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SUMMARY

How do the emotions of others affect us? The human
anterior cingulate cortex (ACC) responds while expe-
riencing pain in the self and witnessing pain in others,
but the underlying cellular mechanisms remain
poorly understood. Here we show the rat ACC
(area 24) contains neurons responding when a rat ex-
periences pain as triggered by a laser and while wit-
nessing another rat receive footshocks. Most of
these neurons do not respond to a fear-conditioned
sound (CS). Deactivating this region reduces freezing
while witnessing footshocks to others but not while
hearing the CS. A decoder trained on spike counts
while witnessing footshocks to another rat can
decode stimulus intensity both while witnessing
pain in another and while experiencing the pain
Þrst-hand. Mirror-like neurons thus exist in the ACC
that encode the pain of others in a code shared
with Þrst-hand pain experience. A smaller population
of neurons responded to witnessing footshocks to
others and while hearing the CS but not while experi-
encing laser-triggered pain. These differential re-
sponses 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. More experiments are necessary to
determine whether painfulness and fearfulness in
particular or differences in arousal or salience are
responsible for these differential responses.

INTRODUCTION

Understanding how we share the affective states of others is
important for understanding social interactions [ 1]. Neuroimag-
ing shows that humans recruit their anterior cingulate cortex
(ACC) both while experiencing pain and, vicariously, while wit-
nessing pain in others [2]. This vicarious activity is stronger in
more empathic individuals [3] and reduced in psychopathy [ 4].
Current Biology 29, 1Ð1
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Reducing ACC activity using placebo or pharmacological anal-
gesia alters empathy for pain [5, 6]. These Þndings make the
ACC a region of particular interest in the search for a neural
mechanism of affect sharing. Some suggest these neuroimaging
Þndings reßect the existence of mirror neurons, i.e., neurons re-
sponding during the experience of pain and the perception of
other peopleÕs pain [7]. 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 footshocks [ 9]. The func-
tional 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 vicar-
ious 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 features [10]. 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 Þring 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 in 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
pain [10, 11]. Studies show a decoder trained to distinguish pain
from no-pain trials when observed in others can decode them
when experienced in the self [13] but decoders trained to distin-
guish different levels of pain in others fail to distinguish different
levels of pain in the self [12]. That functional neuroimaging pools
the activity of millions of neurons within each voxel may cause
these failures.

Here, we use a previously established model of emotional
contagion in which an animal observes a conspeciÞc experience
painful electroshocks [14Ð20] 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
2, April 22, 2019ª 2019 The Author(s). Published by Elsevier Ltd. 1
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Figure 1. Experimental Design
(A) In the ShockObs condition, the silicon probe-
implanted 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 animal is
alone, and a CO2 laser (red beam) is shone on the
ratÕs paws or tail. Laser intensity is calibrated indi-
vidually 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.
(DÐF) Frames from the actual video recording for
ShockObs (D), Laser (E), and CS (F). SeeVideo S1
for video excerpts of these conditions.
See also Video S1.
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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 selectivity [21, 22], here we will deÞne
neurons broadly responding to the observation and experience
of an emotion as emotional mirror neurons, and those that
respond more narrowly to pain but not fear or fear but not pain
as emotion-speciÞc pain- or fear-mirror neurons. Here, we thus
ask three questions: does the ACC contain (1) emotional mirror
neurons, (2) emotion-speciÞc mirror neurons, and (3) common
2 Current Biology 29, 1Ð12, April 22, 2019
coding? Thoroughly establishing speci-
Þcity for an 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 speciÞc 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 con-
nectivity to the ACC implicated in pain
empathy in humans [2, 10, 23] and is acti-
vated by the distress of others [ 9, 16, 24],
and rats are large enough to facilitate
chronic recordings in awake behaving animals. We pre-exposed
the observers to footshocks 2Ð3 weeks before the main experi-
ment, because having experienced electroshocks is critical in
rats for showing robust signs of vicarious distress (freezing) while
witnessing another animal receive electroshocks [ 14]. This sug-
gests 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 play-
ing signiÞcant roles [14, 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 with a tone to later compare responses to self-pain
(Laser) and othersÕ pain (ShockObs) against the fear triggered
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Table 1. Timing of the Experiments

Electrophysiology
Experiment Muscimol Experiment

Week 1 acclimation acclimation

Week 2 handling handling

Week 3 pre-exposure:
shock, CS, and laser

surgery and recovery

Week 4 surgery and recovery pre-exposure: shock
and CS habituation 1;
test: ShockObs

Week 5 habituation habituation 2; test: CS

Week 6 test: ShockObs,
Laser, and CS

Ð
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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 compro-
mising signal quality, instead of shocks we used a CO 2 heat laser
calibrated to trigger a nocifensive reaction, a well-characterized
pain-induction method [ 26, 27].

In what follows, we Þrst present the multiunit activity (MUA)
from our silicon probes. MUA pools the spiking activity of thou-
sands of neurons within � 0.2 mm of each electrode contact
[28] and is particularly stable across days [ 29], which is desirable
given that our ShockObs, Laser, and CS conditions were re-
corded 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 reßects the pres-
ence of mirror neurons, and whether such mirror neurons are
selective and instantiate a common code. Furthermore, we char-
acterize behavioral responses during the time of MUA and sin-
gle-cell responses to examine what might drive ACC responses.
Finally, we will address a last question: (4) is ACC activity neces-
sary 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 Þnd that the rat ACC indeed contains emotional mirror neu-
rons. Most of these show a preference for one of our Þrst-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.

RESULTS

Responses to the Observation and Experience of
Emotions Overlap in the ACC
At the macroscopic scale, we Þrst explored how many channels
in the ACC show MUA that overlaps across conditions. We iden-
tiÞed responsive channels as those that show MUA increases
during at least one condition. We deÞned 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 slower-conducting Þbers [ 30].
Because stimulus-triggered deactivations are rare and more
difÞcult to interpret, we focused on stimulus-triggered activa-
tions (i.e., stimulus responses larger than baseline), and thus
used one-tailed statistics. We later also conÞrmed that deactiva-
tions 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 > Base-
line, 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 condi-
tion 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 Þrst-hand experiences, re-
sponses to the HighLaser, as described in the literature [ 30],
were strong, with a slower onset and lasting for several seconds
(Figures 2A, 2C, and 2G). Responses to the CS were weaker (Fig-
ures 2E and 2G), and aligned to the beginning of the CS playback
(Figure S1A). This was true despite the CS triggering robust
defensive responses (Figure S2). Comparing the response to
the Þrst and last 5 trials suggests some decreases in
MUA magnitude with repeated presentation for CS and
HighShockObs but not for HighLaser (Figure S1B). This impres-
sion is conÞrmed at the population level by paired t tests. Specif-
ically, 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 Þrst versus last 5 trials. This revealed a signiÞcant
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 experi-
enced. To ensure that responses reßect another animalÕs pain
(HighShockObs) or the observerÕs own pain (HighLaser) and
not a conditioned response to the sound of the delivery system
acquired during pre-exposure, for the ShockObs and Laser con-
ditions, we compared the response in the experimental condition
against their control (Ctrl) condition. Of the 313 responsive chan-
nels, 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 Þrst-hand affective experiences
were triggered in the rat (HighLaser > CtrlLaser or CS > baseline)
and will be labeled ÔÔmirror channelsÕÕ hereafter. Most of the
Current Biology 29, 1Ð12, April 22, 2019 3
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Figure 2. Multiunit Activity
For a Figure360 author presentation of this Þgure, see https://doi.org/10.1016/j.cub.2019.03.024 .
(AÐE) 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 following stimulus onset based on the HighLaser condition, in (B) and (D) they ar e based on
the HighShockObs, and in (E) they are based on CS.
(F) Venn diagram specifying the number of MUA channels that show speciÞc combinations of signiÞcant 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 signiÞcant activations in the respective test or intersection of tests.

(legend continued on next page)
4 Current Biology 29, 1Ð12, April 22, 2019
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mirror channels showed selectivity in their response to the ani-
malÕs Þrst-hand experience: of the 110 mirror channels respond-
ing 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 Þrst-hand conditions.
Laser responses were more frequent than CS responses even
among the Þrst trials, where the effect of habituation was smaller
than in later trials (Figure S1C). Figure S1D Þnally shows that
channels preferring the CS > Laser and those preferring the
Laser > CS can co-exist in simultaneously recorded channels
from individual animals.

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 inten-
sity reduced by 20%Ñan intensity at which no nocifensive
behavior was apparent (Figure S2). We suspect that this laser in-
tensity 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 cali-
brated to produce nocifensive behavior, but not to the Laser con-
dition 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 con-
ditions, we isolated single units from the recorded signals. Spike
sorting identiÞed 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 sin-
gle-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 > baseline, or CS > base-
line, non-parametric Wilcoxon test, p < 0.05). Again, there was a
signiÞcant number of cells that responded in more than one con-
dition (Figures 3AÐ3C).

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.
(G) Average of (A), (C), and (E) in all 313 channels, plus the LowLaser condition fr
represents the SEM.
(H) Same as in (G) for the HighShockObs, CtrlShockObs, and LowShockObs cond
longer MUA response.
See also Figure S1.
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 Þrst-hand experiences. For the majority of the cells
(n = 25), this was to HighLaser > CtrlLaser and not to CS > base-
line. 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 reßect
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 signiÞcantly 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 neu-
rons, 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 tran-
sient, 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-last-
ing response expected from nociceptive Þbers. A smaller pro-
portion of mirror neurons seemed selective for the fear-inducing
CS, with 11 responding signiÞcantly 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
Þnding 7 or more among the 59 socially responsive cells to
respond to another condition is unexpected (p < 0.03),
and Þnding 25 pain-selective mirror cells is extremely unlikely
(p < 10� 14). We therefore found signiÞcant evidence for selective
emotional mirror properties in the ACC, i.e., that neurons re-
sponding to the observation of pain also respond to the experi-
ence 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 ÔÔchannelsÕÕ of neuro
separately mapping another animalÕs response to a shock onto
the witnessÕs representations of pain (n = 25) or fear (n = 11).

Histological reconstruction of the cells showed that our re-
cordings were mainly in area 24 extending dorsally into M2
and anteriorly into caudal area 32 (Figure S3). Exploring whether
mirror cells with a particular property (pain or fear selectivity) are
clustered, we tested whether their relative proportion differed
om the n = 194 channels acquired in the last 10/17 animals. The shadingalways

itions. The x axis for Laser and CS is shown over a longer period to illustrat e the
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