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Abstract

Social contact reduces stress responses in social animals. Mice have been shown
to show allogrooming behaviour toward distressed conspecifics. However, the pre-
cise neuronal mechanisms underlying allogrooming behaviour remain unclear. In the
present study, we examined whether mice show allogrooming behaviour towards
distressed conspecifics in a social defeat model and we also determined whether
oxytocin receptor-expressing neurons were activated during allogrooming by exam-
ining the expression of c-Fos protein, a marker of neurone activation. Mice showed
allogrooming behaviour toward socially defeated conspecifics. After allogrooming
behaviour, the percentages of oxytocin receptor-expressing neurones expressing c-
Fos protein were significantly increased in the anterior olfactory nucleus, cingulate
cortex, insular cortex, lateral septum and medial amygdala of female mice, suggesting
that oxytocin receptor-expressing neurones in these areas were activated during al-
logrooming behaviour toward distressed conspecifics. The duration of allogrooming
was correlated with the percentages of oxytocin receptor-expressing neurones ex-
pressing c-Fos protein in the anterior olfactory nucleus, insular cortex, lateral septum
and medial amygdala. In oxytocin receptor-deficient mice, allogrooming behaviour
toward socially defeated cage mates was markedly reduced in female mice but not
in male mice, indicating the importance of the oxytocin receptor for allogrooming
behaviour in female mice toward distressed conspecifics. The results suggest that the
oxytocin receptor, possibly in the anterior olfactory nucleus, insular cortex, lateral
septum and/or medial amygdala, facilitates allogrooming behaviour toward socially
distressed familiar conspecifics in female mice.
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1 | INTRODUCTION

Affiliative contact behaviours such as allogrooming and side-by-side
contact have been observed in social animals and have been shown
to play an important role in the formation and maintenance of social
groups.l’3 Social animals spend time in grooming their conspecifics
far longer than that required to keep the fur clean. Monogamous
voles spend over 50% of their time in side-by-side contact with
conspecifics.® Social contact induces anxiolytic actions in social
animals.*

Monogamous male voles show prosocial allogrooming behaviour
toward their distressed female partners.5 Allogrooming behaviour is
blocked by an oxytocin receptor antagonist, suggesting that monog-
amous animals show consolation-related behaviour in an oxytocin
receptor-dependent manner.” Female mice but not male mice® and
female rats but not male rats” have been reported to show approach
behaviour toward distressed same-sex familiar conspecifics. It has
also been shown that rats and mice perform allogrooming for dis-
tressed conspecifics.8 However, the precise roles of the oxytocin
receptor in allogrooming towards same-sex distressed conspecifics
in commonly used laboratory animals remain to be determined, al-
though oxytocin has been shown to facilitate social interactions®©
and self-grooming.'*

On the other hand, the meadow vole, which is a promiscuous
rodent, does not show allogrooming behaviour toward conspecifics
that are distressed with conditioned fear.® However, allogrooming
behaviour has been observed mainly after social fighting between
conspecifics in natural situations in chimpanzees,'? and social stress
has been shown to activate different brain areas from those acti-
vated after noxious or conditioned fear stimuli.®® Thus, the present
study aimed to determine (i) whether mice show allogrooming to-
ward cage mates that have received social defeat stress; (ii) which
oxytocin receptor-expressing neurones are activated during social
allogrooming; and (iii) whether oxytocin receptor deficiency impairs
allogrooming toward distressed cage mates. We mainly investigated
female mice because females have been shown to demonstrate ap-
proach behaviour toward distressed conspecifics® and females show
affiliative behaviours more frequently than males do.!* We also ex-
amined side-by-side contact because side-by-side contact has been

considered to be an affiliative behaviour.®

2 | MATERIALS AND METHODS
2.1 | Animals

Mice of the C57BL/6J strain (Charles River Laboratories), retired
CD-1 mice (Charles River Laboratories), oxytocin receptor-Venus
knock-in heterozygous mice'® (oxytocin receptor heterozygous
knockout mice, backcrossed with C57BL/6J mice for over 18 gen-
erations), oxytocin receptor-Venus knock-in homozygous mice (oxy-
tocin receptor-deficient mice), c-Fos-deficient mice with a chimeric
background (CD-1 x C57BL6/J)' and their wild-type siblings were

used in the present study. In oxytocin receptor-Venus knock-in mice,
a variant of yellow fluorescent protein (Venus) is expressed under
the control of the endogenous regulatory region of the oxytocin re-
ceptor gene.

Mice were housed under a 12:12-hour light/dark photocy-
cle (lights on 7.30 am) at 20-24°C and 40%-70% relative humidity.
Food and water were available ad lib. All animal procedures were
approved by the Institutional Animal Experiment Committee of Jichi
Medical University and were conducted in accordance with the
Institutional Regulations for Animal Experiments and Fundamental
Guidelines for Proper Conduct of Animal Experiments and Related
Activities in Academic Research Institutions under the jurisdiction of
the Ministry of Education, Culture, Sports, Science and Technology.

2.2 | Pair housing

Pairs of oxytocin receptor-Venus knock-in heterozygous and wild-
type female mice were housed in cages for 4 weeks from 6 weeks of
age. At the age of 10 weeks, wild-type females were removed from
their home cages, kept isolated overnight, given social defeat stress
and then returned to their previous home cages where their coun-
terparts, oxytocin receptor-Venus knock-in heterozygous females,
were staying. In the control group, wild-type females were removed
from their home cages, kept isolated overnight and returned to their
previous home cages. Behaviours of the resident oxytocin receptor-
Venus knock-in heterozygous females toward socially defeated
cage mates or toward non-defeated cage mates were recorded for
30 minutes. The time spent allogrooming, time spent in side-by-side
contact and time spent sniffing were recorded manually by an ex-
perimenter who was blind to treatments. Allogrooming was defined
as grooming fur of any body parts of the partner with the mouth or
forepaws. Side-by-side contact was defined as sitting in contact with
the partner. The total duration of side-by-side contact, either con-
tact initiated by the resident or contact initiated by the partner, was
recorded. Sniffing was defined as olfactory investigation to any body
parts of the partner. One hour and 50 minutes after the initiation
of re-pairing with their cage mates, the resident oxytocin receptor-
Venus knock-in heterozygous mice were anaesthetised with Avertin
(tribromoethanol, 250 mg kg'l, i.p., WAKO Pure Chemical Industries
Ltd, Osaka, Japan) and perfused with 4% paraformaldehyde.

In experiments with oxytocin receptor-deficient female mice,
oxytocin receptor-deficient female mice or their wild-type female
littermates were housed with wild-type female mice in pairs for
4 weeks from 6 weeks of age. After cohabitation for 4 weeks, wild-
type mice were removed from their home cages, kept isolated over-
night, given social defeat stress and returned to their previous home
cages where their cage mates were staying. Behaviours of resident
oxytocin receptor-deficient mice or wild-type female mice toward
defeated cage mates that had been returned to their cages were re-
corded for 30 minutes.

In experiments for observation of behaviours toward unfamil-

iar conspecifics, female mice produced in our laboratory by mating
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of C57BL/6J mice that had been obtained from a supplier (Charles
River Laboratories) were housed in pairs for 4 weeks from 6 weeks
of age. At the age of 10 weeks, one female was removed from each
home cage and each female’s counterpart was kept in the home
cage. The female mice that had been removed were kept isolated
overnight and were given social defeat stress or just kept in isolation.
These animals were then placed in cages where unfamiliar female
counterparts were staying. Behaviours of the resident females to-
ward socially defeated unfamiliar conspecifics or non-defeated un-
familiar conspecifics were recorded for 30 minutes.

In experiments with oxytocin receptor-deficient male mice,
wild-type male mice were castrated under isoflurane anaesthesia at
4 weeks of age. Oxytocin receptor-deficient mice or their wild-type
male littermates were housed in pairs with wild-type castrated mice
for 4 weeks from 6 weeks of age. Wild-type castrated mice were
removed from their home cages, kept isolated overnight, given social
defeat stress and returned to their previous home cages. Behaviours
of resident oxytocin receptor-deficient mice or wild-type male mice
toward socially defeated cage mates were recorded for 30 minutes.

2.3 | Social defeat stress

Aggressive CD1 male mice were selected from retired CD1 males
as reported previously.)” For selection of aggressive CD1 males, a
C57BL/6J male was placed in the home cage of a retired CD1 mouse.
CD1 males that showed aggressive behaviours to the intruder mice
within 60 seconds in two consecutive session out of three sessions
per day for two consecutive days out of three test days were se-
lected. These aggressive CD1 males were kept singly in individual
home cages. Within 2 days before social defeat experiments, a
C57BL/6J male mouse was placed again into the home cage of the
CD1 mouse to enhance aggression of the CD1 mouse. CD1 mice
that showed aggressive behaviours toward the intruder mice im-
mediately after intrusion in the enhancement trial were used in the
experiments.

To determine a protocol for social defeat stress of female mice,
an adult female C57BL/6J mouse was introduced into a home cage
of the selected male CD1 mouse for 10 minutes. Six female and six
CD1 mice that had been selected by a criterion of short latency of
aggressive behaviours toward C57BL/6J male mice were used. CD1
male mice showed aggressive behaviours towards intruder female
mice and the intruder female mice showed species-specific defeat
posture during the first 3 minutes. However, five of the six male mice
also started to exhibit anogenital sniffing and mounting behaviour
toward the intruder female mice 4-7 minutes after the initiation of
exposure to female mice. Thus, a 3-minute duration of exposure was
used for social defeat stress of female mice.

In the experiment with oxytocin receptor-Venus knock-in het-
erozygous female mice, six mice out of 40 CD1 mice were used for
aggressors. In the experiment with oxytocin receptor-deficient mice,
five CD1 mice out of a different series of 40 CD1 mice were used.

In the experiment with examination of behaviours toward unfamiliar
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females, one CD1 mouse from the above mentioned series of ag-
gressors and two CD1 mice out of another series of 40 CD1 mice
were used. These 13 mice out of 120 retired CD1 mice consistently
showed aggressive behaviours towards female mice or castrated
mice.

C57BL/6J cage mates or wild-type cage mates of the test mice
were introduced into cages of aggressive CD1 males. The intruder
mice received attacks from CD1 males at least once during the stay.
The maximum duration of stay for female mice was 3 minutes. The
duration of stay for male mice was 10 minutes according to the stan-
dard procedure of social defeat stress.'” Immediately after exposure
to aggressor males, the defeated mice were placed back into their
previous home cages where their cage mates were kept or into cages
where unfamiliar mice were staying. Behaviours of the intruder
C57BL/6J or wild-type mice were recorded during the test period,
and the time during which mice received aggression and the time
during which mice showed a social defeat posture were recorded
manually in experiments with oxytocin receptor-Venus knock-in het-
erozygous females.

2.4 | Immunocytochemical detection of c-Fos
protein and oxytocin receptor-expressing or
oxytocin neurones

For confirmation of the specificity of the c-Fos antibody used in
the present study, male and female c-Fos-deficient mice'® with a
chimeric background (CD-1 x C57BL6/J, 4-6 weeks old) and their
wild-type siblings were used. Mice were singly placed into plastic
cages (115 x 213 x 120 mm) without bedding materials to induce the
expression of c-Fos protein as a result of novel environmental stress.
At 110-210 minutes after the initiation of exposure to novel environ-
mental stimuli, mice were deeply anaesthetised with avertin (250 mg/
kg, i.p.) and perfused transcardially with heparinised saline followed
by 4% paraformaldehyde. Brains were removed from the skulls, post-
fixed in 4% paraformaldehyde solution overnight and transferred to
30% sucrose solution in 0.1 mol L phosphate buffer until they sank.
The brains were then frozen on dry ice and stored at -80°C until pro-
cessing for immunocytochemical examination. Coronal brain sec-
tions at 30 pm were processed for immunohistochemical detection
of c-Fos protein as described previously.*®? In brief, sections were
incubated with a rabbit polyclonal antibody against the N-terminal
region (amino acid residues 4-17 of human c-Fos) of the c-Fos pep-
tide sequence (diluted 1:10 000 with 0.1 mol L phosphate buffer
containing 0.3% Triton X-100 and 5% normal goat serum; Ab-5;
Oncogene Science, Cambridge, MA USA; RRID:AB_2314042) at 4°C
for 2 days and with peroxidase-labelled goat anti-rabbit IgG (diluted
1:500; PI-1000; Vector Laboratories, Burlingame, CA, USA) at 4°C
overnight. c-Fos immunoreactivity was visualised as a black nuclear
profile by incubation with 3,3'-diaminobenzidine tetrahydrochloride
(DAB), nickel sulphate, glucose and glucose oxidase in 0.1 mol L ac-
etate buffer. More than 12 sections of the forebrain and midbrain

areas of each rat were examined.
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For detection of neurones activated after exposure to socially
defeated cage mates, mice were exposed to socially defeated cage
mates and expression of c-Fos protein was examined. Because ex-
pression of c-Fos protein is known to peak between 90 and 120 min-
utes after stimuli, mice were deeply anaesthetised with avertin
(250 mg kg'i, i.p.) 110 minutes after the initiation of exposure to
socially defeated cage mates and perfused transcardially with hep-
arinised saline (20 U mL?) followed by 4% paraformaldehyde in
0.1 mol L'? phosphate buffer (pH 7.4).

Brain sections were cut coronally at 30 pm with a freezing sledge
microtome and then processed for immunohistochemical detection of
c-Fos protein and Venus or c-Fos protein and oxytocin at an interval of
90 pm, as described previously.ls’19 In brief, sections were processed
forimmunocytochemical detection of c-Fos protein as described above
and then processed for immunocytochemical detection of Venus to
identify oxytocin receptor-expressing cells. Sections were incubated
with rat monoclonal anti-green fluorescent protein (GFP) antibody (di-
luted 1:2000 with 0.1 mol L phosphate buffer containing 0.3% Triton
X-100 and 5% normal goat serum; GFO90R; Nacalai Tesque, Kyoto,
Japan; RRID:AB_2314545) at 4°C for 2 days and a peroxidase-labelled
polymer solution containing an anti-rat Fab’ fragment, amino acid
polymer and peroxidase [Histofine® mouse MAX PO (Rat); Nichirei
Biosciences Inc., Tokyo, Japan] at room temperature for 2 hours. GFP
immunoreactivity was visualised as a pink cytoplasmic precipitate with
0.01% Tris-aminophenylmethane (Ark Pharm Inc., Arlington Heights,
IL, USA) and 0.07% p-cresol.?°

For immunocytochemical detection of oxytocin, sections that
had been processed for immunocytochemical detection of c-Fos
protein were incubated with guinea pig anti-oxytocin antibody (di-
luted 1:1 000 000; T-5021; Peninsula Laboratories LLC, San Carlos,
CA, USA; RRID:AB_518526) at 4°C for 2 days, followed by incubation
with biotinylated anti-guinea pig IgG (diluted 1:750; BA-7000; Vector
Laboratories) at room temperature for 2 hours, and avidin biotinylated
horseradish peroxidase complex (diluted 1:50; Elite ABC kit; Vector
Laboratories) at room temperature for 30 minutes. Oxytocin immuno-
reactivity was visualised as a brown cytoplasmic precipitate with DAB.

Pre-absorption of the c-Fos antibody with the synthetic peptide
human c-Fos (amino acid residues 4-17 of human c-Fos) blocked im-
munostaining.’” No immunostaining was also found with the GFP
antibody in brain sections of wild-type mice.'® There was also no im-
munostaining in brain sections in which the oxytocin antibody was
omitted or in sections in which the antibody was pre-adsorbed with
100 pmol L'? oxytocin at 4°C for 24 hours prior to section incubation.
Pre-adsorption with 100 pmol ! Arg8-vasopressin did not impair
immunostaining.'?

The numbers of sections for detection of c-Fos protein and Venus
were 3 for the anterior olfactory nucleus, 5 for the prelimbic cortex, 5
for the infralimbic cortex, 18 for the cingulate cortex, 26 for the insular
cortex, 6 for the dorsal part of the lateral septum, 6 for the ventral part
of the lateral septum, 11 for the medial amygdala, 7 for the nucleus
accumbens, 6 for the posterior intralaminar thalamic nucleus, 4 for the
medial preoptic area, 7 for the ventrolateral part of the ventromedial

hypothalamus, 8 for the ventrolateral periaqueductal grey and 4 for

the nucleus tractus solitarii in each animal. The numbers of sections
for detection of c-Fos protein and oxytocin were 3 for the bed nucleus
of the stria terminalis (BNST), 9 for hypothalamic supraoptic nucleus
(SON) and 12 for hypothalamic paraventricular nucleus (PVN) in each
animal. The intervals between sections were 90 um for each of the
areas. Each brain region was identified according to the coordinates of
the Paxinos mouse brain atlas.?*

2.5 | Statistical analysis

Statistical analyses were performed using Prism, version 9 (GraphPad
Software Inc., San Diego, CA, USA). Effect sizes were calculated using
HAD.?2 The behavioural and histochemical data showed a non-normal
distribution and non-parametric statistics. The Mann-Whitney U test
and Spearman’s correlation were used for data analysis. For analysis
of allogrooming, side-by-side contact and sniffing behaviour, P values
were adjusted by Holm-Sidak correction for multiple comparisons. The
percentages of c-Fos-positive oxytocin receptor-expressing cells in
fourteen brain regions were analysed to exploratorily detect activated
brain regions during allogrooming behaviour and P values were not ad-
justed for multiple comparisons. P < 0.05 was considered statistically

significant. Data are presented as medians and interquartile ranges.

3 | RESULTS

3.1 | Behaviours towards socially defeated cage
mates

During the 3-minute exposure to aggressors, the intruder female mice
received attacks (median = 24.8, 25th percentile = 3.4, 75th percen-
tile = 37 seconds) with short latency (median = 2.2, 25th percen-
tile = 1.6, 75th percentile = 3.8 seconds) but no mounting and showed
social defeat posture (median = 13.8, 25th percentile = 0, 75th percen-
tile = 32 seconds), suggesting that exposure to the aggressors caused
social defeat stress in females in the present experimental conditions.

To determine whether female mice show allogrooming and side-
by-side contact toward distressed cage mates, we first examined
the behaviours of female mice toward socially defeated cage mates.
Oxytocin receptor-Venus knock-in heterozygous female mice were
exposed to socially defeated cage mates. Female mice exposed to
defeated cage mates spent a longer time in allogrooming behaviour
toward their defeated cage mates and a longer time in side-by-side
contact behaviour with their socially defeated cage mates than the
time spent in those behaviours toward non-distressed cage mates
(Figure 1) (allogrooming: U = 6, P = 0.0011, effect size r = 0.75;
side-by-side: U = 15, P = 0.015, effect size r = 0.59). There was no
significant difference between the time spent sniffing defeated
cage mates and the time spent sniffing non-defeated cage mates
(Figure 1) (U = 28, P = 0.11, effect size r = 0.37).

We also examined behaviours towards distressed unfamiliar

mice. Female mice also spent a longer time in allogrooming behaviour
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FIGURE 1 Times spent for allogrooming, side-by-side contact and sniffing behaviours of oxytocin receptor-Venus knock-in heterozygous
female mice toward distressed cage mates. A, Scheme of the behaviour test. Pairs of resident test mice (R, oxytocin receptor-Venus knock-in
heterozygous female mice) and cage mates were housed in cages for 4 weeks. In the control group, cage mates were removed from their
home cages after 4 weeks of cohabitation, kept isolated overnight and then returned to their previous home cages. Thus, control resident
test mice were exposed to non-distressed cage mates (upper). In a group of distressed cage mates, cage mates were removed from their
home cages after 4 weeks of cohabitation, kept isolated overnight, placed in cages of aggressive CD1 mice, and then returned to their
previous home cages. Thus, resident test mice in the group of distressed cage mates were exposed to cage mates that had been defeated

by aggressor CD1 mice (A) (lower). B, Times spent for allogrooming, side-by-side contact and sniffing behaviours of female mice toward
non-distressed or distressed cage mates. Female mice spent a longer time for allogrooming behaviour and a longer time for side-by-side
contact behaviour toward distressed cage mates than the times spent for those behaviours toward non-distressed cage mates. Time spent
for sniffing behaviour toward distressed conspecifics was not significantly different from the time spent for that behaviour toward non-
stressed conspecifics. The numbers of animals in the groups for non-distressed control cage mates and for distressed cage mates were 9
and 11, respectively. The box and whiskers plot shows the maximum, upper quartile, median, lower quartile and minimum values. *P < 0.05,
**P < 0.01 vs non-distressed control cage mates (Mann-Whitney U test). NS, not significant

and a longer time in sniffing behaviour toward distressed unfamiliar
female mice than the times spent in those behaviours toward non-
distressed unfamiliar mice (Figure 2) (allogrooming: U = 3, P = 0.030,
effect size r =0.70; side-by-side: U = 14, P = 0.59, effect sizer=0.17;
sniffing: U = 2, P = 0.026, effect size r = 0.75).

3.2 | Activation of oxytocin receptor-expressing
neurones in mice exposed to socially defeated
cage mates

The oxytocin receptor is expressed in various brain regions, in-

cluding social brain areas. To determine whether oxytocin

receptor-expressing neurones were activated during allogrooming
or side-by-side behaviour toward distressed cage mates, we exam-
ined the expression of c-Fos protein in oxytocin receptor-expressing
neurones of oxytocin receptor-Venus knock-in heterozygous female
mice after exposure to socially defeated cage mates. Expression of c-
Fos protein in oxytocin-immunoreactive neurones in the hypothala-
mus and the BNST was also examined.

We first confirmed the specificity of the c-Fos antibody used in
c-Fos-deficient mice. No immunoreactive staining was found in brain
sections of c-Fos-deficient mice (Figure 3), indicating that the c-Fos
antibody had specificity to c-Fos protein.

We then examined the expression of c-Fos protein after ex-

posure to defeated cage mates. After exposure to defeated cage



MATSUMOTO ET AL.

of
7 Ly ey -

(A)

Exposure to

ﬂ @ ‘b : Wild-type female mice

FIGURE 2 Times spent for
allogrooming, side-by-side contact and
sniffing behaviours toward unfamiliar
distressed female mice. A, Scheme of the
behaviour test. Pairs of resident test mice
(R) and cage mates were housed in cages
for 4 weeks. Resident test mice were
exposed to non-distressed unfamiliar
mice or to unfamiliar mice that had been
defeated by aggressor CD1 mice (A). B,
Times spent for allogrooming, side-by-side
contact and sniffing behaviours toward
non-distressed or distressed unfamiliar
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unfamiliar female mice were significantly
longer than those toward non-distressed
unfamiliar mice. The numbers of animals
in the groups for non-distressed control
mice and for distressed mice were 6 and
6, respectively. The maximum, upper
quartile, median, lower quartile and
minimum values are shown. *P < 0.05 vs
non-distressed control. NS, not significant
(Mann-Whitney U test)
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FIGURE 3 No detection of c-Fos protein immunoreactivity in brain sections of c-Fos-deficient mice. Photographs of sections containing
the septum region are shown. Brain sections were processed for detection of c-Fos protein as described in the Materials and methods. No
c-Fos protein-immunoreactive profiles (black nuclear profiles) were observed in sections of c-Fos-deficient mice. The numbers of wild-type

and c-Fos-deficient mice were 3 and 5, respectively. LV, lat

mates, the percentages of oxytocin receptor-expressing

showing immunoreactivity of c-Fos protein were increased in the
anterior olfactory nucleus, cingulate cortex, insular cortex, dorsal
part of the lateral septum, ventral part of the lateral septum and me-

dial amygdala compared to those after exposure to non-distressed

cage mates (Figures 4 and 5) (anterior olfactory nucleu

eral ventricle. Scale bar = 20 pm

neurones P =0.0059, effect size r = 0.64; cingulate cortex: U = 23, P = 0.047,

s: U =9, r> 0.99).

effect size r = 0.45; insular cortex: U = 10, P = 0.0056, effect size
r=0.64; dorsal part of the lateral septum: U =11, P=0.0023, effect
size r = 0.66; ventral part of the lateral septum: U =5, P = 0.0002,
effect size r = 0.77; medial amygdala: U = 0, P < 0.0001, effect size
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FIGURE 4 Percentages of oxytocin receptor-expressing neurones expressing c-Fos immunoreactivity after exposure to distressed
cage mates in oxytocin receptor-Venus knock-in heterozygous female mice. Oxytocin receptor-expressing cells were detected by Venus
immunoreactivity in oxytocin receptor-Venus knock-in mice. Exposure to distressed cage mates activated oxytocin receptor-expressing
neurones in the anterior olfactory nucleus, cingulate cortex, insular cortex, lateral septum and medial amygdala. The numbers of animals
in the groups for non-distressed control cage mates and for distressed cage mates were 7-9 and 8-11, respectively. The maximum, upper
quartile, median, lower quartile and minimum values are shown. *P < 0.05, **P < 0.01, ***P < 0.001 vs non-distressed control cage mates
(Mann-Whitney U test). NS, not significant

The percentages of oxytocin receptor-expressing neu- intralaminar thalamic nucleus, medial preoptic area, ventrolateral

rones showing immunoreactivity of c-Fos protein in the pre- part of the ventromedial hypothalamus, ventrolateral periaque-

limbic cortex, infralimbic cortex, nucleus accumbens, posterior ductal grey and nucleus tractus solitarii were not significantly
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different between animals exposed to distressed cage mates and
those exposed to non-distressed cage mates (Figure 4) (prelimbic
cortex: U = 39, P = 0.46, effect size r = 0.17; infralimbic cortex:
U=28,P=0.11, effect size r = 0.37; nucleus accumbens: U = 32.5,
P = 0.53, effect size r = 0.15; posterior intralaminar thalamic nu-
cleus: U =46, P=0.82, effect size r = 0.070; medial preoptic area:
U = 33, P = 0.55, effect size r = 0.15; ventrolateral part of the
ventromedial hypothalamus: U = 22, P = 0.20, effect size r = 0.32;
ventrolateral periaqueductal grey: U = 32, P = 0.20, effect size
r = 0.30; nucleus tractus solitarii: U = 46, P = 0.82, effect size
r = 0.052). The numbers of oxytocin receptor-expressing cells
(Venus-immunoreactive cells in oxytocin receptor-Venus knock-in
heterozygous mice) were not significantly different between mice
exposed to distressed cage mates and those exposed to non-
distressed cage mates in these brain regions (Figure 6 and Table 1).
These results indicate that oxytocin receptor-expressing neurones
in the anterior olfactory nucleus, cingulate cortex, insular cortex,
dorsal part of the lateral septum, ventral part of the lateral septum
and medial amygdala were activated by exposure to distressed

cage mates.

FIGURE 5 Expression of c-Fos protein

Insular cortex in oxytocin receptor-expressing neurones
< in oxytocin receptor-Venus knock-in

heterozygous female mice after exposure

P to distressed cage mates. Photographs

P showing c-Fos immunoreactivity (black
nuclear profiles) in oxytocin receptor-
- expressing neurones (pink cell body
profiles) of the anterior olfactory nucleus,
. cingulate cortex, insular cortex, lateral
septum and medial amygdala. Exposure
to socially defeated cage mates activated
oxytocin receptor-expressing neurones
- in these areas. The numbers of animals
e in the groups for non-distressed control
- cage mates and for distressed cage mates
o were 7 or 9 and 8-11, respectively. Scale
bar =20 pm

Medial amygdala
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On the other hand, the percentages of c-Fos protein-expressing
oxytocin-immunoreactive neurones in the BNST, SON and PVN
were not significantly changed after exposure to distressed cage
mates (Figure 7) (BNST: U = 35, P = 0.43, effect size r = 0.18; SON:
U =26, P =0.56, effect size r = 0.16; PVN: U = 38, P = 0.60, effect
sizer=0.13).

We also investigated the relationship between allogrooming be-
haviour, side-by-side contact or sniffing behaviour and percentages of
c-Fos-positive oxytocin receptor-expressing neurones in the anterior ol-
factory nucleus, cingulate cortex, insular cortex dorsal and ventral parts
of the lateral septum and medial amygdala. The duration of allogrooming
was significantly correlated with percentages of c-Fos-positive oxytocin
receptor-expressing neurones in the anterior olfactory nucleus, insular
cortex, dorsal and ventral parts of the lateral septum, and medial amyg-
dala but not in the cingulate cortex (Figure 8 and Table 2). Significant
correlations were found among percentages of c-Fos-positive oxytocin
receptor-expressing neurones in these brain areas (Table 3). There were
high correlation coefficients between the percentage of c-Fos protein-
positive oxytocin receptor-expressing neurones in the insular cortex

and percentages in other forebrain areas.
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FIGURE 6 Numbers of oxytocin receptor-expressing cells in various brain regions in oxytocin receptor-Venus knock-in heterozygous
female mice. The numbers of oxytocin receptor-expressing cells (Venus-immunoreactive cells in oxytocin receptor-Venus knock-in
heterozygous mice) were not significantly different between mice exposed to distressed cage mates and those exposed to non-distressed
cage mates in the anterior olfactory nucleus, prelimbic cortex, infralimbic cortex, cingulate cortex, insular cortex, dorsal part of the lateral
septum, ventral part of the lateral septum, medial amygdala, nucleus accumbens, posterior intralaminar thalamic nucleus, medial preoptic

area, ventromedial hypothalamus, periaqueductal grey and nucleus tractus solitarii. The numbers of animals in the groups for non-distressed
control cage mates and for distressed cage mates were 7-9 and 8-11, respectively. The maximum, upper quartile, median, lower quartile and
minimum values are shown. NS, not significant (Mann-Whitney U test)

No significant correlation coefficients were found between side- cingulate cortex, insular cortex dorsal and ventral parts of the lateral

by-side contact or sniffing and percentages of c-Fos-positive oxyto- septum, and medial amygdala, except between sniffing and percent-

cin receptor-expressing neurones in the anterior olfactory nucleus, age of c-Fos protein-positive oxytocin receptor-expressing neurones
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in the ventral part of the lateral septum (Table 2). These results
are consistent with the view that activation of oxytocin receptor-
expressing neurones in the anterior olfactory nucleus, insular cortex,

dorsal and ventral parts of the lateral septum, and medial amygdala

TABLE 1 U values, P values and effect size r of the Mann-
Whitney U test between the numbers of oxytocin receptor-
expressing cells in mice exposed to distressed cage mates and those
in mice exposed to non-distressed cage mates in various brain
regions

isinvolved in allogrooming behaviour toward socially distressed cage
mates.

3.3 | Effects of oxytocin receptor deficiency on
allogrooming behaviour and side-by-side contact of
female mice toward distressed cage mates

To determine the roles of the oxytocin receptor in allogrooming be-
haviour and side-by-side contact toward distressed cage mates, we

examined behaviours of oxytocin receptor-deficient female mice to-

Brain regions (V) P value Effect size r

. ward their socially defeated cage mates. Oxytocin receptor-deficient

Anterior olfactory nucleus 29 43 0.22 . L . .
female mice spent a much shorter time in allogrooming behaviour to-
Prelimbic cortex 28 11 0.37 Lo ) K . .

o ward their distressed cage mates than did wild-type mice (Figure 9)
Infralimbic cortex 27 095 0.38 (U =3, P=0.0037, effect size r = -0.77). On the other hand, there
Cingulate cortex 28 11 0.37 was no significant difference in the time spent for side-by-side
Insular cortex 38 -86 0.043 contact or the time spent sniffing (Figure 9) (side-by-side contact:
Dorsal part of the lateral 41 .55 0.14 U=26,P=0.61, effect size r = 0.16; sniffing: U = 21, P = 0.51, effect

SEL) size r = 0.27). All of these results suggest that the oxytocin receptor
Ventral part of the lateral 40 -50 0.16 was indispensable for allogrooming behaviour of female mice toward
t
septum distressed cage mates.
iizGlel eyl = 2 823 In oxytocin receptor-deficient male mice, the time spent for
Nucleus accumbens 32 -0 0.16 allogrooming behaviour, the time spent for side-by-side contact
Posterior intralaminar thalamic ~ 32.5 21 0.29 behaviour and the time spent for sniffing behaviour were not signifi-
prciers cantly different from the times spent for those behaviours in wild-
Medial preoptic area 34 60 013 type mice (Figure 10) (allogrooming: U = 26, P = 0.89, effect size
Ventrolateral part of 24 -28 0.28 r=0.19; side-by-side contact: U = 31, P = 0.99, effect size r = 0.063;
t dial hypothal
B sniffing: U = 33, P > 0.99, effect size r = 0.00), suggesting that the
Vent.rolateral part of 34 26 0.26 oxytocin receptor is not essential for allogrooming, side-by-side con-
periaqueductal grey o . ) o
tact and sniffing behaviours of male mice toward their distressed
Nucleus tractus solitarii 44.5 72 0.096
cage mates.
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FIGURE 7 Percentages of oxytocin-immunoreactive neurones expressing c-Fos immunoreactivity after exposure to distressed cage
mates in oxytocin receptor-Venus knock-in heterozygous female mice. Exposure to distressed cage mates did not significantly change the
percentages of oxytocin-immunoreactive neurones expressing c-Fos immunoreactivity. The numbers of animals in the groups for non-
distressed control cage mates and for distressed cage mates were 8 or 9 and 8 or 10, respectively. The maximum, upper quartile, median,
lower quartile and minimum values are shown. NS, not significant as compared with non-distressed control cage mates (Mann-Whitney U
test), BNST, bed nucleus of the stria terminalis; SON, supraoptic nucleus; PVN, hypothalamic paraventricular nucleus
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TABLE 2 Spearman’s correlations

between time duration spent for e

distressed

cage mates

600 - 600 -

400 400

200 200 -

0 -4

15 0 5 10
Percentage of c-Fos-positive

oxytocin receptor-expressing cells (%)

0~

15 0 5
Percentage of c-Fos-positive

oxytocin receptor-expressing cells (%)

10

15

g cells (%)

grooming Side-by-side contact Sniffing

behaviours toward distressed cage Brain regions Spearman’sr Pvalue Spearman’sr Pvalue Spearman’sr P value
mates and percentages of oxytocin .
receptor-expressing neurones showing Anterior olfactory ~ 0.55 .019 0.42 .080 -0.0062 .98
. . . . nucleus
c-Fos protein in various brain regions
in oxytocin receptor-Venus knock-in Cingulate cortex 0.29 21 0.18 44 0.36 12
heterozygous female mice Insular cortex 0.66 0027 0.33 18 0.022 93
Dorsal part of the 0.58 .0075 0.39 .094 0.13 .58
lateral septum
Ventral part of the 0.49 .027 0.25 .29 0.58 .0079
lateral septum
Medial amygdala 0.76 .0006 045 .073 0.16 .55

4 | DISCUSSION

Monogamous voles, but not promiscuous voles, have been reported
to show affiliative allogrooming behaviour toward cage mates
that are distressed with conditioned fear in an oxytocin receptor-
dependent manner.’ In the present study, we found that commonly
used laboratory mice showed allogrooming behaviour and side-by-
side contact behaviour toward socially distressed cage mates. We
also obtained data that are consistent with the view of the exist-
ence of a sexual difference in the underlying mechanisms of allog-
rooming behaviour toward distressed conspecifics in mice. Genetic
deficiency of the oxytocin receptor impaired allogrooming behav-
iour toward distressed cage mates in female mice but not in male
mice, suggesting that the oxytocin receptor is indispensable for al-
logrooming behaviour only in females. These findings suggest that

female mice show allogrooming behaviour toward distressed cage

mates in an oxytocin receptor-dependent way, whereas males show
allogrooming via different mechanisms.

In the present study, allogrooming toward distressed cage mates
was reduced in oxytocin receptor-deficient female mice but not in
oxytocin receptor-deficient male mice. The apparent sexual dif-
ferences observed in the present study suggests a possible sexual
difference in the mechanisms of allogrooming toward distressed
conspecifics. However, the protocols of social defeat stress were
different for male and female mice. The maximum exposure times to
aggressor mice were 3 minutes in female mice and 10 minutes in male
mice. Female mice received aggression from mice of the opposite
sex (male) and male mice received aggression from mice of the same
sex (male). The difference in the protocols might have affected be-
haviours of demonstrator mice and then those of observer mice, al-
though female and male observer mice showed comparable amounts

of allogrooming behaviour toward distressed conspecifics. Further



MATSUMOTO ET AL.

2 L ev-

TABLE 3 Spearman’s correlations among percentages of oxytocin receptor-expressing neurones showing c-Fos protein in various brain
regions of oxytocin receptor-Venus knock-in heterozygous female mice. Spearman’s r values are shown. *P < 0.05, **P < 0.01, ***P < 0.001
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study is necessary to fully clarify the effects of the difference in the
protocols on the apparent sexual difference in oxytocin receptor-
dependency of allogrooming toward distressed conspecifics.

Allogrooming has been categorised as an affiliative behaviour for
promoting positive social interaction in mice.?® On the other hand,
allogrooming, which eventually results in alopecia of the recipients,
has been reported to be exhibited in mice by dominant animals to-
ward subordinate cage mates.?*?> The precise roles of allogroom-
ing remain to be clarified in mice. However, allogrooming has been
proposed to be a coping behaviour to reduce stress.?® Gentle touch
stimuli activate a low-threshold mechanoreceptor to induce pleas-
ant sensation in mice?” and tactile stimuli reduce stress responses in
rats.* In prairie voles, allogrooming induces anxiolytic actions.’ It is
thus interesting to speculate that allogrooming behaviour in the fe-
male mice observed in the present study had stress-reducing actions
and is categorised as consolation-related behaviour.

In the present study, oxytocin receptor-deficient female mice
showed a reduction in allogrooming behaviour toward distressed
cage mates. The oxytocin receptor has been shown to be involved

in social interaction,?®

reduction in anxiety®® and social recogni-
tion.?? Oxytocin receptor-deficient male mice have been shown to
have deficits in social interactions, including a reduction in huddling
and allogrooming28 and to show social amnesia.'*?’ It is thus possi-
ble that a general reduction in social interaction, increased anxiety
and social amnesia as a result of deficiency in the oxytocin receptor
might have contributed to the reduced allogrooming of female mice
observed in the present study. However, side-by-side contact and

sniffing behaviour did not significantly change in the present study,

suggesting that that possible a general reduction in social interaction
and social amnesia were not the main causes for a selective reduc-
tion in allogrooming.

In the present study, oxytocin receptor heterozygous knockout
female mice (oxytocin receptor-Venus heterozygous mice) showed
allogrooming toward distressed cage mates similarly to wild-type
mice, whereas oxytocin receptor-deficient female mice showed a
low level of allogrooming. Oxytocin receptor heterozygous knock-
out mice have been shown to exhibit impaired social behaviour but
exhibit normal aggressive behaviour and no cognitive inflexibility,
whereas oxytocin receptor-deficient mice show impaired social be-
haviour, increased aggressive behaviour and cognitive inflexibility.>°
In the present study, experiments for directly comparing amounts
of allogrooming between wild-type female and oxytocin receptor-
heretozygous knockout female mice were not performed and thus it
remains to be determined whether oxytocin receptor heterozygous
mice show any impairment in alllogrooming and consolation-related
behaviours as compared to wild-type mice.

Promiscuous meadow voles do not show allogrooming behaviour
toward familiar conspecifics that are distressed with conditioned fear.”
In the present study, non-monogamous mice showed allogrooming
behaviour toward socially distressed conspecifics. Monogamous voles
showed allogrooming behaviour toward familiar but not unfamiliar
animals.® In the present study, female mice showed allogrooming be-
haviour toward distressed unfamiliar mice, suggesting that familiarity
is not essential for inducing allogrooming behaviour in female mice.
Consistent with the idea that familiarity is not essential for empathy-

related behaviours, prior pain experience enhances consolation-related



MATSUMOTO ET AL.

(A)

Cohabitation
(4 weeks)

ISR 1 -2

. Wild-type or oxytocin receptor-
" deficient female mice
EXPOSUFG to {5 : Wild-type female mice
distressed
cage mate @ : Aggressor mice

Analysis

%Tlally defeated

(®) Allogrooming Side-by-side contact Sniffing
1000 ** 1000 ns 1000 ns

g .

@2

< 500 500— 500— n

§e] -

‘(_B' Sgm

S - .I. "

o - am

Sgw -
0 R =ﬁ. 0— I'l — 0
Wild-type  Oxytocin Wild-type  Oxytocin Wild-type  Oxytocin

receptor- receptor- receptor-
deficient deficient deficient

FIGURE 9 Effects of oxytocin receptor deficiency on durations of allogrooming, side-by-side contact and sniffing behaviours toward
distressed cage mates in wild-type and oxytocin receptor-deficient female mice. A, Scheme of the behaviour test. Pairs of resident test
mice (R, wild-type or oxytocin receptor-deficient mice) and cage mates were housed in cages for 4 weeks. After 4 weeks, cage mates were
removed from their home cages, kept isolated overnight, and then returned to their previous home cages. Resident test mice were exposed
to cage mates that had been defeated by aggressor CD1 mice (A). B, Times spent for allogrooming, side-by-side contact and sniffing

behaviours toward distressed cage mates of wild-type and oxytocin

receptor-deficient female mice. The duration of allogrooming behaviour

toward defeated cage mates was significantly shorter in oxytocin receptor-deficient females than in wild-type females, suggesting that

deficiency in the oxytocin receptor blocked allogrooming behaviour

toward distressed cage mates. The numbers of wild-type and oxytocin

receptor-deficient females were 7 and 9, respectively. The maximum, upper quartile, median, lower quartile and minimum values are shown.

**P < 0.01 vs wild-type females (Mann-Whitney U test). NS, not sign

allogrooming behaviour in rats toward unfamiliar conspecifics that
have received noxious stimuli.>* Further studies are necessary to clar-
ify the precise roles of familiarity in consolation-related behaviours.
Female rats show approach behaviour to distressed familiar con-
speciﬁcs."”7 In the present study, female mice showed allogrooming
behaviour toward distressed conspecifics. Signals that are emitted
by distressed animals and induce allogrooming behaviour in resident
animals remain to be determined. Rodents can transmit their affec-

tive states via olfactory signals such as chemosignals,3%33

34,35

auditory
signals such as vocalisations, and visual signals such as freezing
behaviours and facial expression.36

Detection of alarm signals emitted by other individuals and
avoidance of distressed conspecifics may be adaptive because
they help to avoid a possible threat. Male rats have been shown to
avoid distressed same-sex familiar or unfamiliar adult conspecifics,
whereas male rats approach distressed juveniles.®” However, social
animals sometimes approach and perform affiliative behaviour to-
ward distressed conspecifics in certain conditions.®® Staying close
to distressed conspecifics has been shown to attenuate stress re-

sponses in rats>”*% and mice***? of both sexes, a phenomenon
called social buffering. Some gregarious animals show not only

passive behaviours such as staying close to distressed conspecifics

ificant

but also active behaviours such as making friendly contact with dis-
tressed conspecifics, behaviours that reduce stress responses in dis-
tressed conspecifics*® and are considered to be consolation-related
behaviours.** Consolation-related behaviours such as grooming,
gentle touching and embracing have been documented in both

primates and non-primates, including gorillas,*® 12,44

chimpanzees,
bonobos,* monkeys,*” elephants,*® dogs,*” wolves,*® monogamous
prairie voles® and corvids.*® These empathy-related behaviours are
assumed to be associated with cooperation among group members
and to contribute to the formation and maintenance of groups.%®
The results of the present study showing allogrooming behaviour
toward distressed conspecifics are consistent with the view that
mice can show consolation-related behaviour toward distressed
conspecifics.®

Empathy-related behaviours are assumed to be evolutionally
originated from maternal care, and the involvement of oxytocin
has been suggested.!*°">® Postpartum females show caregiving
behaviours toward their young, including pup retrieval, crouching,
lactating and licking,>* and it has been demonstrated that deficiency
in the oxytocin receptor results in deficits in maternal behaviours,?’
suggesting the involvement of oxytocin in parental behaviours. Social

buffering, which attenuates stress responses of cage mates, has also
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mates were not significantly different between wild-type and oxytocin receptor-deficient males. The numbers of wild-type and oxytocin

receptor-deficient males were 6 and 11, respectively. The maximum,

NS, not significant (Mann-Whitney U test)

been shown to depend on oxytocin.>®> The results of the present
study showing that deficiency of the oxytocin receptor in female
mice impaired allogrooming behaviour toward distressed conspecif-
ics suggest the involvement of the oxytocin receptor in allogrooming
behaviour toward distressed conspecifics in female mice. However,
the precise site of the oxytocin receptor responsible for allogroom-
ing behaviour toward distressed conspecifics remains unknown. The
oxytocin receptor in the medial preoptic nucleus has been shown to
play an important role in maternal behaviours.>* During maternal be-
haviours, which were induced by repeated exposures to pups, oxyto-
cin receptor-expressing neurones have been shown to be activated
in the medial preoptic area.>® However, in the present study, oxyto-
cin receptor-expressing neurones in the medial preoptic area were
not activated during allogrooming behaviour toward distressed cage
mates, suggesting that the oxytocin receptor in the medial preoptic
area is not essential for allogrooming behaviour toward distressed
conspecifics and being consistent with the view that neuronal mech-
anisms for consolation-related behaviours toward distressed con-
specifics are different from those for maternal affiliative behaviours.
On the other hand, oxytocin receptor-expressing neurones in the
anterior olfactory nucleus, insular cortex, lateral septum and medial
amygdala were activated after exposure to distressed cage mates,

and the activation in those areas was correlated with the duration of

upper quartile, median, lower quartile and minimum values are shown.

allogrooming in the present study, although it remains to be deter-
mined whether activation of oxytocin receptor-expressing neurones
was caused by stimulation of the oxytocin receptor. Furthermore,
allogrooming behaviour toward distressed mice was impaired by
oxytocin receptor deficiency in female mice. All of these findings
suggest that activation of oxytocin receptor-expressing neurones
in these areas of female mice is involved in allogrooming behaviour
toward socially distressed cage mates. Furthermore, neurones in
these forebrain areas have anatomical and physiological connections
with each other.””°® High correlation coefficients were found in c-
Fos protein expression of oxytocin receptor-expressing neurones
among these forebrain areas, especially between the insular cortex
and other forebrain areas, suggesting the possible importance of the
insular cortex. Consistent with the present results, the insular cortex
has been shown to be involved in empathy in humans.>?° The oxy-
tocin receptor in the insular cortex of mice has been reported to be
necessary for approaching behaviour to distressed conspecifics.’
On the other hand, the oxytocin receptor in the medial amygdala
has been shown to play an important role in processing of social ol-
factory signals.}”62%2 Although the precise function of the oxytocin
receptor remains unclear, it is possible that the oxytocin receptor is
involved in detection and/or processing of signals emitted by dis-

tressed conspecifics and/or in elicitation of allogrooming behaviour
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toward distressed conspecifics. Further studies are necessary for
clarification of the responsible sites and functions of the oxytocin
receptor for allogrooming behaviours toward socially distressed
conspecifics.

In the present study, no significant increase in the expression of
c-Fos protein was found in oxytocin neurones of the hypothalamus
and the BNST. However, the absence of c-Fos protein expression
in oxytocin neurones does not necessarily indicate the absence of
increased activity of oxytocin neurones or increased oxytocin re-
lease.®® % A recent electrophysiological study has shown that social
interactions and social physical contact activate hypothalamic oxy-
tocin neurones.®* Hypothalamic oxytocin neurones send consider-
able amounts of axonal projections to the forebrain areas,'® where
activated oxytocin receptor-expressing neurones were found in the
present study. It is thus tempting to speculate the possible involve-
ment of hypothalamic oxytocin-forebrain oxytocin receptor systems
in allogrooming behaviour toward distressed conspecifics.

The oxytocin receptor in the anterior cingulate cortex has been
shown to be involved in allogrooming behaviour toward partners
distressed with conditioned fear in monogamous prairie voles.”
Freezing behaviour in response to exposure to conspecifics dis-
tressed with conditioned fear, which is called observational fear, has
also been reported to be facilitated by activation of oxytocin neu-
rones® and is attenuated by administration of an oxytocin receptor
antagonist in the anterior cingulate cortex.®’ In the present study,
oxytocin receptor-expressing neurones were activated by exposure
to distressed cage mates, although activation of the neurones in the
cingulate cortex was not significantly correlated with the duration
of allogrooming behaviour toward socially distressed cage mates.
Further studies are necessary to clarify the roles of the oxytocin
receptor in the cingulate cortex in allogrooming behaviour toward
distressed conspecifics in mice.

The results of the present study suggest the involvement of the
oxytocin receptor possibly in the anterior olfactory nucleus, insu-
lar cortex, lateral septum and medial amygdala for induction of al-
logrooming behaviour toward distressed conspecifics in female
mice. Consolation-related behaviour reduces anxiety not only in the
receiver, but also in the giver of consolation.” The present mouse
model of allogrooming behaviours is expected to contribute to clari-

fication of neural mechanisms of empathy-related behaviours.
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