to baseline of Days 2 to 6 and (2) for each test day, freezing
during each shock epoch (1 to 5) was compared to the baseline epoch. One pair
was excluded from the analysis because the Demonstrator did not show any
reaction to any of the shocks in two consecutive sessions.
For the analysis of yawning by Observers the test was divided into two Epochs:
(1) the preshock/baseline (i.e., first 10 minutes before shock onset) and (2) shock
period (i.e., 10 minutes following delivery of 1st shock). To investigate general
differences between preshock and shock periods, the median yawning frequency
was compared using Wilcoxon rank signed test across all test days. The
frequency of yawning was normalized to the preshock period, which was
achieved by subtracting the preshock frequency from the value observed during
the entire shock period. Friedman rank-sum test was used to examine differences
between test days (repeated measures) in the yawning frequency. Post-hoc
analyses were conducted by using planned comparisons between the first test
day and all other test days. For the analysis of time spent in the window zone by
Observers the test was divided into two Epochs: (1) the preshock (i.e., 10
minutes before shock start) and (2) shock period (i.e., from delivery of 1st shock
until 2 minutes past the 5th shock, for a total time of 10-15 minutes). The percent
of time Observer animals spent in the window zone was analyzed using a twoway repeated-measures ANOVA, with Day and Epoch (preshock vs shock) as
the within factors.

32

REPEATED WITNESSING OF CONSPECIFICS IN PAIN: EFFECTS ON EMOTIONAL CONTAGION

Control experiment with Metyrapone
The glucocorticoid synthesis inhibitor, metyrapone (2-metyl-1,2-di-3-pyridyl-1propanone; Sigma Aldrich) was used to investigate the effects of stress on
yawning. For this experiment, a separate set of male Long-Evans rats (n=19, 68 weeks upon arrival) obtained from Janvier (France) was used. The overall
experimental procedures including housing, acclimation, handling, habituation,
pre-exposure and test were similar to those described above with some
modifications. First, test time was between 08.30 am to 12.30 pm and the testing
order was randomized daily, with each animal tested at a different time each test
day. Second, since these animals were part of an ongoing study that tested the
effects of familiarity on affective responses of Observers, their familiarity with
their Demonstrator varied based on 1,3 or 5 weeks of paired caging. Importantly,
however, no significant differences were observed in either the freezing levels
or yawning depending on familiarity, allowing us to group the results. Following
test days 1 to 4, animals were randomly split into two groups (each familiarity
level was split into two halves). The first group received pretreatment with
metyrapone on test day 5 and then underwent a normal test on day 6, while the
second group experienced normal testing conditions on test day 5 and received
the pretreatment with metyrapone on test day 6. Metyrapone was delivered to all
animals 30 minutes before the start of test. All animals received a 25mg/kg
subcutaneous injection of Metyrapone (half-life of 1.9 ± 0.7 hours), which was
prepared by dilution in 0.9% saline solution. The number of yawns during the
preshock and shock period of test days 5 and 6 were quantified. Then, for
statistical analysis, a paired two-tailed t-test on the normalized number of yawns
(i.e., yawns during shock minus yawns during preshock) following metyrapone
injection was compared to the number of yawns following no injection.

Supporting information
S1 ARRIVE Checklist
Arrive guidelines checklist for animal research showing the section of the
manuscript where each recommended item in the checklist is located.
https://doi.org/10.1371/journal.pone.0136979.s001
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S1 Video
Short video clip with an Observer animal (right side of the cage) displaying a
yawn. https://doi.org/10.1371/journal.pone.0136979.s003

S1 Figure. Procedures and results of pilot study. This pilot was conducted to
examine if manipulation of various experimental factors (e.g., context) would extend
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the freezing response of Observers. For this purpose, various changes were
implemented. First, an additional Demonstrator was paired to each Observer. Second,
Observers experienced an extra shock-exposure session halfway through the
experiment. Third, the number of days in-between each empathy test was increased.
Fourth, for extra habituation, Observer-Demonstrator pairs were placed on a second
testing setup (identical to the first one) 30 minutes before each test and lastly; three
different contexts (represented by green, blue and red color) were used in addition to
the Observers shock exposure context. (A) Schematic showing the timeline and
illustration of the procedures conducted. On arrival day, animals (N=24) were
randomly distributed to one of eight groups, each group consisting of three animals
(one Observer and two Demonstrators- DEM1; black color-coated rat and DEM2;
brown color-coated rat). Acclimation and handling procedures were identical to those
detailed for Experiment 1. In contrast to Experiment 1, three habituation sessions were
conducted before each pair of tests. For each habituation session (triangles), Observers
were first habituated with DEM1 and then with DEM2 (20 minutes/each). Observer
animals experienced two shock exposure procedures (same as in Experiment 1), one the
day before the first empathy test and the second one after the fourth empathy test. Each
Observer experienced four alternating empathy tests (Test 1-8) with each one of the
Demonstrators of their group for a total of eight empathy tests per Observer. Three
different contexts were used throughout the tests. For Context A the test box was
cleaned with dishwashing soap with a neutral smell and then 70% ethanol, the setup
was illuminated with red dim light and Observers were placed in the right compartment
(tests 1, 2, 7 and 8). For Context B, the test box was cleaned with hand washing soap
with lemon smell and 30% vinegar, the walls were coated with black and white stripes
printed paper, the setup was illuminated with white bright light and Observers were
placed in the left compartment (tests 3 and 4). Lastly for Context C, the test box was
cleaned with dishwashing soap with a neutral smell, followed by the application of rose
oil, the walls were coated with white paper, the setup was illuminated with red light
and Observers were placed in the right compartment (tests 5 and 6). Each empathy
testing was conducted as described for Experiment 1 and pairs were left in a clean cage
for 1 hour before returning to their home cage. (B) Graph of the freezing responses of
Observers (gray line) and Demonstrators (black line) and yawning of Observers (red
line). Graph depicts average freezing percent ± standard error of the mean (SEM) of 8
test days (1 to 8) each consisting of a baseline (2 minutes before 1st shock) and 5 shock
periods: 1st to 2nd shock, 2nd to 3rd shock, 3rd to 4th shock, 4th to 5th shock and 5th plus 2
additional minutes, corresponding to numbers 1 to 5 in the graph. Black significance
symbols are for Demonstrators while grey-colored symbols are for Observers. The
background color in the rats' test box represents the context in which the test was
conducted. In addition, the graph shows the cumulative (i.e., daily) median yawning of
Observers for test days 1 to 8 (red-colored y-axis on the right side). Two-way ANOVA
results of the Demonstrators freezing revealed significant main effects in test day
(DEM1: F3,18=13.889, p<0.001; DEM2: p>0.05) and time period (DEM1: F5,30=23.37,
p<0.001; DEM2: F5,30=21.79, p<0.001) as well as significant interaction between test
day and time period (DEM1: F15,90=2.67, p<0.005 and DEM2: F15,90=2.976, p<0.001).
With one exception (baseline of test 1 compared to baseline of test 7, p<0.05), baseline
levels of all testing days were comparable to test 1 (p>0.05). Also, Demonstrators froze
significantly less (tests 1, 2, 3 and 4) or approximating significance (tests 5, 6 and 7)
during the baseline period compared to shock periods of all tests except test 8.
35

CHAPTER 2

Significant main effects in the Observers freezing were detected between test days
(F7,35=11.25, p<0.001) and time periods (F5,25=6.5, p<0.001), but no effect in their
interaction (p>0.05). Observers displayed lower freezing responses during the baseline
of tests 3, 6, 7 and 8 and during the shock periods of tests 5, 6, 7 and 8 compared to the
first and second testing day (p<0.05 for all comparisons). (C) Top left graph shows the
total number of yawns displayed by Observers. A Friedman test revealed significant
differences in normalized yawning between test days (χ2(7)=15.2, p<0.05). Post hoc
comparisons (Wilcoxon) were made between the numbers of normalized yawns during
shock period of test days 2 to 6 (normalized to preshock) and normalized yawns during
test day 1. These analyses showed a higher number of yawns on test days 4 (p<0.05)
and 8 (p=0.066) compared to test day 1. Top right graph shows the percent of
Observers that yawned at least once on each test day and the cumulative percent across
test days of Observers that yawn (pink bars). All graphs show results during the
preshock (gray) and shock (black) periods of test days 1 to 8. Numbers on top of the
bars indicate the range of yawns displayed by the animals. *p<0.05, **p<0.01,
***p<0.005, t: p<0.07.
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CHAPTER 3

Introduction
Understanding how we share the affective states of others is important for
understanding social interactions1. Neuroimaging shows that humans recruit
their anterior cingulate cortex (ACC) both while experiencing pain and,
vicariously, while witnessing pain in others2. This vicarious activity is stronger
in more empathic individuals3 and reduced in psychopathy4. Reducing ACC
activity using placebo or pharmacological analgesia alters empathy for pain 5,6.
These findings make the ACC a region of particular interest in the search for a
neural mechanism of affect sharing. Some suggest these neuroimaging findings
reflect the existence of mirror neurons, i.e., neurons responding during the
experience of pain and the perception of other people’s pain7. That some ACC
neurons respond to the observation and experience of pain is supported by
reports of one such neuron in a human patient 8 and by one report of neurons in
the mouse ACC in which the immediate-early gene arc is more expressed
following the experience of footshocks and witnessing another animal receive
footshocks9. The functional properties of these neurons, however, remain
unknown.
The selectivity of brain regions and neurons for a particular emotion is of
particular interest. It has been argued that a vicarious response can only signal
that someone else is in pain (as opposed to, for instance, in fear) if it has at least
the following two features10. First, neural responses must be selective. If the same
neuron responds to the experience of pain as much as to other salient emotions
(e.g., fear), its firing cannot signal pain as different from these other emotions
10,11
. Second, the population of neurons should employ a common code to signal
pain in the self and others. If the brain reads out the pain of others from the
vicarious ensemble activation of a subset of its own pain neurons, then a decoder
able to decode pain levels of others from ensemble activity should be able to
decode pain levels in the self from the same ensemble using the same rule 12,13.
Despite considerable efforts, fMRI experiments so far have failed to provide
consistent evidence for either of these two criteria. The ACC is recruited by many
salient stimuli beyond pain10,11. Studies show a decoder trained to distinguish
pain from no-pain trials when observed in others can decode them when
experienced in the self13 but decoders trained to distinguish different levels of
pain in others fail to distinguish different levels of pain in the self12. That
functional neuroimaging pools the activity of millions of neurons within each
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voxel may cause these failures.
Here, we use a previously established model of emotional contagion in which an
animal observes a conspecific experience painful electroshocks14-20 while we
record multi- and single-unit activity using chronically implanted silicon probes
in 17 rats. We explore whether some ACC locations and neurons are recruited
during our social condition of shock observation (ShockObs; Figure 1A; Video
S1). We then record activity in two separate sessions while the observer himself
experiences conditions thought to trigger pain (Laser) or fear (listening to a
shock-conditioned sound, CS; Figure 1B; Table 1). Following the tradition in the
action-observation literature to classify mirror neurons based on their
selectivity21,22, here we will define neurons broadly responding to the observation
and experience of emotion as emotional mirror neurons, and those that respond
more narrowly to pain but not fear or fear but not pain as emotion-specific painor fear-mirror neurons. Here, we thus ask three questions: does the ACC contain
(1) emotional mirror neurons, (2) emotion-specific mirror neurons, and (3)
common coding? Thoroughly establishing specificity for emotion would require
testing neurons with a comprehensive battery of all emotions in the self and other,
perfectly matched for salience and arousal. This will not be achieved in our
experiment. Instead, we endeavor a step in that direction by contrasting the
experience of two high-salience aversive states (pain and fear) in the self, and
tentatively operationalize the terms pain- and fear-mirror neurons as those that
distinguish between our pain (Laser) and fear (CS) conditions in the self.
A number of specific methodological choices were made in our paradigm. We
chose rats, because area 24 of the rat ACC (formally referred to as Cg1 and Cg2)
is similar in cytoarchitecture and connectivity to the ACC implicated in pain
empathy in humans2,10,23 and is activated by the distress of others9,16,24, and rats
are large enough to facilitate chronic recordings in awake behaving animals. We
pre-exposed the observers to footshocks 2–3 weeks before the main experiment,
because having experienced electroshocks is critical in rats for showing robust
signs of vicarious distress (freezing) while witnessing another animal receive
electroshocks14. This suggests emotional contagion in this paradigm is mediated
in part by sensory cues that the animal learns to decode through self-experience,
with the sound and sight of the shock reactions playing a significant role14,16,25.
We used footshocks to the demonstrator because this is the best-characterized
trigger of emotional contagion in rats. During pre-exposure, we paired the shocks
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with a tone to later compare responses to self-pain (Laser) and others’ pain
(ShockObs) against the fear triggered by hearing this fear-conditioned tone (CS)
played again. Because shocks to the implanted animal would induce artifacts in
the recordings, to test responses to self-pain without compromising signal quality,
instead of shocks we used a CO2 heat laser calibrated to trigger a nocifensive
reaction, a well-characterized pain-induction method26,27.
In what follows, we first present the multiunit activity (MUA) from our silicon
probes. MUA pools the spiking activity of thousands of neurons within ~0.2 mm
of each electrode contact28 and is particularly stable across days29, which is
desirable given that our ShockObs, Laser, and CS conditions were recorded in
sessions spread across 2 days. With this signal, we explore whether the rat ACC
has locations showing activity that overlaps across observed and experienced
emotions in a way that approximates the mesoscopic spatial scale of human
fMRI. We then examine the activity of those single neurons that could be reliably
isolated and tracked across multiple sessions to test whether overlap at the MUA
level indeed reflects the presence of mirror neurons, and whether such mirror
neurons are selective and instantiate a common code. Furthermore, we
characterize behavioral responses during the time of MUA and single-cell
responses to examine what might drive ACC responses. Finally, we will address
one last question: (4) is ACC activity necessary to get contaged by the distress
of another? We transiently deactivated the ACC using muscimol microinjections
in a new group of animals while exposing them to HighShockObs and CS.
We find that the rat ACC indeed contains emotional mirror neurons. Most of
these show a preference for one of our first-hand experiences, with the majority
responding more to Laser than CS. Spike decoding provides evidence for
common coding across observed and experienced pain. Deactivating this region
reduces freezing while witnessing footshocks but not while hearing the CS.
Together, this suggests the rat ACC maps the experience of another animal onto
a mosaic of pain- and fear-sensitive neurons in the observer, and this region is
necessary for emotional contagion to trigger freezing.
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Figure 1. Experimental Design. (A) In the ShockObs condition, the silicon probeimplanted animal (obs) sits on a circular platform (bottom) while witnessing the
demonstrator (demo; top) receive high- or low-intensity shocks (big and small lightning
bolts). In the control condition (CtrlShockObs), the shock is delivered to a grid next to
the demonstrator and does not trigger pain. (B) In the Laser condition, the implanted
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animal is alone, and a CO2 laser (red beam) is shone on the rat’s paws or tail. Laser
intensity is calibrated individually to trigger pain (HighLaser, thicker beam) or to be just
below pain threshold (LowLaser, thinner beam). As a control condition, the laser is shone
close to but without touching the animal (CtrlLaser). The LowShockObs and LowLaser
conditions were added in the last 10/17 animals only. (C) In the CS condition, the
implanted animal is alone, and a fear-conditioned pure tone is played back. (D–F) Frames
from the actual video recording for ShockObs (D), Laser (E), and CS (F).

Results
Responses to the observation and experience of emotions overlap in the
ACC
At the macroscopic scale, we first explored how many channels in the ACC show
MUA that overlaps across conditions. We identified responsive channels as those
that show MUA increases during at least one condition. We defined the baseline
period as -1.2 to -0.2 s relative to any stimulus onset, and the stimulus response
window as 0 to 1 s after stimulus onset for Shock and CS conditions. For the
Laser condition, we used 0.3 to 1.3 s, because the laser depends on slowerconducting fibers30. Because stimulus-triggered deactivations are rare and more
difficult to interpret, we focused on stimulus-triggered activations (i.e., stimulus
responses larger than baseline), and thus used one-tailed statistics. We later also
confirmed that deactivations were rare across the 425 channels we recorded over
our 17 rats: only 2/425 showed deactivations following HighShockObs, 6/425
following HighLaser, and 3/425 following CS, each tested against their baseline
using matched-pair, one-tailed t-test at p < 0.01. In contrast, stimulus-triggered
activations were observed across a majority of our channels: 313 (74%) showed
increased MUA in at least one condition (matched-pair, one-tailed t-test to
identify stimulus-triggered activations, HighShockObs > Baseline, HighLaser >
Baseline, or CS > Baseline, p < 0.01), and we then explored the time course of
the MUA response to our conditions of interest (Figure 2).
With regard to our social condition, i.e., the ShockObs condition in which the
other animal is the primary stimulus, many of the 313 responsive channels
revealed robust responses to the HighShockObs, with a short latency and ~1-s
duration (Figures 2B, 2D, and 2H). With regard to the first-hand experiences,
responses to the HighLaser, as described in the literature30, were strong, with a
slower onset and lasting for several seconds (Figures 2A, 2C, and 2G).
Responses to the CS were weaker (Figures 2E and 2G), and aligned to the
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beginning of the CS playback (Figure S1A). This was true despite the CS
triggering robust defensive responses (Figure S2). Comparing the response to the
first and last 5 trials suggests some decreases in MUA magnitude with a repeated
presentation for CS and HighShockObs but not for HighLaser (Figure S1B). This
impression is confirmed at the population level by paired t-tests. Specifically, for
each channel, we calculated the area under the z transformed average MUA of
that channel in the experimental window, and compared this value across all 313
responsive channels in the first versus last 5 trials. This revealed a significant
decrease (i.e., habituation) for HighShockObs, t(312) = 5.1, p < 0.001, and CS, t(312)
= 3.2, p = 0.002, but not HighLaser t(312) = -1.141, p = 0.25. For HighLaser, a
Bayesian t-test in JASP (https://jasp-stats.org) using a default one-tailed Cauchy
prior provides very strong evidence for the null hypothesis of no habituation
(BF0+ = 32).
The Venn diagram in Figure 2F reveals overlap between channels responding
when emotions are observed and experienced. To ensure that responses reflect
another animal’s pain (HighShockObs) or the observer’s own pain (HighLaser)
and not a conditioned response to the sound of the delivery system acquired
during pre-exposure, for the ShockObs and Laser conditions, we compared the
response in the experimental condition against their control (Ctrl) condition. Of
the 313 responsive channels, 62% (193/313) showed a socially triggered
response, i.e., HighShockObs > CtrlShockObs. Much like in the human ACC,
many (71%) of the 193 channels that responded in that social condition also
responded when first-hand affective experiences were triggered in the rat
(HighLaser > CtrlLaser or CS > baseline) and will be labeled “mirror channels”
hereafter. Most of these mirror channels showed selectivity in their response to
the animal’s first-hand experience: of the 110 mirror channels responding to
HighLaser > CtrlLaser, the majority (77) did not respond to the CS, and of the
60 mirror channels that responded to CS > baseline, 27 did not respond to
HighLaser > CtrlLaser. Only 33 of the mirror channels responded to both firsthand conditions. Laser responses were more frequent than CS responses even
among the first trials, where the effect of habituation was smaller than in later
trials (Figure S1C). Figure S1D finally shows that channels preferring the CS >
Laser and those preferring the Laser > CS can co-exist in simultaneously
recorded channels from individual animals.
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Figure 2. Multiunit activity. (A-E) MUA of the 313 responsive MUA channels tested
in the HighLaser (A), HighShockObs (B), CtrlLaser (C), CtrlShockObs (D), and CS
(E) conditions. Each line shows the z transformed average MUA response of a channel.
Z transformation was made relative to the mean and SD of the 3 s prior to each
stimulus onset. Stimulus onset is shown as the dashed white line; the time axis for (A),
(C), and (E) is shown in (G), and that for (B) and (D) is shown in (H). In (A) and (C),
the channels are ordered in increasing average z score in the 0.3- to 1.3-s interval
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following stimulus onset based on the HighLaser condition, in (B) and (D) they are
based on the HighShockObs, and in (E) they are based on CS. (F) Venn diagram
specifying the number of MUA channels that show specific combinations of significant
responses. Each cell was tested at p < 0.01 using a t-test comparing MUA in
HighShockObs versus CtrlShockObs (green), HighLaser versus CtrlLaser (red), and CS
versus baseline (black). Numbers indicate the number of channels that show significant
activations in the respective test or intersection of tests. (G) Average of (A), (C), and
(E) in all 313 channels, plus the LowLaser condition from the n = 194 channels
acquired in the last 10/17 animals. The shading always represents the SEM. (H) Same
as in (G) for the HighShockObs, CtrlShockObs, and LowShockObs conditions. The xaxis for Laser and CS is shown over a longer period to illustrate the longer MUA
response. See also Figure S1.

In the last 10 animals, we added a lower intensity of ShockObs and Laser to our
experimental design. The LowLaser intensity was chosen as a tighter control
condition and involved a laser beam directed to the same body parts as in
HighLaser but with an intensity reduced by 20% -an intensity at which no
nocifensive behavior was apparent (Figure S2). We suspect that this laser
intensity induces a feeling of warmth in the body part but we have no behavioral
readout to ascertain that any sensation was evoked, and this condition thus serves
as an additional control condition. The LowShockObs condition was chosen to
trigger nocifensive behavior in the demonstrator, but of lesser intensity than
HighShockObs to examine whether the ACC response encodes the intensity of
witnessed distress in a graded fashion. Figure 2G shows the ACC responded
vigorously to the Laser condition calibrated to produce nocifensive behavior, but
not to the Laser condition calibrated not to produce such nocifensive behavior.
The LowShockObs condition, on the other hand, did trigger noticeable but
weaker responses both in the ACC (Figure 2H) and, as we will see later, in the
behavior (Figures 4B and 4E).

The ACC contains emotional mirror neurons
To determine whether the same cells responded in different conditions, we
isolated single units from the recorded signals. Spike sorting identified 84 cells
spread over 13 animals that could be isolated well and followed over all three
experimental sessions. In the remaining 4 animals, low electrode impedance
made single-cell isolation unreliable. Using the same analysis epochs as for the
MUA, among these cells, we found 73 responsive cells that showed increased
spike counts in at least one condition (HighShockObs > baseline, HighLaser >
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baseline, or CS > baseline, non-parametric Wilcoxon test, p < 0.05). Again, there
was a significant number of cells that responded in more than one condition
(Figures 3A–3C).
Particularly, 59 cells (81%) were socially triggered and responded to
HighShockObs > CtrlShockObs. To identify emotional mirror neurons, we
explored how many of these also responded to one of the conditions in which the
observer himself experienced an emotion. This was true for 28/59 (47%) that
also responded to HighLaser > CtrlLaser and for 14/59 (24%) that also responded
to CS > Baseline. We thus found mirror properties at the single-cell level in 66%
of the ShockObs-responsive neurons.
To explore selectivity, we asked how many of these emotional mirror neurons
responded differentially to Laser and CS. Only 3 of these mirror cells responded
to both HighLaser > CtrlLaser and CS > baseline, whereas all others responded
to only one of the first-hand experiences. For the majority of the cells (n = 25),
this was to HighLaser > CtrlLaser and not to CS > baseline. Figures 3A and 3B
illustrate two examples of such pain-mirror cells from different animals. In
addition to a robust response to HighShockObs and HighLaser, cell A also shows
a weaker transient response to CtrlLaser, a phenomenon also visible in the
average MUA (Figure 2G) and which might reflect a response to the sound
associated with laser delivery. To avoid this confound, we classify cells as pain
responsive only if HighLaser > CtrlLaser. The selectivity of the ACC pain-mirror
cells is further borne out by a direct comparison of spike counts for CS and
HighLaser in the n = 25 + 3 cells that responded to HighShockObs >
CtrlShockObs and HighLaser > CtrlLaser. For 23 of these 28 cells, HighLaser
triggered significantly more spikes than the CS condition (Wilcoxon, p < 0.05).
This provides the brain with the selectivity necessary to differentiate between
states typically labeled as pain (HighLaser) and fear (CS) from the spike count
of these neurons. Figure 3E illustrates the average response pattern of these 23
selective pain-mirror neurons, 22 of which were also tested with the
LowShockObs and LowLaser conditions. As for the MUA, we can see a nicely
graded response for ShockObs, with High > Low > Ctrl in these neurons. The
response to the Laser conditions shows a transient, low-latency response to Ctrl
and Low conditions that could be triggered by the sound of the delivery system,
but only the HighLaser response triggered a robust, slower, and longer-lasting
response expected from nociceptive fibers. A smaller proportion of mirror
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neurons seemed selective for the fear-inducing CS, with 11 responding
significantly to CS > Baseline but not HighLaser > CtrlLaser. Only 3
indiscriminately responded to both CS and HighLaser.
A binomial distribution (59 trials at p = 0.05 each) indicates that finding 7 or
more among the 59 socially responsive cells to respond to another condition is
unexpected (p < 0.03), and finding 25 pain-selective mirror cells is extremely
unlikely (p < 10-14). We therefore found significant evidence for selective
emotional mirror properties in the ACC, i.e., that neurons responding to the
observation of pain also respond to the experience of pain (HighLaser) but not
to other, non-painful salient stimuli (CS). That so few neurons respond to all
three conditions (n = 3, below what could be expected by chance) points to the
fact that the ACC may contain distinct “channels” of neurons separately mapping
another animal’s response to a shock onto the witness’s representations of pain
(n = 25) or fear (n = 11).
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Figure 3. Single-unit activity. (A) Example cell responding to HighShockObs > Ctrl
and HighLaser > Ctrl but not to CS > Baseline. (B) The same as (A) for a second
example cell from a different animal. (B6) The average spike shape in each session for
cells is shown in (A) and (B). For cell A, we also show the spike-triggered spectrogram
in the ShockObs session (A6) evidencing the broadband signature of pain squeaks. The
scale bar to the left of B3 applies to all spike-density functions. (C) Venn diagram
detailing the number of cells showing significant (p < 0.05) combinations of responses
in HighShockObs > Ctrl, HighLaser > Ctrl, and CS > Baseline among the 73
responsive cells. (D) Whisker plot (median and quartiles) of decoded stimulus intensity
based on an algorithm trained on the ShockObs session, and used to decode either
leave-one-out ShockObs (green) or Laser (red) spike counts. Dots represent outliers as
standard with the function Boxplot in MATLAB (MathWorks, USA). Intensities were
compared using one-tailed t-tests corrected for multiple comparisons using fdr;
*p<0.05, **p<0.01, ***p<0.001. (E) Mean (±SEM) spike-density function of the cells
showing selective pain-mirror properties (i.e., HighShockObs > Ctrl, HighLaser > Ctrl,
and HighLaser > CS). See also Figure S3.

Histological reconstruction of the cells showed that our recordings were mainly
in area 24 extending dorsally into M2 and anteriorly into caudal area 32 (Figure
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S3). Exploring whether mirror cells with a particular property (pain or fear
selectivity) are clustered, we tested whether their relative proportion differed
across anterior-posterior coordinates or across the different cytoarchitectonic
regions, but found no significant differences (Figures S3B and S3C). Mirror cells
with different properties are intertwined with cells without mirror properties
along the length of the explored region. If the spatial distribution of cells with
these properties were similar in humans and rodents, the lack of specificity at the
level of fMRI voxels10,11 may indeed have been the result of pooling the response
of neurons with different selectivity within a voxel. To test whether selectivity
is blurred at more macroscopic scales, we inspected whether the MUA (that
pools activity over about 0.2 mm) shows less selectivity than the single neurons.
Specifically, we used a χ2 test to compare the Venn diagrams obtained for MUA
channels and single neurons (Figure 2F versus Figure 3C). We found a trend
toward a difference (χ2 (6) = 12.3, p = 0.0544), with selective mirror properties,
i.e., fear- or pain-mirror neurons, indeed more frequent in single neurons (37%
of channels but 49% of neurons) and unselective mirror neurons, i.e., responding
to ShockObs, Laser, and CS, indeed more frequent in the MUA (12% of channels
but 4% of cells). However, this trend did not reach significance, and the
proportion of cells and channels showing mirror properties overall (be it selective
or not) was very similar in both techniques (49% in MUA and 53% in single
units). Future experiments may wish to explore local field potential (LFP)
activity from the same electrodes to sample signals (1) from a larger area31 and
(2) originating from events corresponding more closely to the blood-oxygenlevel-dependent (BOLD) signal32 to further constrain the interpretation of fMRI
experiments on emotional contagion.

Common coding in the ACC
To explore the notion that the code the ACC uses to represent the distress of
others is shared with that used to represent distress in the self-at least within a
subpopulation of neurons-we used a decoding algorithm that can be applied to
the spike count of the 69 neurons for which we have 10 trials of the High, Low,
and Ctrl conditions for ShockObs and Laser. We chose to fit a generalized linear
model via penalized maximum likelihood (glmnet). We first trained the
algorithm to decode ShockObs spike counts, and found the resulting algorithm
performs well on leave-one-out trials from the same condition (Figure 3D, green).
To test common coding, the key question is: will the same algorithm decode
51

CHAPTER 3

Laser spike counts above chance without additional training? The answer is yes
(Figure 3D, red), with a correlation between actual and decoded stimulus
intensity of r = 0.66, t(28) = 4.7, p < 0.001. This suggests that pain observation
and pain experience do share a common code. An ANOVA across the 3 Laser
conditions (Figure 3D, red; main effect of condition, F(2,27) = 11, p < 0.001)
showed that the two conditions that were calibrated not to induce nocifensive
behavior (CtrlLaser and LowLaser) were decoded as of similar intensity (paired
t-test, p > 0.08), whereas the condition that triggered nocifensive behavior
(HighLaser) was decoded as significantly more intense than either of the other
two. Interestingly, training on Laser and testing on ShockObs trials did not lead
to accurate cross-modal decoding: when the glmnet was trained on Laser spike
counts, the leave-one-out decoding of the Laser trials worked well (r = 0.59, t(28)
= 3.88, p < 0.001); however, this decoder did not accurately decode the
ShockObs trials (r = 0.13, t(28) = 0.68, p = 0.49).
A glmnet takes the spike counts from all 69 cells, and looks for a linear
combination of spike counts from as few cells as possible to decode stimulus
intensity. Examination of the regression weights evidenced that the 7 neurons
the glmnet selected when trained on ShockObs did contain information about
Laser intensity, whereas the 4 cells the glmnet selected when trained on Laser
did not contain information about ShockObs intensity. This suggests an
asymmetry in ACC representations, with those neurons providing the clearest
ShockObs signals also carrying Laser intensity signals, but those providing the
clearest Laser signals not necessarily also encoding ShockObs. To double-check
that within the mirror neurons, common coding operates in both directions, we
replicated the analysis in both directions when feeding the glmnet only the 11
neurons for which we had 10 trials for the High, Low, and Ctrl conditions of
ShockObs and Laser, and for which we had a significant response in both
conditions (High > Ctrl). When training on ShockObs, Leave-one-out decoding
of ShockObs worked as well as when considering all 69 cells (r = 0.6, t(28) = 4, p
< 0.001), and decoding of Laser trials also worked as well as with all 69 cells (r
= 0.67, t(28) = 4.9, p < 0.001). Training on Laser led to good decoding of leaveone-out laser trials (r = 0.52, t(28) = 3.2, p < 0.005) and to above-chance ShockObs
decoding (r = 0.6, t(28) = 4, p < 0.001). This confirms that there is a population of
neurons in the ACC that codes ShockObs and Laser in the same code but,
considering the results from the 69 neurons, this common coding is not
implemented in all neurons providing strong Laser intensity signals.
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The demonstrators squeak and jump while the ACC responds maximally
What stimulus may have triggered the ACC response in the observers during the
HighShock condition? Given that the shock was not delivered to the implanted
animal, the stimulus must have originated from the demonstrator. Examining the
behavior of the demonstrator during the 0- to 1-s interval of maximal ACC
response revealed that jumping and squeaking were salient behaviors that were
timed much as the ACC MUA response itself (Figure 4; Video S1). This is
visible in the spectrogram of the sound recording as a broadband signal, and in
the behavior as a dramatic increase in jumping. The frequency of jumping and
intensity of squeaking scaled with shock amplitude (HighShockObs >
LowShockObs > CtrlShockObs; Figures 4D and 4E) much like the MUA (Figure
2H) and spiking (Figure 3E) and temporarily interrupted the other behaviors
(freezing and rearing). Although ultrasonic vocalizations around 22 kHz were
also apparent following the administration of shocks, they were not specific to
the 0- to 1-s window and thus cannot explain the timing of the ACC response.
This makes the jumping and/or squeaking of the demonstrators seem the most
likely trigger of the ACC response to HighShockObs. The observers’ actions in
response to witnessing the shock included turning and walking toward the
demonstrator (i.e., attention and proximity in Figures 4D and 4E).
HighLaser triggered the well-described nocifensive reactions to a laser,
including rapid paw retraction and licking and rapid turning around31(Figures
S2B and S2C; Video S1), but did not trigger squeaking similar to that in
HighShockObs (Figure S2A). The response of pain-mirror neurons to
HighShockObs and HighLaser (Figures 3A, 3B, and 3E) thus cannot be
explained by hearing squeaking in both conditions, and must reflect a less trivial
association of two physically different stimuli: one signaling the pain of another
via exteroception and one signaling potential damage to the animal’s own body
via nociceptive afferents. Behavioral responses to LowLaser were similar to
those to CtrlLaser, and only included orienting, which could be explained by
hearing the clicking of the button that delivered the laser (Figures S2B and S2C).
Responses to the CS were characterized by freezing replacing the lying down
and grooming that characterized baseline activity (Figure S2E). Freezing was not
restricted to the actual playback of the CS but persisted during the interval
between stimuli. Unlike the MUA response that decreased in the last compared
to the first trials (Figure S1), freezing increased slightly with time (Figure S2E).
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Figure 4. Behavioral scoring of the shock conditions. (A–C) Grand averaged shocktriggered audio spectrogram (top) and ethogram (bottom) obtained by averaging all
trials and all animals for CtrlShockObs: (A), LowShockObs (B) and HighShockObs
(C). Note the broadband signal occurring in the 1 s post-stimulus. This includes the
pain squeak and the rattling of the cage triggered by the jump. Peak sound-pressure
levels during the squeaks in the HighShock condition were ~87 dB. (C) We also show
the HighShockObs MUA response as in Figure 2H for comparison. (D) Random-effect
comparison High > CtrlShockObs done by averaging all the trials per animal, and then
using a matched-pair t test (n = 17 animals) pixel per pixel. (E) Same for High >
LowShockObs for the 10 animals for which LowShockObs was tested. Tests are
thresholded at p < 0.001, except for the n = 10 animal ethogram comparison in which
no difference survives at p < 0.001. (F) Attention was quantified based on the angle α
between observer head orientation and demonstrator with ±30°considered maximal
(=1) and 180 ± 30° considered minimal (=0). In the illustrated example, α = 70°, and
the attention would be scored as 0.66. See also Figure S2.

To further explore what stimulus may have triggered the neural response in the
HighShockObs condition, we also computed spike-triggered average
spectrograms, which revealed the broadband signal typical of pain squeaks to cooccur with moments of high spiking (Figure 3A6).
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The ACC is necessary for ShockObs- but not CS-triggered freezing
Finally, to test whether the ACC is necessary to trigger vicarious nocifensive
behavior in the rat, we bilaterally injected muscimol or saline, into area 24 of
two new small groups of observers (Figure 5A) and quantified their socially
triggered freezing in response to a HighShockObs condition and to a CS
playback in separate sessions. Histological reconstructions confirmed that our
canulae were in area 24 and, considering an approximate radius of muscimol
effect of 1 mm for the volume we injected (based on34; see the red outline in
Figure 5A), our deactivations overlap with where we found pain-mirror neurons
(Figure S3). In line with previous observations in mice16, we found that although
both groups showed increases in freezing in both HighShockObs and CS sessions
relative to their baselines (Figure 5B; all one-tailed, paired t-test, t > 5.6, all p <
0.001, with degrees of freedom [df] 5 and 7 for muscimol and saline,
respectively), and freezing was similar in the saline group for HighShockObs
and CS (t(7) = 0.6, p = 0.55), the socially triggered freezing (Shock) was reduced
in the muscimol compared to the saline group (t(12) = 10.7, p < 0.001). This was
not true in the non-social condition (CS; t(12) = 0.17, p > 0.8). The necessity of
the ACC for socially rather than non-socially triggered freezing was confirmed
by a mixed ANOVA with 2 groups (Saline versus Muscimol) ×2 sessions (Shock
versus CS) × 2 Epochs (baseline versus Shock or CS) that yielded a significant
3-way interaction (F(1,12) = 17, p < 0.001).

Figure 5. Behavioral Consequences of ACC Muscimol Deactivation. (A) Locations
of the n = 6 muscimol (red) and n = 8 saline (black) injections on a sagittal view of the
rat cingulate, based on the anatomical divisions in ref 33. The red dashed line represents
the likely spread of the muscimol based on a 1-mm radius34. (B)Whisker plot (median
and quartiles) of the freezing levels during baseline (bl) or experimental periods
(ShockObs or CS playback iconized as lightning bolts and loudspeakers) in the two
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groups of animals. p values refer to uncorrected, two-sample two-tailed t-tests across
the two groups. Note that the data from the ShockObs but not the CS condition are also
used to explore how this affects the behavior of the demonstrator in ref 35.

Discussion
Our data show the rat ACC contains mirror-like multiunit and single-unit activity
with spiking increases during shock observation and first-hand experiences
(Laser or CS). A decoding scheme trained to decode the intensity of another rat’s
experience can decode the intensity of the rat’s own pain experience. Importantly,
for the majority of multiunit channels and neurons, there was evidence for
selectivity for the experience of laser-triggered pain over that of CS-triggered
fear. Deactivating this region reduces socially triggered freezing without
compromising freezing to non-social danger signals (CS).
Although it is difficult to attribute human emotional labels to rodents32, CS is the
prototypical procedure to trigger fear, whereas CO2 heat lasers are a goldstandard method for inducing pain26,27. That many MUA channels and neurons
responding to shock observation respond to the laser but not the CS suggests that
shock observation may be predominantly mapped onto a representation of pain
in the self. This dovetails with the fact that the behavioral signature most
associated with the response, the squeak, is considered a highly specific pain
signal36. The vicarious activation of ACC nociceptive neurons may then prime
nocifensive behaviors in the observer, preparing it to cope with the same source
of harm, including orienting toward the danger (Figure 4) and elevated freezing
(Figure 5B) often reported in such paradigms14,15. That an, albeit probably
smaller, proportion of shock-responsive neurons preferentially respond to the CS
suggests that the observer’s ACC may actually map the Shock observation onto
a hybrid neural ensemble composed of a majority of pain and a minority of fear
representations. That ACC deactivation compromised freezing to shock
observation but not CS parallels the higher recruitment of the ACC to shock
observation compared to CS.
An important question is to explore whether the ACC responses to shock
observation are a cause for the observer’s emotional reaction to the distress of
the other or rather a downstream representation of the observer’s reaction. That
deactivation of the ACC impairs vicarious freezing suggests that it plays a causal
role. Future experiments that selectively modulate activity in mirror neurons
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within the ACC rather than the ACC more generally will be key to addressing
this question.
Our study has limitations that qualify our conclusions and invite future
experiments. First, establishing that a neuron is selective for pain requires
excluding that it responds to any other non-painful but equally salient emotion10.
Showing that a number of our neurons respond to ShockObs and Laser but not,
or less, to CS is but a first step in that direction. Future experiments in which a
richer set of physiological parameters are collected (e.g., startle potentiation,
heart-rate variability, pupil diameter) while animals are submitted to a wider
range of stimuli, including non-painful conditions as salient as the painful
conditions, are needed to gain a finer-grained understanding of the dimensions
encoded in ACC mirror neurons10. That the CS and ShockObs conditions
triggered similar levels of freezing in the muscimol experiment suggests they are
matched along at least one indicator of negative affective relevance. Another
relevant dimension meriting further investigation is the imminence of a stimulus:
HighLaser represents an immediate nociceptive stimulus, whereas CS announces
the likely arrival of a painful event in the future. This difference in imminence is
perhaps intrinsic to the difference between pain and fear, but varying this
dimension systematically could shed further light on the selectivity of ACC
neurons. Contrasting our findings in area 24 (and, to a lesser extent, M2 and
caudal area 32) with recordings and lesions in area 25 and more anterior parts of
area 32 (also known as infralimbic and prelimbic23 and to be involved in fear
conditioning to tones37,38) would sharpen our understanding of how selectivity
for pain and fear coexist in the medial prefrontal cortex.
Second, the CS condition was collected a day after the ShockObs and Laser
conditions for the animals to recover from the previous negative effect. Single
cells could thus have drifted away from the electrodes overnight, creating a bias
against the CS condition. This should apply less to the MUA data, known to be
stable over time28, 29, and that muscimol impaired freezing to ShockObs but not
CS converges to suggest that losing cells over time is unlikely to entirely explain
the scarcity of CS effects across all our measures.
Third, our animals showed unusually low freezing during the
electrophysiological ShockObs condition compared to previous behavioral
experiments and the present muscimol study14,15,35. Traditionally, we tested
animals in the week following pre-exposure, in a two-compartment cage
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resembling that during pre-exposure and without tethering14,15,35. For
electrophysiology, we introduced 2 additional weeks of habituation, placed the
observer on a plastic cylinder to avoid electrical noise, and tethered the animal.
This made the electrophysiological context more distinct from the initial preexposure and thereby reduced contextual danger cues. Such changes in context
are known to reduce freezing in fear conditioning39, and we believe this to have
reduced the propensity to freeze. That the ACC nevertheless encoded ShockObs
vigorously is notable, but experiments that quantify ACC responses as a function
of the remoteness (in time and contextual similarity) of pre-exposure will shed
light onto what the ACC represents: if ACC responses decrease with increasing
safety cues, they are more likely to represent the observer’s personal risk
assessment35. If responses remain constant, they are more likely to represent the
distress of the other. Varying the similarity between the noxious stimuli used
during pre-exposure and testing would illuminate a similar question from a
different angle: what exactly does the observer learn during pre-exposure?
Would pre-exposure with Laser suffice to make the observer sensitive to seeing
another animal experience footshocks? Must there be a tighter match between
the bodily reactions produced during pre-exposure and observation? In a
Hebbian learning model, we predict that to hear himself jump and squeak while
in pain during pre-exposure is what allows pain representations in the cingulate
to bind with sensory synaptic input representing the sound of squeaking and cage
rattling14,40,41. These connections later recruit ACC neurons while hearing the
demonstrator produce these sounds, a notion similar to auto-conditioning in the
seminal work of Church42. If this prediction is true, Laser, which did not trigger
squeaking, would not be as effective a pre-exposure stimulus for later ShockObs.
Finally, there is an important distinction between emotional contagion and
empathy. Recruiting neurons involved in one’s own experience of pain while
witnessing the pain of others could suffice to trigger emotional contagion-feeling
the distress that the observed animal feels-and can prepare the observer to face
the danger that afflicted the demonstrator35. This, however, does not provide
evidence that the observer understands that this vicarious pain is experienced by
a specific other animal-as empathy proper would require. This distinction is
particularly relevant in relation to observations of pro-social behavior and
targeted helping in rodents1,43,44, and invites future experiments that explore
whether deactivating ACC mirror neurons influence the willingness of a rat to
help another.
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In summary, our study shows that the principle of selective mirroring discovered
in the motor system while monkeys view or listen to the emotionally neutral
actions of others21,45 also applies to how mammals process the affective signals
of others, and paves the way to a mechanistic exploration of emotional contagion.
It is notable that the brain region in which we find this mechanism (region 24 in
ref 23) is similar in location, cytoarchitecture, and connectivity to the location of
the human cingulate in which fMRI studies have revealed an increase in BOLD
signal during both pain observation and experience2,23. If one embraces the
notion that mammals may share a common neural mechanism for emotional
contagion1,46, this finding is relevant to the neural basis of human
intersubjectivity7,10,47.

Materials and Methods
Experimental model and subject details
34 (for the electrophysiology experiment) and 60 (for the Muscimol experiment)
healthy and immunocompetent male Long Evan rats (6-8weeks old/250-350 g)
were obtained from Janvier, France. Animals were randomly assigned to
different roles, consisting of 17 observers and 17 shock demonstrators for the
electrophysiology experiment and saline control group (n = 30, 15 observers and
15 demonstrators) or muscimol group (n = 30,15 observers and 15 demonstrators)
for the muscimol experiment. For the muscimol experiment, 8 saline and 6
muscimol observers could be included in the final analysis after removing those
deceased during or after surgery, those with damaged or clogged canulae and
those in which histological reconstruction revealed damage to the corpus
callosum (see below). Upon arrival, all animals from the electrophysiology
experiment were socially housed in type IV cages and all animals from the
muscimol experiment were housed in observer-demonstrator dyads in type III
cages. Animals from both experiments were housed in cages with corn cob
bedding, enriched with wooden blocks and placed at ambient room temperature
(22-24°C, 55% relative humidity, SPF), on a reversed 12:12 light:dark cycle
(lights off at 07:00). Food and water were provided ad libitum. To protect the
electrophysiology implant, following surgical implantation of the silicone probes
in the observers, animals were placed in modified housing, which consisted of
two compartments separated by stainless steel bars (observers were placed in one
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compartment and demonstrators in the other one). All experimental procedures
were pre-approved by the Centrale Commissie Dierproeven of the Netherlands
(AVD801002015105) and by the welfare body of the Netherlands Institute for
Neuroscience (IVD, protocol number of electrophysiology experiment
NIN161107; protocol number of muscimol experiment NIN151104).

Test setups
For the electrophysiology experiment, all habituations and tests were conducted
inside a faraday cage, in dim red light during the dark part of the circadian rhythm,
with the background radio turned on. Three different set-ups were used based on
condition (Figure 1; Video S1). During the shock observation test (ShockObs.
Figure 1A), the observers were placed on an elevated circular platform
(Height:70cm, 30 cm diameter), surrounded by a transparent plastic wall of 2 cm
in height, and with bedding from the observer’s home cage. The demonstrator’s
testing box consisted of two chambers separated by a perforated Plexiglas divider
(each: Length: 24cm x Width:25cm x Height:34cm) with stainless steel grid
floors. The cage was positioned close to the observer platform with the chamber
containing the demonstrator closest to the observer to ensure it was clearly
visible to the observer. The wall facing the observer’s platform was made of fine
wire mesh (Med Associates Inc, USA). During the fear conditioning recall test
(CS, Figure 1C), the cage of the demonstrator was removed, and the observer
was placed on the same elevated platform as for shock observation, with a
buzzer-like loudspeaker playing the conditioned cue (CS) placed ~30cm away
from the platform. Lastly, the observer experience of the heat laser (Laser, Figure
1B) was conducted on a rectangular stainless-steel metallic platform (15cm x
15cm), elevated 30cm and with a 0.5cm fence. The CO2 laser was placed outside
the faraday cage and the arm used for delivering the heat pulses protruded into
the faraday cage, with its tip 15cm away from the observer’s platform. During
all tests, behavior, vocalizations and neural activity were recorded using a top
and side video camera (Basler acA1300 and Mediarecorder software, Noldus,
Netherlands), a condenser ultrasound microphone (Avisoft-bioacustics,
CM16/CMPA, Germany) and an electrophysiology acquisition system (digital
lynx SX and cheetah software, Neuralynx, USA), respectively. To avoid
contextual fear, the test pre-exposure was done in a two-compartment cage that
was different from that used in any of the electrophysiological testing: a twochamber box with angled soft plastic walls (each: Length: 31cm x Width:24cm
60

EMOTIONAL MIRRORS IN THE RAT’S ANTERIOR CINGULATE CORTEX

(bottom) Length: 40 x Width:31(top) x Height:44cm, Video S1) separated by a
perforated Plexiglas divider with stainless steel grid floors. This pre-exposure
box was also washed with a differently scented soap, the background radio was
turned off, and the light intensity was higher to prevent generalization across
sessions.
For the muscimol experiment, the pre-exposure was conducted in the same
apparatus as described for the electrophysiology experiment. The testing box
consisted of two chambers (each: Length:24cm x Width:25cm x Height:34cm)
divided by a perforated Plexiglas divider, with a stainless-steel grid as a floor on
the side of the demonstrator and a plastic platform on the side of the observer
(Med Associates Inc, USA).

Experimental procedures
Acclimation and pre-exposure
Upon arrival, all animals were allowed to acclimate to the colony room for 7
days (week 1, Table 1). To reduce stress and habituate animals to the researchers,
during the second week (week 2) all animals were handled every other day for 3
min per day. For the electrophysiology experiment, during week 3, to prepare
and familiarize the observers with the conditions they would encounter during
the test days (ShockObs, CS, and Laser), the observers experienced three types
of stimuli: footshocks, fear conditioning and CO2 heat laser. The footshocks and
fear conditioning were combined into a single pre-exposure session. The
observer animal was put into one compartment of the above-described preexposure box and a 10 min baseline was followed by the presentation of five 20
s tones (3KHz, 70dB), each associated with the delivery of a 1 s shock (0.8mA)
during the last second of the tone presentation (1 s at 0.8mA with 60 s intershock interval; shocker model ENV-414 from Med associates, Inc). To prepare
the observer for the laser condition it was important to first measure the pain
threshold for each animal, which was determined as the stimulation level at
which the animal showed consistent paw retraction and/or licking. A laser preexposure session was then performed, in which, after a 2 min baseline, a CO2
heat laser (CL15 model: M3) was used to deliver 5 pulses (wavelength 10.6μm,
200ms, at 60%–70% of the total laser power of 15W, beam diameter < 2mm)
aimed at the paws or tail, with a random inter-stimulus interval of 24 to 36 s.
Shock demonstrators were left in their home cage ensuring they will be naive to
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the stimuli on test day. For the muscimol experiment, the shock pre-exposure
was conducted using the same protocol as that of the electrophysiology but no
conditioning tone was presented.
Table 1. Timing of the Experiments
Week 1

Electrophysiology Experiment
acclimation

Muscimol Experiment
acclimation

Week 2
Week 3
Week 4

handling
pre-exposure: shock, CS and laser
surgery and recovery

Week 5

habituation

Week 6

test: ShockObs, Laser, and CS

handling
surgery and recovery
pre-exposure: shock and CS
habituation 1
test: ShockObs
habituation 2
test: CS
-

Habituations and Surgery
For the electrophysiology experiment, on week 4, observers underwent a surgical
procedure for the unilateral implantation of a multi-shank silicon probe (Atlas
Neuroengineering, Belgium, E32-400-SSL4-500), targeting the right anterior
cingulate cortex (ACC). Buprenorphine was used for pain relief (30 min before
surgery, s.c. 0.01-0.05mg/kg). Animals were anesthetized with isoflurane/O2 (4%
for induction and 1% to 1.5% for maintenance). Body temperature and other
physiological parameters were monitored throughout the surgery with a rectal
thermometer. Once animals were deeply anesthetized, they were placed in a
stereotaxic apparatus, the incision area was cleaned with alcohol/betadine and
sprayed with 10% xylocaine (lidocaine, spray) used as a local anesthetic. Six
screws were attached to the skull (two of them used to connect the ground wires),
a craniotomy was performed (≈4-4.5mm in diameter) and the probe was lowered
to the target area (centered at Bregma AP:0.96mm, ML:0.3mm, DV:-3mm, an
angle from vertical: 20°) and secured using multipurpose cement (GC Fuji PLUS
capsules, GC Europe N.V., Belgium). After the surgery, an analgesic/antiinflammatory drug was delivered for pain relief (Metacam, 1 mg/kg, s.c., every
24 h until animals showed no behavioral signs of pain/distress) and 0.5 mL of
saline s.c. was given for rehydration. Animals were then placed in an incubator
until they woke up. To prevent damage to the silicone probe observers and
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demonstrators were placed in a modified homecage and observers received wet
food for at least 24 h or until their behavior and body weight was recovered. To
monitor any possibility of discomfort or pain and to make sure that the animals
were having a proper recovery process, the appearance, behavior, state of the
incision (wound healing), recovery process and weight were monitored daily for
3 days and once a week thereafter. Specifically, we scored (0 to 3: 0 = normal, 3
= highly abnormal) each one of these categories daily for the first 3 days after
surgery and then once a week until the end of the experiment. All animals had a
total score of 0 in all categories except weight, in which few animals had a score
of 1/day for a maximum of 3 days (indicating that they lost some weight which
they quickly recovered). In addition, 24 h after the surgery all animals showed
normal behavior (i.e., no signs of pain or discomfort or any other abnormality),
prompt recovery and healthy wound healing. This was maintained until the end
of the experiment. Animals were allowed to recuperate for at least 7 days before
test start. For the rest of week 4 and 5, observers and demonstrators were
habituated to the experimental setups for five days (20 minutes/day/setup). On
the last three habituation sessions, observers were tethered to the
electrophysiology recording system.
For the muscimol experiment, cannulae were implanted into the ACC, targeting
area 24. To reduce the discomforting effects of surgery, a subcutaneous injection
of 0.01-0.05mg/kg of buprenorphine were administered subcutaneously 30
minutes before surgery. All animals were anesthetized using isoflurane (4% for
induction and 1 to 1.5% for maintenance). The animals were then positioned in
a stereotaxic frame with blunt-tipped ear bars, and a midline incision was made.
The incision area was cleaned with alcohol, betadine and sprayed with 10%
Xylocaine (lidocaine, local anesthetic). Six holes were drilled (2 for anchoring
screws and 1 for the cannula per hemisphere). Two single guide-cannulas (62001;
RWD Life Science Co., Ltd) were implanted targeting bilateral ACC (AP, +1.7;
ML, ±1.6; DV, +1.8 mm with a 20°angle from the surface of the skull, Paxinos
and Watson, 1998) and chronically attached in the observer animals with a thin
layer of acrylic cement (Super-Bond C & B, Sun Medical Co. Ltd., Shiga, Japan)
and thick layers of acrylic cement (Simplex Rapid, Kemdent, UK). To prevent
clogging of the guide cannula, a dummy cannula (62101; RWD Life Science Co.,
Ltd) was inserted and secured until the microinjection was administered. To
monitor discomfort, pain and recovery after surgery the same procedure as that
described for the electrophysiology study was used. Implanted animals were
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individually housed for 2-3 days for recovery and then they were socially housed
with the previous cagemates. After a week of recovery, observers were
habituated to fake micro-infusions and to the experimental setup for the
ShockObs condition with their demonstrator for 20 minutes.
Testing in the electrophysiology experiment
On week 6, the electrophysiological recording and test sessions were conducted
for two consecutive days. Day one included ShockObs followed by Laser and on
day two, the CS recall test. The separation of the tests onto two different days
was to ensure that baseline activity in the ACC during the second aversive
experience does not reflect a carry-over from the previous first-hand experience.
Laser preceded the CS session because the question of whether the same cells
respond to pain observation and experience was primary, and the question of
selectivity with regard to CS was secondary. That fewer cells respond to CS than
Laser should therefore be interpreted cautiously.
ShockObs: test started with a 12-minute baseline, followed by the observer
witnessing the demonstrator experience different shock intensities. In the first 7
animals, we tested two conditions: 10 high intensity (HighShockObs, 1.5mA) 1
s shocks and 10 control 1 s shocks (CtrlShockObs) of the same intensity
delivered to a grid in the compartment adjacent to that of the demonstrator
(intershock interval 60 or 90 s). In the last 10 animals, we added 10 additional 1
s shocks of low intensity (LowShockObs, 0.4mA) and increased the number of
control shocks to 20. 0.4mA was chosen because this still leads to a visible and
audible reaction of the demonstrator but one that is clearly less intense than that
at 1.5mA (Figure 4).
Laser: test was conducted at least 20 mins after shock observation and it
consisted of a 5 min baseline followed by the laser stimulation trials. As for
Shock, in the first 7 animals, we tested 2 conditions consisting of 10 highintensity stimulations (HighLaser, 50%–70% of the laser power depending on
the pre-determined pain threshold per animal), and 10 control stimulations
targeted near but not on the animal (CtrlLaser). Each laser stimulation lasted
200ms, and was separated by an inter-laser interval of either 24 or 36 s. In the
last 10 animals, we added an intermediate intensity for a total of 40 trials: 10
high-intensity stimulations, 10 low-intensity stimulations (LowLaser, 20% less
than the HighLaser intensity), and 20 control stimulations. In the high and low64
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intensity trials, the paw or tail of the animal was targeted. Using 20% less laser
intensity was chosen to have a more restrictive control stimulus in which the
laser is shone onto the animal (probably inducing a thermal sensation) without
inducing pain. The lack of clear nocifensive behavior (no paw licking or
retraction) supports the absence of pain at the chosen low intensity.
CS: consisted of a 12 min baseline and 12 min test period, in which the CS tone
(3kHz, 70dB; pre-conditioned with footshocks) was presented 10 times for 20 s
each time. The inter-CS interval was either 60 or 90 s in a pseudorandomized
order.
Testing in the muscimol experiment
Testing in the muscimol experiment was composed of two conditions:
HighShockObs and CS.
HighShockObs: three days after pre-exposure the HighShockObs test was
performed. Fifteen minutes before the shock observation test, observer animals
were lightly restrained, the stylet was removed and an injection cannula (62201;
RWD Life Science Co., Ltd) extending 0.8 mm below the guide cannula was
inserted. Muscimol (0.1 μg/μl) or saline (0.9%) was microinjected using a 10 μL
syringe (Hamilton), which was attached to the injection cannula by PE 20 tubing
(BTPE-20; Instech Laboratories, Inc.). A volume of 0.5 μL per side was injected
using a syringe pump (70-3007D; Harvard Apparatus Co.) over a 60 s period,
and the injection cannula remained untouched for an additional 60 s to allow for
absorption into the brain region and to minimize injectate along the track of the
cannula. The protective cap was secured to the observer animal after the infusion
and the animal was returned to the home cage. Six (2 from saline and 4 from the
muscimol group) were excluded due to damaged or clogged cannulas. Shock
observation test then started with a 12-minute baseline, followed by the observer
witnessing the demonstrator experience 5 footshocks (1sec, 1.5mA each,
pseudorandom intershock interval 120 or 180 s).
CS: One week later, the observers underwent the conditioned stimulus recall test.
Fifteen minutes before the test, microinjection of muscimol or saline was
performed with the same protocol as before the shock observation test. Observers
were then put into a skinner box in a context that was different from the shock
observation test (i.e., different smell, illumination, and floor texture). After 12
min baseline, the CS tone was played 5 times (20 s each, 120 or 180 s
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pseudorandom interval). All test sessions were videotaped using a Basler GigE
camera (acA1300-60 gm) controlled by MediaRecorder 2 (Noldus, the
Netherlands).
Histology
Demonstrators from both experiments were euthanized by CO2 inhalation,
starting with 40% O2 mixed with 60% CO2 until animals were in deep sleep and
then switched to 100% CO2 for at least 15 min. For the observers of both
experiments, after completion of the experiment, animals were given an overdose
of sodium pentobarbital (90 mg/kg, i.p.). For the electrophysiology experiment,
once animals were deeply anesthetized (i.e., confirmed by lack of rear foot
reflexes and low respiration rate), an electrical lesion was performed to mark the
positions of the electrodes (2μA, 10 s, across the top and bottom-most contact of
each leg). For both experiments animals were intracardially perfused with
phosphate-buffered saline (PBS, 7.4pH) followed by 4% paraformaldehyde,
brains were removed, cut with a cryostat (50μm coronal sections), and Nissl
stained for verification of shafts track and electrode positioning for
electrophysiology experiment and cannula position for muscimol experiment.
For the muscimol experiment, four dyads (2 from the saline group and 2 from
the muscimol group) were excluded from data analyses after histology
examination suggesting damage of corpus callosum due to injection.
Humane endpoints
Insufficient recovery after surgery: It was considered if the animal showed
permanent weight loss (more than 15% of the weight immediately after surgery
for more than 10 days).
Infection: Although we always perform the surgeries in sterile conditions, there
was a small possibility of infection around the wound area. Visible signs of
pathogenesis were monitored. The following were considered as signs of an
unhealthy state of the animal: Aberrant behavior, Shock, Dehydration, Weight
loss, Nose and mouth discharge, Bleeding, Fits/seizures, Diarrhea.
For the electrophysiology experiment, if electrophysiology readings showed that
the drive was no longer firmly in place: this would be shown by a disruption of
the normally stable background noise and an inability to stably record cells for a
number of consecutive sessions. A recovery operation would not be possible
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(<5%). For the muscimol experiment, if the implant was lost or became loose
beyond repair.
As mentioned above, all animals that are part of the electrophysiology
experiment recovered well from the surgery, showed no signs of infection and
the drive was firmly in place until the end of the experiment (i.e., no animal was
sacrificed due to a humane endpoint). In the muscimol experiment, one animal
lost its implant before the shock observation test which resulted in bleeding
around the wound, two animals lost their implants between shock observation
and CS recall test thus all three of them were euthanized by CO2/O2 inhalation
following the same protocol as described for the demonstrators.

Quantification and statistical analysis
Sample size calculation
For the electrophysiology experiment, based on results from previous studies in
action mirror neurons48 together with preliminary data, it was estimated that
approximately 30% of cells would respond to pain experience and 10% of them
would be emotional mirror neurons (i.e., 3 emotional mirror cells per 100 cells).
We aimed to record from about 30 mirror cells to document the existence of
these cells and characterize their functionality. Pilot studies with silicon probes
showed that on average 2 emotional mirror cells were obtained per animal, thus
to obtain ca. 30 mirror cells, a total of 15 observers was required. In addition, 2
more animals were added to this estimate to take into account a 10% animal loss
due to either surgical complications or problems with the probes. This resulted
in a total of 17 observers, each paired with a different demonstrator, resulting in
a total of 34 animals.
For the muscimol experiment, based on a similar experiment on empathy in
mice16 using percent freezing of observer animals with lidocaine micro injection
in ACC before test compared to control animals that had a saline injection, the
μ1- μ0 = 33 and the standard deviation = 27 (corresponds to a cohen’s d effect
size = 1.22). Although this study used mice, not rats, we used this effect size as
an estimate of the effect size we might find in rats. With an effect size of 1.22,
alpha = 0.05, and power = 0.8 (t-test, one-sided), and 15% expected lost (for
surgical complications or miss target), power analysis resulted in 15 pairs of
animals per group. Therefore 15 pairs * 2 groups = 30 pairs of animals were
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required. Each pair includes 1 observer and 1 demonstrator animal so in total 30
pairs * 2 animals/pair (observer +demonstrator) = 60 animals were used.
Data acquisition
The electrophysiology signals (continuous and single units) were unit gain
amplified using a head stage pre-amplifier (HS-36, Neuralynx), relayed to an
input board differential input amplifiers with a gain of 15 and acquired with a
sampling frequency of 32kHz. For single units, the signal was bandpass filtered
(0.6-6 kHz), timestamped and recorded for 1 ms every time the signal passed a
manually set threshold.
Data analysis
Behavioral data: The onset and duration of the observer and demonstrator
behavior during the tests were manually scored offline in a continuous manner
using the open-source Behavioral Observation Research Interactive Software
(BORIS49) and analyzed using MATLAB (MathWorks Inc., USA). For the
electrophysiology experiment, the shock observation test, freezing, rearing, head
location, jumping and head orientation of the observer and demonstrator were
scored. The observer’s head orientation relative to the line connecting the heads
of the two animals was used to quantify attention (Figure 4F), while the distance
between the head of the observer and the demonstrator’s cabinet was used to
measure proximity. Soundtracks of the session were also analyzed using
MATLAB to extract power per frequency (0-80kHz) relative to the onsets of
each condition (Figure S2). Specifically, the time-frequency decomposition was
averaged over all trials of a given condition, and conditions were then compared
by performing a t-test separately at each time and frequency by including one
value per animal akin to the random effect mass-univariate analyses typical of
neuroimaging data. For the laser experience test, the reaction of the observer to
the stimuli was scored offline to confirm successful laser targeting. Trials with
no behavioral reaction to HighLaser were excluded from further analyses. For 6
animals, the video recorded was missing frames, leading to a misalignment of
the video with the event triggers, making further behavioral analysis difficult.
For the remaining 11 animals (7 of which had also the LowLaser condition), we
performed additional behavioral scorings. First, we rated freezing manually as
described above, and calculated the proportion of time spent freezing for each
condition in the interval from the beginning of that condition (e.g., HighLaser)
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until the beginning of the next condition (e.g., CtrlLaser). Additionally, we used
Noldus et al.50 software to track the rat’s motion continuously. Finally, author
YH rated each trial as showing one of 4 levels of response intensity: 0 = no
response, 1 = mild response (e.g., head movements), 2 = medium response (paw
movement/licking), 3 = intense response (vigorous paw and body movement).
Results are shown in Figure S2. For the CS recall test, we scored freezing,
grooming and laying down (without freezing) using BORIS, and the proportion
of time spent in each behavior is shown for the baseline, the 20 s of CS playback
and the ISI between two 20 s CS. This was done separately for the first and last
5 trials to explore habituation. The outcome of these analyses can be found in
Figures 4 and S2 and are discussed in the Results section The Demonstrators
Squeak and Jump while the ACC Responds Maximally.
For the muscimol experiment freezing time was calculated as the sum of all
freezing moments in a certain epoch and freezing percentage was calculated as
the total freezing time divided by the total time of the epoch. Baseline period was
defined as the first 720 s of the test and the test period was defined as the 720 s
after baseline, starting with the first shock or CS playback.
Multiunit activity: Multiunit activity analyses were performed using the
FieldTrip toolbox51 and custom-made MATLAB scripts. Data from the 32
contacts were first visually explored to identify artifacts. This was done (a)
taking the raw signal from each of the 30 high impedance contacts relative to the
low impedance reference channel, high-pass filtering it at 1000 Hz, rectifying
and low-pass filtering at 200 Hz to approximate MUA. Trials in which extreme
MUA activity (z > 8 or z < -5) occurred across many or all channels were
removed. This led to the rejection of 7 trials in total. Inspection of the video
recordings identified 5 more trials that had to be rejected because the Faraday
cage had to be opened for experimental reasons. We then performed a pairwise
re-referencing of the cleaned data on each electrode shaft offline. Each of the 5
shafts of the electrode had 6 contacts, and re-referencing was done by subtracting
raw data from the vertically adjacent contact of each leg resulting in 5 channels
(each the difference of two contacts) per shaft, or 25 channels per animal. The
data was then high-pass filtered at 1000 Hz, rectified and low-pass filtered at
200Hz as recommended in ref 28. Trial data were extracted from 2 s before to 3
s after the onset of the stimuli.
For statistical analyses, we used the surface under the MUA. Specifically, we
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computed the area under the MUA during the baseline epoch (-1.2 s to 0.2 s
relative to stimulus onset) and during an epoch of the same duration (1 s) during
stimulus presentation when we expect the response to occur. For Shock and CS
trials, we expect low latency responses and therefore used the epoch 0 s to 1 s
post-stimulus onset. For Laser, three reasons lead us to expect longer latencies:
(a) the laser pulse had a 200ms duration and the thermal energy does not reach
its maximum (and hence painful level) before 200ms, (b) the burning pain most
associated with affective reactions depend on unmyelinated fibers with slow
conduction times and (c) laser evoked spiking in the ACC has been reported to
reflect laser intensity reliably from ~300ms after stimulus onset30,52. Accordingly,
for that condition we shifted the experimental epoch to 0.3 s to 1.3 s post-laser
onset. The same duration interval was used in all conditions (1 s) to avoid biasing
analyses for a particular condition. t-tests were then used to compare responses
against baseline or across conditions because the surface under the MUA in 1 s
intervals was continuous and approximately normally distributed (i.e., less than
5% of channels failed a Kolmogorov-Smirnov test at p < 0.05). A paired t-test
was used when comparing an experimental period against its directly preceding
baseline, and a two-sample t-test was used when comparing the experimental
period across conditions. The significance threshold was set at 0.01. One-tailed
tests were used because we focus on stimulus-triggered activations (i.e.,
increases in MUA). Post hoc, we also explored the presence of stimulus-driven
reductions of MUA, but found these to be very rare, and we therefore do not
further explore them.
We first identified channels that were responsive by requiring that HighLaser >
baseline OR HighShockObs > baseline OR CS > Baseline. We then explored the
selectivity of those channels that were ‘responsive’ by comparing conditions
against their control condition (i.e., HighLaser > CtrlLaser; HighShockObs >
CtrlShockObs). For the CS playback we were more lenient in order to detect all
cells that respond to any salient sound, and thus compared CS against baseline
(CS > baseline). Using the CtrlLaser and CtrlShockObs as reference further
ensures that responses cannot be due to the sound produced when triggering the
Laser or delivering the Shocks, as these are also present in the Ctrl conditions.
The outcome of the analysis on the MUAs can be found in the 1st-3rd paragraphs
of the Results section and in the legend of Figures 2 and S1.
To look for habituation at the population level, we quantified the MUA for each
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trial and contact as the area under the curve (AUC) in the response interval. We
then averaged this AUC per channel for the first and last 5 trials of each condition.
We then entered this data into an ANOVA with 3 conditions (HighShockObs,
HighLaser, CS) and 2 epochs (First 5 trials, Last 5 trials), and found a significant
interaction, which was followed up by pairwise t-tests for each condition. Results
are shown in Figure S1.
Single unit data: To characterize the response of units that respond to witnessing
a shock to another animal, the data from the ShockObs session were clustered
using spikesort 3D (Neuralynx) and KlustaKwik53 then manually examined to
identify the channels in which there were single units present. Channels without
single-unit activity were excluded from further processing. To ensure that the
same single unit was present across all sessions (i.e., ShockObs, Laser & CS)
data from each contact from the three sessions were merged into a single file and
processed and analyzed as if it was a unique session. This merged data was then
automatically clustered and manually cleaned using SpikeSort 3D and
KlustaKwik. To further ensure that the same cell was present across sessions,
spike waveforms and firing rate during baseline period of the Laser and CS recall
sessions were compared to the shock session and a cleanup procedure was
conducted as follows: 1) spikes with a waveform-correlation lower than 0.85
with the average shock waveform were removed, 2) spikes with a peak amplitude
beyond ± 15% of the peak amplitude of the average shock waveform were
removed and 3) sessions with a firing rate ratio between the Shock baseline
period and the other sessions’ baseline period higher than 8 were removed (after
steps 1 and 2 had been applied). In addition, sessions with a spike firing rate
lower than 0.06Hz were not included in the final analysis.
Statistical analyses for the electrophysiology experiment were performed on
spike counts from epochs defined as for the MUA analysis: baseline epoch was
always from -1.2 to -0.2 s relative to stimulus onset, and experimental epochs
were from 0 to 1 s for Shock and CS, and 0.3 to 1.3 s for Laser. Spike counts
were compared against their baseline using a one-tailed Wilcoxon signed-rank
test, threshold set at p < 0.05. This non-parametric test was used instead of a ttest at p < 0.01 because spike counts are discrete numbers that are sometimes ill
distributed. However, analyzing the same data with t-tests at p < 0.01 lead to
conceptually similar results. Spike counts were compared across conditions
using the Wilcoxon rank sum test at p < 0.05. Clusters were classified as
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responsive in a given session, if HighShockObs > Shock Baseline OR HighLaser >
Laser Baseline OR CS > CS Baseline. For shock and laser sessions, clusters were
classified as specific in their response in a given condition if HighShockObs >
CtrlShockObs or HighLaser > CtrlLaser. As for the MUA, CS responses were
simply assessed compared to baseline to be sensitive in detecting any response
to a salient event. The results of the single unit analysis can be found in
paragraphs 5 and 6 of the Results section and in Figure 3.
To illustrate the average response of pain-selective mirror neurons, we selected
the 23 neurons that had the following properties: HighShockObs > CtrlShockObs
& HighLaser > CtrlLaser and HighLaser > CS (all at p < 0.05). We then
calculated the spike density function (sdf) for each of these neurons separately
(using an exponential decay function of 200ms and a Gaussian of 50ms and the
function msdf from MLIB toolbox for MATLAB). To normalize the firing rate,
we determine the peak of the sdf across all conditions within the experimental
window (0-1 s for CS and ShockObs and 0.3-1.3 s for Laser). For each condition,
we then removed baseline activity (averaged from -2.2 s to -1.2). Then we
divided the de-baselined sdf of each condition by the same value: the maximum
sdf across all conditions. This ensures that for each cell, a value of 1 represents
the maximum firing rate across all conditions. Then we averaged all 23 neurons,
and show the average normalized sdf together with the standard error of the mean
in Figure 3.
For the muscimol experiment, for comparison between periods (baseline versus
shock or CS) and conditions (muscimol versus control), repeated-measures
ANOVAs (IBMSPSS statistics, USA) were performed with baseline and test
period as within-subject factors and the conditions as between-subject factors.
The outcome of this analysis can be found in the last paragraph of the Results
section and in the legend of Figure 5.
Spike triggered spectrogram: To further characterize the features triggering the
activity of interesting neurons (Figure 3A6) in the Shock session we performed
spike-triggered analyses of the sound recording. For this analysis, we did not
consider the first 12 min of baseline but focused on the continuous period starting
shortly before the first shock and ending after the last shock. In that period,
instantaneous firing rate of each neuron was calculated as the inverse of the interspike interval. Moments of unusual firing were then identified as moments with
instantaneous firing rate in the top 5% of all instantaneous firing rates. For each
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of these moments, we then extracted the 5 s prior and after the surprising spike
rate and averaged this spectrogram across all surprising spike rates. Finally, to
identify changes of power associated with the spikes, we subtract for each
moment at a given frequency the average power in that frequency across the
whole experimental period. The results for the spike-triggered spectrogram can
be found in Figure 3.
Cross-Modal decoding: We used a penalized maximum likelihood generalized
linear model to analyzed the spike counts of the 69 neurons for which we have
10 trials of the High, Low and Ctrl conditions for ShockObs and Laser. We used
the package glmnet version 2.0 as implemented in R (https://cran.rproject.org/web/packages/glmnet/index.html). We coded stimulus amplitude as
0 = Ctrl, 1 = Low, 2 = High, and used the spike count in the experimental window
(0-1 s post-shock for ShockObs and 0.3-1.3 s for Laser) for each of the 10 trials
at each intensity as the input for the regression and fit the glmnet for optimal
leave one out cross-validation in the training cmodality (e.g., train on ShockObs).
We then estimate the performance within that modality as the correlation
between leave-one-out predicted and actual stimulus intensity. Without refitting,
we then use the optimal model from the training modality to predict stimulus
intensity based on spike counts from the other modality (e.g., test on Laser), and
again calculate the correlation between predicted and actual intensity. Results
are presented in the section Common Coding in the ACC.
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Supplemental Information

Figure S1. Multiunit Activity and its habituation. Related to Figure 2. (A) Mean
(+/-sem) z-transformed MUA aligned on the beginning of the 20s CS (t=-5 to 10s) and
its end (15-30s). Both epochs were z-transformed relative to mean and standard
deviation of the same pre-stimulus baseline shown with a square bracket. (B)
Population MUA as in Figure 2 G, H separately for the first 5 and last 5 trials to examine
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habituation. See main text for statistical analysis. (C) Left: Classification of MUA
channels as in Figure 2F, Right: same but for the first 5 trials only. (D) Average MUA
response of two small populations of MUA channels responding to HighShockObs that
were recorded simultaneously in one animal (#31) and had opposite preferences for
HighLaser vs. CS. The red line represents the average of 4 channels that responded to
HighLaser>CtrlLaser (p<0.01 for each channel) but not CS>Baseline (p>0.2 for each
channel). The blue line represents the average of 2 channels that responded to
CS>Baseline (all p<0.01) but not HighLaser>CtrlLaser (all p>0.2). All 6 channels
showed significant responses to ShockObs (HighShockObs>CtrlShockObs, all p<0.01).
The time courses illustrate how within the same animal, simultaneously recorded
channels can share a sensitivity to the signals of another rat but show opposite
selectivity during self-experience. Given that they were recorded simultaneously, this
cross-over cannot be explained by the animal failing to notice one condition altogether.
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Figure S2. Behavioral Analysis. Related to Figure 4. (A) The three conditions had
different spectrograms. HighShockObs was characterized by squeaking in the audible
range (left), HighLaser by a subtle sound resulting from the rat’s bodily movements
(e.g., paw retraction), CS by the 3 kHz CS and its harmonics. (B) The immediate
behavioral reaction to Laser application was manually rated as absent, low, mid or high
intensity and the proportion of trials with that intensity plotted for each animal (dot) as a
function of Laser condition with quartiles as wiskerplot. Mid and High intensity
reactions were more frequent in the HighLaser condition (Wilcoxon signed rank vs.
Ctrl and Low, all p<0.01), but there was no significant difference to Low vs. CtrlLaser
(Wilcoxon signed rank, all p>0.8). (C) Motion in the recorded videos in 100ms
intervals for the High and Lowlaser condition (mean±sem). (D) Proportion freezing was
higher following Low and CtrlLaser than baseline and HighLaser. The vigorous
HighLaser reactions (B, C) led to freezing close to baseline levels. Note: due to
temporal misalignment between movies and event-marker, all behavioral Laser
analyses (B-D) are restricted to a subset of animals as indicated, and non-parametric
stats were used because of normality violation. (E) Three behaviors were analyzed
separately during baseline, CS playback and the interstimulus interval (ISI) between CS
playbacks, separately for the 1st and last 5 trials to examine habituation. Freezing was
elevated relative to baseline (paired t-test, all p<0.001). A 2 way repeated measurement
ANOVA with CS vs ISI and first vs. last 5 trials revealed a main effect of CS vs ISI
(F(1,13)=14.4, p<0.002) but no habituation (first vs last, F(1,13)=0.5, p=0.48) or
interaction (F(1,13)=0.5, p=0.48). CS playback caused freezing to replace grooming
and laying down. All CS analyses were performed on n=14 animals for which the
movies were temporally well aligned with the event markers, and parametric stats were
used because normality was not violated.
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Figure S3. Histological reconstruction of single cells. Related to Figure 3. (A) On
coronal slices with Bregma AP in mm adapt- ed from Ref. [S1]. (B-C) Cell types as a
function of AP coordinates (B) or brain region (C). No significant difference in the
proportion of mirror cells (S&L vs S&CS vs S&L&CS) were found across AP (X 2(9) =
8.27, p=0.5) or brain region (X2(9)=8.73, p=0.46).
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CHAPTER 4

Introduction
The ability to anticipate threats and deploy defensive responses appropriately is
key to survival1. Following extensive evidence that humans witnessing the pain
of others show (1) brain activity as if they had been in pain themselves2-5 and (2)
defensive changes in cortical excitability reminiscent of the freezing behavior
found in animals6,7, two separate streams of research have shown that rodents are
also sensitive to the emotional state of others (Fig 1). First, rats and mice freeze
not only after they experience an unescapable shock themselves but also when
witnessing another animal receive such a shock8-14. Second, rodents freeze less
to a fear-conditioned stimulus when they are paired with a conspecific that does
not engage in freezing15-25. These observations suggest that rodents have evolved
mechanisms to more selectively deploy defensive behavior in anticipation of
danger by using the response of conspecifics as evidence for or against the
presence of the danger. Here, we introduce a combination of an established
behavioral paradigm and advanced analysis methods to systematically quantify
the transfer of information across rats in the context of danger (Fig 2). We first
use this combination to study whether familiarity across animals and prior
exposure to footshocks influence the magnitude of this information transfer.
Next, we use this methodology to quantify the impact of deactivating the anterior
cingulate cortex (ACC) on this information transfer.

Fig 1. Emotional contagion and social buffering paradigms. (A) A schematic
representation of typical paradigms used to investigate emotional contagion. An
observer rat witnesses a demonstrator rat receive an electric footshock. The shock
induces fear and pain responses in the demonstrator, which in turn is unidirectionally
transferred to the observer, which shows increased freezing thought to indicate an
increase in distress. In these paradigms, the variable of interest is the amount of
freezing of the observer. (B) A schematic representation of the social buffering
paradigm. A demonstrator rat receives an electric footshock. The fear response of the
demonstrator, freezing in particular, is reduced in the presence of an observer rat. The
variable of interest is the amount of freezing of the demonstrator.
84

BIDIRECTIONAL CINGULATE-DEPENDENT DANGER INFORMATION TRANSFER ACROSS RATS

Fig 2. Experimental procedure. The procedure started with a familiarization phase
(left) in which a DEM (in orange) was housed together with an OBS (in blue) for
different periods of time depending on the experimental group (rightmost table). After
the familiarization phase, the OBSs were preexposed to footshocks alone (middle). The
preexposure procedure consisted of a 12-minute baseline and a 12-minute shock period
in which the observer received four footshocks (0.8 mA, 1 second each, ISI: 4-6
minutes). This was followed by the interaction test (right), consisting of a 12-minute
baseline and a 12-minute shock period. During the shock period, the observer
witnessed the demonstrator in an adjacent chamber receive five footshocks (1.5 mA, 1
second each, ISI: 2-3 minutes). In the individual familiarity experiment, all animals
were LE (hooded rats in the right table) and varied in how familiar they were with the
particular individual they observe in the interaction test. In the strain familiarity
experiment, the observer-demonstrator dyads were either from the same strain (i.e.,
both hooded LE or both albino SD) or from different strains (i.e., one hooded LE and
one albino SD), and thus varied in their familiarity with the strain they observe. DEM,
demonstrator rat; ISI, inter-shock interval; LE, Long-Evans; OBS, observer rat; SD,
Sprague Dawley.

The paradigm we developed in the laboratory involves a shockexperienced observer rat interacting through a perforated transparent divider
with a demonstrator rat receiving footshocks. We quantify the freezing behavior
of both animals during an initial 12-minute baseline period and a 12-minute test
period in which the demonstrator receives five footshocks (1.5 mA, 1 second
each, inter-shock interval [ISI]: 240-360 seconds, Fig 2). We then introduce
Bayesian model fitting, model comparison, and Granger causality to quantify the
degree to which the freezing of the demonstrator influences the freezing of the
observer and, vice versa, whether the freezing of the observer influences the
freezing of the demonstrator. Unlike more traditional analysis methods that focus
on one direction of information flow at a time (Fig 1), the methods we introduce
allow us to capture social influences in both directions in the same paradigm and
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thereby address the need to study true social interactions26. We then test whether
information indeed flows in both directions and quantify the effect of familiarity,
prior exposure to footshocks, and anterior cingulate deactivation.
We explore the effect of familiarity because this paradigm was initially
developed to study affective empathy and emotional contagion. The term
emotional contagion can be traced back to the German Stimmungsuebertragung,
introduced by Konrad Lorentz to refer to cases in which witnessing a conspecific
in a particular emotion, expressed via movements and sounds, triggers a similar
emotion in the witness (“der Anblick des Artgenossen in bestimmten
Stimmungen, die sich durch Ausdrucksbewegungen und -laute äußern können,
im Vogel selbst eine ähnliche Stimmung hervorruft”27). The term empathy is
used more variably. In the human literature, it is defined as feeling what another
feels while “being aware of the causal mechanism that induced the emotional
state in that other”28 or, put otherwise, “when we know that the other person's
affective state is the source of our own affective state”2. In the rodent literature,
some argue empathy can be used more generally as “the capacity to be affected
by and share the emotional state of another” irrespective of the ability to know
who is the source of the emotion29. Many believe empathy evolved in the context
of parental care, in which feeling the distress of offspring motivates nurturing
and thereby increases Darwinian fitness28,30,31. As such, empathy could be
expected to be stronger toward individuals that are closer or more familiar to us,
although this familiarity bias is not part of the definition of empathy. The effect
of familiarity on emotional contagion has thus been studied in mice10,11,32,33.
These mouse studies show that increasing the level of familiarity across
demonstrator and observer mice increases how much the demonstrator
influences the observer. It should be noted that in mice, encountering an
unfamiliar conspecific triggers a stress response via glucocorticoids, and this
stress response appears to reduce emotional contagion33. Does familiarity also
influence information transfer in rats? In contrast to mice, no studies have tested
the role of familiarity in the behavioral response of rats directly witnessing a
conspecific experience a painful stimulus. What we do know is that interactions
with a conspecific that had been exposed to a painful stimulus elsewhere can lead
to stronger effects in more-familiar individuals34 or in siblings35. However,
because the imminence of a threat changes the behavioral and neural responses
of an animal36, transmission of a state influenced by past danger signals
(potentially via olfactory cues) differs from witnessing an acute reaction to
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distress (partially via auditory and visual cues). Finally, rats will help trapped
individuals from a strain they are familiar with more than animals from a strain
they are unfamiliar with37, but such prosocial behavior may be more tightly
regulated because of its potential cost than emotional contagion.
We explore the effect of prior exposure to footshocks because our own
experiments have shown that, for female rats, prior exposure was necessary to
trigger a strong freezing response when rats observe shocks delivered to a
demonstrator8. Also, Greene has observed that helping is stronger in preexposed
rats38. In contrast, although some work has been done in preexposed mice39, most
of the emotional contagion work in mice has been done with shock-naïve animals
made to observe a demonstrator receive 20 shocks11,12. We therefore performed
a small experiment to quantify whether information transfer is significant even
across rats that have not received footshocks and how the magnitude of that
transfer compares with that of preexposed animals.
We also deactivate the ACC (area 24 in particular), a region that contains
emotional mirror neurons in rodents40,41, to test its impact on our measures of
information transfer. Finally, we perform simulations to explore how
information transfer across individuals can aid the detection of danger from a
signal detection perspective.

Results
General behavioral responses
We manipulated familiarity in two ways. In the first experiment (individual
familiarity experiment), all demonstrator-observer dyads were from the same
strain (i.e., Long-Evans) but differed in how long they had been housed together
with that particular individual. In the second experiment (strain familiarity
experiment), all demonstrator-observer dyads were unfamiliar with the animal
they were paired with during the interaction test but differed in whether rats were
familiar with the strain of their pair-mate (i.e., both Long-Evans or both Sprague
Dawley) or were unfamiliar with that strain (i.e., one Long-Evans and one
Sprague Dawley). The scatter plots of Fig 3 show, for both the individual
familiarity and strain familiarity experiments, how much observers and
demonstrators froze during the 12-minute baseline (when no shock was delivered,
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black dots) and during the 12-minute shock period, during which the
demonstrator received 5 shocks (red plusses). In both experiments, the freezing
during baseline (black dots) is higher among the observers than the
demonstrators (two-tailed independent-samples t-test, baseline freezing
observers versus demonstrators, individual familiarity experiment, t(62)=3.6,
p<0.001, strain familiarity experiment, t(118)=3.9, p<0.001). Preexposing the
observers to shocks in a different environment thus led to some generalization of
fear to the test environment. This effect was, however, modest, with average
observer baseline freezing below 10% in both experiments (individual
familiarity experiment, mean=9.4% ±standard error of the mean [SEM]=2.5%,
strain familiarity experiment, mean=6.4% ± SEM=1.3%). The elongated shape
of the scatter plots during the shock period (red plusses) suggests a relationship
between the freezing levels of demonstrators and observers: the dyads in which
the demonstrators froze the most are often the dyads in which the observers also
froze the most. To explore the directionality of this relationship, we use Bayesian
modeling and Granger causality.

Fig 3. Observer and demonstrator freezing. For both the individual familiarity and
the strain familiarity experiments, the scatter plots indicate the prop. of time spent
freezing by the demonstrator (x-axis) and observer (y-axis) during both baseline (black
dots) and the shock period (red pluses). The marginal histograms indicate the
distribution of freezing behavior during baseline (black lines) and the shock period (red
lines) using a kernel with 0.05 bandwidth. Red arrow: possible influence of the
demonstrator freezing on the observer freezing (akin to emotional contagion). Green
arrow: possible influence of the observer freezing on the demonstrator freezing (akin to
social buffering if the level of the observer freezing is lower than that of the
demonstrator). prop., proportion. Data can be found at
http://dx.doi.org/10.17632/h8fkyr2z35.1.
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Effect of familiarity and feedback: Bayesian model comparison
Bayesian modeling was used to (1) compare models with feedback, in which the
freezing of the observer influences how much the demonstrator freezes, against
models without feedback and (2) identify whether familiarity influences the
coupling between the animals. Separate models were constructed using different
combinations of experimental variables that could explain the observer’s and
demonstrator’s freezing in the two experiments. Fig 4 summarizes the variables
included in the models, with those that significantly explain the observer’s and
demonstrator’s freezing marked in red.

Fig 4. Variables included in the Bayesian models. Several models were built,
separately for the individual and strain familiarity experiments, based on the factors
that could describe the observer and demonstrator freezing. Here, the full models for
the individual familiarity experiment (top) and strain familiarity experiment (bottom)
are shown separately for epochs in which shocks are delivered (shock=1) and those in
which no shocks are delivered (shock=0). The target variables that the models explain
are shown in a gray box. These full models were then compared against simplified
models, and the variables included in the winning model are shown in red. The
modulator “Weeks together” captures whether the effect across animals depends on the
number of weeks the observer and demonstrator spent together before testing (i.e., 0, 1,
3, 5 weeks). This modulator was implemented in two different ways (see Table 1A and
1B, and Fig 5): (1) in a way that models a linear increase of interindividual influence
with the number of weeks spent together, with the impact thus five times stronger after
5 compared with 1 week spent together, or (2) in a way that simply models a different
connection weight for each group. Strain OBS and strain DEM capture the effect of a
particular strain on the average freezing level of that strain. Strain (same/diff.) is a
binary variable indicating whether the observer and demonstrator dyad were of the
same or different strain. Finally, the variable preexposure indicates the amount of
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freezing of the observer during preexposure. Unfortunately, we only collected movies
during preexposure in the strain familiarity experiment and thus cannot retrospectively
include that variable in the models of the individual familiarity experiment. DEM,
demonstrator rat; OBS, observer rat; diff., different; Exp, experiment; Data can be
found at http://dx.doi.org/10.17632/h8fkyr2z35.1

Results from the individual familiarity experiment
Of the eight tested models designed to explain demonstrator freezing, the best
one (model 6, expected log pointwise predictive density according to the leaveone-out approximation [Elpdloo] estimate=41.5, standard error [SE]=15.2; Table
1A) shows that Freezingdem=0.47 × Shockdem + 0.37 × Freezingobs × Shockdem.
This indicates that, within our paradigm, the freezing of the demonstrator
(Freezingdem) is approximated by assuming that it is 0 when no shock is delivered
(since the variable Shockdem is then equal to 0, nulling all elements of the
equation). However, when a shock is delivered, the demonstrator’s freezing can
be estimated at 0.47 (i.e., the demonstrator freezes 47% of the time) if the
observer does not freeze at all plus 0.37 times the freezing of the observer if the
observer does freeze. That the freezing of the observer was part of the model best
explaining the data suggests that, unlike what a classic one-way perspective
would assume, information is indeed exchanged in both directions, with the
behavior of the demonstrator influenced by that of the observer and that of the
observer influenced by that of the demonstrator. Indeed, the feedback parameters
in the models all have 95% credibility intervals not encompassing 0, which
provides additional evidence that even the somewhat weaker influence from the
observer back to the demonstrator was significant.

Table1. Model comparisons for the individual and strain familiarity experiments.
For each experiment, separate models were constructed to describe the level of freezing
of the dem and the obs. The number of models varies depending on the variables that
were included (Fig 4). The models were ordered based on their increasing Elpd loo, with
the worst model on the left and the best model on the right. The first column lists the
variables included in each model. Values in the table indicate the parameter estimates
with their credible intervals below (2.5%-97.5%). The model in bold always indicates
the winning model. Abbreviations: dem, demonstrator; Elpdloo, expected log pointwise
predictive density according to the leave-one-out approximation; obs, observer; SE,
standard error of the Elpdloo
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A. Explaining Demonstrator Freezing in the Individual Familiarity Experiment
Model
Elpdloo Estimate
SE
Interceptobs
Shockdem
Freezingobs*Shockdem
Weeks*Freezingobs
*Shockdem
0Weeks*Freezingobs
*Shockdem
1Week*Freezingobs
*Shockdem
3Weeks*Freezingobs
*Shockdem
5Weeks*Freezingobs
*Shockdem
Sigmadem

1

4

3

2

5

8

-27.2 -23.0 16.4 20.5 36.0 36.1
1.9

6.7

0.34
(0.26– --0.42)

10.3 11.2 16.4 14.7
---

---

---

---

7

6

37.1

41.5

13.5

15.2

---

---

0.68 0.64 0.47 0.47
--- (0.64– (0.57– (0.35– (0.36–
0.73) 0.71) 0.58) 0.58)
1.05
0.37
------- (0.96– ------- (0.19–
1.15)
0.54)
0.31
0.03
--- (0.24– ------- (0.0– ----0.38)
0.07)
0.94
0.29
----- (0.74– ------- (0.08– --1.13)
0.49)
1.14
0.42
----- (0.94– ------- (0.19– --1.34)
0.64)
1.04
0.39
----- (0.87– ------- (0.20– --1.20)
0.59)
1.13
0.34
----- (0.88– ------- (0.09– --1.37)
0.60)
0.37 0.34 0.18 0.17 0.13 0.13 0.12 0.12
(0.31– (0.29– (0.15– (0.14– (0.11– (0.11– (0.10– (0.10–
0.44) 0.41) 0.21) 0.20) 0.16) 0.15) 0.14) 0.14)
---

---

---

B. Explaining Observer Freezing in the Individual Familiarity Experiment
Model
Elpdloo Estimate

4

1

3

2

-21.8 -17.9 10.7 13.5

SE

7.0

7.9

7.8

Interceptdem

0.34
--- (0.25– --0.44)

---

Freezingdem*Shockdem

---

Weeks*Freezingdem
*Shockdem

3.0

---

0.24
(0.18– --0.30)

0Weeks*Freezingdem
*Shockdem

---

1Week*Freezingdem
*Shockdem

---

0.85
--- (0.75–
0.94)
---

---

0.87
--- (0.66– --1.08)
0.77
--- (0.59– --0.94)
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3Weeks*Freezingdem
*Shockdem
5Weeks*Freezingdem
*Shockdem
Sigmaobs

0.93
--- (0.76– --1.10)
0.77
----- (0.54– --1.00)
0.34 0.32 0.20 0.19
(0.28– (0.27– (0.16– (0.16–
0.40) 0.38) 0.24) 0.23)
---

C. Explaining Demonstrator Freezing in the Strain Familiarity Experiment
Model
Elpdloo Estimate
SE
Interceptdem

1

4.4

3

9

8

10.4 12.5 12.2 11.4 11.5

0.28
(0.23– --0.34)

Shockdem
Straindem*Shockdem

---

Straindem* NoShockdem

---

Freezingobs*Shockdem

---

SameStrain*Freezingobs --*Shockdem

Sigmadem

2

-26.7 -13.3 65.4 66.2 70.5 71.6

---

DifferentStrain*
Freezingobs *Shockdem

7

---

---

---

---

4

10

5

6

11

12

78.0

87.9 103.8 108.2 108.8 110.0

9.8

12.6 12.4 12.2 13.0 13.1

---

---

---

---

---

---

0.55 0.48 0.32 0.33 0.30 0.31
(0.52– (0.44– (0.26– (0.27– (0.25– (0.25–
0.59) 0.52) 0.38) 0.39) 0.36) 0.37)
0.63
0.13 0.14
0.15
0.10 0.08
(0.53– ----- (0.06– (0.07– --- (0.09– ----- (0.05– (0.02–
0.73)
0.20) 0.21)
0.21)
0.15) 0.13)
0.02
0.00 0.01
0.02
0.01 0.00
(-0.08
(-0.05 (-0.04
(-0.02
(-0.03 (-0.04
----------to
to
to
to
to
to
0.1)
0.06) 0.06)
0.06)
0.05) 0.04)
0.99
0.86
0.46
0.40
--- (0.93– ----- (0.78– ----- (0.35– --- (0.29– --1.06)
0.95)
0.57)
0.51)
1.06 0.90
0.53
0.46
----- (0.97– (0.78– --------- (0.41– --- (0.34–
1.14) 1.02)
0.64)
0.58)
---

---

---

---

---

0.92 0.84
0.37
0.35
--- (0.83– (0.74– --------- (0.25– --- (0.24–
1.01) 0.94)
0.49)
0.47)
0.30 0.27 0.14 0.14 0.13 0.13 0.13 0.11 0.10 0.10 0.09 0.09
(0.27– (0.24– (0.12– (0.12– (0.12– (0.12– (0.11– (0.10– (0.09– (0.08– (0.08– (0.08–
0.34) 0.31) 0.16) 0.13) 0.15) 0.15) 0.14) 0.13) 0.11) 0.11) 0.11) 0.11)
---

---

D. Explaining Observer Freezing in the Strain Familiarity Experiment
Model
Elpdloo Estimate

4

1

7

-60.7 -19.7 -1.1

SE

7.3

Interceptobs

0.28
--- (0.23– --0.33)

Strainobs*Shockdem
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---

5.1

10

3

2

-0.8 56.1 56.8

11.3 11.2
---

9

8

6

5

12

11

65.2

65.4 66.9 67.6 71.0 71.2

9.5

9.8

9.0

9.5

9.0

9.2

8.5

8.8

---

---

---

---

---

---

---

---

0.58 0.61
--- (0.50– (0.53– --0.66) 0.69)

---

0.13 0.13
(0.06– (0.06– --0.20) 0.20)

0.05 0.04
(-0.04 (-0.04
--to
to
0.13) 0.13)
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Strainobs*NoShockdem
Preexposureobs
*Shockdem

0.09 0.10
--- (0.01– (0.02– --0.17) 0.19)
-0.07
0.10
-0.13
(0.0– ------to
0.21)
0.00
0.01
-0.02
(-0.09
(-0.08
------to
to
0.11)
0.05)
---

---

---

0.08 0.08
(0.03– (0.03– --0.13) 0.13)
---

0.09 0.08
--- (0.04– (0.04–
0.13) 0.13)

0.09 0.09 0.08 0.08
--- (0.05– (0.05– (0.04– (0.04–
0.12) 0.12) 0.12) 0.12)

0.01 0.01 -0.01 -0.01
(-0.02 (-0.02 (-0.05 (-0.05
to
to
to
to
0.05) 0.05) 0.03) 0.03)
0.90
0.76
0.89
0.85
----------- (0.83– --- (0.66– --- (0.83– --- (0.74–
Freezingdem*Shockdem
0.96)
0.86)
0.95)
0.95)
0.85
0.71
0.85
0.80
SameStrain
--------- (0.77– --- (0.60– --- (0.77– --- (0.69– --*Freezingdem *Shockdem
0.94)
0.82)
0.93)
0.91)
0.96
0.83
0.96
0.91
DifferentStrain
--------- (0.86– --- (0.71– --- (0.86– --- (0.79– --*Freezingdem *Shockdem
1.07)
0.95)
1.05)
1.03)
0.40 0.30 0.24 0.24 0.15 0.15 0.14 0.13 0.14 0.14 0.13 0.13
(0.35– (0.27– (0.21– (0.21– (0.13– (0.13– (0.12– (0.12– (0.12– (0.12– (0.11– (0.11–
Sigmaobs
0.46) 0.34) 0.28) 0.27) 0.17) 0.17) 0.16) 0.15) 0.16) 0.16) 0.15) 0.15)

Preexposureobs
*NoShockdem

---

---

---

As expected, the delivery of footshocks is a key variable that induces freezing in
the demonstrator. In contrast, none of the familiarity variables were present in
the model with the best fit, indicating that familiarity does not modulate the
freezing of demonstrators sufficiently to improve the predictive performance of
the model. This was true independent of whether familiarity was modeled to vary
linearly with weeks (model 8, in which more weeks spent together would
increase the influence of the other animal’s freezing) or nonlinearly (model 7, in
which a different strength of influence from the observer freezing is calculated
for each familiarity level). Indeed, inspecting the distribution of the parameters
for the social feedback fitted separately for each group in model 7 (distributions
in Fig 5A) shows a substantial overlap between the credibility intervals for these
parameters. Put differently, the data do not provide evidence that the freezing of
an unfamiliar observer (0weeks) has a significantly smaller effect than that of
more-familiar observers. In addition, even for the 0weeks group, the social
feedback parameter has a distribution that is shifted away from 0, suggesting
significant social feedback onto even unfamiliar demonstrators. Note that, in all
models, the observer’s freezing was only considered as a predictor, whereas the
demonstrator received shocks (i.e., Freezingobs* Shockdem), and models that
considered the freezing of the observer without the presence of a shock (e.g.,
during baseline) performed less well.
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The findings from these model comparisons were confirmed with traditional
group-level analysis: the inclusion of Shockdem as a significant parameter is
reflected in a significant increase of freezing during shock compared with
baseline for each group (Fig 5B), and the lack of familiarity effect is compatible
with the outcome of a 2 epoch (baseline versus shock) × 4 familiarity (0, 1, 3, 5
weeks) ANOVA that revealed a main effect of epoch (F[1,28]=409.685, p<0.0001)
but a lack of significant main effect of familiarity (F[3,28]=0.569, p=0.64) or
familiarity ×epoch interaction (F[3,28]=0.463, p=0.711).
Of the four defined models explaining the observers freezing, the best one
estimated that Freezingobs=0.85 × Freezingdem × Shockdem (model 2, Elpdloo
estimate=13.5, SE=7.8, Table 1B). This shows that, within a dyad, the freezing
of the observer (Freezingobs) is coupled to that of the demonstrator (Freezingdem)
with a high gain of 0.85 × Freezingdem. In other words, the freezing of the
observer is only 15% lower than that of the demonstrator receiving the actual
shocks. Inspecting the distribution of the parameters influenced by familiarity of
model 3 reveals a high overlap between the distributions, with all of them having
credibility intervals not encompassing 0 (Fig 5C). This further reinforces the
notion that a strong linkage exists independently of the familiarity level.
Traditional group-level comparisons (Fig 5D) confirm that administering a
shock to the demonstrator has a strong effect on the observer but that familiarity
does not modulate this effect: a 2 epoch (baseline versus shock) × 4 familiarity
(0, 1, 3, 5 weeks) ANOVA showed a main effect of epoch (F[1,28]=113.069,
p<0.0001) but no main effect of familiarity (F[3,28]=1.214, p=0.323) or epoch ×
familiarity interaction (F[3,28]=1.135, p=0.352).
Together, the Bayesian model comparisons on the individual familiarity
experiment data therefore show (1) that embracing a bidirectional model of
information transmission improves our ability to explain the data and (2) that
there is no apparent change in the intensity of the bidirectional coupling as a
function of how long Long-Evans rats were pair-caged. The mutual influence
evidenced here occurs for unfamiliar and familiar animals alike.
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Fig 5. Parameter estimates and model-free analysis. (A) Parameter estimates of the
influence from OBS → DEM from model 7 in Table 1A as a function of weeks spent
together. Note the considerable overlap and shift away from 0, illustrating the lack of a
familiarity effect and the consistent feedback from the observer, respectively. (B)
Model-free comparison across the familiarity groups. (C, D) Same as panels A and B,
but using observer freezing as the dependent variable. (E, F, G, H) Same for the strain
familiarity experiment. (I) Long-Evans rats froze more than Sprague Dawleys both in a
social context during the shock period of the strain familiarity experiment and when
tested alone during shock preexposure. For all pairwise comparisons, t-test, *p<0.05,
95

CHAPTER 4

**p<0.01, ***p<0.001. n.s. refers to the absence of a significant group × epoch
interaction in an ANOVA (see text for details). DEM, demonstrator rat; OBS, observer
rat. Data can be found at http://dx.doi.org/10.17632/h8fkyr2z35.1.

Results from the strain familiarity experiment
Unlike the individual familiarity experiment, in which all animals were LongEvans rats, to further test the impact of familiarity, the strain familiarity
experiment included rats of different strains: Long-Evans and Sprague Dawleys.
The difference in strain could impact freezing in two ways. Much like in the first
experiment, strain influences how familiar the partners are with the strain of their
counterpart: Long-Evans rats were highly familiar with Long-Evans rats but had
never been in contact with Sprague Dawley rats. In addition, one of the two
strains may in general freeze more in response to a stressor (be it social or
nonsocial) than the other. This second consideration motivated us to include a
number of factors in addition to those included in the first experiment (see Fig
4). In addition to (1) the freezing percent of observers and demonstrators and (2)
whether or not the demonstrators received footshocks (baseline versus shock
period), the following predictors were also included: (3) a binary variable
capturing the strain (Long-Evans or Sprague Dawley) of the observers as a
predictor for observer freezing (Strainobs), (4) a binary variable capturing the
strain (Long-Evans or Sprague Dawley) of the demonstrator to predict
demonstrator freezing (Straindem), and (5) a binary variable that captured cases
in which the two rats were of the same strain (SameStrain) and those in which
they were of different strains (DifferentStrain). Finally, to capture individual
differences in freezing behavior, which is crucial for predicting observer freezing,
we also analyzed freezing during the initial preexposure of the observer rats, in
which they experienced a number of shocks alone, and used that as a predictor
of how much they would respond to seeing another rat receive shocks
(Preexposureobs, Fig 3).
Comparing the fit of the models tested to explain the demonstrators freezing
(Table 1C) reveals a group of four models with Elpdloo > 100 (models 5, 6, 11,
12). Compared with those with much poorer fits, these models all incorporate
whether the demonstrator received a shock (Shockdem) and feedback from how
strongly the observer froze (Freezingobs, either modulated by strain difference or
not). Because the difference between the model fits across these four models is
small compared with the SE of the model fit, we explored the parameter
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estimates to determine whether there was evidence for an effect of strain. To
determine whether there was an effect of strain on the effect of the shock, we
examined the credibility intervals of the Straindem* Shockdem parameter in models
11 and 12. In both cases, the credibility intervals did not include 0, suggesting a
small but significant effect of strain on the amount of freezing following the
shock, with the Long-Evans reacting to the shock with higher freezing than the
Sprague Dawleys. To determine whether there was an effect of same/different
strain on the feedback from the observer, we compared the credibility intervals
for the SameStrain * Freezingobs * Shockdem versus the DifferentStrain *
Freezingobs * Shockdem parameters from model 12 (Fig 5E, Table 1C). The
posterior distributions overlap so much, and the difference in the model fit
between models 11 and 12 is so small, that this does not provide robust evidence
for a strain effect. We thus consider model 11 as the best description of our data:
Freezingdem=0.30 × Shockdem + 0.10 × Straindem × Shockdem + 0.40 × Freezingobs
× Shockdem (model 11 Elpdloo estimate=108.8, SE=13.0, Table 1C). This means
that if no shock is being delivered, the estimated freezing is 0, because of the “×
Shockdem” behind all terms. If a shock is delivered, Freezingdem is then estimated
at 0.30 plus 0.10 if the demonstrator is a Long-Evans plus 0.40 ×the freezing of
the observer when dyads are from same or different strains. The observer’s
freezing was only a good predictor when the demonstrator actually received
shocks (i.e., Freezingobs* Shockdem), and models that considered the freezing of
the observer without the presence of a shock (e.g., during baseline) performed
less well.
The difference in freezing between strains during the shock period is confirmed
by group-level analyses showing that Long-Evans demonstrators froze
significantly more compared with Sprague Dawley demonstrators (Fig 5I).
Importantly, as for the individual familiarity experiment, the feedback
parameters (i.e., those including Freezingobs) all had credibility intervals
excluding 0, providing evidence for the presence of a sizable feedback effect.
Additional model-free group-level analyses (Fig 5F) confirm these findings:
there was a significant increase of freezing levels during shock compared with
baseline and no effect of familiarity: a 2 epoch (baseline versus shock) × 4
familiarity (0, 1, 3, 5 weeks) ANOVA showed a main effect of epoch
(F[1,58]=637.323, p<0.0001) but no main effect of familiarity (F[1,58]=2.491,
p=0.12) or epoch × familiarity interaction (F[1,58]=1.695, p=0.198).
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For the observers, the model best explaining the data was Freezingobs=0.08 ×
Strainobs × NoShockdem + 0.08 × Preexposureobs × Shockdem + 0.85 × Freezingdem
× Shockdem (model 11, Elpdloo estimate=71.2, SE=8.8, Table 1D), showing that
within a dyad, the freezing of the observer (Freezingobs) during the shock period
is strongly modulated by the freezing of the demonstrator (Freezing dem *
Shockdem) and more weakly by the preexposure of the observer (Preexposure obs
* Shockdem). During the no-shock period (i.e., baseline), the freezing of the
observer is mildly modulated by the strain of the observer animal (Strainobs *
NoShockdem), which suggests possible differences between freezing levels of
observers of different strains (Fig 5I). Whether observer-demonstrator dyads
were from the same or different strains, however, did not modulate the strength
of the coupling between the demonstrator’s and observer’s freezing. An
additional experiment, which showed that Long-Evans observers are capable of
distinguishing same (other unfamiliar Long-Evans rats) from different strains
(unfamiliar Sprague Dawley rats) under dim red light conditions (i.e., same as in
the strain familiarity experiment) confirmed that this lack of effect was not due
to the possibility that the observers could not distinguish the two strains (Fig 6).
The lack of modulation by the same/different strain is supported not only by the
fact that splitting the effect of Freezingdem of model 12 into the same/different
strain does not outperform model 11 but also by the fact that the same- versus
different-strain versions of the parameter estimates (Fig 5G) overlap
considerably. This illustrates that the behavior of the observer is modulated by
that of the demonstrator, regardless of whether they are from the same or
different strain. This is further supported by an analysis showing no difference
in freezing levels between same- and different-strain dyads (Fig 5H, left side): a
2 epoch (baseline versus shock) × 4 familiarity (0, 1, 3, 5 weeks) ANOVA
showed a main effect of epoch (F[1,58]=269.113, p<0.0001) but no main effect of
familiarity (F[1,58]=0.284, p=0.596) or epoch × familiarity interaction
(F[1,58]=0.004, p=0.953).
Despite differences in experimental manipulations, both experiments suggest
that there is robust bidirectional information transfer within observerdemonstrator dyads: (1) the freezing level of an observer is better predicted when
taking the freezing of the demonstrator into account, (2) the freezing level of a
demonstrator is better predicted when taking the freezing of the observer into
account, and (3) estimates of the coupling parameters have credibility intervals
not including 0. In contrast, the familiarity level does not improve predictions
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significantly, and the coupling parameters for different familiarity levels
(individual or strain) overlap. This was true when familiarity was manipulated at
the individual level in terms of weeks spent together and at the strain level in
terms of whether animals were familiar with the strain of their partner.

Fig 6. Same-strain recognition experiment. For this experiment, eight observers
(OBS: all Long-Evans, four of which also served as demonstrators) and eight
demonstrators (DEM; four Long-Evans and four Sprague Dawley rats) were used. (A)
The test was conducted in a three-chamber testing box consisting of one large central
chamber (L:72 cm × W:33 cm) and two small side chambers (each: L:27 cm × W:33
cm). The central chamber was separated from the side chambers by transparent
perforated walls. The day before testing, all animals were habituated to the testing box.
The test consisted of a 5-minute baseline period, in which observers were individually
placed in the central compartment, followed by a 10-minute CPP, in which two
unfamiliar demonstrators (DEM1 and DEM2: one Long-Evans and one Sprague
Dawley rat) were simultaneously placed in one of the side compartments (placement
was randomized). To avoid bias, the placement of the demonstrators occurred when the
observer was in the center zone of the central compartment. Each observer had two
tests, separated by an interval of 30 minutes to 1 hour, in which the location of the
Sprague Dawley and Long-Evans rats was changed. The amount of time that the
observers spent in the proximal zone during the initial 90 seconds of the baseline and
CPP was scored, and a ratio score was estimated (difference in the time spent in the
proximal zone of the Long-Evans rat and the time spent in the proximal zone of the
Sprague Dawley rat divided by the sum of the time the observer spent in the proximal
zone of the Long-Evans and Sprague Dawley rat. (B) Results show that, in tests 1 and
2, observers spent more time in the proximal zone of the same-strain (Long-Evans)
than of the different-strain (Sprague Dawley) demonstrator rats compared with
baseline. This was significant for the first test of each trio (paired-sample t-test, test 1:
t(6)=2.58, p2tail=0.04; test 2: t(6)=1.64, p2tail=0.15, *p<0.05). CCP, choice preference
period; DEM, demonstrator rat; L, length; OBS, observer rat; W, width. Data can be
found at http://dx.doi.org/10.17632/h8fkyr2z35.1.
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Moment-to-moment coupling: Granger causality
The results of Bayesian modeling provide evidence for bidirectional information
transfer between observers and demonstrators. Dyads with higher overall
observer freezing are dyads with higher demonstrator freezing despite receiving
the same shock. If the freezing of the observer truly influences that of the
demonstrator, as the Bayesian models suggest, we would expect to find evidence
of such bidirectional influence at the level of the moment-to-moment
fluctuations of freezing in individuals: fluctuations in the freezing of the
demonstrator should be explained (in the statistical sense) by earlier fluctuations
of the observer at a second-by-second timescale. Granger causality analyses were
used to examine this prediction42,43.
To have an overview of the information flow within the observer-demonstrator
dyads during the interaction test, Granger causality was computed including all
dyads from both the individual and strain familiarity experiments. G-causality
values (i.e., Granger F values) were calculated separately for the baseline and
the shock period. During baseline, significant G-causality was found in both
directions: from the demonstrator to the observer (Granger F=0.086, p<0.0001)
and from the observer to the demonstrator (Granger F=0.156, p<0.0001),
meaning that there is time-coupled bidirectional information flow. The order of
the Granger causality model is determined automatically by the analysis and was
21, suggesting that the freezing of an animal is influenced by the freezing levels
in the past 21 seconds. In addition, the observer-to-demonstrator G-causality was
numerically larger than in the opposite direction, which can be explained by the
influence of the preexposure on the observer's freezing: because the observers
were preexposed to footshocks, they showed some contextual fear generalization
to the test setup and more spontaneous freezing during the baseline (Fig 3, black
marginal histograms). This baseline freezing potentially influenced the
demonstrators. Conversely, as the demonstrators froze less during baseline, they
could not have as much influence on the observers. For the shock period,
significant G-causality was also found in both directions: from the demonstrator
to the observer (Granger F=0.059, p<0.0001) and from the observer to the
demonstrator (Granger F=0.035, p<0.0001). As expected, the delivery of
footshocks to the demonstrator makes the information flow from the
demonstrator to the observer stronger compared with the opposite direction, as
indicated by the larger G-causality values in the demonstrator-to-observer
100

BIDIRECTIONAL CINGULATE-DEPENDENT DANGER INFORMATION TRANSFER ACROSS RATS

direction.
To investigate the effect of familiarity, G-causality between the demonstrator's
and the observer's freezing was calculated for each dyad in each direction (i.e.,
demonstrator-to-observer and vice versa) separately and then compared between
different experimental groups. Due to the fact that, during baseline, both
demonstrators and observers showed minimal freezing levels, there were not
enough freezing time points to calculate the G-causality for each dyad during
this period. Therefore, to examine the effect of familiarity, the analysis was
restricted to the shock period (Fig 7A and 7B).

Fig 7. Directionality of information transfer. (A) G-causality results. Mean ±SEM
for G-causality values for the demonstrator-to-observer direction (DEM-OBS, in red)
and the observer-to-demonstrator direction (OBS-DEM, in green) during the shock
period, for the individual familiarity experiment. (B) G-causality results for the strain
familiarity experiment. DEM, demonstrator rat; different, different strain; Exp,
experiment; OBS, observer rat; same, same strain; SEM, standard error of the mean;
W, week. Data can be found at http://dx.doi.org/10.17632/h8fkyr2z35.1.

Results from the individual familiarity experiment
A MANOVA with G-causality of both directions as dependent variables and
familiarity (0, 1, 3, 5 weeks) as fixed factors revealed no significant effect of
familiarity in either direction: demonstrator to observer (F[3,28]=0.437, p=0.728)
and observer to demonstrator (F[3,28]=0.496, p=0.688), indicating that time spent
together as cagemates did not affect the temporal coupling of the freezing of the
dyad (Fig 7A).
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Results from the strain familiarity experiment
A MANOVA with G-causality of both directions as dependent variables and
familiarity (same strain versus different strain) as fixed factors revealed a small
effect of condition in the demonstrator-to-observer direction (F[1,58]=4.726,
p=0.034) but not in the observer-to-demonstrator direction (F[1,58]=0.210,
p=0.648). In the demonstrator-to-observer direction, the G-causality was bigger
for same-strain dyads compared with dyads composed of different strains,
indicating that there was more information flow from the demonstrator to the
observer when both animals were from the same strain than when they were from
different strains (Fig 7B).

The effect of prior shock exposure
All observer rats reported above have been exposed to footshocks before the
interaction test because our group has previously shown, using 0.8-mA shocks
and female Long-Evans rats, that previous experience with footshocks is
necessary for observers to display robust vicarious freezing8. However, because
the present study used stronger shocks (1.5 mA) and male rats (which generally
show higher absolute levels of freezing compared with the females44), we tested
how much shock preexposure influences information transfer under these
conditions. An additional group of animals was treated as the animals in the 3week familiarity group described above, except that-during the shock
preexposure phase-these observers were placed in the apparatus but not delivered
any shocks.
Group-level comparisons
For these analyses, we compared the dyads with nonpreexposed observers to the
dyads from the 3-week individual familiarity experiment group, the observers of
which were shock preexposed. Fig 8A and 8B show the percent freezing for
baseline and after each of the five shocks. We performed these analyses per
shock rather than over the entire shock epoch to visualize the temporal
development of freezing.
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Fig 8. Effect of shock preexposure. (A) Freezing levels for nine preexposed dyads
taken from the 3-week group of the individual familiarity experiment for the baseline
period and following each of the five shocks. Mean and SEM are shown separately for
the demonstrators (orange) and observers (blue). (B) Same for nine other dyads in
which the observer rat was not preexposed to shocks before the interaction test. For the
observers, the significance of one-tailed paired-sample t-test for freezing following
each shock compared with baseline is shown in blue where significant (*:punc<0.05,
**:punc<0.01, ***:punc<0.001). Each animal is shown as a dot. (C) Schematic of the
interaction test with the two rats color-coded as in panels A and B. (D) Parameter
estimates from the Bayesian model calculated over the shock period. The variables
used for modeling the observer freezing are shown on the left, and those for modeling
the demonstrator freezing are shown on the right. Variables that improved the model
are shown in red. The effect of preexposure is shown underneath each model as the
posterior distribution of the parameter estimates for the connection between DEM →
OBS freezing (left) and OBS → DEM (right) separately for the preexposed and
nonpreexposed pairs. Note that to improve the estimate for the preexposed animals,
here we included all 32 preexposed rats from the individual familiarity experiment
(because weeks of familiarity did not influence this parameter significantly), whereas
for the nonpreexposed pairs, we have n=9. (E) Granger causality F values as a function
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of direction and preexposure. **: two-tailed t-test, p<0.01. DEM, demonstrator rat;
OBS, observer rat; SEM, standard error of the mean. Data can be found at
http://dx.doi.org/10.17632/h8fkyr2z35.1.

For the demonstrators freezing, a 6 epoch (baseline, shock 1, 2, 3, 4, 5) × 2
preexposure (preexposed versus nonpreexposed) ANOVA indicated a main
effect of epoch (F[2.268,36.294]=165.298, p<0.001) but no preexposure main effect
(F[1,16]=1.570 × 10-5, p=0.997) and no epoch × preexposure interaction
(F[2.268,36.294]=1.453, p=0.247). Both groups of demonstrators therefore increased
their freezing in response to the shocks, with no strong differences between them.
A more detailed look at baseline freezing, however, revealed that the
demonstrators from the nonpreexposed batch froze more (mean=8.7% ±
SEM=2.6%) than those from the preexposed batch (mean=0.9% ±SEM=0.8%).
If the effect of shocks is quantified as the increase of freezing over the entire
shock period minus freezing during baseline (delta=Freezingdem,shock Freezingdem,baseline), then there is a trend for the expected reduction of freezing in
demonstrators paired with the nonpreexposed observers that froze less: a t test
for deltapre-exposed > deltanonpreexposed, t(16)=-1.29, p1tailed=0.1, p2tailed=0.2.
For the observers freezing, a 6 epoch (baseline, shock 1, 2, 3, 4, 5) × 2
preexposure (preexposed versus nonpreexposed) ANOVA on observer freezing
revealed highly significant main effects for epoch (F[3.406,54.497]=21.682, p<0.001),
preexposure (F[1,16]=35.97, p<0.001), and epoch × preexposure interaction
(F[3.406,54.497]=5.804, p=0.001). To test whether there was evidence for shock
observation triggering freezing in both groups separately, we performed separate
ANOVAs with 6 epochs for each preexposure group. For the preexposed
observers, the epoch main effect was highly significant (F[2.545,20.359]=21.33,
p<0.001). Post hoc uncorrected t-tests revealed that, compared with baseline,
freezing was increased from the second shock onward (for baseline versus shock
2, 3, 4, and 5, t(8)>6.867, p<0.001, Fig 8A). For the nonpreexposed observers, the
main effect of epoch was also significant (F[2.767,22.139]=4.877, p=0.011). Post hoc
uncorrected t-tests showed that, compared with baseline, freezing was
significantly increased from the third shock onward (for baseline versus shock 3,
4, and 5, t(8)>2.375, p<0.023, Fig 8B). In addition, a t-test comparing baseline
freezing across the two groups revealed no significant difference (t[16]=0.094,
p=0.926). In summary, observers at both preexposure conditions showed some
evidence of freezing in response to the demonstrator getting shocks, but this
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effect was stronger in the preexposed observers.
Bayesian model comparison
Bayesian modeling was used to estimate the strength of the connection in the
demonstrator-to-observer and observer-to-demonstrator directions and whether
these strengths differ across preexposure conditions. We adapted the winning
models from the individual familiarity experiment model of Table 1 for this
purpose by assuming a modulator of preexposure on the connection between
demonstrator to observer and observer to demonstrator and allowing for an effect
of preexposure directly onto the observer’s freezing (Fig 8D). We then explored
the posterior distributions of the parameter estimates to analyze the effect of
preexposure. Similar results were obtained by model comparison (see Table 2).
Note that, to fit the parameters for the preexposed group, we used all 32 animals
from the individual familiarity experiment here, irrespective of weeks spent
together, given that weeks spent together was not found to be a relevant
parameter.
The model explaining the demonstrator’s freezing during the shock period shows
that Freezingdem=0.45 × Shockdem + 0.31 × Freezingobs × Preexposure + 0.89 ×
Freezingobs × No Preexposure (model 4, Elpdloo estimate=57.7, SE=15.5; Table
2A). This shows that when a shock was given, the demonstrator freezes 45%
plus 0.31 times the freezing of a preexposed observer or plus 0.89 times the
freezing of a nonpreexposed observer. Looking at the distribution of the
parameters (Fig 8D right) and credible intervals (Table 2A), we see that both do
not overlap with 0, suggesting that how the observer responds to the
demonstrator influences the demonstrator’s freezing in both groups. We can also
see that the credibility intervals for the two groups do not overlap with each other,
suggesting that preexposure influenced this parameter. This is also visible from
a model comparison approach in that model 4, which fits separate parameters per
group, slightly outperforms model 2, which does not.
Table 2. Model comparisons for the preexposure experiment.
Separate models were constructed to describe the level of freezing of the demonstrator
and the observer. Our main aim was to estimate and interpret the coupling parameter
between observer and demonstrator from the winning models of the individual
familiarity experiment separately for preexposed and nonpreexposed animals. Fig 8
shows these parameters from model 4 in the table for each case. In addition, here, we
also show the performance of that model with regard to models that do not estimate the
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parameters separately for the two groups (models 1 and 2) or that do not include a
shock variable for the demonstrator or a main effect of preexposure on observer
freezing. The models are ordered based on their increasing Elpd loo, with the worst
model on the left and the best model on the right. The first column lists the variables
included in each model. Values in the table indicate the parameter estimates with their
credible interval below (2.5%-97.5%). The last column in bold always indicates the
winning model. Abbreviations: ---, variable not included in that model; dem,
demonstrator; Elpdloo, expected log pointwise predictive density according to the leaveone-out approximation; obs, observer SE, standard error of the Elpd loo

Explaining Demonstrator Freezing in the Preexposure Experiment
Model

1

3

2

4

Elpdloo Estimate

11.6

19.6

50.0

57.7

SE

10.6

11.7

13.7

15.5

Shockdem
Freezingobs*Shockdem
Freezingobs*PreExposure*Shockdem
Freezingobs*NoPreExposure*Shockdem
Sigmadem

0.53
0.45
----(0.44–0.62) (0.36–0.54)
1.12
0.21
----(1.00-1.24)
(0.04–0.38)
1.03
0.31
----(0.92–1.14)
(0.15–0.46)
1.45
0.89
----(1.31–1.50)
(0.54–1.24)
0.21
0.19
0.12
0.11
(0.18–0.24) (0.16–0.22) (0.11–0.15) (0.09–0.13)

Explaining Observer Freezing in the Preexposure Experiment
Model

1

3

2

4

Elpdloo estimate

13.6

23.9

26.5

30.4

SE

7.8

9.6

6.8

8.5

PreExposureobs
Freezingdem*Shockdem
Freezingdem*PreExposure*Shockdem
Freezingdem*NoPreExposure*Shockdem
Sigmaobs

0.15
0.11
----(0.09–0.20) (0.05–0.17)
0.73
0.57
----(0.63–0.82)
(0.47–0.67)
0.86
0.69
----(0.76–0.96)
(0.57–0.82)
0.38
0.38
----(0.22–0.54)
(0.24–0.53)
0.20
0.18
0.17
0.16
(0.18–0.24) (0.15–0.21) (0.15–0.20) (0.14–0.19)

During the shock epoch, for the observer, the model shows Freezingobs=0.11 ×
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Preexposureobs + 0.69 × Freezingdem × Preexposureobs + 0.38 × Freezingdem × No
Preexposure (model 4, Elpdloo estimate=30.4, SE=8.5, Table 2B). Examining the
posterior distribution of the demonstrator-to-observer parameter separately for
preexposed and nonpreexposed observers (Fig 8D, left) shows that neither
includes 0 in its credibility intervals, showing that the demonstrator’s freezing
affects observer freezing in both cases, but the preexposed parameter estimates
are higher, with the 95% credibility intervals not overlapping (Table 2). Again,
the separation of the parameter estimates across the two groups is also visible
from the fact that model 4, which includes one parameter per group, slightly
outperforms model 2, which does not.
The Bayesian parameter estimates thus confirm that preexposure shifts the
coupling across individuals. Although the coupling is positive in both groups,
the coupling in the demonstrator-to-observer direction is reduced when
observers lack experience with shocks. This reduction is straightforward to
interpret because the overall freezing level of demonstrators is comparable
across the two groups. Surprisingly, the parameter estimates in the feedback
observer-to-demonstrator direction were higher for nonpreexposed observers.
This is counterintuitive at first sight, but one must take into account that,
compared with preexposed animals, the observer freezing level was much
reduced in the nonpreexposed observers, but the demonstrator freezing level
remained relatively unchanged. In both groups, we found significant feedback in
the sense that the posterior distribution shifted away from 0 (Fig 8D, right). This
indicates that, even in the nonpreexposed animals, demonstrators paired with
observers that froze less also froze less. Given the lower values of freezing in the
nonpreexposed observers, this would then necessarily appear as a higher gain
parameter.
Granger causality
We also examined the effect of preexposure on the interaction between the
animals as estimated using Granger causality on the second-by-second freezing
during the shock epoch. Fig 8E shows the G-causality values in both directions
as a function of preexposure. Entering the data in a 2 directions (demonstratorto-observer versus observer-to-demonstrator) × 2 preexposure groups
(preexposed versus nonpreexposed) ANOVA reveals no main effect of direction
(F[1,16]=0.56, p=0.47) or direction ×preexposure interaction (F[1,16]=0.18, p=0.67)
but a significant main effect of preexposure (F[1,16]=11.82, p=0.003), indicating
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that the coupling was altered in both directions. Finally, to examine whether Gcausality values were significant even in the nonpreexposed animals, as in the
section Moment-to-moment coupling-Granger causality for the preexposed
animals, we calculated a single Granger model over all the nonpreexposed pairs
during the shock period. This evidenced significant G-causality in both
directions (demonstrator-to-observer, G-causality F=0.0027, p=0.02; observerto-demonstrator, G-causality F=0.0032, p=0.004; Granger causality order 19 as
automatically detected), which was numerically larger in the observer-todemonstrator direction.

Role of the ACC in information transfer
Given that both model comparison and Granger causality suggest that the
behavior of the observer feeds back on the behavior of the demonstrator, we
wanted to experimentally probe this feedback by reducing the freezing reaction
of the observer and testing whether that would reduce freezing in the
demonstrator. In humans, the ACC has been considered one of the core regions
activated by witnessing the pain of others2,5,45. This region has its homolog in the
ACC of the rat46 and has been implicated in emotional contagion and empathy
in rodents as well11,13,30,39,41,47-49. We therefore predicted that deactivating this
region in observers should reduce their vicarious freezing and, by virtue of the
feedback connection that the individual and strain familiarity experiments
suggest, reduce the freezing of the demonstrator. To examine this possibility and
confirm the role of the ACC in social information transfer in rodents, a fourth
experiment was conducted in which the ACC of the observers was deactivated
using muscimol, and the impact on vicarious freezing was studied in both
observers and demonstrators (this condition is also part of a larger experiment
reported in ref 41).
To test the effect of muscimol on the observer freezing, a 2 period (baseline
versus shock) × 2 condition (muscimol versus saline) ANOVA was conducted
on percent freezing scores to test the effect of ACC deactivation on socially
triggered freezing of the observers (Fig 9A). All observers froze significantly
more during the shock period (muscimol: mean ±SD=30.24% ±11.77%; saline:
mean ± SD=83.57% ± 6.79%) than during the baseline (muscimol: mean ±
SD=11.21% ±14.35%; saline: mean ±SD=12.60% ±18.87%), as confirmed by
the significant main effect of period (F[1,12]=126.556, p<0.0001). Paired-samples
108

BIDIRECTIONAL CINGULATE-DEPENDENT DANGER INFORMATION TRANSFER ACROSS RATS

t-tests confirmed that, in both conditions, the observers’ freezing levels were
significantly higher during the shock period compared with the baseline
(muscimol: t[5]=5.617, p<0.005; control: t[7]=11.101, p<0.0001), showing
socially triggered freezing in both ACC-deactivated and control observers.
However, observers with muscimol injections froze significantly less compared
with saline controls (F[1,13]=100.805, p<0.0001), indicating that ACC is
necessary for full-fledged socially triggered freezing. A significant period ×
condition interaction effect was also found (F[1,13]=31.737, p<0.0001), reflecting
that the impact of muscimol was larger during the shock period. To explore
whether muscimol may have altered locomotion more generally, we also used
quantified activity during the baseline and shock period for both groups of
injected animals (i.e., observers). Activity is expressed as the average percentage
of pixels that changed within a 100-ms period. At baseline, the groups did not
differ significantly in activity (muscimol: mean ± SD=2.9 ± 1.0; saline: mean ±
SD=3.6 ±1.3; t[12]=1.25, p=0.23), but during the shock observation period, they
did (muscimol: mean ± SD=1.1 ± 0.5; saline: mean ±SD=0.1 ± 0.04; t[12]=5.1,
p<0.001). That muscimol increased activity during the shock period echoes that
muscimol reduced freezing. Indeed, a 2 period (baseline versus shock) × 2
condition (muscimol versus saline) ANOVA on the tracked motion confirmed
the effect of muscimol found in the freezing data: main effect of condition was
not significant (F[1,12]=0.06, p=0.8), but the main effect of period (F[1,12]=49,
p<0.001) and the period × condition interaction (F[1,12]=8.1, p<0.015) were
significant.
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Fig 9. The role of ACC. (A) Effect of ACC deactivation on freezing. Percentage of
time the observers (in orange) and demonstrators (in blue) spent freezing during
baseline (light color) and the shock period (dark color) after ACC deactivation
(muscimol) or after control treatment (saline). Freezing percent=100*freezing
time/total time of the corresponding period. (B) Effect of ACC deactivation on the flow
of information. Mean ±SEM of the G-causality values in the demonstrator-to-observer
direction (DEM-OBS, in red) and in the observer-to-demonstrator direction (OBSDEM, in green) during the shock period, after ACC deactivation (muscimol), or after
control treatment (saline). ACC, anterior cingulate cortex; DEM, demonstrator rat;
OBS, observer rat; SEM, standard error of the mean. Data can be found at
http://dx.doi.org/10.17632/h8fkyr2z35.1.

To further investigate the impact of ACC deactivation on the temporal coupling
across the animals, a Granger analysis was performed on the second-to-second
freezing of the observers and the demonstrators (Fig 9B). It was expected that
deactivating the ACC of the observer should perturb the information transfer
from the demonstrator to the observer because a structure necessary for
triggering vicarious freezing in the observer (i.e., ACC) would be impaired. It
was also expected that the transfer in the observer-to-demonstrator direction
should remain unaffected because the brain of the demonstrator was not injected
with muscimol. To compare differences between the two groups, a MANOVA
with G-causality of each dyad in both directions (demonstrator-to-observer and
observer-to-demonstrator) as dependent variables and conditions (muscimol
versus saline) as fixed factors was conducted. A significant effect of condition
in the demonstrator-to-observer direction (F[1,12]=6.620, p=0.024) was found, but
not in the observer-to-demonstrator direction (F[1,12]=0.424, p=0.527). In the
demonstrator-to-observer direction, the G-causality was significantly smaller for
the ACC-deactivated group compared with control dyads, indicating that the
observers’ freezing responses were less influenced by the demonstrators’ when
the observers’ ACCs were deactivated and that the temporal dynamic within the
dyad was impaired by the manipulation.
Histological reconstructions confirmed that we successfully targeted ACC,
particularly region 24a and 24b (Fig 10).
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Fig 10. Localization of the cannula tips on coronal sections. Coordinates estimated
based on Nissl stains. A24 and A33 refer to area 24 and area 33, as in the atlas and the
work of Vogt 46,50. cc, corpus callosum; cg, cingulate gyrus; LV, lateral ventricle.
Data can be found at http://dx.doi.org/10.17632/h8fkyr2z35.1.

Signal detection perspective
We designed simulations that explore whether, in the presence of uncertainty,
including the behavioral reaction of others, the accuracy of danger signal
detection can improve. Several simulations were performed that compared
danger detection performance of individuals with or without social information
(i.e., taking or not taking the freezing from another animal into account) and with
equal or unequal access to the danger signals (see Materials and methods for
details). Briefly, the logic of the simulations is that a danger signal is turned on
and off over time (blue in Fig 11A), generating an internal danger signal in the
animal after the addition of noise of magnitude σ. In the individual condition, the
animal then decides whether to freeze or not to freeze based on whether the
internal signal surpasses a threshold (yellow in Fig 11A), leading to a time series
of freezing decisions (red in Fig 11A and time series shown in Fig 11B). In the
social simulation, the individual additionally takes into account the freezing at
time t - 1 of the other animal in deciding whether to freeze at t, by adding
b*(Freezingother[t - 1] - 0.5) to its internal danger signal (Fig 11B).
When both animals have the same access to danger signals (i.e., experience the
same signal-to-noise ratio), the decision to freeze becomes more accurate if
animals take the freezing of the other animal into account. Fig 11C illustrates
this phenomenon at a relatively low noise level (σ=1). If the animal does not take
the freezing of the other into account (coupling b=0, red curve), the area under
the red receiving operating characteristic curve (area under the curve [AUC]) is
equal to 0.77. Increasingly taking the freezing of the other into account (b from
0.5 to 1.5) augments the AUC, meaning a more accurate danger detection. This
benefit in danger detection can be seen as comparatively more freezing (Fig 11B,
red) when danger is present and less when it is absent for the socially informed
freezing. This means that animals that are influenced by the freezing of the other
will freeze more when there is danger and freeze less when there is none.
Repeating this analysis for different noise levels (σ) and coupling (b) reveals that
over a wide range of parameters, there are either benefits (red and yellow colors)
or no disadvantages (black, Fig 11D). Only in very specific cases (very low noise
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σ<0.5 and high coupling b>1) is there a loss of performance (Fig 11D).
Analyzing the time series shows that these rare cases occur when the animal that
is no longer in danger (time t) erroneously persists in its freezing because the
other animal was freezing at t - 1.
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Fig 11. Computational modeling of danger detection. (A) Internal danger signal
simulated for an animal that is exposed to 100 timepoints of danger and 100 timepoints
of no danger with noise added. The animal freezes when the danger signal surpassed a
certain threshold (yellow line). (B) Time series of freezing for an animal by itself
(individual freezing) or for one that is additionally taking the freezing of another
animal into account (socially informed freezing). (C) Accuracy of danger detection
shown as the area under the ROC curve (AUC) for different coupling factors (b=0-1.5).
A higher coupling factor increases the AUC. (D) Benefit of taking the freezing of
others into account when both animals have the same access to danger signals, i.e.,
experience the same noise level. (E-H) Animals with twice (E) or thrice (G) as much
noise as compared with another animal ([F] and [H], respectively) had stronger benefits
from coupling. However, the low-noise animals (F, H) experience no disadvantages.
The dotted lines indicate the coupling regime that our animals appeared to be in the
individual and strain familiarity experiments. ROC, receiver operating characteristic;
AUC, area under the curve. Codes can be found at
http://dx.doi.org/10.17632/h8fkyr2z35.1.

In our experiments, one animal, however, has privileged access to danger signals
because it experiences the shock itself, whereas the other has less direct access.
What was surprising is that the more-informed demonstrators still relied on the
behavior of the less-informed observers. To examine such scenarios, additional
models were simulated to capture unequal access to danger signals. This was
done by imposing twice or thrice as much noise on one animal compared with
the other. In these models, the animal with more noise has stronger benefits from
coupling (Fig 11E and 11G); however, the other animal experiences no
disadvantages (no cold color in Fig 11H) and sometimes even reaped advantages
from taking the less-informed animal’s freezing into account (warm colors in Fig
11F).
One may wonder how these coupling parameters compare with those we found
in our Bayesian models for the demonstrators. In our simulation, b represents the
ratio of the social/direct danger signal. Accordingly, in our Bayesian models for
demonstrator freezing (Table 1), it can be approximated as the fraction
Freezingobs/Shockdem and would have the value b=0.79 and b=1.33 (gray dotted
lines in Fig 11F and 11H) for the individual and strain familiarity experiments,
respectively. In summary, we find that moderate coupling in the order of
magnitude found in our Bayesian modeling (b is approximately equal to 1)
always improved the decision-making of our simulated animals.
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Discussion
Our aim was to develop a methodology to quantify bidirectional information
transfer across rats in the context of potential danger. We combined a paradigm
initially developed to investigate emotional contagion with analysis techniques
that quantify information transfer in each direction. We asked whether
information transfer is bidirectional, whether it depends on familiarity and prior
experience, and how ACC deactivation influences information transfer.
Bayesian modeling revealed that there was information transfer not only from
the demonstrator to the observer but also from the observer to the demonstrator.
This was even the case across unfamiliar individuals and unfamiliar strains.
Granger causality analyses further confirmed temporal coupling between the
demonstrator and the observer in both directions. To our knowledge, this is the
first rigorous quantitative demonstration of bidirectional social information
transfer in the now widely used rodent emotional contagion paradigms and
provides a better fit to the data than the traditional one-way focus of current
studies. Conceiving of the influence as mutual has the conceptual advantage of
integrating what has been considered emotional contagion and social buffering
(Fig 1) as two sides of information transfer, thereby providing a unifying
framework across related fields that have so far engaged in relatively little cross
talk.
In a smaller experiment, we tested a group of observers without preexposure to
footshocks. We found that, compared with the animals from the main experiment
that had been preexposed to shocks, omitting preexposure led to a significant
reduction in observer freezing and interfered with the coupling between the
animals. This confirms our earlier finding in female rats that preexposure boosts
information transfer8. Some, albeit weaker, freezing and coupling was, however,
observed also in pairs with naïve observers, which dovetails with the mice
literature that has often studied freezing in naïve observers12,13,51. Overall, this
effect of preexposure suggests that information transfer about danger is not
entirely inborn. Instead, part of the information transfer depends on some form
of learning, as has been emphasized in the eavesdropping literature that explores
how danger information is transferred across members of different species52-54.
During preexposure, the observers repeatedly experience a systematic coupling
between (1) their own pain, fear, and freezing and (2) the sound of their own pain
squeaks and the conspicuous silence accompanying freezing55. This could lead
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to Hebbian56,57 reinforcement of the synapses connecting the sound of squeaking
and cessation of movement to the observer’s own pain, fear, and defensive
neurons in the ACC and amygdala39,41. As a result, hearing the behavior of the
demonstrator would then more strongly trigger neurons involved in matching
emotional states and behavior in the observer39,41 and, thereby, increase the
behavioral coupling across them. A less-selective explanation of the effect of
prior exposure is that preexposure primes rats to expect danger and biases them
to respond to a wider gamut of stimuli with freezing. Comparing naïve observers
and observers preexposed to footshock against a third group of observers
preexposed to a different stressor (e.g., a forced cold water swim challenge58),
could, in the future, help disentangle these alternative mechanisms. In mice,
results indicate that prior exposure to forced swimming, unlike prior exposure to
footshocks, does not sensitize mice to freeze while witnessing other mice receive
footshocks14, speaking in favor of a more selective explanation, but whether the
same is true in rats remains to be investigated.
In terms of neural mechanisms, we show that ACC is crucially involved in this
information transfer. More precisely, temporarily deactivating this brain
structure in one member of the social interaction attenuates the information
transfer to the injected individual. Furthermore, this deficit feeds back and
influences the behavior of the brain-intact partner, showing again bidirectional
information transfer.
Our results show that rats do show information transfer, even across unfamiliar
individuals. We also find comparatively little evidence that the information
transfer is increased in more-familiar animals. The Bayesian model fitting shows
that the parameter estimates for the transmission are similar across the different
familiarity levels, with largely overlapping distributions. The Bayesian model
comparison further shows that models that stratify the connection based on
familiarity do not outperform models that assume the same strength of
connections for all groups. These models, however, were calculated based on the
overall level of freezing in the entire 12-minute period. It is possible that the
effect of familiarity is more evident in a fine-grained analysis of the second-tosecond decision to freeze. However, in the individual familiarity experiment,
such a fine-grained Granger causality analysis also evidenced no effect of
familiarity while confirming a significant bidirectional coupling across all dyads.
Dyads that saw each other for the first time on the day of testing coordinated
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their freezing as closely as those that had spent 5 weeks together. Only toward
extreme strangers-i.e., animals of a strain they had never encountered before-did
that analysis reveal a small decrease of Granger causality, and then only in the
demonstrator-to-observer direction. In other words, although observers will
respond to the shock given to the demonstrator of an unknown strain (with levels
of freezing similar to those when witnessing their own strain, as revealed by the
Bayesian modeling), the moment at which they will show that reaction is slightly
less tightly linked to that of the demonstrator compared with animals from the
same strain.
The relative lack of familiarity effect we find in rats is different from findings in
mice, in which information transfer seems to depend more strongly on
familiarity10,11,32,33. The difference in social structure between mice and rats may
account for part of this difference59. Male mice do not tolerate other mature males
around them, and the presence of other mature individuals triggers a strong
glucocorticoid-mediated stress reaction that inhibits information transfer33. Rats,
on the other hand, live in much larger groups with other adult males that are
tolerated59. It may be that, in that structure, seeing an unfamiliar individual does
not produce the kind of stress response that would shut down information
transfer and, thereby, allows the significant transfer we document in our design.
An alternative explanation is that the rats showed information transfer in all cases
because they failed to recognize the difference between familiar and unfamiliar
partners. However, this cannot account for our data because our control
experiment (Fig 6) demonstrates that the rats can perceive the difference between
familiar and unfamiliar individuals at the illumination levels used during our
paradigm. Finally, we must also consider the possibility that freezing in our
observers was so strong that a ceiling effect prevented us from witnessing the
effect of familiarity. Future experiments in which weaker shocks are given to the
demonstrators might help address this possibility. However, when investigating
only Sprague Dawley observers, which show more moderate freezing, we still
see that a model not including a same/different strain modulator (Elpd loo=34.1)
outperforms one that does (Elpdloo=32.9).
So far, we have looked at the coupling of the freezing behavior across two rats
agnostically as a form of information transfer in the context of danger. This begs
two important questions. First, which modality conveys the information? In rats,
there is evidence that both fear-induced 22-kHz ultrasonic vocalizations60 and
117

CHAPTER 4

the audible silence triggered by freezing are stimuli that can trigger freezing in
shock-preexposed listeners55, and we have shown that pain squeaks are another
likely channel41. Testing rats in complete darkness shows that visual cues seem
not to be necessary55. In mice, visual information was found to be the only critical
factor in the social transmission of acetic acid-induced pain32, whereas it is
effective, but not sufficient, in conveying footshock-induced pain information to
others11. Furthermore, olfactory cues are necessary and sufficient for social
buffering in rats61. Taken together, the modality through which the affective state
is transferred from one animal to another might differ depending on species and
paradigms. More work will be needed to systematically identify the stimulus
features coupling the two animals, and it is likely that the coupling is the result
of a flexible integration of different features. An exciting question for future
research might also be to identify which of these modalities might depend on
preexposure to shocks (e.g., the sound of freezing or pain squeaks) and which
might not (e.g., pheromones).
Second, what is being transferred? One important distinction relates to the
distinction between behavioral mimicry and emotional contagion30,31. The
former refers to cases in which a behavior in one animal triggers a similar
behavior in another, and the latter refers to cases in which an affective state in
one animal triggers a similar affective state in another. By focusing on the
coupling of freezing across rats in our analysis, we demonstrate behavioral
mimicry in which the level of freezing aligns across animals. Whether we also
have an alignment of affective state, and whether such an affective alignment
causes or results from the behavioral mimicry, remains unclear. As James would
put it: Does the observer freeze because the squeaking and freezing of the
demonstrator scared him or is the observer scared because he froze 62? Future
experiments recording a wider gamut of affective indicators (e.g., heart rate,
startle potentiation, pupil dilation, ultrasonic vocalizations, and pheromones)
could shed light on these questions. However, procedures similar to ours not only
trigger freezing while interacting with the partner but also induce fear learning:
one can observe freezing when the observer is placed in the test context alone 48
hours later and when exposed to a sound coupled with shocks to the demonstrator
24-48 hours later63,64. Additionally, using electrophysiological recordings in a
similar paradigm, we found that a significant proportion of neurons in the
observer’s ACC that respond while the observer is in pain also respond within
100ms of the demonstrator receiving a shock65. This region of the ACC has been
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associated with the affective dimension of pain66, suggesting an affective
alignment of the observer to the affective pain state of the demonstrator.
Because many have looked at the social transmission of freezing in mice and rats
as an example of empathy30,51, and empathy has often been tightly associated
with prosocial motivations29,30, it might be tempting to look at the information
transfer we document as suggesting that observers freeze because they are scared
on behalf of the demonstrator. The bidirectional information flow we
demonstrate, the weak effects of familiarity, and our computer simulations invite
us to look at the social transmission of freezing from a more selfish point of view.
Our simplified simulations show that the accuracy of danger detection in a noisy
environment is improved if an animal takes the freezing behavior of other
animals into account. Importantly, in the parameter range that we find in our
Bayesian modeling, in which demonstrators give similar weights to the shock
and social information, we found that taking social information into account
never decreases the danger detection performance of the simulated individuals
in a group. Although these simulations have many limitations, in particular the
fact that they assume that noise is independent across animals, they encourage
us to look at the coupling of freezing from a different perspective. The increase
in freezing in observers witnessing the pain of a demonstrator and the reduction
in freezing of demonstrators paired with less freezing observers could simply be
mechanisms for anticipatory defensive behavior when a danger is present but not
when it is absent, respectively. Picking up the freezing of others becomes akin
to using others as antennas to amplify often noisy danger signals.
In this interpretation, the increase in freezing often associated with emotional
contagion (Fig 1A) then occurs when the behavior of another animal signals
higher danger, as is the case when a calm observer suddenly perceives
nocifensive behavior in a demonstrator, whereas the decrease in freezing often
associated with social buffering (Fig 1B) happens when the behavior of another
animal indicates lower danger, as is the case when a distressed demonstrator
perceives a seemingly calmer observer. At a group level, the dyad then comes to
a consensus on the level of freezing, something that improves decision-making
and has motivated the field of crowd decision-making67. This perspective does
not imply that coupling of affective states cannot serve altruism but, rather, that
it may have evolved under the benefits of a crowd computation of danger, which
needs not be gated by familiarity. Traditionally, eavesdropping, the fact that
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some mammals and birds show signs of fear when they perceive the alarm calls
of other species52, has been conceived of as different from emotional contagion
across individuals of the same species. The former (which has to our knowledge
received little attention in rats) is considered a selfish form of information
gathering, whereas the latter has often been seen as more prosocial. Our data
invite us to consider that they may not be as different after all and to investigate
how transmission is progressively altered as the observer and demonstrator are
from increasingly dissimilar species.

Materials and methods
Ethics statement
In compliance with Dutch and European law and institutional regulations, all
experimental procedures were preapproved by the Centrale Commissie
Dierproeven of the Netherlands (AVD801002015105) and/or by the welfare
body of the Netherlands Institute for Neuroscience (IVD, protocol numbers
NIN1493, NIN151101, NIN151104, and NIN181109) in accordance with the
Experiments on Animals Act (WOD) with its amendment on 18 December 2014
and EU directive 2010/63/EU.
The humane end points were as follows: The first end point was insufficient
recovery after surgery: considered if the animal showed permanent weight loss
(more than 15% of the weight immediately after surgery for more than 10 days).
The second end point was infection: although we always perform the surgeries
in sterile conditions, there was a small possibility of infection around the wound
area. Visible signs of pathogenesis were monitored. The following were
considered as signs of an unhealthy state of the animal: aberrant behavior, shock,
dehydration, weight loss, nose and mouth discharge, bleeding, fits/seizures, and
diarrhea. The third end point was if the implant was lost or became loose beyond
repair.
All animals recovered well from the surgery and showed no signs of infection,
and the probes were firmly in place until the end of the experiment (i.e., no
animal was sacrificed because of a humane end point criteria 1 and 2). One
animal lost its implant before testing, which resulted in bleeding around the
wound; thus, it was euthanized using CO2 (see below).
120

BIDIRECTIONAL CINGULATE-DEPENDENT DANGER INFORMATION TRANSFER ACROSS RATS

After experiments, all animals in experiments 1, 2, and 3 and the demonstrators
in experiment 4 were euthanized by CO2 inhalation, starting with 40% O2 mixed
with 60% CO2, until animals were in deep sleep, and then we switched to 100%
CO2 for at least 15 minutes until no breathing or heartbeats were detected. For
experiment 4, which required histological examination and perfusion, observer
animals were given an overdose of sodium pentobarbital (90 mg/kg, ip), and
depth of anesthesia was verified (by a lack of rear foot reflexes and low
respiration rate) before perfusion.

Subjects
The following rats were obtained from Janvier Labs (France): for experiment 1
(i.e., individual familiarity), 80 male Long-Evans rats (6-8 weeks old); for
experiment 2 (i.e., strain familiarity), 140 male rats (78 Long-Evans and 62
Sprague Dawley, 6-8 weeks old); for experiment 3 (i.e., preexposure effect), nine
male Long-Evans rats; and for experiment 4 (i.e., deactivation of the ACC, also
reported in 41), 36 male Long-Evans. For experiments 1, 2, and 3, upon arrival,
animals were housed in groups of four or five in type IV cages with wooden
block toys and hiding shelter. For experiment 4, animals were housed in dyads
(except for a short period after surgery) in type III cages with wooden block toys.
Only animals from the same strain were housed in the same cage. All animals
were maintained at ambient room temperature (22-24 °
C, 55% relative humidity,
SPF, on a reversed 12:12 light-dark cycle, lights off at 07:00) and allowed to
acclimate to the colony room for 7 days. Food and water were provided ad
libitum.

Setup
All tests were conducted in a two-chamber apparatus (each chamber Length: 24
cm × Width: 25 m × Height: 34 cm; Med Associates, Fairfax, Vermont, United
States). Each chamber consisted of transparent plexiglass walls and stainlesssteel grid rods. The compartments were divided by a transparent perforated
plexiglass separation, which allowed animals in both chambers to see, smell,
touch, and hear each other. For shock preexposure of observers and for the
interaction tests, one of the chambers was electrically connected to a stimulus
scrambler (ENV-414S, Med Associates). For video recording of the rats’
behaviors, a Basler GigE camera (acA1300-60gm) was mounted on top of the
121

CHAPTER 4

apparatus controlled by EthoVision XT (Noldus, the Netherlands).

Experimental procedures
All experimental procedures were conducted during the dark part of the animals’
daylight cycle. Fig 2 illustrates the general procedures used for those
experiments, except that in experiment 3, no shocks were delivered during
preexposure.
Experiment 1. Individual familiarity
Observer-demonstrator dyads were randomly allocated to one of the following
groups: unfamiliar condition (n=10 dyads), familiar for 1 week (n=10 dyads),
familiar for 3 weeks (n=10 dyads), or familiar for 5 weeks (n=10 dyads). A total
of 8 dyads were excluded because of technical failures (3 dyads excluded from
unfamiliar condition, 1 dyad excluded from the 3 weeks’ familiar condition, and
4 dyads excluded from the 5 weeks’ familiar condition).
Before the start of the experimental procedures, animals were randomly paired
and assigned the role of observer or demonstrator. Depending on the familiarity
condition, observer-demonstrator dyads were housed for 1, 3, or 5 weeks before
testing. For the unfamiliar condition, 3 weeks before test day, animals were
housed in dyads of the same role (i.e., either two observers or two demonstrators
in one cage). At 10 days before the interaction test, all animals were handled
every other day for 3 minutes. To habituate animals to the testing conditions, 4
days preceding testing, animal dyads were transported and placed in the testing
apparatus for 20 minutes/day for three consecutive daily sessions. The testing
apparatus was cleaned with lemon-scented dishwashing soap and 70% alcohol
in between each dyad.
To enhance the response to the distress of the demonstrators8, observer animals
experienced a shock preexposure session the day before test day. The shock
preexposure was conducted in one of the chambers of the test apparatus. To
prevent contextual fear, the walls of the chamber were coated with black and
white-striped paper, the background music was turned off, the apparatus was
illuminated with bright white light, and the chamber was cleaned with rosescented dishwashing soap and vanilla aroma drops. Observers were individually
placed in the apparatus and after a 10-minute baseline, four footshocks (each:
0.8 mA, 1 second long, random ISI of 240-360 seconds) were delivered. After
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the shock preexposure session, animals were placed for 1 hour in a neutral cage
before returning to their home cage.
The testing setup was illuminated with dim red light and cleaned using a lemonscented dishwashing soap followed by 70% alcohol, and background radio music
was turned on. Each observer-demonstrator dyad was transported to the testing
room, and animals were placed in the corresponding chamber of the testing
apparatus. For the unfamiliar condition, randomly chosen observers and
demonstrators from different cages were used to create the testing dyads. For this
condition, observers and demonstrators never had contact with each other until
test start. For the familiar conditions, observers and demonstrators were from the
same cage. The testing order was fully randomized. For all dyads, following a
12-minute baseline, the demonstrators experienced five footshocks (each: 1.5mA,
1 second long, ISI of 120 or 180 seconds). Following the last shock, dyads were
left in the apparatus for 2 additional minutes before returning to their home cage.
Experiment 2. Strain familiarity
Observer-demonstrator dyads were randomly allocated to one of four groups in
which the demonstrators received footshocks in the interaction test. The
experimental groups consisted of (1) dyads of two Long-Evans (LE-LE, n=23
dyads), (2) dyads of two Sprague Dawleys (SD-SD, n=15 dyads), (3) dyads of a
Long-Evans observer and a Sprague Dawley demonstrator (LE-SD, n=21 dyads),
or (4) dyads of a Sprague Dawley observer and a Long-Evans demonstrator (SDLE, n=11 dyads). A total of 10 dyads were excluded because of technical failures
(4 dyads excluded from the LE-LE condition, 2 dyads excluded from the SD-SD
condition, and 4 dyads excluded from the LE-SD condition).
Upon arrival, all animals were randomly paired in same-strain and same-role
dyads (i.e., each dyad of animals was assigned the role of either observer or
demonstrator), which were pair-housed together. Handling and habituation
procedures were conducted in the same way as in experiment 1, with the
exception that the shock preexposure was conducted following the first
habituation, and this was followed by the second and third habituation sessions.
In addition, during habituation, a white plastic perforated floor was added on top
of the grid floor of the observer’s chamber.
The shock preexposure for all animals was conducted following the first
habituation session. The shock preexposure parameters were identical to those
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described for experiment 1.
The testing procedures and parameters for experiment 2 were the same as those
described for the unfamiliar condition of experiment 1. Observers and
demonstrators were randomly chosen according to the experimental condition
(e.g., for the SD-LE condition, a Sprague Dawley from an observer cage and a
Long-Evans from a demonstrator cage were selected). Although all animals were
kept in the same room during acclimation, observers and demonstrators did not
have contact with each other (nor with any individual of a different strain) until
the start of the test. Similar to habituation, white perforated plastic was placed
on top of the grid floor of the observer’s chamber.
Experiment 3. Preexposure effect
The nonpreexposed group consisted of observer-demonstrator dyads (n=9 dyads)
that were housed together for 3 weeks before the test. Handling and habituation
were conducted exactly as described for experiment 1.
Observer-demonstrator dyads in the nonpreexposed group were placed in the
apparatus as described for experiment 1 but did not receive any footshocks
during the shock preexposure session. Afterward, animals were placed for 1 hour
in a neutral cage before return to their home cage.
The nonpreexposed group was tested with exactly the same procedures and
parameters as described for experiment 1.
Experiment 4. ACC deactivation
The shock observation condition with ACC deactivation reported here is part of
a larger experiment reported in ref41.
Observer-demonstrator dyads were randomly allocated to one of two groups:
saline control group (n=10 dyads) or muscimol group (n=8 dyads). Four dyads
(two from the control group and two from the muscimol group) were excluded
after histological examination suggesting damage of corpus callosum due to
injection.
Upon arrival, all animals were randomly housed in dyads, one assigned as the
observer and one as the demonstrator.
Cannulas were implanted into ACC, targeting area 24, 1 week before behavioral
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testing (hit: n=14, miss: n=4). To reduce the discomforting effects of surgery, a
subcutaneous injection of 0.01-0.05 mg/kg of buprenorphine was administered
30 minutes before surgery. All animals were anesthetized using isoflurane (4%
for induction and 1%-1.5% for maintenance). The animals were then positioned
in a stereotaxic frame with blunt-tipped ear bars, and a midline incision was
made. The incision area was cleaned with alcohol and betadine and sprayed with
10% Xylocaine (lidocaine, local anesthetic). Six burr holes were drilled (two for
anchoring screws and one for the cannula per hemisphere). Two single guide
cannulas (62001, RWD Life Science, San Diego, California, United States) were
implanted targeting bilateral ACC (AP=+1.7, ML=±1.6, DV=+1.8 mm) with a
20°angle from the surface of the skull 50 and chronically attached in the observer
animals with a thin layer of acrylic cement (Super-Bond C & B, Sun Medical,
Shiga, Japan) and thick layers of acrylic cement (Simplex Rapid, Kemdent
Works, Swindon, Wiltshire, United Kingdom). To prevent clogging of the guide
cannula, a dummy cannula (62101; RWD Life Science) was inserted and secured
until the microinjection was administered. After the surgery, an analgesic/antiinflammatory drug was delivered for pain relief (Metacam, 1 mg/kg, s.c.) and
0.5 ml of saline s.c. was given for rehydration. To prevent damage to the cannula,
observers were individually housed for 2-3 days in type III cages with wooden
block toys during recovery, and then they were socially housed with the previous
cagemates. To monitor any possibility of discomfort or pain and to make sure
that the animals were having a proper recovery process, the appearance, behavior,
state of the incision (wound healing), the recovery process, and weight were
monitored daily for 3 days and once a week thereafter. Specifically, we scored
(0-3, 0=normal, 3=highly abnormal) each one of these categories daily for the
first 3 days after surgery and then once a week until the end of the experiment.
All animals had a total score of 0 in all categories except weight, in which few
animals had a score of 1/day for a maximum of 3 days (indicating that they lost
some weight, which they quickly recovered). In addition, 24 hours after the
surgery, all animals showed normal behavior (i.e., no signs of pain or discomfort
or any other abnormality), prompt recovery, and healthy wound healing. This
was maintained until the end of the experiment. Animals were allowed to
recuperate for at least 7 days before test start. After a week of recovery, observers
were habituated to fake microinjections and to the experimental setup with their
demonstrators for 20 minutes.
Habituation procedures were conducted in the same way as for experiments 1
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and 2, except that before transport to the experimental room, the observer
animals were habituated to a sham infusion procedure.
At 15 minutes before the interaction test, observer animals were lightly
restrained, the stylet was removed, and an injection cannula (62201, RWD Life
Science) extending 0.8 mm below the guide cannula was inserted. Muscimol (0.1
μg/μl) or saline (0.9%) was microinjected using a 10-μl syringe (Hamilton, Reno,
Nevada, United States), which was attached to the injection cannula by PE 20
tubing (BTPE-20, Instech Laboratories, Plymouth, Pennsylvania, United States).
A volume of 0.5 μl per side was injected using a syringe pump (70-3007D,
Harvard Apparatus, Holliston, Massachusetts, United States) over a 60-second
period, and the injection cannula remained untouched for an additional 60
seconds to allow for proper absorption and to minimize pull-up effect along the
track of the cannula. Although this rather rapid rate of injection could have
increased the probability of diffusion to nearby structures, this is of minor
concern because our specific finding has been also shown by others 11,13,41. The
protective cap was secured to the observer animal after the infusion, and then the
animal was returned to its home cage.
The shock preexposure for all animals was conducted following the first
habituation session. The shock preexposure parameters were identical to those
described for experiment 1. All shocks during the shock preexposure were
coterminated with a tone stimulus (2.5 kHz, around 70 dB, 20 seconds). This
tone was then played back to the animals on a later day in a control experiment
that is not further reported here.
The testing procedures and parameters for experiment 4 were the same as those
described for the familiar condition of experiment 1. Similar to habituation,
white perforated plastic was placed on top of the grid floor of the observer’s
chamber.
After completion of the experiment, observer animals were given an overdose of
sodium pentobarbital (90 mg/kg, ip). Observers were then intracardially perfused
with phosphate-buffered saline (7.4 pH) followed by 4% paraformaldehyde, and
brains were removed, cut with a cryostat (50µm coronal sections), and Nissl
stained for verification of cannula position. Four dyads (two from the saline
group and two from the muscimol group) were excluded from data analyses after
histological examination suggesting damage of corpus callosum due to injection.
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Behavior scoring
For experiments 1, 2, and 4, the behavior of observers and demonstrators during
the interaction test and/or preexposure was manually scored by two experienced
researchers (interrater reliability assessed with Pearson’s r correlation
coefficient>0.9) and using the open-source Behavioral Observation Research
Interactive Software (BORIS68). Freezing in experiment 3 was scored in the same
way by another researcher. This third researcher also scored three movies from
the original individual familiarity experiment, which revealed very high
interrater reliability (r2=0.99, icc=0.99) relative to the scorers of the other
experiments, ensuring that the data from both experiments can be directly
compared. Freezing was defined as lack of movement except for breathing for
more than 3 seconds in order to separate brief moments of immobility from long
periods of freezing, in line with previous research in rats60. Freezing was
continuously scored throughout the 12-minute baseline and 12-minute shock
periods. To create a continuous time series, freezing moments extracted from the
BORIS result files were recoded as 1 and nonfreezing moments as 0 using
MATLAB (MathWorks, Natick, Massachusetts, United States) on a second-tosecond basis. For experiment 4 (i.e., deactivation of the ACC), the researcher
that scored the movies was blind to the experimental manipulation (i.e., control
or muscimol group). The general motion measurement in experiment 4 was
based on the frame-to-frame pixel change in the test area using the activity
analysis function in EthoVision XT 1169.

Statistics
General linear models
The results of experiments 1, 2, 3, and 4 and the freezing responses of observers
and demonstrators were analyzed separately. Freezing time was calculated as the
sum of all freezing moments in a certain epoch, and the freezing percentage was
calculated as the total freezing time divided by the total time of the epoch.
Baseline period was defined as the first 710 seconds of the interaction test, and
the shock period was defined as the 710 seconds following the first shock
(approximately 720 seconds from the start of the test). For comparison between
periods and conditions, repeated measures ANOVAs (IBM SPSS, USA) were
performed with baseline and shock period as within-subject factors, and the
conditions were used as between-subject factors (experiment 1: 0, 1, 3, 5 weeks;
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experiment 2: same-strain dyads, different-strain dyads; experiment 3:
preexposed group, nonpreexposed group; experiment 4: saline group, muscimol
group).
Bayesian model estimation and comparison
For experiment 1, models were designed using combinations of the following
variables: the freezing percent of observers and demonstrators, the number of
weeks that observer-demonstrator dyads were housed together (0, 1, 3, 5 weeks),
and whether the demonstrators received footshocks (baseline versus shock
period). For experiment 2, models were designed using all possible different
combinations of the following variables: the freezing percent of observers and
demonstrators, whether observer-demonstrator dyads were from the same (LELE, SD-SD) or different strain (LE-SD, SD-LE), whether the demonstrators
received footshocks (baseline versus shock period), the freezing percent of the
observers during preexposure, and the strain of the observers and demonstrators
(LE versus SD). For experiment 3, the winning models from the individual
familiarity experiment of Table 1 were adapted for this purpose by assuming a
modulator of preexposure on the connection between demonstrator to observer
and observer to demonstrator and allowing for an effect of preexposure directly
onto the observer’s freezing.
Note that, in all cases, we only considered the freezing of the other animal during
the shock period by multiplying them with the dummy variable Shockdem, which
had a value of 0 during baseline and 1 when a shock was applied. This was done
for two reasons. First, our previous experiments had shown that prior shock
experience was necessary for emotional contagion to occur in our paradigm 8,
and for the demonstrators, this prior experience was only available after the first
shock. Second, an inspection of the data (Fig 3) confirmed that the relation
between observer and demonstrator freezing that is apparent during the shock
period (red pluses) was not apparent during the baseline period (black dots), in
which there seemed to be a disconnection between large individual variance in
observer freezing (y-axis) and much smaller variance in demonstrator freezing
(x-axis). We used relatively flat priors for all parameters with a normal
distribution of mean 0 and SD 2. The parameters were initially restricted to real
numbers ranging from -1 to 1. For the link between observer and demonstrator
freezing, we noticed that estimates sometimes got close to 1. For those
parameters, we then relaxed the range to -1.5 to 1.5, and results in the table stem
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from these less-constrained bounds.
Model fitting and parameter estimation were conducted using Bayesian analysis
by estimating the posterior distribution through Bayes’ rule using in-house code
in R Stan70 in R version 3.3.2 (R Core Team, 2016). All models converged
(Rhat=1). To evaluate the predictive accuracy of each model, a leave-one-out
cross-validation (Psisloo) was used to estimate the pointwise out-of-sample
prediction accuracy (Elpdloo) from all the fitted Bayesian models using the log
likelihood evaluated at the posterior simulation of the parameter values 71,72. To
select a winning model, models were ranked based on their Elpdloo, and
differences in model fit were interpreted relative to the SE of the fit. If the model
with the highest fit remained within 1 SE of the runner-up models, we inspected
whether parameters should be included based on the 90% credibility interval of
their posterior distribution. Parameters were included in the winning model if
their posterior credibility interval did not include 0, and modulators were
included if the 95% credibility intervals of the parameters the modulator splits
(e.g., same versus different strain) did not overlap. We repeated the ranking
based on ElpdWAIS, but this led to identical results.
Granger causality analysis
Granger causality is a statistical concept of causality that is based on prediction73.
If a signal X1 "Granger-causes" (or "G-causes") a signal X2, then past values of
X1 should contain information that helps predict X2 above and beyond the
information contained in past values of X2 alone. In this study, X1 and X2 were
binary time series of freezing of the demonstrator and freezing of the observer
(freezing coded as 1 and not freezing coded as 0) on a second-to-second basis.
The freezing of the observer at a certain time point (X2[t]) can be estimated either
by its own history plus a prediction error (reduced model, 1) or also including
the history of the freezing of the demonstrator (full model, 2).
𝑋2(𝑡) = ∑𝑚
𝑖=1 𝐴𝑋2𝑋2 (𝑖) ∙ 𝑋2(𝑡 − 𝑖) + 𝜀(𝑡)

(1)

𝑚
′
𝑋2(𝑡) = ∑𝑚
𝑖=1 𝐴𝑋2𝑋2 (𝑖) ∙ 𝑋2(𝑡 − 𝑖) + ∑𝑖=1 𝐴𝑋1𝑋2 (𝑖) ∙ 𝑋1(𝑡 − 𝑖) + 𝜀′(𝑡)

(2)

In Eq 1 and Eq 2, t indicates the different time points (in steps of 1 second), A
represents the regression coefficients, and m refers to the model order, which is
the length of the history included. Granger causality from the freezing of the
demonstrator to the freezing of the observer (i.e., X1 → X2) is estimated by
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comparing the full model (Eq 2) to the reduced model (Eq 1). Mathematically,
the log likelihood of the two models (i.e., G-causality value F) is calculated as
the natural logarithm of the ratio of the residual covariance matrices of the two
models (Eq 3).
|𝑐𝑜𝑣(𝜀(𝑡))|

𝐹𝑋1→𝑋2 = ln |𝑐𝑜𝑣(𝜀′(𝑡))|

(3)

This G-causality magnitude has a natural interpretation in terms of informationtheoretic bits-per-unit time 42. In this study, for example, when G-causality from
the demonstrator to the observer reaches significance, it indicates that the
demonstrator's freezing can predict the observer's freezing and that there is
information flow from the demonstrator to the observer. Jumping responses of
the demonstrator to the footshocks were also taken into account, and a binary
time series of this behavior was included as X3 (jumping coded as 1 and not
jumping coded as 0). Given that the demonstrators did not exhibit any jumping
during baseline, X3 was only included in the analysis done on the shock period.
The algorithms of the Multivariate Granger Causality (MVGC) Toolbox42 in
MATLAB were used to estimate the magnitude of the G-causality values. First,
the freezing time series of the demonstrators and the observers were smoothed
with a Gaussian filter (size=300 second, sigma=1.5). The MVGC toolbox
confirmed that each time series passed the stationary assumption for Granger
causality analysis. Then, the optimal model order (m, the length of history
included) was determined by the Akaike Information Criterion (AIC) for the
model including all observer-demonstrator dyads. The optimal model order is a
balance between maximizing goodness of fit and minimizing the number of
coefficients (length of the time series) being estimated. For experiments 1 and 2,
the model order of 21 was estimated to be the best fit for the model including all
dyads, and thus, it was fixed at 21 for the subsequent dyad-wise analysis. The
largest model order across all dyads was 22, and running the analysis by fixing
the model order to 22 showed similar results. For experiment 4, the estimated
best model order was 19, and thus, it was fixed at 19 for the analysis. To test the
differences of the G-causality values across conditions, multivariate ANOVAs
were performed using SPSS.

Simulations
The logic behind the simulations was to explore the hit and false alarm rate of
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two individuals in a dyad that takes decisions to freeze or not to freeze based on
an internal danger signal that results from an objective danger signal plus noise.
A given time point was considered a hit if the animal froze and danger was
present and a false alarm if the animal froze but the danger was absent. Two
cases were compared: one in which there is no information exchange between
animals (individual case) and one in which there is information flow between
animals (social case). In both cases, an animal’s internal danger signal was
triggered by witnessing a danger signal d(t) that was on for 100-time samples
and then off for 100 time samples for five cycles for a total of 1,000 time points:
d(t) = [1..1 0..0 1..1 0..0 ...]
(a 100 sample-on, 100 sample-off danger cue repeated 5 times).
Both animals experienced noise on top of the signal, with the noise being
independent across animals. The noise level was varied systematically by
changing σ:
ni(t)~N(0, σ) with σϵ[0,10]
In the no-feedback model, the internal signal of each animal i was simply the
addition of signal and noise:
xi(t) = d(t) + ni(t)
And animals decide to freeze or not to freeze based on whether the signal is
above or below threshold c:
fi(t) = 1 if xi(t) > c
fi(t) = 0 if xi(t) ≤ c
In the model with feedback and equal access to the danger signal, we aimed to
simulate a situation in which both animals have similar access to the danger
signal but are also sensitive to the freezing of the other animals. We thus
calculated the internal signal iteratively by additionally considering whether the
other animal froze at the preceding time point, with both animals experiencing
equal noise levels. The degree to which the internal signal depends on the
freezing of the other is systematically varied using bϵ[0,2]. Given that both the
danger signal and the freezing of the other animal take on values of 0 and 1, b=1
means that the animal pays equal attention to sensory and social sources of
information:
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x1(t) = d(t) + n1(t) + bȥ · (f2[t − 1] − 0.5)
x2(t) = d(t) + n2(t) + b ·(f1[t − 1] − 0.5)
fi(t) =1 if xi(t) > c
fi(t) = 0 if xi(t) < c
Finally, in models with feedback but unequal access to the danger signal, we
aimed to simulate conditions in which one animal has more access to the danger
signal than the other by adding r times more noise to animal 1 than 2. In that case,
the degree to which the two animals consider the freezing from the other is scaled
based on experienced noise, with animals experiencing more noise paying more
attention to the freezing in the other. This decision was informed by our finding
that demonstrators are less influenced by observers than vice versa and by the
finding that humans integrate the influence of others in similar ways74.
x1(t) = d(t) + r*n1(t) + b ·(f2[t − 1) − 0.5)
x2(t)= d(t) + n2(t) + b/r ·(f1[t − 1] − 0.5)
fi(t) = 1 if xi(t) > c
fi(t) = 0 if xi(t) < c
Performance was measured based on signal detection theory as the area under
the ROC curve. Specifically, c is varied systematically from -5σ to +5σ, and the
hit and false alarm rates are calculated in each case, with a hit being a freezing
decision when the danger signal was 1 and a false alarm when it was 0. These
rates are then plotted on a ROC curve, with false alarms on x and hits on y
coordinates. Random decisions lead to an AUC of 0.5, and perfect decisions lead
to AUC=1. The gain in performance between the individual and social condition
was calculated as (AUCsocial - AUCindividual)/(AUCindividual - 0.5) to express how
much further from chance the performance has become.
To explore more systematically the influence of noise level (σ), coupling (b), and
noise ratio (r), for each combination of parameters, we calculated performance
gains 20 times (using new random numbers for the noise) and display the median
of these 20 random noise sets.
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CHAPTER 5

Introduction
Affective empathy, i.e. feeling what another feels while knowing that the other
person's affective state is the source of our own affective state1,2, has often been
reported to show gender differences in humans3–5, with women more affected by
the emotions of others. Many believe that empathy evolved in the context of
parental care, where feeling the distress of offspring motivates nurturing
behavior and thereby increases Darwinian fitness2,6,7. If empathy serves maternal
care, one may predict empathy to be stronger in females in species that parental
investment is mainly provided by females.
Emotional contagion is thought of as an evolutionary predecessor to empathy6–9.
Different from empathy, emotional contagion is a transfer of emotion from one
individual to another without requiring cognitive understanding, perspectivetaking or the intention to help. The term emotional contagion can be traced back
to the German ‘Stimmungsuebertragung’ introduced by Konrad Lorenz to refer
to cases in which witnessing a conspecific in a particular emotion, expressed via
movements and sounds, triggers a similar emotion in the witness (“der Anblick
des Artgenossen in bestimmten Stimmungen, die sich durch
Ausdrucksbewegungen und -laute äußern können, im Vogel selbst eine ähnliche
Stimmung hervorruft”10). Similar to empathy, in humans, there is some evidence
that emotional contagion is more pronounced in women4,11–13, and female babies
are more likely to cry and cry for longer when hearing another baby cry14,15.
Mounting experimental evidence suggests that rats and mice show signs of
emotional contagion16–23. Would they also show sex differences in emotional
contagion with females showing more contagion than males? Emotional
contagion can be quantified systematically in rodents using designs in which one
demonstrator animal receives a footshock, and the freezing of another observer
that witnesses the event is found to be increased, suggesting that the distress of
the shocked demonstrator was transferred to the observer16,17,21,24–28. We have
recently introduced ways to quantify emotional transfer in this paradigm by
leveraging Bayesian statistics and Granger causality28. Here we use these
quantification methods to investigate whether emotional contagion is stronger in
female Long Evans rats compared to males. With increasing interests in the
biological and neural basis of emotional contagion21,22,27,29–31, exploring sex
differences is important. This is particularly true in a paradigm involving the
nociceptive system and freezing as behavioral read-out because profound sex
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differences exist in the biology of the nociceptive system32, and female rats have
been shown to be generally more active than males and respond to shocks with
fewer freezing33,34.
To date, the majority of studies investigating sex differences on emotional
contagion have been conducted in mice23,25,26,35–39. In fear observation paradigms,
in which the response of an observer mouse is measured while it witnesses
another experiencing a negative stimulus (generally a footshock), evidence from
mice is contradictory: while Keum et al. (2016), Sanders et al. (2013) and Chen
et al. (2009) find no effect of sex, Pisansky et al. (2017) finds that 1) females
mice have a greater amount of emotional contagion as measured by higher
amounts of freezing, 2) in contrast to males, familiarity does not play a role in
female mice, and 3) this response is modulated by oxytocin. These opposing
effects between studies could be due to differences in the shocking protocols
(e.g., a much longer testing session in Pisansky compared to the other three
studies) and the freezing quantification method. In paradigms measuring
emotional contagion through pain hypersensitivity, female mice display a larger
amount of socially transferred pain hypersensitivity compared to males 38.
Noteworthy, in these types of paradigms, the same pattern of the familiarity
effect observed in Pisansky has been reported23,36: while female mice have an
equivalent response when with a familiar and an unfamiliar animal, males show
a reduced effect when tested with an unfamiliar conspecific. However, this effect
is reversed in paradigms measuring approach to conspecifics in distress 35:
female mice approach distressed cagemates more than unfamiliar animals, and
males do not differentiate between familiar vs unfamiliar demonstrators. This
approach effect seems to be conserved across rodents as the same phenomenon
is observed in rats40.
Overall, in rats, there is a much smaller number of studies that have investigated
the effect of sex on emotional contagion or in related paradigms such as social
buffering (e.g. presence of an affiliative conspecific mitigates stress responses in
a subject), social avoidance learning (an indirect proxy measure for emotional
contagion41) or prosociality (e.g. helping). No studies have measured the effect
of sex in fear observation paradigms; inconclusive results have been reported in
a study investigating social buffering (sex effects that go in the opposite direction
at the behavior and endocrine level42) and one study finds subtle sex differences
on two-way avoidance learning42. Lastly, only one study in rodents43 has reported
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sex effects in a paradigm measuring prosociality in rats, where they find that
females are more likely to help a conspecific in distress than males, supporting
the notion that females are more empathic than males. The sparsity of studies in
rats and the non-converging results in mice motivated us to apply our new
analytical approach to investigate sex differences in emotional contagion in rats.

Figure 1. Timeline of the emotional contagion test. Following the first day of
habituation, in the shock pre-exposure session, the observer animals were exposed to
footshocks alone in a context that is different from the test apparatus (day 2). The preexposure session was followed by two more days of habituation (days 3 & 4) to reduce
contextual fear in the contagion test session. On day 5, demonstrator-observer dyads
were placed in the setup for a total of 24 min. After a 12 min baseline period which is
identical to the habituation session, the demonstrators received 5 footshocks (each 1.5
mA, 1 s long) during the 12 min shock period. The inter-shock intervals were either 2
or 3 min. Footshocks of 1.5 mA triggered squeaks in the audible range that are
considered a highly specific indicator of pain 44, 22kHz vocalizations, jumping and pain
grimaces45 in the demonstrators of both sexes, see ref 27 for details.

To compare emotional contagion in males and female rats, we thus harnessed a
paradigm developed in our lab in which a shock-experienced observer rat
interacts through a perforated transparent divider with a demonstrator rat
receiving footshocks. Observers and demonstrators never exchanged roles and
they were familiarized with each other before testing. We then quantified the
freezing behavior of both animals (10 male observer-demonstrator dyads and 9
female dyads in this study) during an initial 12 min baseline period and a 12 min
test period in which the demonstrator received 5 footshocks (1.5 mA, 1 s each,
ISI: 120 or 180 s, Fig. 1). We have previously shown that there is mutual
influence across demonstrators and observers, with the distress of the shocked
demonstrators triggering freezing in observers and individual differences in
observer reaction influencing back how much demonstrators freeze28.
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Interestingly, this mutual influence was not affected by the degree of familiarity
across individuals28. Based on this finding, we have suggested that this emotional
transfer might have less to do with empathic distress on behalf of the
demonstrator, and more to do with using the emotional state of others as a source
of information about dangers to the self28. Although we use the term emotional
contagion of this phenomenon, because a witness ‘catches’ the emotion of
another animal, the term emotional communication or emotional information
transfer may arguably be more appropriate, as used in the context of crossspecies eavesdropping28,46–48. In addition to (i) comparing the average freezing
level of observers across the two sexes, here we therefore additionally (ii)
compare emotional contagion in terms of the relationship between the freezing
of observers and demonstrators in terms of average freezing during the shock
period using Bayesian regression analyses and (iii) in terms of second-to-second
freezing influences using Granger causality28.
Given that in the past we had run an experiment with only females 16, and later
several experiments with only males17,27,28, and observed higher levels of
freezing in both male observers and male demonstrators than in our original
female sample, we expected that females would show reduced levels of freezing
compared to males in this experiment. However, given that female demonstrators
froze less than male demonstrators, it remains unclear whether the reduced
freezing of female observers compared to male observers represents a reduced
transfer of emotional information, or simply a sex-independent transfer of sexdependent demonstrator freezing. Stronger emotional transfer in males would be
in contrast to the human literature in which females show higher empathy than
males, and the notion that emotional contagion serves child care6,7. Sexindependent transfer, on the other hand, would dovetail with the lack of an effect
of familiarity in this paradigm, in that it would align with the notion that
emotional contagion serves as a selfish source of information about one’s own
danger28.

Results
Average freezing is higher in male rats
Figure 2A shows the group freezing data of observers and demonstrators of both
sexes. A test of normality of the freezing variables separately for the two sexes
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revealed that freezing during the shock epoch is normally distributed for both
sexes and roles (Shapiro-Wilk49, all W>0.9, p>0.3). Unfortunately, freezing
during baseline deviates from normality for both sexes and roles (Shapiro-Wilk,
all W<0.78, p<0.05). Accordingly, parametric tests including the baseline should
be interpreted with caution, and are supplemented by non-parametric tests where
possible.
For observers a 2 Sex (male vs female) x 2 Epoch (baseline vs shock) ANOVA
revealed a main effect of Epoch (F(1,17)=56, p<0.001, BFincl=874958), a trend
for Sex (F(1,17)=3.86, p=0.066, BFincl=1.3) but no interaction (F(1,17)=1.002,
p=0.33, BFincl=1.3). For those less familiar with Bayesian statistics, BFincl refers
to the Bayes factor for including the effect and is calculated as the likelihood of
models including a certain effect divided by that of models excluding that effect.
BFincl values above 3 are considered moderate evidence that including the effect
improves the model, whilst BFincl below 1/3 are considered moderate evidence
that including the effect worsens the model. Intermediate BF values are
considered inconclusive50. So here, the Bayesian ANOVA provides very strong
evidence for the effect of Epoch, but with regard to the effect of Sex and
interaction, the data is inconclusive, in that the variance is such that the data is
about equally likely with models with or without these effects. Paired tests
comparing observers’ freezing during the baseline and the shock period confirm
that witnessing the demonstrator receive shocks increases freezing compared to
baseline in both sexes examined individually (Wilcoxon W(9) = 0, p=0.002 for
males; W(8) = 0, p=0.004 for females; Fig. 2A). We then compared the freezing
of the male versus the female observers during the shock period. Considering the
findings from previous research, we had hypothesized lower freezing in females
compared to male observers. A one-tailed t-test on the observer freezing
confirmed this prediction (t(17)=1.8, p<0.044), with a large effect size with
males freezing 1.5 times as much as females (Cohen d=0.8, Fig. 2A).
For demonstrators a 2 Sex (male vs female) x 2 Epoch (baseline vs shock) on
freezing also revealed a main effect of Epoch (F(1,17)=115, p<0.001,
BFincl=1E10), but also revealed a significant main effect for Sex (F(1,17)=19,
p<0.001, BFincl=208) and an interaction (F(1,17)=11, p=0.004, BFincl=103), due
to a larger increase in freezing following the shocks in males. A one-tailed t-test
again confirms that during the shock epoch, male demonstrators froze more than
female demonstrators (t(17)=3.97, p<0.001) with an even larger effect size than
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for the observers: males froze twice as much as females (Cohen d=1.8, Fig. 2A).
For both observers and demonstrators, males thus froze more than females. That
the effect size was more pronounced for demonstrators (d=1.8) than observers
(d=0.8) raises the question of whether the smaller sex difference in observers is
a downstream result of the larger sex difference in demonstrators, a question we
will address in the next section.

Figure 2. Emotional Contagion as a function of sex. (A) Freezing percent during the
baseline (open violins) and the shock period (filled violins) for male (blue) and female
(purple) rats, with observer data on the left and demonstrator data on the right. The
black bar represents the mean, the box  SEM. (B) Observer freezing as a function of
demonstrator freezing during the shock period, including linear regression lines and
their 95% confidence intervals. (C) Demonstrator freezing as a function of observer
freezing during the shock period including linear regression lines and their 95%
confidence intervals. (D) Granger causality F values in the dem->obs (left) and
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obs->dem (right) direction during the shock period. For all panels: *:p<0.05,
**:p<0.01, ***:p<0.001 in two-tailed t-test; ##=p<0.005 in Wilcoxon test. Other
conventions are the same as in (A). We use violin plots here, because some of the data
is not normally distributed, and mean and SEM therefore do not provide a full picture
of the distribution of the data.

Demonstrator freezing level, independently of sex, is the best predictor of
observer freezing.
To understand whether sex differences in observers’ freezing during the shock
epoch (obsf) were due to differences in the demonstrators’ freezing (demf) during
the shock period alone we performed an ANCOVA, which tests whether after
regressing out the individual differences in demonstrator freezing (dem f), there
is a residual main effect of observer sex, or an interaction of dem f and observer
sex. This was done using a traditional (frequentist) ANCOVA and a Bayesian
ANCOVA with 2 sex (male vs female) x demf, see Table 1A.
The frequentist analysis revealed a significant influence of demf confirming that
the observer freezing reflects the demonstrator freezing but neither a significant
main effect of sex or interaction of sex * demf were detected. This shows, that
once the difference in demonstrator freezing has been accounted for, sex fails to
explain additional variance. This suggests, that difference in observer freezing
can be most parsimoniously explained by knowing the level of freezing of the
demonstrator, independently of sex. In Fig. 2B, this is apparent in the linear
regression lines that have confidence intervals of the slope that overlap. In
addition, Fig. 2B shows how when considering females paired with the higherfreezing female demonstrators (on the right of the figure), the confidence interval
(pink) overlaps considerably with the male data. This suggests that the
differences in demonstrator freezing simply acted as distinct input onto a
transmission function (i.e. slope and offset) that is the same independently of the
sex of the observer. Given that female demonstrators reacted to the shocks with
less freezing, this simply transforms into the group difference in observer
freezing we observe.
Table 1. Analysis of observer freezing considering the shock period only.
Observer freezing was analyzed using demonstrator freezing (dem f), sex (1=male,
0=female), and their interaction as explanatory variables. Null models only include an
intercept. The Bayesian ANCOVA was performed in JASP using default priors
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(sex=fixed factor, demf=covariate, prior r on sex=0.5 on demf=0.354), and models are
ranked based on their predictive credibility. For the model comparison, P(M) refers to
the prior likelihood of each model, P(M|data) the posterior likelihood of the model
given the observed data. BF10 quantifies the relative evidence of the models compared
to the best model. For the analysis of effects, P(incl) refers to the prior likelihood of
including an effect in the model, P(incl|data) the posterior likelihood after having seen
the data, and BFincl is the BayesFactor for inclusion of an effect, i.e. the likelihood of
the data under models including the factor divided by that of models not including the
factor. For BFincl, values above 3 are considered moderate evidence for and values
below 1/3 evidence against the inclusion of a factor, and values above 10 are
considered strong evidence for inclusion50. Values of 1 indicate that models with and
without the effect are exactly equally likely, and values progressively away from 1 in
either direction, between 1/3 and 3, are increasingly strong evidence in either direction,
with values below 1 favoring exclusion and above 1 inclusion of the factor – albeit
inconclusively.

A. Frequentist ANCOVA
Effect
demf
sex
sex * demf
Residual
B. Bayesian ANCOVA
Model comparison
Model
demf
sex + demf
sex + demf + sex * demf
sex
Null model
Analysis of Effects
Effect
demf
sex
sex * demf

df
1
1
1
15

F
5.029
0.301
0.170

p
0.040
0.591
0.686

P(M)
0.200
0.200
0.200
0.200
0.200

P(M|data)
0.571
0.292
0.104
0.018
0.015

BF10
1.000
0.512
0.182
0.032
0.027

P(incl)
0.600
0.600
0.200

P(incl|data)
0.967
0.414
0.104

BFincl
19.429
0.471
0.463

A non-significant main effect of sex or interaction with sex could reflect
evidence that there is no effect of sex (evidence of absence), or that our study
was underpowered and cannot speak for or against the absence of a sex
difference. To shed light on this issue, we performed a Bayesian ANCOVA that
explains observer freezing using competing models with or without sex as a
factor (Table 1B). A model only considering demf is the best model by a margin
(P(M|data), Table 1B), and an analysis of effects provides strong evidence for an
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effect of demf (BFincl=19), confirming that the demonstrator freezing strongly
determines observer freezing. The analysis also shows that the evidence leans
towards the absence of an effect of sex, be it as a main effect (BFincl=0.471) or
sex * demf interaction (BFincl=0.463), showing that the data is over twice as likely
in models without these factors than in models with them (BFincl=1/2=0.5
indicates that models without the factor are twice as likely as models with, and
values below 0.5 show that models without the effect are more then twice as
likely). Indeed, comparing the probability of different models given the data
(Table 1B, column P(M|data)) shows a full model in which sex and its interaction
are included (sex + demf + sex * demf) is over 5 times less likely than one only
including demf. Altogether this shows that our data is best explained by a model
that considers the level of freezing of the demonstrator (which is different for
male and female demonstrators, as shown above) but ignores the sex of the
animals involved.
To further characterize the relation between observers’ and demonstrators’
freezing in the two sexes, we performed separate Bayesian regressions for males
and females. This gave highly overlapping posterior estimates for the regression
weight for obsf = 𝛽 * demf + intercept, with 𝛽 for females having mean=0.44 (95%
credibility interval CI=[0.0,1.09]) and male having mean=0.36 (95% CI=[0.5,1.9]). Fig. 2B illustrates this as the similarity in slope.
In our past work, we have shown that differences in the freezing level of the
observer can influence back the freezing level of the demonstrator, a
phenomenon akin to social buffering, in that observers that showed unusually
low levels of freezing due to inactivation of the ACC reduced freezing levels in
the demonstrators. To explore whether there might be a sex difference in this
influence of obsf on demf, we performed a frequentist ANCOVA and a Bayesian
model comparison between different models explaining freezing of the
demonstrators as a function of sex, freezing of observers (obs f) and their
interaction (sex * obsf, Table 2). The frequentist ANCOVA showed significant
main effects (Table 2A). The Bayesian model comparison found that including
sex and observers’ freezing in an additive model (obsf + sex) best describes the
data (Table 2B). There was strong evidence for a contribution of sex in predicting
demonstrator freezing (BFincl=14.712), with the females freezing less to the
shock than the males. There was also strong evidence for a contribution of
observer freezing (BFincl=18.390). However, there was only a trend and
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anecdotal evidence for including an interaction effect (BFincl=2.804) indicating
that if there was a sex difference in the feedback from the observer to the
demonstrator, we would need a larger group to find robust evidence for such an
effect. This is evident in the similarity in slope across the sexes in Fig. 2C.
Table 2. Analysis of demonstrator freezing during the shock period.
Demonstrator freezing was analyzed using observer freezing (obs f), sex (1=male,
0=female), and their interaction as explanatory variables. Null models only include an
intercept. Only data from the shock period are considered.

A. Frequentist ANCOVA
Effect
obsf
sex
sex * obsf
Residual
B. Bayesian ANCOVA
Model comparison
Models
obsf + sex
obsf + sex + obsf * sex
obsf
sex
Null model
Analysis of Effects
Effect
obsf
sex
obsf * sex

df
1
1
1
15

F
8.2
8.5
2.6

p
0.012
0.011
0.129

P(M)
0.200
0.200
0.200
0.200
0.200

P(M|data)
0.511
0.412
0.042
0.034
0.001

BF10
1.000
0.807
0.083
0.066
0.002

P(incl)
0.600
0.600
0.200

P(incl|data)
0.965
0.957
0.412

BFincl
18.390
14.712
2.804

No sex difference in Granger-causality across the animals
To further explore whether males and females differ in the temporal coupling of
the freezing between demonstrators and observers, we performed Granger
causality analyses (Fig. 2D). Unlike the other analyses that explore the average
freezing over the 12 min of the shock period, the Granger causality analyses
explore the relation between the second-to-second freezing of demonstrators and
observers. Specifically, it examines if past demonstrator freezing can explain
present observer freezing (to quantify influences in the dem→obs direction), and
if past observer freezing can explain present demonstrator freezing (to quantify
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influences in the obs→dem direction). Higher G-causality values (i.e. Granger F
values) indicate higher temporal coupling of the behavior of the two animals in
a pair, and thereby stronger social sensitivity to the behavior of the other. A
Granger analysis considering all animals (irrespective of sex) revealed
significant information flow in both directions (dem→obs Granger F=0.039,
p<0.0001; obs→dem Granger F=0.034, p<0.0001). Because the G-causality
values were not normally distributed (Shapiro W<0.76, p<0.05), we used nonparametric tests to compare the sexes. We found no significant sex difference in
Granger causality in either direction (Mann-Whitney U, dem→obs, U(17)=38,
p=0.6; obs→dem, U(17)=41, p=0.78; Fig. 2D). Bayesian Mann-Whitney U tests
revealed that in both directions, the evidence leans towards the null hypothesis
(i.e. no sex difference), but with limited evidence strength: in dem→obs
direction, the Bayes factor in favor of the null hypothesis BF01= 2.4, in the
obs→dem direction BF01=2.1.

A trade-off between rearing and freezing
The finding that the female demonstrators froze less than their male counterparts
raises the question of whether they reacted to the shocks using an alternative
strategy. It has often been described that individual and sex differences exist in
the propensity to react to danger with escape vs freezing33. We thus explored
whether females reared (including attempts to climb out of the box) more than
their male counterparts (Fig. 3A). All rearing data were normally distributed
(Shapiro W>0.86, p>0.1) except for male observer rearing during the shock
epoch.
All groups showed reduced rearing/climbing following the shocks (Fig. 3A). To
explore if that reduction is sex-dependent, we performed mixed frequentist
ANOVAs separately for observer rearing and demonstrator rearing, including 2
Sexes (male vs female) x 2 Epochs (baseline vs shock). We found main effects
of Epoch in both cases (Obs: F(1,17)=67, p<0.001, BFincl=8.7E7; Dem:
F(1,17)=25, p<0.001, BFincl=2478), but no main effect of Sex (Obs: F(1,17)=2.4,
p=0.141, BFincl=0.66; Dem: F(1,17)=0.121, p=0.732, BFincl=0.56) or interaction
of Sex x Epoch (Obs: F(1,17)=0.004, p=0.95, BFincl=0.66; Dem: F(1,17)=2.3,
p=0.146, BFincl=1.25).
We also observed a consistent negative correlation between rearing and freezing
in our animals (Fig. 3B). To explore that relationship further, we performed
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ANCOVAs that explore rearing during the shock period as a function of sex,
freezing and sex * freezing, separately for observers and demonstrators. In both
cases, the effect of freezing was negative (Obs: F(1,15)=11.8, p=0.004,
BFincl=21.5; Dem: F(1,15)=4.15, p=0.06, BFincl=6.07) while the effect of sex
(Obs: F(1,15)=0.12, p=0.73, BFincl=0.39, Dem: F(1,15)=0.30, p=0.59, BFincl=0.5)
or sex*freezing interaction (Obs: F(1,15)=0.13, p=0.72, BFincl=0.4, Dem:
F(1,15)=0.08, p=0.78, BFincl=0.55) were negligible, suggesting a sexindependent trade-off: the more an individual freezes, the less it rears, and viceversa, confirming the notion that animals that froze less reared more. While most
male demonstrators consistently showed high levels of freezing (>50%) and low
rearing/climbing (<20%) during the shock period, interindividual differences
were salient amongst female demonstrators (Fig. 3B): about half showed a
pattern similar to the males, with freezing above 50% and low rearing/climbing,
whilst the other half showed a pattern only seen in females, with low levels of
freezing (<50%) but higher levels of rearing/climbing (>20%). Hence, while the
trade-off is similar across the sexes (similar regression lines), females seem to
use a broader range along this trade-off.

Figure 3. Rearing/climbing as a function of sex. (A) distribution of rearing and
climbing. (B) The trade-off of rearing and climbing during the shock epoch for
demonstrators. All conventions as in Figure 2. ##=p<0.01 in the Wilcoxon test.
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No sex differences in freezing to shocks during pre-exposure freezing/
rearing
Considering the large sex differences in demonstrator freezing in response to
shocks, we also analyzed freezing levels during pre-exposure, where the
observers experienced shocks (Fig. 4A). Based on the results from the
demonstrator rats, we expected male observers to show about twice as much
freezing as female observers. Because freezing in the males during pre-exposure
was not normally distributed (Shapiro, W=0.7, p<0.001), we used nonparametric tests. Tests revealed significant increases in freezing from baseline to
shock in both sexes (Wilcoxon, females: W=0, p<0.004, males: W=0, p<0.002).
While during baseline, males showed significantly higher freezing levels in
response to a novel environment (Mann-Whitney U=13, p=0.008), no sex-driven
differences in freezing were detected during the shock epoch (Mann-Whitney
U=39, p=0.66). Females during the shock period of this pre-exposure froze much
more (mean=92%; SEM=3%), than their female demonstrators later did in the
contagion test (mean=37%; SEM=29%, Mann-Whitney U=0, p<0.001).
To explore whether observers that froze more during pre-exposure also froze
more while observing their demonstrator receive shocks, despite the nonnormality of the male pre-exposure freezing, we tentatively performed an
ANCOVA on observer freezing during the shock epoch in the emotional
contagion test that included sex as a fixed factor and demonstrator freezing and
observer freezing during pre-exposure as covariates. The analysis confirmed that
demonstrator freezing explains observer freezing during the shock epoch
(F(1,15)=8.3, p=0.011, BFincl=22), but neither sex (F(1,15)=0.08, p=0.78,
BFincl=0.5) nor pre-exposure freezing do (F(1,15)=1.23, p=0.28, BFincl=0.6).
Finally, the discrepancy between the strong sex effect found in demonstrators
during the test situation (Fig. 2A) and its apparent absence during pre-exposure
(Fig. 4A) raises the question of whether the sex difference during the contagion
test was simply a false positive. To explore this possibility, we drew on data from
another group of animals in our experiment. Observer animals in that second
group had undergone a limited bedding and nesting (LBN) manipulation as pups
and are thus not reported here because they might not be representative of normal
behavior. However, demonstrators in that LBN experiment were not submitted
to limited bedding and were purchased in adulthood together with those of the
main experiment and instead randomly assigned to the control group (that is
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reported in the method section in this paper). This LBN group can thus be used
to confirm the presence or absence of a sex difference in response to shocks in
the contagion test. The LBN demonstrators showed the same effect as the
demonstrators in our main group (Fig. 4B). Freezing data was normally
distributed during the shock period (Shapiro W>0.9, p>0.4), but not the baseline
period (Shapiro W<0.71, p<0.01). During the shock epoch, male LBN
demonstrators froze about twice as much as the females during the shock epoch
(males: n=10, mean=68%, SEM=4%; females n=6, mean=36%, SEM=9%,
t(14)=3.6, p=0.003, Cohen’s d=1.9, BF10=13), just as in the main experiment.
While this LBN group might still be affected by slightly atypical observer
reactions, it confirms that the sex difference found in our main group is robust.
To explore whether the difference in freezing between pre-exposure and test
could be driven by differences in the shocking protocol (pre-exposure: longer
inter-shock intervals and fewer shocks), we also looked at the first 110 s after the
first 3 shocks in both sessions. Results showed qualitatively similar results, with
significant sex differences in the contagion but not the pre-exposure freezing,
indicating that the differences were not due to the different inter-shock intervals.
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Figure 4. Freezing level for animals receiving shocks. (A) freezing in observer
animals receiving shocks during pre-exposure. (B) freezing of demonstrators receiving
shocks during the contagion test of the limited bedding and nesting (LBN) pilot group.
The experimental schema above the panels illustrates the shock parameters and the fact
that animals were alone in a new context in (A) but together with another animal in a
familiar context in (B). ##: Wilcoxon test, p<0.01, #: Wilcoxon test, p<0.05. $$: MannWhitney U, p<0.01. **: t-test p<0.01.

Discussion
Based on the literature showing less freezing in females in non-social
experiments33,34, and our own experiments showing lower levels of freezing in
female observers and demonstrators in our emotional contagion tests compared
to males (see ref 16 for experiments testing only females rats and ref 17,27,28 for
experiments testing only males), we wanted to directly test the effect of sex on
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our emotional contagion test in one experiment, and expected to find reduced
freezing in females compared to males. This expectation was confirmed by our
data. However, the specific question of interest was whether there were sex
differences in emotional contagion, the degree of affective alignment between
two rats. Following up on our recent introduction of dyadic methods, that
quantify the relationship between freezing behavior in observers and
demonstrators28, here we leveraged these methods to quantify emotional
contagion as the strength of the link between the freezing behavior across the
two members of each pair. We exploit two methods to do so.
First, we used a regression analysis, which explores the relationship between
average freezing of demonstrators and observers during the shock epoch, and
found that a model that assumes the same slope for males and females is in fact
the best description of our data. That is to say, that male and female observers
react with the same amount of freezing to a given degree of freezing of the
demonstrator. The sex differences we see in the overall freezing level of
observers are thus not due to a difference in emotional contagion (i.e., a
difference in sensitivity to demonstrator freezing) per se, but a result of a
difference in the amount of freezing displayed by the demonstrator. This is
particularly visible in Fig. 2B: female observers paired with those female
demonstrators that displayed male-typical levels of freezing (>50%) showed a
male-typical level of freezing (>50%).
Second, we used Granger causality to explore the moment-to-moment
relationship between the freezing of the members of each pair. We found reliable,
bidirectional evidence of influence across the animals in both male and female
dyads, and there was no reliable difference in the strength of this Granger
causality. This shows again, that the social transfer of distress, as measured by
the relationship in freezing behavior across the members of the dyads was
independent of sex.
Overall, because our study had a relatively small sample size (10 male and 9
female dyads), we also consistently used Bayesian statistics to explore whether
a lack of significant sex difference in our frequentist approaches was simply due
to a lack of power (and thus represents the absence of evidence) or provided
evidence for the lack of a sex difference. This approach shows that in most cases,
Bayes Factors for models considering sex versus the ones not considering sex
showed that assuming no effect of sex was about twice as good at predicting the
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data than models assuming an effect of sex. This means that overall we certainly
do not have evidence for an effect of sex, but that we also do not have strong
evidence for the absence of an effect of sex. We thus summarize our data as
showing that emotional contagion is roughly similar across the sexes in the rats.
A larger group size would be necessary to rigorously exclude the presence of
even small effects.
In our paradigm, we also quantified how much the demonstrator’s freezing is
influenced back by the observer’s freezing. Consistent with our previous work,
which has shown that taking the observer’s freezing into account helps predict
how much a demonstrator freezes in response to shock16,28, we find in both our
regression and Granger causality approach, evidence that the observer’s freezing
influences the demonstrator’s freezing. This phenomenon, which bears
resemblance with what has often been called social buffering in that it involves
a less stressed animal influencing the distress of an animal that receives a
shock28,51, was also not sex-dependent in our sample.
In contrast to the lack of a significant sex effect on emotional contagion, we do
find a robust sex difference in demonstrator’s freezing, with females freezing
half as much as males in response to shocks, a finding confirmed in a second
group (Fig. 4B). This difference then feeds onto the observers, which also show,
an albeit smaller, sex difference, which can, however, be entirely explained by
the sex difference in demonstrator freezing. Intriguingly, we do not find this sex
difference during the pre-exposure session, where males and females also
received electroshocks. Several differences exist between what observer animals
experienced during pre-exposure and what demonstrators experienced during the
emotional contagion test. First, the parameters of the footshocks differ (Fig. 4).
Observers during pre-exposure experienced 4 footshocks, 0.8 mA, 1 s long, 200260 s random inter-shock interval, while demonstrators received 5 footshocks,
1.5 mA, 1 s long, 120 or 180 s inter-shock interval. However, we also found no
sex difference in the pre-exposure but a sex difference during the emotional
contagion test when only testing the first 110 s of the first 3 shocks, suggesting
that the difference in the number of footshocks and the inter-shock interval are
perhaps unlikely to explain the difference in sex-effects. Shock intensity,
however, could play an important role, with both sexes showing similar
responses to moderate shocks during pre-exposure but different responses to
more intense shocks in the test situation. Second, in pre-exposure animals
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encounter the pre-exposure context for the first time on the day they receive
shocks, while demonstrators in the test context have been habituated for three
days to that context. It might be that the sex differences found in the test context
reflect the fact that females are more influenced by the three days of safety
experienced in this context than males do. Finally, animals during pre-exposure
are alone, while demonstrators in the test situation are paired with their cagemate. Sex differences in social buffering could thus, in principle, create a sex
difference in the test situation that is absent during pre-exposure. Whether the
strong sex difference in shock-triggered freezing we observe in our test situation
is specific to the shock intensity, level of habituation and/or social buffering
remains for future experiments to test.
Our study also has a number of important limitations. First, we did not test pairs
of mixed sexes, with a female demonstrator paired with a male demonstrator and
vice versa. Future experiments should explore if emotional contagion might be
stronger within one sex than between sexes. Second, we have only explored a
small number of animals in our study, and small sex differences may thus have
evaded our analysis. Third, we have only explored emotional contagion in rats
that have been pre-exposed to shocks. We have previously shown that preexposure of observers to shocks does increases the amount of freezing in
observers of both sexes quite dramatically16,28. Whether there might be sex
differences in the social transmission of shock-naïve observers might be worth
exploring in the future. Fourth, we have only explored the sex difference in
Long-Evans rats. In the future, exploring this effect in other rat strains and in
mice would be exciting. Fifth, we have not controlled the modality through
which information is transferred between rats. Emotional contagion depends on
multiple sensory modalities. The sound of the demonstrator’s reactions to the
shocks, in particular pain squeaks, plays a role in triggering freezing in
listeners16,27. Olfactory signals play a role in social buffering52, but may be too
slow to trigger the very swift emotional communication in our paradigm 27.
Vision can also play a significant role in similar paradigms21. Whether sex effects
might be more evident if communication were limited to a specific modality
remains to be explored. Finally, we did not stratify our female animals based on
the phase of their estrous cycle. Collecting vaginal samples and assessing
whether estrous status can explain variance in female emotional contagion would
be an exciting avenue for future research.
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In summary, we show that although we find significant sex differences in how
demonstrators react to a shock, the emotional contagion process, that transmits
this reaction across individuals does appear to be sex-independent in Long Evan
rats. This echoes two observations we have recently made regarding familiarity
in the same paradigm. First, we observed that emotional contagion is
independent of how long male observers and demonstrators have been housed
together28. Second, we have compared emotional contagion across male LongEvans and Sprague-Dawley rats. We found that akin to female Long-Evans,
Sprague-Dawley male demonstrator rats freeze significantly less to the
electroshock. However, the degree of social transmission, as estimated using the
slope of a regression or Granger causality, did not depend on the strain. Taken
together, this shows that emotional contagion in our paradigm is similar across
different sexes, different strains and different levels of familiarity. This finding
is compatible with the notion that emotional contagion primarily serves a
purpose similar to Eaves-dropping across animals46–48, namely the social
detection of danger28. If a rat witnesses another rat express distress, this is a
valuable, selfish danger signal that the recipient can use as an indicator of danger
that should trigger freezing. In this selfish, danger-detection view, one would not
necessarily expect that females should show more emotional contagion than
males, especially in species in which females are not more vulnerable.
Overall, the lack of a behavioral sex effect on emotional contagion we find here
thus does not lead us to question whether the neuroscience work done to uncover
the neural basis of emotional contagion in male rodents21,27,29–31 also applies to
females. However, similar behavioral outcomes could arise from slightly
different neural circuits across sexes, warranting a similar examination of sex
differences also in markers of neural activity.
Finally, it is important to recognize that there might be a fundamental difference
between the social transmission of emotional information, as measured using the
social transmission of distress and freezing in our protocol, for which we find no
sex differences, and other phenomena associated with empathy. For instance,
prosocial motivation, as measured using directed helping does show sex and
familiarity differences in rats. For instance, the latency to liberate a trapped
conspecific is shorter in more familiar animals and in females43,53. Also empathy
proper, as measured in humans, is stronger in women than men54. Although many
assume that emotional contagion is a precursor of empathy and helping, these
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are clearly not the same phenomena7,55 and that the former but not the latter show
sex and familiarity effects suggests that they are subject to different regulatory
mechanisms. The exact causal relationship between these phenomena, and how
they exchange information and are regulated very remains to be explored, and
both male and female animals should be used to explore these systems.

Methods
Subjects
Ten male and nine female Long Evans rats (observers) were bred in-house at the
animal facility of the Netherlands Institute for Neuroscience. We bred these
animals in-house as part of a larger study exploring early life stress using a
limited bedding and nesting manipulation replication of 56 but we mainly present the
data from the control condition here (except for Fig. 4). The breeding led to
slightly more males, explaining the slight difference in numbers. Upon weaning
animals were housed in same-sex groups of 4, maintained at ambient room
temperature (22-24 °
C, 55% relative humidity, SPF, type IV cages, on a 12:12
light-dark cycle: lights on at 07:00) till 6 weeks of age. In previous studies, we
always ordered demonstrators from Janvier17,27,28. Accordingly, here we also
ordered ten male and nine female Long Evans rats (demonstrators; 6 weeks of
age) from Janvier Labs (France). Upon arrival, animals were pair-housed with
observers (same-sex pairs) in type III cages with wooden block toys, on a
reversed 12:12 light-dark cycle (lights off at 07:00). Food and water were
provided ad libitum.

Ethics Statement
In compliance with Dutch and European law and institutional regulations, all
experimental procedures were preapproved by the Centrale Commissie
Dierproeven (central committee of animal testing) of the Netherlands
(AVD801002015105) and by the welfare body of the Netherlands Institute for
Neuroscience (IVD, protocol number NIN161108) in accordance with the
Experiments on Animals Act (WOD) with its amendment on 18 December 2014
and EU directive 2010/63/EU. All animals from this experiment were handled at
least once a week prior to the experimental start and habituated to the
experimental room and setup to reduce unnecessary stress. The welfare of the
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animals was monitored throughout, and no animals had to be sacrificed because
of signs of illness. After experiments, the animals were euthanized by CO2
inhalation, starting with 40% O2 mixed with 60% CO2 until animals were in deep
sleep (as checked by the rear reflex response and breathing depth and frequency)
and then switched to 100% CO2 for at least 15 min until no breathing or
heartbeats were detected.

Setup
All tests were conducted in a two-chamber apparatus (each chamber Length: 24
cm x Width: 25 m x Height: 34 cm, Med Associates, Fairfax, Vermont, United
States) as described in ref28 Each chamber consisted of transparent Plexiglas
walls and stainless-steel grid rods. The compartments were divided by a
transparent perforated Plexiglas separation, which allowed animals in both
chambers to see, smell, touch and hear each other. For shock pre-exposure and
the emotional contagion tests, one of the chambers was electrically connected to
a stimulus scrambler (ENV-414S, Med Associates, Fairfax, Vermont, United
States). For video recording of the rats’ behaviors, a Basler GigE camera
(acA1300-60gm) was mounted on top of the apparatus controlled by Media
Recorder (Noldus, the Netherlands).

Experimental procedures
The experimental procedures consisted of habituation, pre-exposure and test
phases (Fig. 1). Ten days before the emotional contagion test, all animals were
handled every other day for 3 min per day. To habituate animals to the testing
conditions, animal dyads were transported and placed in the testing apparatus for
20 min per day for three sessions. The testing apparatus was cleaned with lemonscented dishwashing soap and 70% alcohol between each dyad. To enhance the
emotional contagion response to the distress of the demonstrators, observer
animals experienced a shock pre-exposure session16,28. The shock pre-exposure
was conducted in one of the chambers of the test apparatus. To prevent
contextual fear on the test day, the walls of the chamber were coated with black
and white striped paper, the background music was turned off, the apparatus was
illuminated with bright white light and the chamber was cleaned with rosescented dishwashing soap and vanilla aroma drops for the pre-exposure session.
Observers were individually placed in the apparatus and after a 10 min baseline
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plus a random interval (~230s), four footshocks (each: 0.8 mA, 1 s long, 200260 s random inter-shock interval) were delivered. After the shock pre-exposure
session, animals were placed for 1 hour in a neutral cage before returning to their
home cage. The emotional contagion test setup was illuminated with dim red
light, cleaned using a lemon-scented dishwashing soap followed by 70% alcohol,
and background radio music was turned on. Observer-demonstrator dyads were
transported during their dark cycle to the testing room and animals were placed
in the corresponding chamber of the testing apparatus. For all dyads, following
a 12 min baseline, the demonstrators experienced five footshocks (each: 1.5 mA,
1 s long, 120 or 180 s inter-shock interval). Following the last shock, dyads were
left in the apparatus for 2 additional min before return to their home cage.

Behavior scoring
The behaviors of observers and demonstrators during the emotional contagion
test and pre-exposure were manually scored by 2 experienced researchers (interrater reliability: Cohen's Kappa = 0.933) and using the open-source Behavioral
Observation Research Interactive Software (BORIS, Friard & Gamba, 2016) as
described in ref28. Freezing, defined as lack of movement except for breathing
movements, was continuously scored throughout the baseline and the shock
period. Freezing had to last for at least 2 seconds to be scored as freezing. To
create a continuous time series, freezing moments extracted from the Boris result
files were recoded as 1 and non-freezing moments as 0 using Matlab
(MathWorks inc., USA). We also scored rearing/climbing behaviors (i.e., front
paws/both front and rear paws away from the floor and not grooming) using
Boris.

Statistics
For sections 2.1 and 2.2, freezing time was calculated as the sum of all freezing
moments in a certain epoch and freezing percentage was calculated as the total
freezing time divided by the total time of the epoch. Baseline period (1st epoch)
was defined as the first 720 seconds of the emotional contagion test and the shock
period (2nd epoch) was defined as the 720 seconds following the first shock
(approx. 720 s from the start of the test). Statistics were computed using JASP
(version 0.11.2, https://jasp-stats.org/). We also include Bayesian statistics in our
analysis because a non-significant traditional p-value for a factor (e.g., sex) is
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not evidence of absence. Bayesian statistics, however, can provide evidence for
the absence of an effect if the Bayes factor shows that models without this effect
are much more plausible given the data than models with this effect57. Bayesian
results are presented as Bayes Factors, with the index specifying whether it is the
Bayes Factor in favor of the hypothesized effect H1 or the null hypothesis H0,
with BF10=P(data|H1)/P(data|H0) and BF01= P(data|H0)/P(data|H1). BF10>3
represents moderate evidence for an effect, BF10<1/3 for the absence of an effect,
and the reverse is true for BF01. BF values around 1 indicate the data is similarly
likely under H0 and H1, and cannot adjudicate in favor of either. For model
comparisons, BFincl represents the ratio between the likelihood of models
including, divided by those excluding a particular factor. BFincl>3 is interpreted
as moderate evidence that the inclusion of this particular factor improves the
model. BFincl<1/3 is interpreted as moderate evidence that this particular factor
does not improve the model. Default priors are used throughout. This includes
for ANOVAs and ANCOVAs: r=0.5 for fixed effects (e.g., sex), r=1 for random
effects (e.g., subjects) and r=0.354 for covariates; and for simple comparisons
between groups a Cauchy with a scale of 0.707.

Granger causality
Granger causality is a statistical concept of causality that is based on prediction58.
If a signal X1 "Granger-causes" (or "G-causes") a signal X2, then past values of
X1 should contain information that helps predict X2 above and beyond the
information contained in past values of X2 alone. In this study, X1 and X2 were
binary time series of freezing of the demonstrator and freezing of the observer
(freezing coded as 1 and not-freezing coded as 0) on a second-to-second basis.
The freezing of the observer at a certain time point (X2(t)) can be estimated either
by its own history plus a prediction error (reduced model, 1) or also including
the history of the freezing of the demonstrator (full model, 2).
𝑚

𝑋2(𝑡) = ∑ 𝐴𝑋2𝑋2 (𝑖) ∙ 𝑋2(𝑡 − 𝑖) + 𝜀(𝑡)

(1)

𝑖=1
𝑚

𝑋2(𝑡) =

∑ 𝐴′𝑋2𝑋2 (𝑖)
𝑖=1

𝑚

∙ 𝑋2(𝑡 − 𝑖) + ∑ 𝐴𝑋1𝑋2 (𝑖) ∙ 𝑋1(𝑡 − 𝑖) + 𝜀′(𝑡)

(2)

𝑖=1

In equations 1 and 2, t indicates the different time points (in steps of 1s), A
represents the regression coefficients and m refers to the model order which is
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the length of the history included. Granger causality from the freezing of the
demonstrator to the freezing of the observer (i.e., X1→X2) is estimated by
comparing the full model (2) to the reduced model (1). Mathematically, the loglikelihood of the two models (i.e., G-causality value F) is calculated as the
natural logarithm of the ratio of the residual covariance matrices of the two
models (3).
𝐹𝑋1→𝑋2 = ln

|𝑐𝑜𝑣(𝜀(𝑡))|
|𝑐𝑜𝑣(𝜀′(𝑡))|

(3)

This G-causality magnitude has a natural interpretation in terms of informationtheoretic bits-per-unit-time59. In this study, for example, G-causality from the
demonstrator to the observer indicates the predictive power of the demonstrator's
freezing on the observer's freezing and the strength of the information flow from
the demonstrator to the observer. Jumping responses of the demonstrator to the
foot shocks were also taken into account and a binary time series of this behavior
was included as X3 (jumping coded as 1 and not-jumping coded as 0).
The algorithms of the Multivariate Granger Causality (MVGC) Toolbox59 in
MATLAB were used to estimate the magnitude of the G-causality values. First,
the freezing time series of the demonstrators and the observers were smoothed
with a Gaussian filter (size = 300 s, sigma =1.5). The MVGC toolbox confirmed
that each time series passed the stationary assumption for Granger causality
analysis. Then, the optimal model order (m, the length of history included) was
determined by the Akaike information criterion (AIC) for the model including
all observer-demonstrator dyads. The optimal model order is a balance between
maximizing goodness of fit and minimizing the number of coefficients (length
of the time series) being estimated. For this dataset, the model order of 19 (i.e.,
19 data points corresponding to 19 seconds in this study) was estimated to be the
best fit for the model including all dyads and thus it was fixed at 19 for the
subsequent dyad-wise analysis. To test the differences of the G-causality values
sexes, we used the G-causality values obtained from analysis only considering
the freezing during the shock epoch of a given pair of rats, and compared them
across groups using ANOVA in SPSS and JASP.
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Levels of analysis
This project set out to understand what is often seen as an evolutionary
predecessor of empathy, emotional contagion. A series of studies have been
conducted (as reported in Chapters 2-5) to analyze emotional contagion in rats
with the hope to shed light on an important neural mechanism in mammalian
social information processing. To clarify and reflect on my efforts to study this
complex system, I would like to leverage David Marr’s influential three levels
of analysis - “[t]he three levels at which any machine carrying out an information
processing task must be understood”1 (Table 1). This theoretical framework has
been acknowledged as a useful tool to integrate behavioral and neural data in
general2 and in social neuroscience3.
Table 1. Reproduction of Marr’s Figures 1-41.

Computational
theory

Representation and
algorithm

Hardware
implementation

What is the goal of
the computation, why
is it appropriate, and
what is the logic of
the strategy by which
it can be carried out?

How can this
computational theory be
implemented? In
particular, what is the
representation for the input
and output, and what is the
algorithm for the
transformation?

How can the
representation and
algorithm be realized
physically?

By metaphorically considering our brain/mind as an information processing
“machine”, we can analyze it at three levels: the computational, the algorithmic,
and the implementational levels, from abstract to concrete. The computational
level concerns the goal and the appropriateness of the computation. In the case
of emotional contagion, the computational level of analysis is about the possible
(evolutionary) function it may serve, and the reasons why this capacity is
adaptive in the social world. The next level, the algorithmic one focuses on how
the computational goal can be carried out. Example questions at this level include:
how is the social information transferred among multiple subjects? Why is
information transferred? What factors can influence the information flow?
Finally, the implementation level refers to the physical substantiation of the
computational goal and the algorithm to achieve the goal. In this project, the
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implementation level straightforwardly points to the possible neural mechanisms
underlying emotional contagion. Although it is practically impossible for a Ph.D.
project to thoroughly investigate every aspect of such a complex social
phenomenon, I agree with Marr that “[e]ach of the three levels of description
will have its place in the eventual understanding of perceptual information
processing”1. I hope structuring my contributions with Marr’s theoretical
framework can help to position them in the literature and to identify possible
knowledge gaps for future studies.
In his book, Marr explained the three levels of analysis in a top-down order (i.e.,
computation → algorithm → implementation). In neuroscience research, we
often deal with natural phenomena that do not seem to have an obvious/artificial
goal to achieve at first sight. The attempts to answer the why question (i.e., at the
computational level) are often hypotheses and/or theories based on results from
studies at the other two levels (i.e., the algorithmic and the implementational
levels). In this chapter, I will thus follow the exploration logic of our research
and discuss the findings and future research directions in bottom-up order. The
forthcoming section summarizes our search for emotional mirror neurons at the
implementational level, followed by a section about the theoretical and
methodological developments on social information transfer at the algorithmic
level. I will round off the chapter at the computational level with our hypothesis
on the function of emotional contagion in the vicarious freezing paradigm.

The implementational level: emotional mirror neurons
The initial idea of this project stemmed from the discovery of mirror neurons in
macaques. As discussed in the previous chapters, since their discovery in the
early 1990s, mirror neurons have been suggested to play an important role in
action perception and understanding. Some claimed that they “constitute a neural
mechanism enabling implicit action understanding”4 (original italic). Although
the discovery of mirror neurons was initially only in motor-related regions, it had
a significant impact on the debates in the social domain, especially on topics
around empathy and mind-reading. For example, the existence of mirror neurons
was considered to provide substantial evidence supporting the “simulation
theory” (in contrast with the “theory theory”) of mind-reading5. The idea that
empathy involves a mirror-like neural mechanism has been debated in recent
decades and various studies have shown support. For instance, vicarious
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activation has been found in humans for actions, sensations, and some emotions*.
Since one of our main goals was to investigate the neural mechanism underlying,
thus also the physical implementation of, emotional contagion, emotional mirror
neurons (eMNs) became a reasonable candidate.
We were aware that this line of reasoning strongly depended on two hypotheses:
(1) mirror neurons are (at least an important part of) the physical implementation
of a matching mechanism that enables action understanding and (2) both the
physical implementation (i.e., the existence of mirror neurons) and the function
of mirror neurons extends to other domains (e.g., social information processing).
While the former has been tested and goes beyond the scope of this dissertation,
the latter showed a knowledge gap when we were designing the project. The
investigation of the existence and possible function(s) of eMNs is theoretically
crucial. Before we started this project, no direct evidence of the existence of
sensation or eMNs had been reported, nor did we know of any ongoing attempts.
The knowledge gap thus became an important motivation for our research project.
The studies demonstrated in chapters 2 and 3 focused on the exploration of the
eMNs as the possible neural mechanism underlying emotional contagion.
In 2011, our lab developed a vicarious freezing paradigm, which is a robust
experimental setup to study emotional contagion of distress in rats6. This
paradigm shares the basic logic of the original study in which mirror neurons
were discovered. That is, it creates an experimental situation where other’s
experiences (distress in our paradigm; action in the original study) can be
(mentally) mapped onto one’s own experiences. Thus, the mirror neurons found
with this paradigm may be considered the emotional counterparts of the motor
mirror neurons, which likely share corresponding algorithmic mechanisms and
computational goals. As reported in chapter 3, using our vicarious freezing
paradigm with necessary modification, we did find neurons that exhibit mirrorlike properties in the rat ACC. Most of these neurons respond to the self and
other’s pain without responding to another negative emotion (i.e., fear), which
fits the functional profile of the ACC†. This finding is the first direct evidence
for the existence of mirror neurons in the emotion domain in the mammalian
brain. It not only fills a crucial knowledge gap but also provides a foundation for

For a more detailed discussion on this topic, see Chapter 1.
For more details and discussions about ACC function and specificity of these neurons, see
Chapter 3.
*
†
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studies on emotional contagion and related themes at the implementation level
or higher levels.
One promising research direction at the implementation level is to investigate
other possible eMNs in different brain regions (e.g., fear mirror neurons in the
insula or amygdala) and their inter-relations (i.e., their connection in the neural
network and their functional relation). A recent study demonstrated the
involvement of the amygdala in a similar paradigm7 and it would be interesting
to further investigate whether eMNs played a role there. Another important
research area will be at the computational level, which concerns the functional
role of eMNs in emotional contagion. For example, it will be informative to
selectively manipulate the eMNs (e.g., via optogenetic manipulations) and
investigate the effect of their inhibition and/or activation. As for the algorithmic
level, I will discuss more in the next section.
In addition to the neural level implementation, we also had a finding at the
hormonal level related to the emotional contagion of distress. As reported in
Chapter 2, repeated witnessing of distress changed the behavioral response of
observer rats. They started yawning while freezing less and the yawns were
reduced by the administration of a corticosterone blocker, which confirmed the
role of the stress hormone in distress contagion. This finding supports the view
that vicarious responses are not merely behavioral mimicry but likely involve a
correspondent change in the observer’s affective state. I will further discuss the
implication of this finding in the computation section.
It is also noteworthy that both the neural level and the hormonal level “physical
implementation” of emotional contagion in rats resemble what has been found
in humans. Although few studies have access to the single neuron level
resolution in humans, fMRI studies nonetheless provided substantial evidence of
vicarious activities in various regions including the ACC in paradigms of pain
experience and observation. Stress contagion can happen between mothers and
infants8 and between teachers and students across classroom9, which can be
reflected in a change in the cortisol level. The resemblance between the rat and
the human emotional contagion at the implementation level opens up
opportunities for the use of advanced techniques suitable for either species as
well as comparative research that can help to enrich our understanding of the
social brain.
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The algorithmic level: bidirectional information transfer
Finding emotional mirror neurons in the rat ACC is an important first step
towards our understanding of emotional contagion as it shows a possible neural
implementation of the information processing algorithm underlying this social
phenomenon. We went a step beyond the implementation level and questioned
at the algorithmic level, about what information the eMNs may encode. As
discussed in Chapter 3, we found that the eMNs seemed to share a common
coding for the experience of pain in oneself and observation of pain in others.
This finding links not only the information in oneself with that in others but also
the mirror-like activity of neurons with its possible representation (e.g., pain,
distress, etc.). Although more studies still need to be done to draw a more
complete picture of the neural codes in the ACC and the neural algorithm
underlying emotional contagion (which is likely implemented in a larger neural
network beyond the ACC), our finding of the common coding in the eMNs is an
encouraging beginning.
Apart from the effort at the neural level, we also worked on the social
information processing “algorithm” at the behavioral level. As clarified by Marr,
“[the implementational level of analysis] involves choosing two things: (1) a
representation for the input and for the output of the process and (2) an algorithm
by which the transformation may actually be accomplished”1 (original italic). In
our vicarious freezing paradigm of emotional contagion, if we focus on the
observer animal, intuitively we would choose the demonstrator’s freezing as the
input and the observer’s freezing as the output at the behavior level, which
represents the distress of the demonstrator and the observer, respectively. Then
what is left to figure out is the algorithm that transforms the input to the output.
However, this choice implies that the social process between the two rats is unidirectional: the information flows from the demonstrator (input) to the observer
(output) and ends here.
As discussed in Chapter 4, this assumption did not hold. By adapting Bayesian
modeling and Granger causality to behavioral data analysis, we showed strong
and consistent bi-directional information transfer during the vicarious freezing
paradigm. The spotlight was then shifted from focusing on one animal (e.g., in
our paradigm, the observer) to the interaction of both animals involved. In our
analysis, we chose the social information processing between the animals, rather
than the behavior of an individual animal, as the target unit of analysis. In this
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way, we can accommodate bi-directional information transfer in the analysis and
take into account the impact of the output (i.e., observer’s freezing) on the
subsequent input (demonstrator’s freezing after being influenced by the
observer’s freezing). Our results urge a perspective shift in how we study and
understand social processes (i.e., from focusing on the individual to paying
similar attention to all agents involved and their interaction). We also
demonstrated some viable methodological options that can enable analyses of
social information transfer among multiple agents.
To further investigate how distress was socially transmitted among animals, we
manipulated various factors that may have an impact on the process. As shown
in Chapters 4 and 5, these factors include the stressor that triggered the initial
freezing responses (i.e., administering footshocks or not), features of the animals
(e.g., sex, strain, prior experience of the specific stressor, and certain brain
functions) and the relation between the animals (e.g., co-house duration and
same or different strain). None of these factors could completely break off the
social information transfer within the observer-demonstrator dyads. Only some
of the manipulations could significantly modulate the information flow or the
temporal coupling of rats’ behaviors. For example, introducing the stressor (or
not) played a decisive role in the freezing level of both animals. The
demonstrator’s freezing triggered by the stressor was one of the determining
factors of the observer’s freezing level. Lack of prior experience of the stressor
reduced the observer’s response to the demonstrators’ freezing and lowered the
temporal coupling between their freezing. Deactivating the observer’s ACC also
harms the information flow from the demonstrator to the observer. Changing
other factors seemed to have little impact on the distress transmission when the
aforementioned factors were accounted for. Examining the roles of different
features in social information transfer contributes to unraveling the algorithm
underlying emotional contagion. Furthermore, it has significant implications on
the function (i.e., the computational goal) of this social phenomenon.

The computational level: social detection of danger
In this project, we studied emotional contagion in rats using the vicarious
freezing paradigm. In the process, we discovered that its neural implementation
partially involves eMNs in the ACC and we deciphered important aspects of its
social information transmission algorithm. Computationally, a question remains:
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what is the problem that the system aims to solve? Biologically, we can ask what
the evolutionary function of this process is. Since social behaviors are ultimately
adaptive, we aim to find out in what specific way vicarious freezing may help
the rats (and maybe also other social mammals) to meet their survival needs
adaptively.
Vicarious freezing has been used as an indication of emotional contagion
throughout this project. At first sight, however, it is not trivial to determine
whether vicarious freezing is mere behavior mimicry or emotional contagion.
The main difference between them is whether the affective state underlying the
behavior of the agent (i.e., the observer) changes and resembles that of the target
(i.e., the demonstrator) in the process. While emotional contagion requires
alteration of affective states, behavior mimicry involves changes only at the
behavioral level. In terms of vicarious freezing, the key issue regards whether
the observer’s freezing is a mere copy of the demonstrator’s behavior, or it results
from the observer’s own distress triggered by a similar affective state of the
demonstrator. Since it is impossible to collect self-reports of first-person
affective experiences in animal studies, we have to rely on indirect indications.
As discussed in Chapter 2, we found that observers changed their coping
mechanism after being repeatedly exposed to demonstrators in distress and the
new coping behavior can be reduced by anxiolytics. This finding indicates that
the observers can not only affectively react to the distress they witness but also
respond with different behaviors depending on their stress level. Another study
reported similar behavioral flexibility, where social cues could evoke passive
(e.g., vicarious freezing) as well as active (e.g., explorative behaviors) defensive
behaviors in rats, and observers could adjust their behaviors to the social
context10. These findings suggest that the social experience influences the
observer rat’s affective state, and its behavioral responses are likely the
downstream outcome. This strongly supports the view that vicarious freezing is
more than mere behavior mimicry but rather a behavioral indicator of emotional
contagion.
To understand the computational goal of vicarious freezing, we can start by
investigating the potential evolutionary functions of emotional contagion. One
hypothesis is that emotional contagion may facilitate survival at a group level by
motivating prosocial behaviors - behaviors performed by an individual to
alleviate another’s need or improve another’s welfare13. They are considered
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adaptive because they increase the fitness of the receivers or both the receivers
and the agents14. In humans, empathy is often seen as one of the most important
motivators for helping or prosocial behaviors11,12. Emotional contagion, as an
evolutionary predecessor of empathy, may similarly drive prosociality in animals.
Prosocial behaviors have been found throughout the animal kingdom 15 and
accumulating evidence demonstrates that rats can behave prosocially in response
to a conspecific’s distress. In a Prosocial Choice Task, rats prefer a mutual food
reward to a selfish reward16 and this preference can be facilitated by food-seeking
behavior by the non-actor rat17, showing that rats prefer prosocial choice when it
is not costly. When helping others become effortful, they continue to act
prosocially. Rats pressed a bar to lower another suspended rat to relieve its
distress18. They also made an effort to free another rat that was locked in a
restrainer, even when the social reward was prohibited19. They would prioritize
helping before obtaining food rewards in various contexts19,20, suggesting that
rats can make prosocial choices when such a choice costs the actor not only effort
but also food rewards. In a recent study, when a lever associated with a food
reward was later also paired with the delivery of an electrical shock to a visible
neighboring rat, actor rats stopped pressing the lever21 or switched to another
non-preferred lever22 at the cost of their food reward. These findings suggest that
rats may accept costs to an individual(i.e., the helping agent) to some extent
when making a pro-social choice may increase the overall survival chance of the
group.
Helping in-group members may contribute to group survival, justifying the cost
to an individual. Acting prosocially unselectively or towards out-group members,
however, can be maladaptive especially when resources are scarce, because it
may lead to a survival advantage for the potential competitors and hence a
relative disadvantage for one's group. Helping is thus highly socially and
contextually dependent. This selectivity has been shown in humans as well as in
rats. For example, rats would release both familiar and stranger trapped rats of
their own strain but not strangers of an unfamiliar strain23, suggesting that
kinship plays an important role in rat prosociality. Another crucial modulator of
prosociality is social experiences, supported by the finding that rats helped
trapped rats of an unfamiliar strain after co-housing with another individual from
that strain23. Interestingly, the same study showed that fostered rats helped
strangers of the fostering strain but not rats of their own strain, indicating an
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interaction between kinship and social experiences in modulating rat prosociality.
Since an in-group preference is evident in prosociality and crucial for its adaptive
advantage, if emotional contagion serves as a motivator of prosocial behaviors,
it is likely to exhibit a similar bias. In humans, the in-group bias of empathy and
emotional contagion is widely acknowledged24. However, we found no evidence
of in-group bias using the vicarious freezing paradigm in this project. As
demonstrated in Chapters 4, rats showed similar levels of affective responses to
familiar rats, strangers of the same strain, and even strangers of an unfamiliar
strain, which differs significantly from the results of studies on prosociality.
While prosocial behaviors in rats are highly selective towards in-group members,
vicarious freezing in our paradigm remains robust towards potential out-group
members. This divergence suggests that emotional contagion in rats (at least the
form that we studied in this project) may serve a function that is different from
motivating prosocial behaviors.
Rather than facilitating group survival as a driver of prosociality, emotional
contagion may per se be adaptive at the individual level, “selfishly” increasing
the fitness of the observer/actor. We argue that the computational goal (i.e.,
adaptive advantage) of vicarious freezing in our paradigm involves the social
detection of danger, which need not exhibit an in-group bias. Evolutionarily, the
capability to detect danger signals and react to dangerous situations efficiently is
crucial for survival. Mechanisms that can facilitate danger detection thus provide
adaptive benefits. To maximize the chance of survival, an animal benefits from
any information that signals potential threats, regardless of the source being
social or non-social, from in-group or out-group.
In our paradigm, nocifensive behaviors such as demonstrator’s freezing can be
recognized by the observer rat as a danger signal. When the initially calm
observer perceives this signal, it can either ignore the signal and stay calm, or
utilize it to prepare itself for appropriate reactions (e.g., freeze, escape, etc.) to
the potential threats. In the natural environment, neglecting a real danger is often
costly, sometimes even fatal to an animal, whereas overreacting to a false alarm
seldom causes harm‡. It may be adaptively beneficial for prey animals like rats
to be alert to any danger signal. This strategy is consistent with our finding of
robust vicarious freezing in various contexts. Many vertebrates (including
‡

In Chapter 4, we discuss this in detail and support our reasoning with a computer simulation.
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mammals and birds) share a similar strategy and maximize their chances to
detect danger by eavesdropping on alarm calls or other signals from other
species25. Vicarious freezing in our paradigm can be seen as a case of intraspecies eavesdropping: The observer rat utilizes the demonstrator’s freezing as
a social signal to detect danger. Then it reacts to the potential threat by freezing
(vicariously). In this process, emotional contagion emerges when distress is
transmitted between the rats, facilitating them to cope with the threat
appropriately. The computational goal of emotional contagion thus lies in
contributing to the social detection and utilization of danger signals, which can
provide significant adaptive advantages.
In summary, I leveraged Marr’s three levels of analysis to re-organize and reflect
on our findings of emotional contagion in rats. As Marr claimed that “an
information processing device must be understood [at the three different levels]
before one can be said to have understood it completely”1, I hope by identifying
the relevant filled and missing pieces of the puzzle at the three levels, I can clarify
our contributions and future possibilities in the long journey towards an
understanding of the social brain.
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Summary in English
Empathy is crucial for a successful social life. The discovery of mirror neurons
has shed light on our understanding of human empathy as well as on one of its
evolutionary predecessors, emotional contagion, in animals. This project aims to
enrich our knowledge about emotional contagion, including an investigation of
its underlying neural mechanism, an exploration of factors that modulate it, and
an attempt to understand its function. The empirical endeavors throughout the
project utilized a rat behavioral paradigm that models emotional contagion of
distress. In this paradigm, an ‘observer’ rat witnesses a ‘demonstrator’ rat
receiving painful stimuli such as electrical foot shocks or stimulations from a
heat laser. Such manipulation typically results in the freezing of the demonstrator.
Interestingly, the observer rat consistently freezes in response to the
demonstrator. We use this socially triggered observer freezing (also called
‘vicarious freezing’) as a behavior index of emotional contagion of distress in
rats and it has become the backbone of the project. The background, the rationale,
and the goals of the research project are fleshed out in Chapter 1. The theoretical
exposition chapter (Chapter 1) is followed by four chapters (Chapters 2-5)
showing empirical evidence that substantiates the narrative of the dissertation
recounted in the final chapter (Chapter 6).
Chapter 2 illustrates our efforts to optimize the behavioral paradigm of emotional
contagion by repeatedly exposing the observer rat to the distress of the
demonstrator across multiple testing days. With this modification, we tested the
robustness of the socially triggered freezing. If the response was robust enough,
we could have utilized this modified paradigm for electrophysiological
recordings which would benefit greatly from a multitude of trials. We found that
the observers consistently froze in the first session, but the occurrence of this
behavior gradually diminished as the experimental sessions progressed, reaching
minimal freezing levels by the end of the experiments (i.e., session 6).
Unexpectedly but interestingly, we noticed that while observers froze less, they
increasingly exhibited yawning behavior. We hypothesized that yawning might
represent an alternative strategy to cope with distress. This hypothesis was
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supported by our data showing that metyrapone (i.e., a glucocorticoid synthesis
blocker) inhibited the appearance and continuous increase in the frequency of
yawning. Although we could not use the modified paradigm for the planned
electrophysiology study due to behavioral change in repeated testing, we
reaffirmed the robustness of socially triggered freezing in the first test and
revealed the behavior flexibility in coping with a repeated stressor.
To understand the neural mechanism underlying emotional contagion in rats and
to test whether mirror neurons are involved, we combined our behavioral
paradigm with multi- and single-unit recordings in the rat anterior cingulate
cortex (ACC; area 24). Chapter 3 demonstrates our findings that the rat ACC
contains neurons responding to experiencing pain as triggered by a heat laser and
witnessing a demonstrator rat receive footshocks in a different context. Most of
these neurons did not respond to a fear-conditioned sound (CS). Temporarily
deactivating this region reduced the observer’s freezing triggered by social
stimulus (i.e., a demonstrator under distress) but not the freezing resulting from
the non-social stimulus (i.e., the CS). A decoder trained on spike counts of the
observer witnessing foot shocks to the demonstrator could decode the stimulus
intensity during both observation and first-hand experience of painful laser
stimulations. These results indicate that mirror-like neurons exist in the ACC,
and they may encode the pain of others in a code shared with first-hand pain
experience. We also found a smaller population of neurons that responded to
witnessing foot shocks to demonstrators and while hearing the CS but not while
experiencing laser-triggered pain. These differential responses suggest that the
ACC may contain channels that map the distress of another animal onto a mosaic
of pain- and fear-sensitive channels in the observer. With this study, we showed
direct evidence that mirror neurons are involved in emotional contagion in rats,
and we further explored its nuanced selectivity regarding different affective
states.
After investigating the neural mechanism, we moved on to unraveling the
function of emotional contagion in rats. In Chapter 4, we argue for a perspective
change in how we understand the social interactions between rats in our and
similar paradigms. Social transmission of freezing in rodents has often been
conceived of as a one-way phenomenon in which a rodent (i.e., the observer in
our paradigm) senses and is influenced by the affective state of another (i.e., the
demonstrator in our paradigm). We hypothesized that the social information
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transmission goes both ways, from demonstrators to observers and vice versa.
To test this hypothesis, we innovatively applied Bayesian model comparison and
Granger causality in our data analysis which allowed for an in-depth analysis of
information flow during the social interactions. Using these methods, we showed
that rats exchange social information in both directions. Furthermore, we
investigated how different factors may influence information transmission. We
found that the bi-directional social information transfer remained similar across
both highly familiar and entirely unfamiliar rats but is stronger in rats with prior
experience with foot shocks. Consistent with the finding in Chapter 3,
temporarily deactivating the ACC of observer rats reduced freezing in the
observers. Additionally, it also reduced freezing in the demonstrators receiving
the shocks, reaffirming the bi-directional nature of the social influence. We then
attempted to decipher why social information was transferred in our paradigm.
Using simulations, we supported the notion that the coupling of freezing across
rats could be a mechanism to facilitate danger detection in a group, in a way
similar to cross-species eavesdropping.
Chapter 5 continues our journey to explore the function of emotional contagion
in rats by focusing on possible sex differences in socially triggered freezing. In
humans, emotional contagion has been shown to be stronger in women than men
and we hypothesized similar effects in rats. By comparing pairs of male rats with
pairs of female rats in our classic behavioral paradigm, we found a sex difference
in demonstrator’s freezing responses to foot shocks: female demonstrators froze
less than male demonstrators. However, contrary to our original hypothesis, the
emotional contagion response, i.e., the degree of influence across the rats, did
not depend on the sex of the rats. This was true whether emotional contagion was
quantified based on the slope of a regression linking demonstrator and observer
average freezing, or Granger causality estimates of moment-to-moment freezing.
Different from human empathy, the lack of sex differences in emotional
contagion in rats is compatible with an interpretation of emotional contagion as
serving selfish danger detection.
The final chapter of the dissertation (Chapter 6) aims to fit the puzzle pieces we
discovered in the empirical endeavor together using David Marr’s influential
three levels of analysis. I argue that at the implementation level, mirror neurons
in the ACC play an important role in emotional contagion of distress in rats. At
the algorithm level, bi-directional information transfer is an essential feature in
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social interactions, which deserves more attention in future studies. As for the
computational goal of emotional contagion in rats, I carefully review some
theories about empathy and prosociality in humans and rats to scrutinize their
relation to emotional contagion. I conclude that the form of emotional contagion
exhibited as socially triggered freezing in our paradigm likely serves danger
detection. By recounting the empirical findings and theoretical claims in a
unifying framework, I hope to clarify the contribution of my research project to
our understanding of the wonderful social brain.
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Samenvatting in het
Nederlands
Empathie is cruciaal voor een succesvol sociaal leven. De ontdekking van
spiegelneuronen heeft ons inzicht in menselijke empathie en in een van de
evolutionaire voorgangers ervan, emotional contagion, bij dieren vergroot. Dit
project heeft tot doel onze kennis over emotional contagion te verrijken, met
inbegrip van een onderzoek naar het onderliggende neurale mechanisme, een
verkenning van factoren die dit mechanisme moduleren, en een poging om de
functie ervan te begrijpen. De empirische inspanningen gedurende het hele
project maken gebruik van een gedragsmodel van ratten dat emotional contagion
van stress modelleert. In dit model is een 'observerende' rat getuige van een
'demonstrerende' rat die pijnlijke stimuli krijgt, zoals elektrische voetschokken
of stimulatie door een warmtelaser. Dergelijke manipulatie resulteert typisch in
het verstijven van de demonstrant. Interessant is dat de observerende rat
consequent verstijft als reactie op de demonstrant. Wij gebruiken dit sociaal
getriggerde verstijven van de waarnemer (ook wel "plaatsvervangend verstijven"
genoemd) als een gedragsindex van emotional contagion van stress bij ratten en
het is de ruggengraat van het project geworden. De achtergrond, de
beweegredenen en de doelen van het onderzoeksproject worden uiteengezet in
hoofdstuk 1. Het hoofdstuk met de theoretische uiteenzetting (Hoofdstuk 1)
wordt gevolgd door vier hoofdstukken (Hoofdstukken 2-5) waarin empirisch
bewijs wordt geleverd dat het narratief van het proefschrift onderbouwt dat in
het slothoofdstuk (Hoofdstuk 6) wordt beschreven.
Hoofdstuk 2 illustreert onze pogingen om het gedragsmodel van emotional
contagion te optimaliseren door de observerende rat herhaaldelijk bloot te stellen
aan het leed van de demonstrant gedurende meerdere testdagen. Met deze
wijziging testten we de robuustheid van de sociaal getriggerde verstijving. Als
de respons robuust genoeg was, hadden we dit aangepaste model kunnen
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gebruiken voor elektrofysiologische opnamen, die veel baat zouden hebben bij
een veelheid van proeven. Wij vonden dat de waarnemers consequent verstijfden
in de eerste sessie, maar dat dit gedrag geleidelijk afnam naarmate de
experimentele sessies vorderden, en een minimaal verstijvingsniveau bereikte
tegen het einde van de experimenten (d.w.z. sessie 6). Onverwacht, maar
interessant, zagen we dat terwijl waarnemers minder verstijfden, ze in
toenemende mate geeuwden. Wij stelden de hypothese dat geeuwen een
alternatieve strategie zou kunnen zijn om met stress om te gaan. Deze hypothese
werd ondersteund door onze gegevens die aantoonden dat metyrapone (d.w.z.
een glucocorticoïd-syntheseblokker) het verschijnen en de voortdurende
toename in de frequentie van geeuwen remde. Hoewel we het gewijzigde model
niet konden gebruiken voor de geplande electrofysiologie studie vanwege
gedragsverandering bij herhaalde testen, bevestigden we de robuustheid van
sociaal getriggerde verstijving in de eerste test en onthulden we de
gedragsflexibiliteit in het omgaan met een herhaalde stressor.
Om het neurale mechanisme te begrijpen dat ten grondslag ligt aan emotional
contagion bij ratten en om te testen of spiegelneuronen hierbij betrokken zijn,
combineerden we ons gedragsmodel met multi- en single-unit opnames in de rat
anterior cingulate cortex (ACC; gebied 24). Hoofdstuk 3 toont onze bevindingen
dat de ACC van de rat neuronen bevat die reageren op het ervaren van pijn
veroorzaakt door een warmtelaser en op het zien hoe een demonstrerende rat
voetschokken krijgt in een andere context. De meeste van deze neuronen
reageerden niet op een angst-geconditioneerd geluid (CS). Tijdelijk deactiveren
van dit gebied verminderde het bevriezen van de waarnemer als gevolg van een
sociale stimulus (d.w.z. een demonstrant in stress), maar niet het verstijven als
gevolg van de niet-sociale stimulus (d.w.z., de CS). Een decoder getraind op
spike aantallen van de waarnemer die getuige was van voetschokken voor de
demonstrant kon de intensiteit van de stimulus decoderen tijdens zowel
observatie als eerstehands ervaring van pijnlijke laserstimulaties. Deze resultaten
geven aan dat spiegelachtige neuronen bestaan in de ACC, en dat zij de pijn van
anderen kunnen coderen in een code die gedeeld wordt met de eerstehands
pijnervaring. We vonden ook een kleinere populatie van neuronen die reageerden
op het aanschouwen van voetschokken aan demonstranten en tijdens het horen
van de CS, maar niet tijdens het ervaren van laser-getriggerde pijn. Deze
differentiële reacties suggereren dat de ACC kanalen kan bevatten die het
ongerief van een ander dier in kaart brengen op een mozaïek van pijn- en
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angstgevoelige kanalen in de waarnemer. Met deze studie toonden we direct
bewijs dat spiegelneuronen betrokken zijn bij emotional contagion bij ratten, en
we onderzochten verder de genuanceerde selectiviteit met betrekking tot
verschillende affectieve toestanden.
Na onderzoek van het neurale mechanisme, zijn we verder gegaan met het
ontrafelen van de functie van emotional contagion bij ratten. In hoofdstuk 4
pleiten we voor een verandering van perspectief in hoe we de sociale interacties
tussen ratten in onze en vergelijkbare modellen begrijpen. Sociale overdracht
van verstijving bij knaagdieren is vaak opgevat als een eenrichtingsverschijnsel
waarbij een knaagdier (d.w.z. de waarnemer in ons model) de affectieve toestand
van een ander (d.w.z. de demonstrant in ons model) waarneemt en erdoor wordt
beïnvloed. Wij stellen de hypothese dat de sociale informatieoverdracht in twee
richtingen verloopt, van demonstranten naar waarnemers en vice versa. Om deze
hypothese te testen, pasten we op innovatieve wijze Bayesiaanse
modelvergelijking en Granger causaliteit toe in onze data-analyse, wat een
diepgaande analyse van de informatiestroom tijdens de sociale interacties
mogelijk maakte. Met behulp van deze methoden toonden we aan dat ratten
sociale informatie uitwisselen in beide richtingen. Bovendien hebben we
onderzocht hoe verschillende factoren de informatieoverdracht kunnen
beïnvloeden. We vonden dat de bi-directionele sociale informatie overdracht
gelijk bleef bij zowel zeer bekende als geheel onbekende ratten, maar sterker is
bij ratten met eerdere ervaring met voetschokken. In overeenstemming met de
bevinding in hoofdstuk 3, verminderde het tijdelijk uitschakelen van de ACC van
observerende ratten verstijving bij de observerende ratten. Bovendien
verminderde het ook de verstijving bij de demonstranten die de schokken kregen,
wat de bi-directionele aard van de sociale invloed opnieuw bevestigt. Vervolgens
probeerden we te ontcijferen waarom sociale informatie werd overgedragen in
ons model. Met behulp van simulaties, ondersteunden we het idee dat de
koppeling van verstijving tussen ratten een mechanisme zou kunnen zijn om de
detectie van gevaar in een groep te vergemakkelijken, op een manier die
vergelijkbaar is met het afluisteren van andere diersoorten.
Hoofdstuk 5 vervolgt onze reis naar de functie van emotional contagion bij ratten
door ons te richten op mogelijke sekse verschillen in sociaal getriggerde
verstijving. Bij mensen is aangetoond dat emotional contagion sterker is bij
vrouwen dan bij mannen en wij veronderstelden soortgelijke effecten bij ratten.
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Door paren van mannelijke ratten te vergelijken met paren van vrouwelijke ratten
in ons klassieke gedragsmodel, vonden we een sekseverschil in de
verstijvingsreacties van demonstranten op voetschokken: vrouwelijke
demonstranten verstijfden minder dan mannelijke demonstranten. Echter, in
tegenstelling tot onze oorspronkelijke hypothese, was de emotional contagion
reactie, d.w.z. de mate van beï
nvloeding tussen de ratten, niet afhankelijk van
het geslacht van de ratten. Dit was zowel waar wanneer emotional contagion
werd gekwantificeerd op basis van de helling van een regressie die de
gemiddelde verstijving van de demonstrant en toeschouwer met elkaar verbond,
als door Granger causaliteitsschattingen van moment-tot-moment verstijving.
Anders dan bij menselijke empathie, is het ontbreken van sekseverschillen in
emotional contagion bij ratten verenigbaar met een interpretatie van emotional
contagion als zelfzuchtige gevaardetectie.
Het laatste hoofdstuk van het proefschrift (Hoofdstuk 6) heeft tot doel de
puzzelstukjes die we tijdens de empirische inspanning hebben ontdekt in elkaar
te passen met behulp van David Marr's invloedrijke drie niveaus van analyse. Ik
betoog dat op het niveau van de implementatie, spiegelneuronen in de ACC een
belangrijke rol spelen in emotional contagion van stress bij ratten. Op het niveau
van het algoritme is bidirectionele informatieoverdracht een essentieel kenmerk
in sociale interacties, dat meer aandacht verdient in toekomstige studies. Wat
betreft het computationele doel van emotional contagion bij ratten, bespreek ik
zorgvuldig enkele theorieën over empathie en prosocialiteit bij mensen en ratten
om hun relatie met emotional contagion te onderzoeken. Ik concludeer dat de
vorm van emotional contagion die in ons model wordt vertoond als sociaal
getriggerde verstijving waarschijnlijk dient om gevaar op te sporen. Door de
empirische bevindingen en theoretische beweringen in een samenhangend kader
te plaatsen, hoop ik de bijdrage van mijn onderzoeksproject aan ons begrip van
het wonderbaarlijke sociale brein te verduidelijken.
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