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Abstract Emotional contagion, a primary form of empa-
thy, is present in rodents. Among emotional contagion
behaviors, social transmission of fear is the most studied.
Here, we modified a paradigm used in previous studies to
more robustly assess the social transmission of fear in rats
that experienced foot-shock. We used resting-state func-
tional magnetic resonance imaging to show that foot-shock
experience enhances the regional connectivity of the
anterior cingulate cortex (ACC). We found that lesioning
the ACC specifically attenuated the vicarious freezing
behavior of foot-shock-experienced observer rats. Further-
more, ablation of projections from the ACC to the
mediodorsal thalamus (MDL) bilaterally delayed the
vicarious freezing responses, and activation of these
projections decreased the vicarious freezing responses.
Overall, our results demonstrate that, in rats, the ACC
modulates vicarious freezing behavior via a projection to
the MDL and provide clues to understanding the mecha-
nisms underlying empathic behavior in humans.
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Introduction

Empathy refers to the capability of a subject to stand in
another individual’s situation and experience the feelings
of the latter [1]. It is a sophisticated psychological process
vital for individuals to live in society. In addition,
abnormalities in this ability are closely associated with
mental diseases, such as autism spectrum disorder [2, 3]
and schizophrenia [4-6]. Thus, defining the neuronal
mechanisms underlying empathy could enable understand-
ing and lead to cures for psychiatric disorders. Currently,
these mechanisms in humans remain unknown, in part due
to limited research methods.

Initially, researchers defined empathy as unique to
humans and apes [7, 8]. Now, increasing evidence has
shown that empathy is evolutionarily conserved from
rodents to humans [1, 9]. Although advanced empathic
behaviors such as perspective-taking have not been defined
in rodents, many studies support the idea that rodents
exhibit emotional contagion [10, 11], a primary form of
empathic behavior. In the hierarchy of empathic behaviors,
emotional contagion refers to an individual’s ability to
unconsciously mimic the emotional state of a conspecific
[7] and is thought to be a fundamental component of
advanced empathy [12, 13]. Examples of emotional
contagion include the contagion of a baby’s cry [14] and
the social transmission of fear [15, 16]. Thus, understand-
ing the mechanisms of emotional contagion in simpler
animals could shed light on the neuronal basis of advanced
empathy in humans.

To date, behavioral studies have revealed a variety of
primary empathy behaviors in rodents, such as social
buffering [17], social analgesia [18], and social transmis-
sion of fear. Among these, the last has been most studied in
rodents, mainly using the paradigm of observational fear
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established by Shin and colleagues [11]. Observational fear
tasks evaluate the social transmission of fear by detecting
the vicarious behavior of an observer (OS) when a
demonstrator (DS) suffers distress (such as foot-shock, a
mild electric shock administered to the feet of rats), but
some studies have reported that since the OS must observe
the foot-shock response of the DS in real time, the resulting
vicarious behavior likely includes a startle-induced com-
ponent [19]. However, in another paradigm reported by
Kim et al. [20], the OS performs a vicarious response
simply by observing the emotional state of the DS, without
a startle-induced component. Thus, in the present study, we
used Kim’s behavioral paradigm to further explore the
potential mechanisms.

The neuronal substrates underlying the social transmis-
sion of fear remain largely unknown. Previous studies have
shown that the anterior cingulate cortex (ACC) modulates
vicarious freezing behavior in a paradigm of observational
fear [15], since current-injection stimulation or lesion of
the ACC respectively increased or decreased vicarious
freezing. Shin’s lab also found that optogenetic activation
or inhibition of somatostatin-positive neurons in the ACC
respectively decreased or increased observational fear [21].
Several studies have also reported that the neuropeptide
oxytocin modulates empathy-related behaviors in humans
[22-24] as well as social behavior-like observational fear
in rodents [25]. In particular, intranasal administration of
oxytocin increases ACC neuronal activity and vicarious
freezing behavior in mice [25]. Since the ACC appears to
be closely associated with vicarious freezing behavior, and
the capacity for empathy is strongly associated with
personal experience, especially unpleasant experience, in
humans [26], it is important to determine whether foot-
shock experience enhances vicarious freezing behavior by
increasing ACC activity. If so, this would be conducive to
further understanding the potential neuronal mechanism
underlying unpleasant-experience-induced empathy
disorder.

Among the structures downstream of the ACC, the
lateral part of the mediodorsal thalamus (MDL) has been
reported to participate in observational fear learning [15].
In addition, since the ACC is close to and partially overlaps
with the medial prefrontal cortex (mPFC), and disconnec-
tion of the mPFC from the MD is associated with
dysfunction of working memory [27-29], reduced cogni-
tive flexibility [30-32], and especially schizophrenia
[33-36] (which is accompanied by abnormal empathy
[4-6]), it is of great interest to explore the function of the
neuronal projection between the ACC and the MD in the
process of vicarious freezing behavior.

We therefore set out to determine which brain region
was activated after footshock-experience and its role in
footshock-experienced vicarious freezing behavior. We
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also want to explore function of ACC and the projection
from ACC to MDL in vicarious freezing behavior.

Experimental Procedures
Animals

We used a total of 346 wild-type male Sprague—-Dawley
rats weighing 300 g-450 g each. Among them, 164 were
used for behavioral tests, 15 for fMRI scanning, 60 for the
chemical lesion study, 2 for neuronal circuit-tracing, 41 for
the caspase3 apoptosis study, 2 for patch-clamp recording,
and 62 for optogenetic manipulation. All rats were reared
in pairs in exhaust-ventilated cages under a 12 h/12 h
light/dark cycle. Water and food were supplied ad libitum.
The use of animals bred for and manipulated in this study
was approved by the Animal Care and Use Committee of
the Institute of Neuroscience, Chinese Academy of
Sciences, and experiments were performed in accordance
with the guidelines of the Ministry of Science and
Technology of the People’s Republic of China for the
Care and Use of Laboratory Animals.

Establishment of the Paradigm
Social Transmission of Fear Under Kim’s Paradigm

Under Kim’s paradigm, rats paired in the same cage served
as respective DS and OS. On day 1, the DS underwent 10
trials of classical fear conditioning training in a closed
electrical shock box: in each trial, a conditioned stimulus
(sound cue, 5 kHz) was presented persistently for 20 s,
accompanied in the last second by an unconditioned foot
shock (1 s, 2 mA). Both stimuli ended simultaneously. The
intertrial interval was 1 min and the session ended 2 min
after the last foot shock. OSs were divided into naive and
foot-shock-experienced groups. The latter underwent the
following foot-shock paradigm before the test day. After
3 min of adaption to the shock cage, one foot shock was
delivered (1 s, 2 mA), followed by another 3 min later. By
contrast, naive OSs did not experience a foot shock prior to
the test day. On day 2, DSs and OSs were placed in a new
open box, and after 1 min, the conditioned stimulus (5 kHz
tone) was presented persistently for 7 min to test the
responses of DSs and OSs.

Fear conditioning learning was established in a stain-
less-steel shock box measuring 27 x 28 x 30 cm’. The
floor consisted of 18 stainless-steel tubes (outer diameter,
5 mm) and the ceiling was a transparent acrylic plate. The
open box used to test the social transmission of fear was
35 x 36 x 40 cm® and made of white acrylic plates. The
sound cue was played using a full-frequency-range
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loudspeaker (FR89EX; Fountek Electronics Co., Ltd,
Jiaxing, China), and an electric shock was delivered by a
constant current stimulator (Anilab Software and Instru-
ments Co., Ltd, Ningbo, China). Both the sound cue and
foot shock stimuli were controlled by Anilab software.

Social Transmission of Fear Under an Optimized
Paradigm

In our modified paradigm, DSs underwent fear-condition-
ing training on days 1 and 2 (10 trials on each day), while
OSs received foot shocks twice on day 2 only, and the
social transmission of fear was tested on day 3. Other
conditions were the same as in Kim’s paradigm. All the
behavioral tests of social transmission shown in Figs. 3, 4
and 5 used this modified paradigm.

Pharmacological Lesioning

In the lesion studies, general anesthesia was maintained by
pentobarbital sodium (80 mg/kg, i.p.). Atropine sulfate
(0.05 mg/kg, i.p.) was administered to inhibit mucus
secretion, which hinders breathing. Glass electrodes for
ibotenic acid (IBO) injection (5 mg/mL, Sigma, St. Louis,
MO) were pulled on a P97 system (Sutter Instrument Co.,
Novato, USA). The Pico IIl system (Parker Hannifin,
Mayfield Heights, OH) was used to pump IBO (1 pL)
bilaterally into the ACC (AP, +1.35 mm; ML, 0.60 mm;
DV, 2.4 mm). After suturing, gentamycin (5 mg/kg, i.p.)
was administered for one week to minimize infection. After
1 week of recovery, the social transmission of fear was
tested using our optimized paradigm. The retrieval test
occurred on the second day after fear conditioning training
in the same box used for the social transmission of fear.
The experimental settings and procedures were the same as
in the social transmission of fear test on day 3.

Caspase 3 Ablation

For virus injection, the procedures followed the same
sequence as for stereotactic injection in the pharmacolog-
ical experiment. After 3 weeks of virus expression, the
social transmission of fear was tested using our optimized
paradigm.

Optogenetic Activation

For virus injection, the procedures followed the same
sequence as for the stereotactic injection in the pharmaco-
logical experiment. Before implantation of the optical
fibers into the MDL (AP, — 2.55 mm; ML, 1.00 mm; DV,
4.50 mm), three bone screws were fixed to the rat’s skull
and acrylic dental cement was used to stabilize the fibers.

Gentamycin was administered as above. Three weeks after
virus injection, the rats underwent behavioral tests. The
social transmission of fear test was the same as before.
Blue light was delivered to the MDL of the virus-injected
rats throughout the test period. The lasers used to deliver
blue light (473 nm, BL473T3-050FC) were from Shanghai
Laser & Optics Century Co., Ltd. The power intensity was
set to 5 mW at the tips of the fibers and confirmed using a
Fiber Optic Power Meter (Thorlabs, Inc., Newton, NJ). The
frequency of laser stimulation (controlled by Anilab
software) in the behavioral tests was set to 20 Hz with a
25-ms pulse-width.

To establish fear conditioning and for the fear memory
retrieval test, the procedure was the same as in the
pharmacological experiment. Locomotion was recorded.
The frequency, duration, and intensity of the blue light
stimuli were the same as above. An optical fiber commu-
tator was used to prevent twisting of the cable.

Open Field Test

For virus injection and implantation of the optical fibers,
the procedures were the same as for stereotactic injection in
the pharmacological experiment and social transmission of
fear with optogenetic activation part.

In the open field test, rats were placed in a box
measuring 54 x 40 x 38 cm?. On day 1, locomotion was
recorded for 30 min using the Cineplex (Plexon Inc., Hong
Kong, China) system in the absence of laser stimulation
with the fiber cable attached. However, on day 2 the light
pulses and locomotion were recorded. The light frequency,
duration, and intensity were set the same as the parameters
in optogenetic activation part.

Video Tracking and Analysis

Rats were marked with different colors, and their locomo-
tion was tracked as above and saved in text files. Freezing
behavior was defined as when an animal did not move
(except for spontaneous respiration) for at least 2 s.
Huddling time was defined as the period when two rats
were within huddling distance. Statistics relevant to
freezing and huddling times and locomotor velocity were
processed in MATLAB (MathWorks, Natick, MA).

Resting-State Functional Magnetic Resonance
Scanning (rs-fMRI) and Image Processing

Ten male Sprague-Dawley rats in the footshock-experi-
enced group and 5 in the control group were anesthetized
with isoflurane (5% for induction, 0.5% for maintenance)
and paralyzed with dexmedetomidine (0.03 mg/kg bolus,
0.015 mg/kg per hour continuous subcutaneous infusion).
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Respiration rate, rectal temperature, O, saturation, and
heart rate were maintained within the following ranges:
40-60 breaths/min, 36 °C-37 °C, 98%-100%, and
200-300 beats/min. MRI data were acquired using a
small-animal 9.4T MR system (Bruker BioSpec 94/30,
Ettlingen, Germany) equipped with a 2 x 2 phased array
surface receiver coil. T2 RARE anatomical images were
acquired with a repetition time/echo time = 3735 ms/
33 ms, field of view = 30 x 30 mm®, matrix size = 256
x 256, slice thickness 0.6 mm, number of slices 35, and
number of averages 1. Gradient-echo echo-planar imaging
(GE-EPI) data were acquired with a repetition time/echo
time/flip angle = 1000 ms/13 ms/55°, 600 repetitions,
matrix dimensions = 80 x 67, in-plane voxel dimensions
of 375 x 373 pmz, and slice thickness 0.6 mm.
Functional images were processed using scripts custom-
written in MatLab and SPM12 (http://www.fil.ion.ucl.ac.
uk/spm/). The preprocessing included the following main
steps. (1) EPI images were converted from Bruker format
to NIFTI format (nominal voxel size enlarged 10 times to
facilitate image processing in SPM). (2) Realignment: the
first 5 volumes were discarded to minimize relaxation-
related signal changes and then realigned for motion cor-
rection. (3) Spatial normalization: the realigned EPI images
were co-registered to the rat’s own T2 anatomical images,
which were normalized to a rat brain template [37]. (4) The
normalized images were band-pass filtered (0.001 Hz—
0.1 Hz) and the whole brain signal and the six motion
parameters were regressed. (5) Regional homogeneity
(ReHo) calculation: Kendall’s coefficient was calculated to
determine the degree of regional synchronization, includ-
ing the 27 pixels of the fMRI time courses [38]. Individual
ReHo maps were generated voxel-wise for all groups. (6)
Smoothing: spatial smoothing was applied with a 0.8-mm
full-width at half-maximum Gaussian kernel.

Virus

Recombinant adeno-associated virus (AAV) vectors of
serotype 9 were packaged by Shanghai Taitool Bioscience
Co. Ltd. Viral titers were 1.32 x 10" particles/mL for
AAV-hSyn-hChR2-EGFP-ER2-WPRE-PolyA, 1.61 x 10"}
particles/mL for AAV-hSyn-eGFP-3Flag-WPRE-SV40pA,
1.16 x 10" particles/mL for AAV-hSyn-FLEX-tdTomato-
WPRE-bGHpA, 2.03 x 10'? particles/mL for AAV-CAG-
DIO-taCasp3-TEVp, 1.60 x 10"  particles/mL, and
1.82 x 10" particles/mL for AAV-CMV_bGI-Cre-EGFP.
The viruses were injected in a volume of 1 pL on each side.

Perfusion and Histology

After the rats were deeply anesthetized (as above), they
were perfused transcardially with phosphate-buffered
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saline (PBS) until the liver began to turn yellow, and then
the PBS was replaced by 4% formaldehyde. After the tail
became stiff, the brain was removed and post-fixed in 4%
formaldehyde for 12 h, followed by incubation in 30%
sucrose. When the brain sank, 50 um coronal sections were
cut on a freezing microtome.

For histology, we performed 4',6-diamidino-2-phenylin-
dole (DAPI, Sigma) staining. Sections were washed 3 times
in PBS for 5 min and then incubated for 5 min with DAPI.
After two 5-min PBS washes, sections were mounted with
75% glycerin. Images were acquired using an Olympus
VS120 High Throughput fluorescent imaging system
(Shinjuku, Tokyo, Japan) with a 10 x air objective.

Statistics

Two-way repeated measures analysis of variance
(ANOVA) was used to analyze the differences in ReHo
values between two groups, and the interaction effects
(time and condition) F map calculated in SPM12 was used
to analyze the differences in ReHo values between two
groups. Multiple comparison correction was done using the
AlphaSim function (corrected P < 0.05) in REST software
[39]. Student’s r-test was used to further analyze the
interaction type in brain areas showing significant interac-
tion effects.

Results
Behavioral Paradigm

To define the neuronal mechanisms underlying the social
transmission of fear in rats, the overall experimental design
is shown in Fig. 1. We first applied a paradigm based on
that of Kim et al. [20] (Fig. 2A). Cage-mates were
randomly divided into DS and OS groups. On day 1, the
DS underwent classical fear conditioning training, in which
a foot-shock (unconditioned stimulus) was associated with

Brain region
screening and
experiment

\____validation

Neural circuit

dissection

Rs-fMRI
screens the
differential brain

AAV-mediated neuronal
circuits ablation

Establishment of activity validation
the paradigm - 1 —
Optogenetic
Pharmacological validation

validation

Fig. 1 Experimental design. Schematic of the experimental design of
the present study.
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a sound cue (conditioned stimulus). OS rats either expe-
rienced foot-shock twice (2 mA, 1s, as the experience
group (EP)) or were left untreated (naive, NA). The
behavioral responses of OSs were tested on day 2, when
both DSs and OSs were placed together in pairs and
continuously exposed to the conditioned stimulus in a new

context. To confirm that the behavioral response of OSs
was indeed caused by DSs, the control group (Ctrl) was set
to test the behavioral response of EP OSs to the naive DSs.
Compared with the NA and Ctrl groups, the huddling time
of DSs and OSs of the EP group was significantly increased
(Fig. 2B; n =12 pairs/group, P < 0.05 EP vs NA, and
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Fig. 2 Behavioral paradigm modification. A Schematic of the
paradigm adapted from Kim er al. [20]. Different colored boxes
represent different experimental contexts. B, C Percentage of
huddling (B) and freezing (C) times of OSs in the indicated groups.
D Correlation of freezing times between fear conditioned DSs and
foot-shock-experienced OS cage-mates (n = 22, P < 0.001, Student’s
t-test). E Schematic showing our modified paradigm. F Percentage
freezing time of DSs in the EP group in Kim’s (1 session) and our
modified paradigm (2 sessions) on the test day (n =12, P < 0.05,

non-parametric rank-sum test). G Percentage freezing time of OSs in
the EP group in Kim’s (1 session) and our modified paradigm (2
sessions) on the test day (n = 12, P = 0.089, non-parametric rank-
sum test). H Percentage freezing time of OSs in the EP, NA, and Ctrl
groups (n = 12, P < 0.0001 for EP vs NA and P < 0.001 for EP vs
Ctrl). Data are shown as the mean & SEM; asterisks represent the
level of significance: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not
significant, non-parametric rank-sum test.
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P <0.01 EP vs Ctrl, non-parametric rank-sum  test),
indicating that foot-shock experience by the OS enhanced
the social transmission of fear. However, unlike the
findings of Kim er al. [20], we found that under our
experimental conditions, the level of vicarious freezing of
OSs tended to increase relative to the Ctrl group (Fig. 2C),
but this apparent increase was not statistically significant
(n = 12 pairs/group, P = 0.13, non-parametric rank-sum
test). To find the reason for the inconsistency between our
and Kim’s results, we performed correlation analysis of
total freezing time between fear-conditioned DSs and their
foot-shock-experienced OS cage-mates in the test period.
The results revealed a positive correlation between the
freezing time of DSs and OSs (Fig. 2D; n =22, r = 0.77,
P < 0.001, Student’s #-test). This indicated that the low
vicarious freezing level of OSs was probably due to the low
freezing level of DSs. As expected, only 5 out of 12 DSs in
the EP group exhibited obvious freezing behavior
(> 100 s) in the test period on day 2 under the conditions
of Kim’s paradigm. These results suggested that unsta-
ble performance by DSs may explain why we did not find
significant vicarious freezing responses in OSs.

To achieve more robust vicarious freezing behavior, we
modified the paradigm by increasing the number of
sessions of fear conditioning training of DSs to two and
then moving the OS foot-shock experience to day 2
(Fig. 2E vs Fig. 2A). Using this paradigm, we found that
the freezing level of DSs in the EP group in the test period
was significantly greater than that under Kim’s paradigm
(Fig. 2F; n =12 pairs for each of the 1-session and
2-sessions groups, P < 0.05, non-parametric rank-sum
test), and 10 out of 12 DSs in our modified paradigm
exhibited obvious freezing behavior (> 100 s). In our
modified paradigm, the level of vicarious freezing behavior
of OSs in the EP group showed a tendency to increase
compared with that under Kim’s paradigm (Fig. 2G;
n =12 pairs for each of the 1-session and 2-sessions
groups, P = 0.089, non-parametric rank-sum test). Further-
more, under the modified paradigm, the level of vicarious
freezing in OSs in the EP group was significantly higher
than those in the NA and Ctrl groups (Fig. 2H; n = 12
pairs/group, P < 0.0001 for EP vs NA and P < 0.001 for
EP vs Ctrl, non-parametric rank-sum test). These results
support the conclusion that our optimized paradigm is more
stable for studies of the potential neuronal mechanisms of
experience-dependent vicarious freezing behavior.

Foot-Shock Experience Elevates Basic ACC Activity
We next asked whether foot-shock experience modulates
the activity of a specific brain region. To do so, we

performed rs-fMRI and computed which brain region
exhibited significant changes after foot-shock experience.
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The control and foot-shock-experienced groups underwent
fMRI scanning on days 1 and 2, although the latter
underwent foot-shock on the night of day 1 (Fig. 3A). We
used the ReHo algorithm, as it reflects intra-regional
synchronization [40, 41], to compute regional connectivity.
To identify regions whose regional connectivity changed
significantly after foot-shock experience, we used two-way
ANOVA to analyze interaction effects in the results
acquired from ReHo. This analysis revealed the ACC to
be the region showing the strongest interaction effect
among all scanned brain regions in thresholded maps
(Fig. 3B) (n = 10 for the foot-shock experienced group,
n =15 for the naive group; P < 0.05, Student’s r-test).
Further simple effect analysis confirmed that foot-shock
experience enhanced the intra-regional connectivity of the
ACC (Fig. 3C, D; P <0.05, n =10 for the foot-shock
experienced group, n = 5 for the NA group, non-parametric
rank-sum test). Since altered ReHo is linked with altered
neuronal activity [42], these results suggested that the
increased social transmission of fear seen in OSs in the EP
group may be associated with enhanced neuronal activity
in the ACC.

Effects of ACC Lesions on Freezing and Huddling
Behavior

To confirm ACC involvement in the social transmission of
fear, we asked whether decreasing ACC activity reverses
the behavioral phenotypes induced by foot-shock-experi-
ence. So, we lesioned the ACC by bilateral delivery of IBO
and found a significant decrease in vicarious freezing levels
(Fig. 4A, B; n = 12 pairs/group, P < 0.01, non-parametric
rank-sum test), consistent with previous studies [15].
Interestingly, unlike the impaired freezing behavior seen
following ACC lesioning, the huddling behavior between
DSs and OSs was unaffected (Fig. 4C; n = 12 pairs/group,
P = 0.10, non-parametric rank-sum test). To exclude the
possibility that ACC lesioning decreased the expression of
fear, we evaluated freezing levels in the classical fear
conditioning retrieval period and found no significant
difference in primary fear responses between lesioned and
control groups (Fig. 4D; n = 6/group, P = 0.4848, non-
parametric rank-sum test). These results indicated that
ACC activity specifically affects vicarious freezing but not
huddling behaviors during the social transmission of fear.

Ablating the ACC-to-MDL Projection Delays
the Onset of Vicarious Behavior

Since the ACC contributes to experience-dependent vicar-
ious freezing, we asked which ACC projections specifically
modulate this behavior. To identify regions connected to
the ACC, we injected neuron-labeling AAV-hSyn-EGFP
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dling behaviors following foot-
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IBO. Blue represent the nuclei
stained with DAPI. Cgl, 2,
cingulate cortex 1 and 2. B,

C Percentage freezing (B) and
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virus into the ACC and observed that the MDL received
dense fiber terminal input from the ACC (Fig. SA). We
also injected cholera toxin B into the MDL to retrogradely
trace projections and observed dense labeling of ACC cell
bodies (Fig. 5B). These results, which are consistent with
those of others [15], showed that the MDL receives ACC
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input. However, the function of these projections remained
unclear.

We next investigated the function of the ACC-to-MDL
projection using an ablation strategy. We first performed
control experiments by injecting retroAAV-Cre into the
MDL and AAV-FLEX-tdTomato into the ACC (Fig. 5C),
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E

AAV-CAG-DIO-taCasp3-TEVp AAV-CMV bGLCre-eGFP

Retro AAV-Cre-eGP+AAV-FLEX-tdTomato

Retro AAV-Cre-eGP+AAV-DIO-taCasp3

Fig. 5 Ablating ACC neurons projecting to the MDL delays the
onset of vicarious behaviors. A Left panel, AAV-hSyn-EGFP
injection target in the ACC; right panel, labeled projection terminals
in the MDL. B Left panel, Cholera toxin B injection target in the
MDL,; right panel, ACC cell bodies. Cgl, 2, cingulate cortex 1 and 2.
C Diagram of virus-injection strategy used to label MDL-projecting
ACC neurons. AAV-hSyn-FLEX-tdTomato-WPRE-bGHpA was
injected into the right ACC and AAV-CMV_bGI-Cre-EGFP into
the right MDL. D ACC neurons projecting to the MDL labeled by the
strategy shown in A. E Diagram of virus-injection strategy used to
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sented as the mean + SEM; *P < 0.05, **P < 0.01, non-parametric
rank-sum test.
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and found that MDL-projecting ACC neurons were effec-
tively labeled by this strategy (Fig. SD). These results
demonstrated that our strategy effectively targeted the
ACC-to-MDL projection. We then bilaterally injected a
retrograde-labeling ~ virus  (retroAAV-CMV_bGlI-Cre-
eGFP), which carries Cre recombinase, into the MDL
and then injected a Cre-dependent anterograde-labeling
virus (AAV-CAG-DIO-taCasp3-TEVp), which carries the
double-floxed inverted open reading frame (as a substitute
for FLEX) and caspase-3 (to induce apoptotic ablation),
into the ACC on both sides (Fig. 5E). As the example
shows, retroAAV-Cre + AAV-DIO-taCasp3 decreased the
number of retro-AAV-Cre-labeled GFP™ neurons in the
ACC (Fig. 5F).

Behavioral tests showed that, for the time of freezing
and huddling behaviors throughout the test period, rats in
the experimental and control groups performed comparably
(data not shown). However, further analysis revealed that
ablation of ACC neurons projecting to the MDL decreased
the vicarious freezing behavior in OSs in the first 2 min of
behavioral testing (Fig. 5G; n =8 pairs for the Casp3
group, n = 12 pairs for the control group, P < 0.01, non-
parametric rank-sum test) and increased the latency of
huddling onset (Fig. SH; n = 8 pairs for the Casp3 group,
n = 12 pairs for the control group, P < 0.05, non-paramet-
ric rank-sum test). These results demonstrated that ablating
the ACC projection to the MDL delays the onset of
vicarious behavior.

Activation of the ACC-to-MDL Projection
Decreases Vicarious Freezing Behavior

To further assess the role of the ACC-to-MDL projection in
the social transmission of fear, we injected AAV virus
carrying channelrhodopsin (ChR2) into the right ACC and
implanted an optical fiber into the right MDL (Fig. 6A, B).
As a control, we injected AAV virus carrying EGFP into
the right ACC and implanted an optical fiber into the right
MDL (Fig. 6C). To confirm the activation of neurons
expressing ChR2 by light, we delivered blue light pulses at
two frequencies (1 or 5 Hz) to a brain slice expressing
ChR2 and found that ChR2-expressing neurons effectively
followed the light pulse stimuli (Fig. 6D), while slices
from a control group expressing AAV-EGFP in the ACC
did not.

We then asked whether activation of the ACC-MDL
projection alters the social transmission of fear. Following
application of a continuous train of blue light pulses
(473 nm, 20 Hz, 5 mW) to axon terminals in the MDL in
the test period, we observed a significant decrease in
vicarious freezing behavior in OSs (Fig. 6E). However, the
huddling time of DSs and OSs in the EP group was
unaffected (Fig. 6F; n =8 pairs for the ChR2 group,

n = 11 pairs for the control group, P < 0.01, non-paramet-
ric rank-sum test). To exclude the possibility that these
outcomes were due to impaired expression of fear, we
measured fear-expression time in the retrieval period after
fear conditioning of ChR2- or EGFP-expressing rats and
found that the values were comparable (Fig. 6G; n = 6 for
each EGFP- and ChR2-delivered group, non-parametric
rank-sum test). We also asked whether the decreased
vicarious freezing was due to enhanced locomotion by
monitoring the average locomotor velocity in open field
tests. This analysis showed that activation of the ACC-
MDL projection did not alter the movement of OSs in the
EP group (Fig. 6H; n =6 for each EGFP- and ChR2-
delivered group, non-parametric rank-sum test). We con-
cluded that activation of the ACC-to-MDL projection
specifically decreases vicarious freezing behavior.

Discussion

In this study, we focused on foot-shock-experienced
vicarious freezing behavior and defined the neuronal
substrates underlying this behavior. As in humans, expe-
rience can modulate the social transmission of fear in
rodents (Fig. 2B, C) [43]. Using a paradigm modified from
a study by Kim et al. [20], we found that an elevated fear
state in the DS significantly enhanced the OS fear state,
especially vicarious freezing behavior. Using rs-fMRI
analysis, we found that ACC regional connectivity was
significantly enhanced after foot-shock experience
(Fig. 3D). ACC lesioning decreased the vicarious freezing
behavior in foot-shock-experienced OSs (Fig. 4B). Given
that a previous study reported that an altered ReHo is
linked to altered spontaneous neuronal activity [42], and
that Zhuo [44] showed that the plasticity of ACC neurons is
altered by pain experience in rats and mice, we propose
that foot-shock experience alters neuronal plasticity of the
ACC, in turn modulating vicarious social behavior. Recent
studies have identified a projection from the ACC to the
MDL [15, 45], but its function remained unclear. Interest-
ingly, we found that ablation of this projection delayed and
its activation decreased vicarious freezing behavior
(Figs. 5G, H, and 6E), demonstrating that the ACC
modulates vicarious freezing behavior through this
projection.

The social transmission of fear, defined as the transfer of
fear emotion between individuals, is a primary form of
empathy behavior and has been demonstrated in rodents
[11]. This ability has been proposed to assist species to
cooperatively achieve a common goal [1]. Previous studies
have suggested that the transfer of fear is modulated by
factors as varied as gender, age, familiarity, experience,
and genetic background [10, 11, 25, 46]. In laboratory-bred
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Fig. 6 Activation of the ACC-to-MDL projection decreases vicarious
freezing behavior. A Diagram showing optogenetic manipulation.
B Tracing of projection from the ACC to the MDL. Left panel, AAV-
hSyn-EGFP virus injection target in the ACC. Cgl, 2, cingulate
cortex 1 and 2; right panel, projection terminals and optical fiber
position in the MDL. C Left panel, AAV-hSyn-hChR2-EGFP virus
injection target in the ACC; right panel, projection terminals and
optical fiber position in the MDL. Nuclei stained with DAPI. D Light
pulse-induced response of ChR2-expressing (upper and middle, 10

rodents, the lack of predators or challenging environments
may be associated with lower levels of empathy in
response to the distress of conspecifics. For example, when
we applied the paradigm of Kim ef al. [20], we observed
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mW, 1 Hz and 5 Hz, respectively) and EGFP-expressing (lower, 10
mW, 1 Hz) ACC neurons in brain slice. E, F Freezing (E) and
huddling (F) times of OSs in AAV-hSyn-EGFP (blue) or AAV-hSyn-
ChR2 (red) groups. G Percentage freezing time of OSs in AAV-hSyn-
EGFP- and AAV-hSyn-ChR2-injected groups in the retrieval period
after fear conditioning. H Locomotor velocity of OSs in AAV-hSyn-
EGFP (blue) and AAV-hSyn-ChR2 (red) groups, before and after
light stimulation. Data are presented as the mean £ SEM;
**P < (.01, non-parametric rank-sum test, n.s., not significant.

unstable performance of OSs (Fig. 2C), possibly due to
different breeding or experimental environments. We then
determined that this outcome was likely due to the low
expression of fear by DSs in the retrieval period, as only 5
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of 12 DSs exhibited a freezing response. Thus, we added an
extra fear conditioning training session for DSs and
allowed OSs to experience foot-shock before the test
session. These modifications resulted in more robust
vicarious freezing behavior by OSs (Fig. 2H) and allowed
us to evaluate the social transmission of fear. Our modified
paradigm can serve as a useful tool for future studies of the
mechanisms underlying emotion contagion.

Observational fear studies [11] have reported that naive
OS mice show vicarious freezing behavior in response to
behavior by DSs. However, we did not observe such
behavior by OS rats in the NA group. Similarly, in some
mouse studies, naive OSs display significant observational
fear [11], while in others, investigators have searched for
but not found these behaviors [19]. Such differences may
be due to variable breeding or test environments. Activa-
tion or inactivation of the ACC or of somatostatin-positive
neurons found in that region [21] bidirectionally modulates
the vicarious freezing behavior of OSs. Pain experience can
change ACC neuronal plasticity [44], and using ReHo
analysis we also found that ACC regional connectivity
significantly increased after foot-shock experience
(Fig. 3D). These findings suggest overall that vicarious
freezing behavior is likely modified by the baseline ACC
activity. Moreover, we found that lesioning of the ACC
decreased vicarious freezing behavior due to foot-shock
experience (Fig. 4B). However, the mechanisms underly-
ing these outcomes need to be examined in greater detail at
the neuronal and circuit levels.

Previous studies have shown that the MD participates in
the processes of observational fear learning [15] and fear
memory retrieval [47]. In addition, the functional connec-
tion between the mPFC (which is close to the ACC and
overlaps with the dorsal ACC) and the MD is vital for
working memory [27], cognitive flexibility [29, 30, 32],
attentional control [48], goal-directed behavior [49], and
schizophrenia [34, 35]. Recent studies of neuronal circuit-
tracing have reported a projection from the ACC to the
MDL in mice [45]. Here, we confirmed the existence of
this projection in rats and investigated its function.
Ablation of ACC neurons projecting to the MDL delayed
the onset of vicarious behaviors (Fig. 5G, H). Moreover,
activation of ACC projections to the MDL during the test
period (Fig. 6E) specifically decreased the vicarious freez-
ing behavior of OSs but not huddling (Fig. 6F) or
conditioned fear (Fig. 6G). Based on the results that the
mPFC-to-MD circuit is crucial for cognitive flexibility
[29, 30, 32], and the MD is involved in fear memory
retrieval [47], we propose that ACC neurons projecting to
the MDL detect the emotional states of conspecifics and
fire in a specific pattern to retrieve the foot-shock-
experience-induced fear memory of OSs in the context of
DS freezing. Using the Yerkes—Dodson law [50] as

reference, in which both hypo- and hyperarousal states in
animals can compromise the normal behavioral response,
the degree of activation of ACC neurons projecting to the
MDL may have an inverted-U influence [51] on vicarious
freezing performance. An inverted-U influence in regard to
working memory has been reported in another study [52].
In addition, a previous study [53] also found that either
activation or inhibition of a specific cell type in the mPFC
has an inhibitory effect on performance in a working
memory task. Thus, in our experiment, both ablation and
over-activation of MDL-projecting ACC neurons probably
perturbed the appropriate reaction of downstream neurons
in the physiological state, and then resulted in an impair-
ment of vicarious freezing behavior.

Recent studies have reported that the brain oxytocin
system modulates empathy in humans and rodents
[25, 54, 55], and specifically, intranasal oxytocin admin-
istration enhances observational fear in mice [25]. Inter-
estingly, the oxytocin receptor is expressed in what are
likely to be interneurons of the ACC [56, 57]. Future
studies are needed to address whether neurons expressing
oxytocin receptors and ACC projection neurons function
together to modulate vicarious behavior.

Limitations

In the present study, we used rs-fMRI to screen the brain
regions that are correlated with experience-dependent
vicarious freezing behavior. We performed rs-fMRI
screening on anesthetized rats, and behavioral assays on
freely-moving rats. We found that foot-shock not only
increased the regional connectivity of the ACC, but also
the performance of vicarious freezing. However, we did
not provide sufficient evidence to support a causal relation
between the changes in the regional connectivity of the
ACC and the increased vicarious freezing behavior. In
terms of the pharmacological lesion, caspase3 ablation, and
optogenetic manipulation experiments, we just tested
limited behavioral tasks. In addition, the ACC is a
sophisticated brain region associated with various func-
tions. Thus, we cannot exclude the possibility that other
behaviors could have been affected by these manipulations.

Conclusions

In summary, we modified a previous paradigm of social
transmission of fear and found that foot-shock experience
enhanced vicarious behavior and was associated with
enhanced regional connectivity of the ACC. Activation or
ablation of the ACC-to-MDL projection specifically
decreased the vicarious freezing behavior, suggesting that
these neurons fire in a specific pattern to modulate these
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behaviors. Our findings provide a mechanistic understand-
ing of foot-shock-experienced vicarious freezing behavior
and new clues for future studies of the mechanisms
underlying more advanced empathy behaviors.
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