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Abstract

Background: Consolation is a type of empathy-like behavior that has recently been observed in some socially living rodents. Despite the
growingbody of literature suggesting that stress affects empathy, the relationship between stress and consolation remains understudied
at the preclinical level. Here, we examined the effects of chronic emotional stress or physical stress exposure on consolation and
emotional behaviors by using the socially monogamous mandarin vole (Microtus mandarinus) in both males and females.
Method/Results: Physical stress voles were exposed to 14-day social defeat stress, whereas emotional stress voles vicariously
experienced the defeat of their partners. We found that physical stress, but not emotional stress, voles showed reduced
grooming toward their defeated partners and increased anxiety- and despair-like behaviors. Meanwhile, physical stress voles
exhibited decreased neural activity in the anterior cingulate cortex, which is centrally involved in empathy. The densities of
oxytocin receptors, dopamine D2 receptors, and serotonin 1A-receptors within the anterior cingulate cortex were significantly
decreased in the physical stress group compared with controls. All the behavioral and physiological changes were similar
between the sexes. Finally, we found that the reduced consolation behavior and some anxiety-like syndromes in physical
stress voles could be alleviated by pretreatment with an oxytocin receptor, D2 receptors, or serotonin 1A-receptor agonist
within the anterior cingulate cortex, whereas injections of corresponding receptor antagonists to the control voles decreased
the consolation behavior and increased some anxiety-like behaviors.

Conclusions: Our results indicated that chronic physical stress exposure impaired consolation and induced anxiety-like
behaviors in mandarin voles and oxytocin receptors, 5-HT1A receptors, and D2 receptors within the anterior cingulate cortex
may play important roles in these processes.
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Significance Statement

schizophrenia.

Consolation is a type of empathy-like behavior that has recently been observed in some socially living animals. Although studies
indicate that stress affects empathy, the relationship between stress and consolation remains understudied at the preclin-
ical level. In this study, by using the socially monogamous mandarin vole, we found that a 14-day social defeat stress reduced
allogrooming (an indicator of consolation behavior) towards a distressed partner and induced some anxiety- or depression-like
behaviors. Along with these behavior changes, the expressions of OTRs, dopamine D2Rs, and 5-HT1ARs within the ACC were
significantly downregulated. Pharmacological studies indicated that the decreased OTR, D2R, and 5-HT1AR activities may be
involved in the behavioral changes in the defeated individuals. Our study is meaningful as we provide a basis for further exam-
ination of the impaired empathy that is frequently observed in many mood-related illnesses, such as depression, autism, and
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Introduction

Stress is a ubiquitous life experience that influences the daily
behaviors and social functions of organisms. Many factors in-
fluence the pattern and magnitude of the stress response, for
example, the type of stressor, the developmental stage of the
animal, and the animal’s sex and genetic background (Joéls and
Baram, 2009). Empathy refers to sharing or relating to the af-
fective states of another, which could be divided into 3 levels
according to de Waall’s definition (“emotional contagion,” “con-
solation,” and “perspective taking and targeted helping”) (de
Waal and Preston, 2017). Consolation, defined as an increase in
affiliative contact directed toward a distressed individual by an
uninvolved bystander, has long been assumed to exist in species
possessing complex cognitive functions, such as humans, apes,
dolphins, and elephants (Pérez-Manrique and Gomila, 2018).
However, recent studies have indicated that this behavior can
also be elicited in rodents (Burkett et al., 2016; Li et al., 2019).
Impaired consolation has been frequently observed in de-
pressed patients. For example, depressed mothers usually have
less concern for the crying of their newborn babies (Field et al.,
2009) and engage in less affective touching of their babies than
healthy mothers did (Young et al., 2015). However, preclinical
studies seeking a deep understanding of the causal relationship
between consolation and depression have lagged considerably
behind, partly due to a lack of suitable animal models.

The chronic social defeat stress (CSDS) paradigm has been
one of the most robust models widely used to study the neuro-
biology of depression and other stress-related illnesses, given
its high ethological and pharmacological validity (Hammels
et al.,, 2015). However, this model has proven difficult to imple-
ment in most female rodents because they are less territorial
than males (Hammels et al., 2015). This is problematic because
depression and anxiety disorders are more common in women
than men and because some depressive symptoms are sexu-
ally dimorphic (Dean and Keshavan, 2017). The mandarin vole
(Microtus mandarinus) is a socially monogamous rodent that is
widely distributed across China. Both adult male and female
mandarin voles show strong spontaneous territorial defense
behavior (Tai and Wang, 2001). In our previous study, we found
that consolation behavior could be elicited in mandarin voles
by exposure to a defeated partner (Li et al., 2019). Therefore, it is
an ideal animal model to investigate the relationship between
consolation and stress as well as any potential sex differences.

A growing body of literature suggests that emotional and/
or psychological stress (ES) may also play a critical role in the
etiology of mood-related psychopathology. Both human and

animal studies have indicated that depression-like behaviors
can be induced vicariously in individuals who only witness a
traumatic event or even those who are merely exposed to a
distressed partner (Karp, 2017; Iniguez et al., 2018). However,
the CSDS model is unable to tease apart the different effects
of emotional vs physical stress (PS), since the defeated subjects
are exposed to both stressors as currently performed. Iniguez
et al. provided an elegant ES model in which the subjects wit-
ness the defeat of the intruders, after which the “observers” ex-
hibit depressive-like behaviors similar to those of the defeated
animals (Warren et al., 2013; Iniguez et al., 2018). On this basis,
we plan to investigate the effects of both chronic PS and ES ex-
posure on consolation behaviors in the present study.

Efforts have been made to examine the underlying neural
mechanisms of empathy-like behavior. One molecular substrate
is oxytocin (OT). In humans, intranasal OT is believed to suppress
stress and enhance empathy (Hurlemann et al.,, 2010). Similarly,
Zoratto et al. found that OT administration promotes emotional
contagion in mice (Zoratto et al., 2018). OT produces physiological
effects mainly through its only receptor, the OTR. It has been
demonstrated that OTR activation within the anterior cingulate
cortex (ACC) is necessary for consolation behavior (Burkett et al.,
2016; Li et al,, 2019). In addition, the closely related arginine vaso-
pressin (AVP) is also known to play important roles in a variety of
social behaviors, stress adaptation, and anxiety (Neumann and
Landgraf, 2012), and there is evidence that some behavioral effects
of OT work through the vasopressin Vla receptor (V1aR) (Ramos
et al., 2013). Although our previous studies indicated that the V1aR
may not be involved in consolation under normal circumstances
(Li et al., 2019), whether the situation would be the same in a de-
pressed state has yet to be examined.

The other candidate neurotransmitter systems are the sero-
tonin (5-HT) and dopamine (DA). It is well known that 5-HT regu-
lates mood, behavior, and numerous physiological functions
(Berger et al., 2009). There are at least 16 different serotonin re-
ceptors in the brain, of which the 5-HT1A receptors (5-HT1AR)
are among the best characterized (Artigas, 2013). Kim et al. in-
vestigated the relationship between 5-HT and empathy-like
behavior in mice (Kim et al., 2014). They found that microinjec-
tion of 5-HT into the ACC impaired vicarious fear and altered
the regularity of neural oscillations. However, administration
of methysergide (a 5-HT receptor antagonist) had no effect
on observational fear learning. The DA system is another key
modulator of emotion and behavior. DA receptors are widely
distributed in the CNS, and the most abundant subtypes are D1R



and D2R (Pytka et al., 2016). The abovementioned study by Kim
et al. found that D2Rs but not D1Rs in the ACC are required for
vicarious fear (Kim et al., 2014). However, microinjection of DA
into the ACC had no apparent effect on this empathy-like be-
havior. Overall, the functional roles of 5-HT and DA systems in
empathy-like behavior still require further exploration.

The present study was conducted to address these un-
answered questions by examining (1) the effects of chronic PS
and ES exposure on consolation and emotional behaviors in
both male and female mandarin voles; (2) the expression pro-
files of OTR, V1aR, 5-HT1AR, D1R, and D2R upon PS and ES ex-
posure; and (3) pharmacological evidence validating specific
receptors’ function in the decrease in consolation on PS ex-
posure. As evidence indicates that the ACC plays essential roles
in empathy-like behaviors (Meyza et al., 2017), we focused our
studies on this subregion of the medial prefrontal cortex (mPFC,
which contains the ACC, prelimbic cortex [PrL], and infralimbic
cortex [IL] subregions in rodents).

Materials and Methods

Animals

The mandarin voles used in this experiment were laboratory-
bred animals whose ancestors were derived from a wild popu-
lation from Lingbao (Henan, China). The voles were weaned on
postnatal day 21 and socially housed in polycarbonate cages
(44x22x16 cm). Subjects were maintained on a 12-h-light/12-
h-dark light photoperiod with unlimited access to carrots and
rabbit chow. The voles used in this study were about 70 days old
at the time. All breeding, housing, and experimental procedures
were in accordance with Chinese and NIH guidelines for the
care and use of laboratory animals and were approved by the
Animal Care and Use Committee of Shaanxi Normal University.

Study Procedures and Grouping

The study procedures and the timeline are depicted in Figure 1.
Unless stated otherwise, all behavioral studies were conducted
under dim light during the dark phase of the light-dark cycle
(approximately 8:00-10:00 pm).

Initially, adult male and female voles were cohoused for
4 days to allow for the formation of a pair bond (Yu et al., 2012).
Thereafter, the subjects (marked by cutting a bundle of hair on
the back) were randomly assigned to 1 of 3 groups: PS, ES, and
control. The PS was based on a classical “resident-intruder”
paradigm with a little modification (Wang et al., 2019). On the
experimental day (day 1), subjects (intruder) were removed from
their cages and placed for 10 minutes in the cage of an aggres-
sive same-sex resident vole. Sooner or later, the subjects were
attacked and defeated by the resident. At the end of this 10-mi-
nute period, the subjects were reunited with their respective
partners, who were otherwise left undisturbed in their home
cages during the social defeat procedure. This procedure was re-
peated for 14 consecutive days (days 1-14) at the onset of the
dark phase of the light/dark cycle. Body weight fluctuations of
the subjects were monitored for every 2 days from day 1. To
avoid large individual differences in the intensity of received ag-
gression, we exposed the subjects to a different resident vole
every time in a rotational design.

We define ES as nonphysically experiencing defeat stress.
The study protocol was adapted from Iniguez’s study (Ifiguez
et al., 2018). Briefly, the subjects were placed in the residents’
cages, but they were separated from each other by clear
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perforated acrylic separators. Then, the subjects’ partners as
intruders were placed into the same compartment as the resi-
dents. The subjects then vicariously experienced the defeat of
their partners by the aggressive residents. Following each ses-
sion (10 min/d), both the subjects and their partners were re-
turned to their original home cages. To rule out any confounding
effects related to activity or olfactory stimuli originating from
the aggressive residents, the control subjects were also placed
in the residents’ cages but separated from each other by clear
perforated acrylic glass separators.

Consolation Test

Twenty-four hours after the last stress episode (day 15), all groups
(n=11 in each group for each sex) of subjects were tested for con-
solation behaviors as in our previous study (Li et al., 2019), with slight
modification. This time, all the subjects’ partners were defeated for
10 minutes by an aggressive resident, and the subjects were other-
wise left undisturbed in their home cages. When the 10-minute
period had passed, the pairs were reunited, and the behavior of the
subjects was recorded using a video camera for 10 minutes in the test
room. The digital videos were viewed and quantified using ] Watcher
software (http://www.jwatcher.ucla.edu/) by raters who were blinded
to the experimental groups and treatments. Videos were coded for
allogrooming as indicators of consolation (Burkett et al., 2016; Li et al.,
2019). Allogrooming was defined as head contact with the body or
head of another individual, accompanied by a rhythmic head move-
ment. Grooming directed toward the genitals, anogenital region, or
tail was classified as sexual grooming and excluded.

Anxiety- and Despair-Like Behavior Assay

Following the consolation test, all the subjects (n=10-11 in each
group for each sex) were tested with a battery of mood-related
tasks, that is, the open-field test (OFT), the social interaction test
(SI), and the tail suspension test (TST). One day after the con-
solation test (day 16), the 5-minute OFT was conducted, followed
by the two 5-minute phases of the SI. We used this sequence
to eliminate the potential effect of stimulus voles in the SI on
a subsequent OFT if the test sequence were reversed. The TST
was performed 2 days after the consolation test (day 17). The de-
tailed procedures of these behavioral tests are presented in the
Supplementary methods.

Quantitative RT-PCR and Western Blot

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) and Western blot (WB) were used to measure both
mRNA and protein expression profiles of OTR, V1AR, D1R, D2R,
and 5-HT1AR among the groups (n=5-6 in each group for each
sex). The primer sequences are presented in supplementary
Table 1. For details, please refer to the supplementary Methods.

Immunofluorescence

To investigate neuronal activity differences within the ACC
along with the consolation behavior, c-Fos expression profiles
were examined 90 minutes after the consolation test. The de-
tailed procedures are presented in the supplementary Methods.

CORT Assay

The plasma collection procedures are presented in the supple-
mentary Methods. The levels of corticosterone (CORT) in the
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Figure 1. Schematic of the study procedure (A) and timeline of experimental design (B). Firstly, the voles were cohoused for 4 days to allow for the formation of a pair
bond (phase 1). Then the subjects were randomly assigned to 1 of 3 groups: control (CTR), emotional stress (ES), and physical stress (PS) (phase 2). In the CTR group, the
subjects were put in the residents’ cage where they were separated from each other by clear perforated acrylic glass. In the ES group, the subjects were put in cages
where they would witness the social defeat bouts of their partners by an aggressive resident. In the PS group, the subjects were directly put in the residents’ cage
without separators where they were defeated by the resident. Following each session (10 min/d), the subjects were returned to their original home-cages and cohoused
with their partners. This procedure lasted for 14 consecutive days and then the subject voles were tested on the consolation test (phase 3), where their partners were
defeated and the consolation behaviors of the subjects were recorded. For detailed procedures, please refer to the text. OFT, open-field test; P, partners; R, residents; S,

subjects; SI, social interaction test; TST, tail suspension test; WB, western blot.

plasma (n=6 in each group for each sex) were quantified with
a commercially available ELISA kit (H205, Nanjing Jiancheng
Biotechnology, China) according to the manufacturer’s in-
structions. All samples were performed in duplicate. The intra-
and inter-assay coefficients of variation were 8.5% and 10%,
respectively.

Pharmacological Studies

To test whether the reduced expression of OTR, D2R, and
5-HT1AR in the ACC are involved in the behavior changes in the
PS voles, we first investigated the effects of microinjections of
OTR, D2R, and 5-HT1AR agonists into the ACC of the PS voles.
On the other hand, both the agonists and respective antagon-
ists were administrated to the nonstressed control voles to elim-
inate the general effect of these drugs and test the necessity of
decreased receptor activity. Five cohorts of animals were used in
this experiment, and each cohort had a separate saline control
group. The stereotaxic cannulation surgery procedures are pre-
sented in the supplementary Methods.

For microinjection and behavior assay, on each testing day,
the animals were given a bilateral injection of vehicle (saline, 2

pL/side), OT (1, 10, 100 ng/0.2 pL per side; BACHEM, Bubendorf,
Switzerland), 8-OH-DPAT (5-HT1AR agonist; 0.03, 0.3, 3 pg/0.2
PL per side; Sigma) or quinpirole (D2R agonist; 1, 10, 100 ng/0.2
PL per side; Sigma) to the PS-voles. On the other hand, OT (10
ng/0.2 pL per side), 8-OH-DPAT (3 pg/0.2 pL per side), quinpirole
(10 ng/0.2 pL per sid), the oxytocin receptor antagonist (OTA;
50 ng/0.2 pL per side; d(CH2)5,Tyr(Me)2,Thr4,Tyr-NH29-OVT;
BACHEM, Bubendorf, Switzerland), WAY-100635 (the 5-HT1AR
antagonist; 0.4 pg/0.2 pL per side; Sigma) or raclopride (D2R an-
tagonist; 0.5 pg/0.2 pL per side; Sigma) were administrated to
the normal control voles. The speed of injection was 0.1 uL/min.
The injector tips remained in situ for another 2 minutes for drug
diffusions. About 20 minutes had passed before the first con-
solation test. Subsequently, the OFT and the SI were conducted
to determine whether anxiety-like behavior was affected by the
drugs. All the behavior studies were finished within 40 minutes
after the injections. The dose and timing of drug administration
were chosen based on our preliminary study and also the fol-
lowing previous studies: OT and OTA (Burkett et al., 2016; Dong
et al,, 2017), 8-OH-DPAT and WAY-100635 (Cooper et al., 2008;
Wang et al., 2019), and quinpirole and raclopride (Liu and Wang,
2003; Watt et al., 2014).
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Finally, cannula placement was confirmed through histo-
logical localization of the guide cannula on slide-mounted brain
sections. Only subjects with correct cannula placements and
normal motor abilities were included in the final data analysis
(n=5-6 in each group for each sex).

Data Analyses

In general, all females were autopsied for pregnancy after all the
experiments. If pregnant, the whole data were removed from
the following analysis (most mandarin vole give their first birth
at 4 months of age [observation data]; the pregnancy rate was
about 10% in this study). Unless explicitly stated, 2-way ANOVA
was the default analysis method, with sex (male, female) and
treatment (control, ES, PS) as between-subjects factors. Body
weight data were analyzed by repeated measures, with time
(days), treatment, and sex as between-subjects factors, and
sphericity assumptions were checked by Mauchly’s test. If no
effects of sex or sex and other factor interactions were found,
data from both sexes were combined for further analysis and
plotting. Bonferroni tests were used for post-hoc comparisons.
All the statistical procedures were performed using SPSS 20.0.
Data are presented as mean + SE unless otherwise indicated and
the significance level was set at P<.05 (2-tailed).

Results

PS Exposure Reduces Consolation Behaviors

The effects of PS and ES exposure on consolation behaviors are
shown in Figure 2. Our data showed a significant main effect
of treatment on both the frequency of and the time spent on
allogrooming (F,,=20.0 and 13.3, respectively; all P<.01). PS
voles displayed a significantly lower frequency and less time on
allogrooming than both control and ES voles (all P<.01; Figure
2A-B). ES voles showed a reduced allogrooming frequency than
controls (P<.05; Figure 2A) but not in total allogrooming time
(P=.44; Figure 2B). No overall sex and sexxtreatment inter-
action differences were seen for both the frequency of and the
time spent on allogrooming (F(1v60)=1.0, 0.3, P=.32, 0.59 for sex;

Foen=16,0.4,P=.22,0.65 for sex x treatment interaction).

PS Increases Anxiety- and Despair-Like Behaviors

The effects of PS and ES exposure on anxiety- and despair-like
behaviors are shown in Figure 3. In the OFT, our data showed
that there was a significant main effect of treatment on the time

spent in the central zones (F,.,=10.1, P<.01). PS voles spent
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Figure 2. Effects of physical stress (PS) or emotional stress (ES) exposure
on frequencies (A) and time spent (B) in allogrooming. Data are presented as
mean+SE, n=22 in each group (11 males, 11 females); groups not sharing the
same letter significantly differ from each other. Allo, allogrooming; CTR, control.
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significantly less time in the central area than both controls and
ES voles, which indicates an increased anxiety level in a novel
environment (all P<.01; Figure 3A). No sex and sex x treatment
interaction differences were seen (F,,, =05, P=.47; F, =10,
P=.36; respectively). For the total distance traveled, no overall
sex (F,,=0.06, P=.80), treatment (F,.,=3.1, P=.06), or their
interaction differences were seen (F,, =1.3, P=.29; Figure 3B).

In the SI, there was also a significant main effect of treat-
ment on the social interaction ratio (F,,=7.0; P<.01). PS voles
displayed a significantly lower social interaction ratio compared
with controls, which indicated a lowered sociability (Figure
3C; P<.01). Similarly, no overall sex and sexxtreatment inter-
action differences were seen (F( ,=0.2, P=.65; F,,=0.3, P=.74;
respectively).

In the TST, our data showed that there was a significant main
effect of treatment (F, ,,=20.2, P<.01) and a sexxtreatment
interaction (F, ,,=3.6, P<.05). Specifically, compared with con-
trols, PS males spent significantly more time in the immobile
position (Figure 3D; P<.05), which may indicate more sensitivity
to this inescapable stress mode (despair). However, such effects
were not found in females (P=.08, PS vs control).

1,60 (2,60)

Body Weight Variations

Figure 4 shows body weight changes among the groups. Body
weight changes were calculated by subtracting the recorded
weight of the animal from the weight on the initial day of the
experiment; thus, a positive number would indicate an increase
in overall body weight, and a negative number would indicate
body weight decrease. Three-factor repeated-measures ANOVA
indicated weight changed as a function of treatment (F, ,, =27.9,
P<.01), time (F,,=61.7, P<.01), and their interaction (F, ,,=
9.8, P<.01). PS voles especially displayed significantly lower body
weight compared with both controls and ES groups from day 3
to 13. There were no significant different for PS vs ES groups for
all time points (day 2-13: P=.455, 0.578, 0.155, 0.184, 0.159, and
0.148, respectively).

PS Exposure Reduces c-Fos Expressions in the ACC

The effects of PS and ES exposure on c-Fos expressions in the
ACC are shown in Figure 5. Our data showed there was a sig-
nificant main effect of treatment (F, ,,=16.6; P<.01) and a
sexx treatment interaction (F, ,,=3.5; P<.05). In males, Fos-
positive cells were significantly reduced in PS groups compared
with the other 2 groups (all P<.01), which, in turn, did not differ
from each other (P=1.0; Figure 5B). In females, the difference

was only found in PS vs control comparison (P<.01; Figure 5C).

Plasma CORT Levels

The ELISA test results are depicted in Figure 6. The data showed
a significant main effect of treatment on plasma CORT levels
(Fp, 3=12.5; P<.01) but no effect of sex and their interactions
(Fu3=0.09, P=.76; F,,,=0.1, P=.90, respectively). Plasma CORT
levels were significantly higher in both PS and ES voles com-
pared with control groups (Figure 6, all P<.01). There was no sig-
nificant difference for ES vs PS (P=.31).

RT-PCR Results

Figure 7 shows the RT-PCR results of OTR, V1AR, D1R, D2R, and
5-HT1AR mRNA expression in the ACC. Our data showed that
there was a significant main effect of treatment on the OTR
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Figure 4. Effects of physical stress (PS) or emotional stress (ES) exposure on
body weight variations. Data are presented as mean=SE, n=22 in each group
(11 males, 11 females); *P<.01 for control vs PS comparisons. °P<.05 for ES vs PS
comparisons. CTR, control.

mRNA expression (F,,,=19.4; P<.01). Follow-up analysis indi-
cated PS voles displayed a significantly lower OTR mRNA ex-
pression compared with both control and ES voles (Figure 7A,
all P<.01). No overall sex, treatment, or their interactions dif-
ferences were seen in V1AR (F,,,=0.6, P=.22; F, ,,=2.0, P=.15;
F,,,=1.1, P=.35, respectively), 5-HT1AR (F,,,=0.01, P=.98;

(2,24)
Fo.y=22, P=.13; F,,,=0.08, P=.92, respectively), D1R( 124=0-8,

(2,24) (2,24)
P=.38;F,,,=098,P=39F,, =21, P=14, respectively), and D2R
mRNA (F,,,=0.06, P=.8; F,, =24, P=.11; F,,, =0.04, P=.96, re-

spectively) expression (Figure 7B-D).

WB Analysis

WB results of OTR, V1AR, 5-HT1AR, D1R, and D2R expression in
the ACC are shown in Figure 8 (the untruncated images were
shown in supplementary Figure 1). In terms of OTR, 5-HT1AR,
and D2R expression, we found a significant main effect of treat-
ment (F,,,=7.0, 7.2 and 5.6, respectively, all P<.01) but no sex
(Fus0=2-3,P=.14F  ,,=0.4,P=.53;F ., =4.0,P=.054, respectively)
or sexxtreatment interaction (F,.,=0.09, P=.91; F,, =0.87,
P=.43; F,.,=0.94, P=.40, respectlvely) Post-hoc analysis re-
vealed significantly lower OTR, 5-HT1AR, and D2R expressions
in the PS groups compared with controls (all P<.05). There was
no difference for ES vs control comparisons (P=.25, 0.52, 0.43,
respectively; Figure 8A,C and E). With regards to V1AR and D1R
expressions, no overall sex (F,,,=3.4, P=.08; F,,,=2.2, P=.15,
respectively), treatment (F, ., _O 6, P=.54; F,,;,=0.15, P=.86, re-
spectively) or their interactions (F,,,=0.71, P=.50; F,,;=0.71,
P=.50; F,,,=0.02, P=.98, respectively) differences were found
(Figure 8B,D).

Pharmacological Results

The pharmacological results are summarized in Figure 9. For all
the drugs, no overall sex and sex x treatment interaction differ-
ences were seen (the detailed F and P values are presented in
supplemental Table 2). In the consolation test, ANOVA results re-
vealed that OT, 8-OH-DPAT, and quinpirole significantly affected
the allogrooming time of PS voles (F,,,=5.6, F,,, =9.8,F ; ;5 =5.4,
respectively; all P<.01). For OT, medium dose (10 ng) significantly
increased the allogrooming time of PS voles (P<.01 vs saline),
whereas low (1 ng) and high dose (100 ng) had no such effect (vs
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each group (6 males, 6 females); groups not sharing the same letter significantly
differ from each other. CTR, control.

saline: P=1.0 and 0.06, respectively; Figure 9C). For 8-OH-DPAT,
both medium and high dose had such effect (0.3 pg and 3 pg
vs saline; P<.05 and P<.01, respectively), but not at low dose
(P=1.0 vs saline; Figure 9F). For quinpirole, such effects were ob-
served at medium dose but not at low and high dose (vs saline:
P=.46 and 0.08, respectively; Figure 91). The selected dosages of
respective agonists had no significant effect (F,,,=1.3; P=.28;
Figure 9L), whereas the antagonist significantly attenuated the
allogrooming time in control voles (F,,, =5.4; P<.01, all P<.05 vs
saline; Figure 90).

In the SI, we found OT, 8-OH-DPAT, and quinpirole signifi-
cantly affected the interaction ratio of PS voles (F(3,39)=7'2’ P<.01;
F(3,39}:5.4, P<.01; F(g_gs):10.9, P<.01). In detail, 10 ng and 100 ng
OT significantly increased the interaction ratio (P<.01 and P<.05
vs saline, respectively) but not at 1-ng dosages (P=1.0 vs saline;

3,34)

Figure 9D); for 8-OH-DPAT, 3 pg had such effect (P<.01 vs sa-
line; Figure 9G), but not at 0.03 and 0.3 pg (vs saline: P=1.0 and
0.52, respectively). For quinpirole, such effects were observed at
10- and 100-ng dosages (all P<.01 vs saline; Figure 9J). For the
control voles, as in the consolation test, we found the selected
dosages of OT, 8-OH-DPAT, and quinpirole had no significant
effect (F(3132)=1.7, P=.19; Figure 9M), but OTA, WAY-100635, and
raclopride treatments significantly decreased the social inter-
action ratio (F(3134):8.6, P<.01; OTA and WAY-100635 vs saline,
P<.01; raclopride vs saline, P<.05; Figure 9P).

In the OFT, ANOVA results revealed that 8-OH-DPAT signifi-
cantly affected the time spent in the central zones of PS voles
(Fp9=4-5, P<.01), but no such effects were found in OT and
quinpirole treatments (F, ,, =0.6,P=.12; F, ., =2.3, P=.09; respect-
ively). Further analysis revealed high (0.3 pg) dose of 8-OH-DPAT
administration significantly increased the time spent in the
central area (P<.01 vs saline; Figure 9H). In control voles, only
WAY-100635 treatment significantly decreased the time spent in
the central area (P<.05 vs saline; Figure 9N).

For all of the drugs, all the selected dosages had no signifi-
cantly effect on the total distance traveled in the 5-minute OFT
(supplemental Figure 2). The detailed P and F values are pre-
sented in supplemental Table 3.

Discussion

In this study, we attempted to investigate the effect of chronic
PS and ES exposure on consolation behavior and the underlying
neural mechanisms of reduced consolation on chronic PS ex-
posure in mandarin voles. Using a battery of tests, we found
that (1) chronic PS but not ES individuals showed reduced con-
solation towards a distressed partner and exhibited a series of
depression-like syndromes; (2) compared with control, c-Fos
expression within the ACC was significantly reduced in the
PS group; (3) chronic PS exposure significantly reduced OTR,
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D2R, and 5-HT1AR protein expressions within the ACC; and PS and ES
(4) pharmacological results showed that the decreased OTR,
D2R, and 5-HT1AR activities may be involved in the behavioral
changes in the PS-exposed voles.

Just as in previous studies (Tse et al., 2019; Wang et al., 2019), we
found that PS-defeated animals show a range of depression-like
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symptoms such as weight fluctuation, social aversion, anxiety,
despair, and dysregulated hypothalamic-pituitary-adrenal (HPA)
axis. Our novel findings are that PS-exposed voles displayed
reduced grooming towards their defeated partners compared
with controls. According to previous studies (Burkett et al., 2016;
Li et al., 2019), allogrooming is an indicator of consolation be-
havior. This result could be interpreted as PS exposure impaired
consolation, which is an important part of social capabilities.
To our knowledge, this is the first study to date to report the
relationship between consolation and chronic PS stress in ani-
mals. The reduced awareness of others’ emotions, emotional
withdrawal, or reluctance to respond to a distressed partner are
frequently seen in psychiatric patients (Donges et al., 2005; Field
et al., 2009; Young et al., 2015). Nevertheless, it is difficult to de-
termine whether the reduced consolation in the defeated voles
was due to the impaired emotion perception ability or just in-
different to their partners’ suffering. Further studies should be
conducted to address this interesting question.

Studies in animals and humans suggest that the ACC plays
important roles in empathy-like behavior (Morrison et al., 2004;
Burkett et al., 2016). Consistent with these studies, we found
substantial expression of c-Fos (a cellular marker of neural ac-
tivity) within the ACC when the control voles (of both sexes) ac-
tively interacted with their stressed partners. At the same time,
the reduced consolation behavior in the PS-exposed voles was
accompanied by decreased c-Fos expression within the ACC.

Iniguez et al. provided convincing evidence that ES-exposed
mice also exhibited depressive-like behavior, which resembles
the behavioral profile of PS-exposed individuals (Warren et al.,
2013; Iniguez et al., 2018). However, we found that both behav-
ioral performance and physiological responses (body weight
variations, brain activation patterns, and receptor expression
profiles in the ACC) were comparable between ES and control
groups. Although we cannot exclude species differences (mice
vs mandarin voles), the discrepancy may be largely due to meth-
odological differences. In Iniguez’s studies (Warren et al., 2013;
Iniguez et al., 2018), the ES-exposed mice were housed next to
a novel CD1 aggressor for an extended period of psychological
stress after vicariously experiencing the defeat bouts. However,
in our study, we returned the ES-exposed voles to their ori-
ginal cages and housed them with their partners to maintain
their bonded relationship. Under this paradigm, social buf-
fering effects may be induced (Smith and Wang, 2014; Donovan
et al., 2018), therefore dampening the detrimental effect of ES.
Nevertheless, at least some effects of ES exposure were visible.
For example, the plasma CORT level of the ES group was higher
than that of the control (Figure 6). Therefore, one must be cau-
tious in directly comparing results from different studies when
the study paradigms, animals, or other experimental conditions
are not consistent.

OTR and V1aR

Recent studies have indicated that OT systems are involved in
empathy-like behavior in both humans (Hurlemann et al., 2010)
and rodents (Burkett et al., 2016; Li et al.,, 2019). In this study,
we found that both OTR mRNA and protein expression were
downregulated within the ACC in PS-exposed groups. The re-
duction in OTR may have been caused by repeated release of
OT during the early period of chronic social defeat. Actually,
stressors have been demonstrated to facilitate OT release
(Smith and Wang, 2014), and increased OT release appears to
desensitize and downregulate the OTR (Evans et al., 1997). The
other evidence that OTR within the ACC was involved in the

reduced consolation behavior of the PS-exposed voles is that
microinjection of OT (10 ng) into the ACC rescued the impaired
allogrooming behavior (Figure 9C), but such treatment had no
significant effect on the nonstressed control voles, which may
be due to the ceiling effect. Meanwhile, pretreatment with an OT
receptor antagonist (decreased receptor activity) into the ACC
attenuated the normal consolation behaviors of control voles
(Figure 90). Overall, the present study provides strong evidence
that CSDS reduced consolation behaviors, possibly by reducing
the abundance of OTRs in the ACC.

Another interesting finding was that 10 and 100 ng OT could
also relieve social anxiety in SI (Figure 9D). The action of OT in
brain regions such as the amygdala (Bale et al., 2001), paraven-
tricular nucleus (PVN) (Smith and Wang, 2014), PrL (Sabihi et al.,
2017), and accumbens nucleus (ACb) (Donovan et al., 2018) has
been found to have an anxiolytic effect. The current study now
adds the ACC to this list. However, the anxiolytic effect of OT
was not observed in the OFT at any of the 3 selected dosages.
Actually, a discrepancy between the SI and the OFT was also
found in the following quinpirole, OTA, and raclopride treat-
ments (Figure 9J-K, P-Q) and in other studies (Bale et al., 2001;
Sabihi et al., 2014). This may be because the OFT is a model of
anxiety-like behavior that features exploration and utilizes the
anxiogenic stimulus of an open space, while the SI features anx-
iety in the social environment (Sabihi et al., 2014).

The brain AVP system is known to be involved in stress re-
sponses as well as in many social behaviors (Neumann and
Landgraf, 2012). Cross-reactivity at the receptor level between OT
and AVP has been described (Hicks et al., 2012). However, neither
chronic PS nor ES exposure had a large effect on V1aR expres-
sion (mRNA or protein) within the ACC (Figures 7B and 8B). This
result is in accordance with Donovan’s study (Donovan et al.,
2018), which used an acute immobilization stress paradigm in
prairie voles. Taken together, the data seem to suggest that the
OT system plays a more important role than the AVP system in
emotional (Sabihi et al., 2014) and social functions (Li et al., 2019)
under both normal and stressed conditions within the ACC.

5-HT1AR

The current study indicated that 5-HT is involved in the re-
duced consolation behavior of the PS voles, possibly through
postsynaptic 5-HT1ARs within the ACC. This is evident from (1)
the decrease in 5-HT1AR density in the ACC with chronic PS ex-
posure; (2) 5-HT1AR agonist 8-OH-DPAT (0.3 and 3 pg) adminis-
tration rescued the reduced allogrooming behavior induced by
PS exposure (Figure 9F); and (3) administration of the serotonin
1A receptor antagonist WAY-100635 attenuated consolation
levels in control voles (Figure 90). In a previous study, Kim et al.
found that microinjection of 5-HT within the ACC reduced the
freezing response of observing mice, which indicated impaired
empathy (Kim et al.,, 2014). This seems contradictory to our re-
sults. However, it should be noted that there are many types of
5-HT receptors within the ACC other than 5-HT1AR. 5-HT ad-
ministration may therefore activate other receptors within this
brain region, confounding the results. This could be partially ex-
plained by the same finding that intra-ACC administration of a
broad-spectrum 5-HT receptor antagonist, methysergide, had no
effect on vicarious fear (Kim et al., 2014).

Although 2-week PS exposure significantly decreased
5-HT1AR density within the ACC (Figure 8C), the 5-HT1AR mRNA
levels were not altered by the same treatment (Figure 7C). Such
a discrepancy was also observed in D2R protein and mRNA ex-
pression (Figures 7E and 8E). It is well known that mRNAs are



short-lived and that translation and posttranslational modi-
fications occur before functional proteins are formed. A study
indicated that the correlation coefficient between mRNA and
protein measurements was less than 0.40 (Vogel and Marcotte,
2012). Therefore, the inconsistency between mRNA and protein
changes in our study is not surprising.

The postsynaptic 5-HT1A receptors within the mPFC have been
reported to exert antidepressant and anxiolytic effects (Artigas,
2013). In this study, we found that administration of 8-OH-DPAT
(3 pg) in the ACC alleviated anxiety symptoms of the PS-exposed
voles in both the SI and the OFT (Figures 9G-H), whereas injec-
tions of 5-HT1AR antagonist WAY-100635 increased anxiety-like
behaviors in control voles (Figures 9P-Q). Similarly, Sartim et al.
found that both PrL and IL 8-OH-DPAT administration signifi-
cantly reduced the immobility time of rats in the forced swim-
ming test, and this effect could be blocked by WAY100635 (Sartim
et al., 2016). Furthermore, Fukumoto et al. found that stimula-
tion of postsynaptic 5-HT1ARs is involved in both the acute and
sustained antidepressant effects of ketamine (a rapid-acting
nontraditional antidepressant) (Fukumoto et al., 2014, 2018).
Nonetheless, further studies should be conducted to investigate
whether the antidepressant and anxiolytic effects of 5-HT1AR are
the same in the 3 subregions of the mPFC, which show different
patterns of connectivity with subcortical and cortical structures
and thus differentially contribute to a variety of emotional and
behavioral processes (Hoover and Vertes, 2007; Sabihi et al., 2017).

D1Rs and D2Rs

In this study, we found that chronic PS exposure reduced DA D2R
density within the ACC (Figure 8E) and that local administration
of quinpirole (a selective DA D2R agonist, 10 ng) reversed the
impaired consolation behavior (Figure 9I) and also social anx-
iety (Figure 9J) induced by chronic PS exposure. The same treat-
ment had no such effect on control voles, which may exclude
the nonspecific additive effects of the selected dosage (Figure
9L-M). Similarly, decreased receptor activity in control voles by
injection of D2R receptor antagonist raclopride (0.5 pg) reduced
the consolation levels (Figure 90) and induced social anxiety
(Figure 9P). These results are consistent with previous studies
showing that ACC administration of haloperidol (another D2 re-
ceptor antagonist) but not SCH-23390 (a D1 receptor antagonist)
decreased observational fear in mice (Kim et al., 2014) and an
acute injection of quinpirole reversed social avoidance in mice
subjected to chronic social defeat (Barik et al., 2013).

Although both D1Rs and D2Rs are sensitive to stress, we
observed no changes in D1R expression between chronically
PS-exposed animals and controls. The lack of change in DIR ex-
pression in the mPFC is consistent with previous studies showing
that exposure to CSDS produced no change in mPFC D1R levels
(Burke et al,, 2011; Novick et al., 2011; Bagalkot et al., 2015).
Although temporal changes in D1R abundance were observed
with stress challenges (Avgustinovich and Alekseyenko, 2010),
evidence suggests that D1Rs are preferentially recycled back to
the plasma membrane (Bartlett et al., 2005), which may restore
D1R numbers to the normal level. On the other hand, Huanget al.
reported significantly decreased expression of D1Rs in the mPFC
of CSDS-susceptible mice (Huang et al., 2016). The situation is
much more complicated for D2Rs, the abundance of which has
been variously reported to increase (Chen et al., 2013; Bagalkot
et al., 2015), remain unchanged (Burke et al,, 2011; Huang et al.,
2016), and decrease (Wright et al., 2008; Suzuki et al., 2010) upon
exposed to a variety of stressors. The discrepancies could be
explained by different types/intensities/durations of stressors,
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species/sex/age differences, different subregions within the
mPFC, methodological differences, or many other causes.

General Discussion and Conclusion

Overall, the results of this study demonstrated that chronic
PS , but not ES exposure impaired consolation and induced
depression-like behaviors in mandarin voles and OTR, 5-HT1AR,
and D2R in the ACC may play important roles. It is worth
mentioning that sexually dimorphic effects were barely found
during these processes. This may provide additional evidence
supporting the notion that comparable outcomes may allow
males and females to similarly adapt to environmental chal-
lenges, particularly in species that adapt monogamous life strat-
egies and require cooperative breeding. The limitations of this
study are worth noting to avoid overstating the results. First, we
did not determine the phase of the estrous cycle across the fe-
males utilized in our experiments. However, the effect of estrous
cycle, if any, may affect all of the studied groups. Second, al-
though the cannula placements were verified and injection rates
were well controlled in the pharmacological studies, we cannot
assure the drug did not diffuse to the adjacent brain regions and
have its action on receptors there. Further studies targeting PrL
or IL may actually help us answer this question. In spite of this,
given the increased rates of mood-related illnesses across the
globe, the strength of this study is that we have provided the
basis for further studies into the mechanisms of impaired em-
pathy in many psychiatric diseases, such as depression, autism,
and schizophrenia.
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