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ARTICLEINFO ABSTRACT

Keywords: In mammals, the development of healthy offspring requires maternal care. Behavior by lactating mothers toward
Parental behavior other individuals is an important component of maternal aggression. However, it is unclear whether fathers
Paterna\_l aggression display aggression primed by pups (an external factor), and the protection mechanism is poorly understood. To
Ogxytocin address this question, we examined paternal aggression in the ICR mouse strain. We found that sires exposed to
Sggg cues from pups and lactating dams showed stronger aggression toward intruders than did sires that were de-
Hypothalamus prived of family cues or exposed to nonlactating mates. c-Fos immunohistochemistry showed that cells in both
Pasivantrivilar iiclass the paraventricular and supraoptic nuclei (PVN and SON, respectively) in the hypothalamus of sires exposed to
any cues were highly activated. However, c-Fos activation in oxytocinergic neurons was increased only in sires
exposed to pup cues and solely in the PVN. In Cd38-knockout sires, the presence of pups induced no or reduced
parental aggression; however, this phenotype was recovered, that is, aggression increased to the wild-type level,
after intraperitoneal administration of oxytocin (OT). Specific c-Fos activation patterns induced by pup cues
were not found in the PVN of knockout sires. These results demonstrate that the PVN is one of the primary
hypothalamic areas involved in paternal aggression and suggest that a CD38-dependent OT mechanism in
oxytocinergic neurons is critical for part of the behavior associated with the protection of offspring by nurturing
male mice.

1

1. Introduction Burkart, 2018) and is mediated by sensory inputs, neurotransmitters,
and hormones, including serotonin, dopamine, prolactin and oxytocin

Mammals demonstrate parental behaviors that increase the survival (OT) (Abraham and Feldman, 2018; Bridges, 2015; Bridges and
and normal development of their offspring (Dulac et al., 2014; Feldman Grattan, 2018; Dulac et al., 2014; Heiming et al., 2013; Jin et al., 2007;
et al., 2019; Finkenwirth and Burkart, 2018; Lonstein and Fleming, Kohl et al., 2018; Kohl and Dulac, 2018; Lei et al., 2017; Numan and
2002; Lonstein and Gammie, 2002; Perry et al., 2015). Parental beha- Young, 2016). The neurocircuits involved in parental behavior are re-
vior targets both biclogical and foster offspring (Abraham et al., 2014; ferred to as the parental (social) brain (Abraham et al., 2014;
Abraham and Feldman, 2018; Dulac et al., 2014; Finkenwirth and Donaldson and Young, 2008; Dulac et al., 2014; Heiming et al., 2013).
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Parental care experiences change both maternal and paternal brains
(Abraham et al., 2014; Feldman et al., 2019; Rogers and Bales, 2019).

One obvious parental behavior, parental aggression, occurs when
animals attack other individuals to protect their offspring (Dulac et al.,
2014; Rogers and Bales, 2019). This type of aggression is a reactive-
impulsive subtype of behavior that is more dependent on the hy-
pothalamus and limbic systems than is controlled-instrumental ag-
gression (Nelson and Trainor, 2007). It has been shown that the in-
tensity of maternal aggression is very high during early lactation, that
is, the first week postpartum, and then declines until weaning
(Giovenardi et al., 1998; Lonstein and Gammie, 2002; Palanza and
Parmigiani, 1994). Aggressive behavior in rodents is frequently ex-
amined using the resident-intruder test, in which attacks by a resident
mouse against an intruder are observed (Kowalczyk et al., 2018;
Paterson and Vickers, 1985; Yoshimura et al., 1988). This behavior is
based on the protection of biological pups from both male and female
strangers (Consiglio et al., 2005; Palanza and Parmigiani, 1994) and on
the defense of territory (Liang et al., 2014). The level of aggression
demonstrated by new fathers (sires) against a male intruder as part of
paternal aggression and the mechanism that mediates the display of
paternal aggression by males are not yet fully understood (Trainor
et al., 2008).

It has been reported that among the extrinsic factors related to ag-
gressive behavior, pups are powerful stimuli for rodents' social behavior
and maternal aggression (Nelson and Trainor, 2007). As intrinsic fac-
tors, the (pro)social neuropeptides oxytocin: (OT) and arginine vaso-
pressin play important roles in social interaction, memory and maternal
aggression (Bosch, 2013; Bridges, 2015; Consiglio, 1996; de Jong and
Neumann, 2017; Donaldson and Young, 2008; Finkenwirth et al.,
2016). Consistently, brain injection of OT facilitated pup-directed ma-
ternal nurturing behavior and increased maternal aggression in lac-
tating rats (Bosch and Neumann, 2012; Consiglio et al., 2005; Jin et al.,
2007). OT is a nonapeptide synthesized in the paraventricular nucleus
(PVN) and the supraoptic nucleus (SON) of the hypothalamus. We have
shown that the release of OT, an intrinsic factor, in the brain is regu-
lated by intracellular calcium and that it depends on CD38, which
catalyzes cyclic ADP-ribose production from NAD, and on TRPM2 ca-
tion channels, which are warm-temperature sensors (Higashida et al.,
2018; Jin et al, 2007; Zhong et al.,, 2016). Interestingly, in Cd38-
knockout (CD38 KO) mice, social and parental behaviors, including pup
retrieval, are impaired, but external administration of OT rescued these
impaired behaviors under the pup retrieval paradigm (Akther et al.,
2013). Among the extrinsic factors, the pup cues are more important
than the cues from mates in paternal nurturing behavior (Liang et al.,
2014). In addition, the male's establishment of territory, which is lost in
CD38 KO mice, is critical for sires to retrieve nurturing pups (Liang
et al., 2014). However, three types of mice with gene deletions of OT
(Oxt), OT receptor (Oxtr) or Cd38 exhibit equal degrees of social am-
nesia (Higashida et al., 2012, 2019; Jin et al., 2007; Modi and Young,
2012; Takavanagi et al., 2005). Male, aggressive behavior is increased
in Oxt KO mice (Winslow et al., 2000) and in Oxtr KO mice (Sala et al.,
2011; Takayanagi et al., 2005), while the opposite effect was reported
in Oxt KO mice (DeVries et al., 1997). However, it has been shown that
mice with Oxtr haplodeficiency do not display gene-dosage-dependent
increases in aggression (DeVries et al., 1997; Sala et al., 2013). To as-
sess this inconsistency in OT-dependent nurturing and parental ag-
gression and because we have not yet carefully measured aggression in
CD38 KO mice (Liang et al., 2014), we examined aggression in CD38
KO mice, studied it in relation to OT, and compared it with aggression
in Oxt KO and Oxtr KO mice.

Male nurturing (paternal) behavior is less obvious than female
nurturing behavior (Kohl and Dulac, 2018; Liang et al., 2014; Saltzman
and Ziegler, 2014). One reason for this difference is that most male
animals are not monogamous, the social system most often associated
with male parenting. However, we have previously shown that the ICR
male mouse displays intensive parental behavior, even though it is not
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monogamous (Jin et al., 2007; Liu et al., 2013). Our previous results
showed that the neural circuitry mediating this type of paternal nur-
turing behavior includes the medial preoptic area (mPOA), the nucleus
accumbens (NAcc), and the ventral pallidum (VP; Akther et al., 2014),
suggesting that paternal nurturing behavior is mediated by the same
brain regions that mediate maternal nurturing behavior, as proposed by
Numan and his colleagues (Numan, 2015; Numan and Stolzenberg,
2009; Numan and Young, 2016). Therefore, the principal aim of this
study was to determine whether the mechanism or the neurocircuits for
paternal aggression are similar to those for maternal aggression. Here,
we tested our hypothesis that the display of maternal and paternal
aggression requires offspring cues and is regulated by OT within the
PVN and the SON, both of which are located in the hypothalamic ag-
gression area (Kruk, 1991, 2014; Numan, 2015; Numan and Young,
2016), in ICR wild type (WT) and Cd38 KO (CD38 KO) mice (Jin et al.,
2007; Kato et al., 1999). We compared aggression in virgin males and
sires who lived with their families or were deprived of such cues. We
examined the activation of oxytocinergic neurons in the hypothalamus
by c-Fos staining under different interactive conditions, such as males
alone and/or males kept with dams and pups, according to Bosch
(2005).

2. Materials and methods
2.1. Animals

WT male and female Slc:ICR mice (Institute of Cancer Research of
the Charles River Laboratories, Inc., Wilmington, MA, USA) were ob-
tained from Japan SLC, Inc. (Hamamatsu, Japan) through a local dis-
tributor (Sankyo Laboratory Service Corporation, Toyama, Japan). The
ICR mice were originally obtained from Charles River Laboratories in
1965 and, since then, have been bred in Japan under the alternative
name Swiss CD1. The offspring of the WT (ICR) and CD38 KO mice (Jin
et al., 2007) were born in our laboratory colony. The pups were weaned
at 21-28 days of age and housed in same-sex groups of 3-5 animals
until pairing. WT males were paired with WT females, and KO males
were paired with KO females. The animals were kept in a nursing cage
in our laboratory under standard conditions (24 °C; 12-h light/dark
cycle, lights on at 08:00) with food and water provided ad libitum. All of
the animal experiments were performed in accordance with the Fun- -
damental Guidelines for the Proper Conduct of Animal Experiments and
Related Activities in Academic Research Institutions under the jur-
isdiction of the Ministry of Education, Culture, Sports, Science and
Technology of Japan and were approved by the Committee on Animal
Experimentation of Kanazawa University.

2.2. Behavioral tests

2.2.1. Resident-intruder test

The resident-intruder test is based on animals' territorial defensive
behavior against unfamiliar intruding conspecifics (Koolhaas et al.,
2013). This test can also be used to examine maternal aggression, as
previously described (de Jong et al., 2014). Each resident male (virgin,
paired male or sire) was confronted in its home cage by a group-housed
(five mice per cage) intruder mouse (ICR or CD38 KO virgin male) for
10 min. Each intruder mouse was used only once to avoid submission/
dominance effects after the first interaction. Behavioral interactions
during each confrontation were recorded and subsequently scored by
an observer. The latency to the first attack, total number of attacks and
cumulative duration of aggression were analyzed.

2.2.2. Anxiety-related behavior

Sires with different reproductive experience were evaluated in the
open field (OF) and elevated-plus maze (EPM) tests for the assessment
of anxiety-related behavior. The animals were moved to the experi-
mental room 30 min prior to the test to allow habituation. The tests
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were performed on different days with at least 1 day of rest between the
tests. OF and EPM were performed as previously described (Lopatina
et al., 2014).

2.2.3. Open field test

Three groups of sires (sires alone, sires exposed to dams and sires
exposed to pups) were tested for anxiety-related behaviors as described
above. The open field test measures locomotion and anxious behaviors
as previously described (Lopatina et al., 2014). The open field box
consisted of a square box (600 x 600 x 200 mm) covered with
polypropylene sheets inside the wooden box. The center arena
(300 x 300 mm) was outlined. Each animal was placed in the box for
10 min. The overall activity in the box was measured, and the amount
of time spent and the distance traveled in the center arena were noted.
The distance traveled in the field was recorded using a digital video
system and ANY-maze software (Lopatina et al., 2014). This paradigm
is based on the idea that mice naturally prefer to be near a protective
wall rather than in open areas where they may be exposed to danger.
After each trial, the test chambers were cleaned with a damp towel and
1% sodium hypochlorite followed by 70% alcohol (Liu et al., 2013).

2.2.4. Elevated plus maze

The elevated plus maze is widely used in the study of anxiety-like
behavior (Lopatina et al., 2014). The maze apparatus was elevated to
50 cm above the floor and consisted of a central platform (5 x 5 cm)
from which two open arms (5 x 25 cm) and two closed arms
(5 x 25 cm with 15-cm high transparent walls) extended in opposite
directions. At least 30 min prior to the behavioral test, the mice were
brought to the testing room for habituation. At the initiation of each
session, the mice were placed on the central platform facing an open
arm and were allowed to explore the maze freely for 5 min.

2.3. Aggression of male mice with different reproductive experience

WT and CD38 KO male mice with different types of reproductive
experience were assessed for aggression behaviors. (1) Virgin male mice
were kept in new individual cages for 7 days (“no reproductive virgin
males” group). (2) One male was paired with a female, who was al-
lowed to deliver their pups. Soon after parturition, the pups were re-
moved so that the dam was unable to nurse the pups. The sire was
isolated in a new cage for 7 days and exposed to the nonlactating dam
every day for 6 h. (3) Another male was paired with a female; after the
female delivered their pups, the sire was isolated in a new cage and
exposed to the mate dam, which nursed their pups in a separate cage,
for 6 h/day for 7 days. (4) Another male was paired with a female; after
the female delivered their pups, the sire was kept in a new cage, the
dam and pups were Kept in another cage, and only the pups were placed
in the sire's cage for 6 h every day for 7 days. On the 7th day, (30 min
before the resident-intruder testing, the female or/and pups were re-
moved), an unfamiliar male mouse (ICR; virgin male) was introduced
into the cage of the experimental resident male, which had already
established the territory, for 10 min. The resident-intruder test used
here has been previously described (Veenema et al., 2007; Yoshimura
et al., 1988). The tests were videotaped for subsequent behavioral
scoring, which was performed by two researchers who were blinded to
the treatment conditions. The attack latency, the number of attacks and
the duration of attacks per male over three days were scored and
averaged. Cross-genotype experiments were performed using the
above-described combinations of resident and intruder mice of different
genotypes.

2.4. Immunohistochemistry

All mice were anesthetized 1 h after the resident-intruder test. The
mice were intracardially perfused with cold phosphate-buffered saline
(PBS) followed by cold 4% paraformaldehyde (PFA) in PBS solution.
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The brains were removed and postfixed in a 4% PFA solution overnight
at 4 °C. Brain regions were cut into two to four larger blocks. The blocks
were sliced by a microtome into 40-um-thick sections. The sections
were preincubated in blocking solution (3% bovine serum albumin and
0.3% Triton X-100 in PBS) for 1 h and then incubated with an anti-OT
monoclonal antibody (1:500; PS38, MABN844, Merck Millipore, Merck
KGaA, Darmstadt, Germany) and/or a rabbit anti-c-Fos polyclonal an-
tibody (sc-52, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
in blocking solution for 12 h at 4 °C. After three washes with washing
buffer, the sections were incubated with a goat anti-rabbit IgG antibody
coupled to Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) in blocking
solution for 1 h at room temperature. Images were obtained using an
Olympus IX71 inverted microscope equipped with a cooled CCD camera
(Cool SNAP HQ2; Roper Scientific, Tucson, AZ, USA). The number of c-

- Fos immunopositive nuclei in each brain section was recorded and

analyzed using Metamorph software (Molecular Devices,
Downingtown, PA, USA), as previously described. Only the c-Fos-po-
sitive nuclei within a specific size range were counted, and a constant
threshold level of staining was used; only c-Fos-positive cells with a
fluorescence diameter < 13.5 pm and an intensity above 445.6 (ar-
bitrary units) were counted. The number of OT-immunoreactive neu-
rons in the PVN of the hypothalamus was analyzed.

2.5. Oxytocin administration

Mice received intraperitoneal (i.p.) injections (1 mL/100 g of body
weight) of either OT or phosphate-buffered saline (PBS). OT was dis-
solved in PBS at 100 ng/mL and used at 30 ng (30 pM)/mouse. Sires
received a single injection of 30 ng OT (30 pM)/mouse 30 min prior to
the resident-intruder test.

2.6. Statistical analysis

The effect size was estimated by eta squared for ANOVAs and
Cohen's d for pair-wise comparisons. We use the online effect size cal-
culator at  http://www.campbellcollaboration.org/escalc/html/
EffectSizeCalculator-SMD1.php for Cohen's d. Student's two-tailed t-
test was used for single comparisons between two groups. The percent
of male mice showing aggression was analyzed by Fisher's exact test for
single comparisons between two groups. Analysis of variance (ANOVA)
for repeated measures was used to analyze the attack latency, the
number of attacks and the duration of aggression during the resident-
intruder test. Bonferroni's post hoc test was used for further analysis.
When appropriate, ANOVA was followed by Bonferroni post hoc testing.
For all tests, the software package SPSS (version 12) was used. The data
are presented as the mean * SEM. Significance was considered at
P < 0.05. A

3. Results

3.1. Aggression of WT male mice of the ICR strain with different
reproductive experience

We first tested whether adult ICR mice display aggression in the
resident-intruder test paradigm. We tested two groups of WT mice ex-
posed to different reproductive experiences: 10-12-week-old young
virgin males singly housed or sires with family experience after delivery
of pups by their paired mates (dams; Fig. 1A, lower panel). Compared
with WT virgin males of the ICR strain, the WT sires started to attack
the WT male virgin intruder approximately 3-fold more quickly, and the
difference was significant (Fig. 1B; two-tailed Student's t-test, n = 10
and 10, P < 0.001, Cohen's d = 1.76). This result led us to conduct
further analysis on paternal aggression because the ICR sires, as a useful
model, resemble male California mice (Peromyscus californicus) in their
paternal aggression (Trainor et al., 2008).
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Fig. 1. Aggression in WT mice with different types of reproductive experience. (A) Scheme of the experiment. Wild-type ICR mice (virgin adult males and sires) were
introduced to unfamiliar intruders in their home cages (dams and pups were removed from the cages 30 min prior to testing). (B) Latency to attack (s) in the resident-
intruder test of sires (n = 10) and virgin males (n = 10). The data are presented as the mean + SEM. Two-tailed Student’s t-test, ***P < 0.001.

3.2. Aggressive behavior of sires stimulated by different family cues

To elucidate which family cues (extrinsic factors) are most im-
portant in triggering sire aggression, we subjszqté'd sires to four different
living conditions for 7 days as described in the methods section and
illustrated in Fig. 2A and subjected them to the resident-intruder test.

Fig. 2B shows the average latency of attack of the male intruder by
the resident mouse. The latency of aggression by sires that had been
exposed to lactating dams (dam) and nurtured pups (pups) was sig-
nificantly shorter than the latency of aggression by sires that were not
exposed to a family cue (alone; one-way ANOVA, Fs35 = 893,
P < 0.001, n* = 0.041). Furthermore, the number of attacks (Fig. 2C,
one-way ANOVA, Fs 35 = 812, P < 0.001, n® = 0.39) and the attack

duration (Fig. 2D, one-way ANOVA, F33; = 7.63, P < 0.001,
n® = 0.38) in these groups were significantly larger than in the group of
sires living separately. There was no difference in the attack behavior
parameters between sires of the first (alone) and second (mate) groups.
The time course of attack behavior during the 3 consecutive postpartum
days is illustrated for each parameter (latency, number and duration) in
Supplementary Fig. 1. On all days, sires exposed to pups with or
without dams were significantly aggressive to the intruder, showing
that lactating dams provided pup cues directly or indirectly.

A New cage Resident-intruder test
Alone housing
pa Exposure to nonlactating dams 5
e X| to lactatin g
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Fig. 2. Aggressive behavior of WT sires after different types of family-cue stimulation. (A) Scheme of the experiment. After the delivery of pups on PND1, the sires
were moved to new individual cages and divided into four groups; each group received a different type of social stimulation for 1 week. One week later, the sires were
tested in the resident-intruder test on 3 consecutive days [Alone, n = 12; with nonlactating mates (Mate), n = 9; with lactating dams (Dam), n = 11; with pups
(Pups), n = 10]. (B) Latency to attack (s). (C) Number of attacks. (D) Duration of attacks (s). The data are presented as the mean = SEM of the values obtained on 3

successive days. *P < 0.05, **P < 0.01, ***P < 0.001.
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OXT

c-fos

Fig. 3. Representative photomicrographs of c-Fos (red) and oxytocin (green) double immunostaining. The images shown are sections from the PVN (A) and SON (B)
of WT sires after the resident-intruder test, which was preceded by different types of family-cue stimulation, as in Fig. 2. PVN, paraventricular nucleus; SON,
supraoptic nucleus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. c-Fos immunoreactivity in the hypothalamus following expositre to
family cues

It has been reported that downregulation of OT or lesion of the
hypothalamic PVN reduces maternal aggression in rats (Consiglio,
1996; Giovenardi et al., 1998). This finding suggests that one of the
brain regions important in maternal aggression is an area of the hy-
pothalamus termed the ‘hypothalamic aggression area’ (Numan, 2015).
Therefore, we investigated neuronal activation in the PVN and SON of
the animals in the four different sire groups using c-Fos staining 1 h
after the resident-intruder test. As shown in Fig. 3, the number of c-Fos-
positive cells (red) increased dramatically in the PVN (Fig. 3A) and SON
(Fig. 3B) of sires, stimulated by their mates, dams with pups, or directly
by pups. However, quantitative analysis of the individual mouse with
the increased number of c-Fos-positive cells showed only tendency, but
no significant difference between four stimuli in the PVN (Fig. 4A; one-
way ANOVA, F; 15 = 3.03, P = 0.062, n? = 0.37). In the SON, sig-
nificant difference was observed between males alone and sires exposed
to dams. However, the number of c-Fos-positive cells was equal in the
three sire groups stimulated by family cues, with no difference among
these groups (Fig. 4B, one-way ANOVA, F3;5 = 4.8, P = 0.015,
n? = 0.49; with Bonferroni's post hoc analysis, *P < 0.05).

The above data indicate that cells in the hypothalamus were acti-
vated after the exposure of sires to family cues, without discrimination
between nonlactating mates and lactating dams. To elucidate whether
OT is involved in this neuronal activation, we compared the levels of c-
Fos in oxytocinergic neurons. As shown in the merged images, the co-
localization of OT (green) and c-Fos (red) immunoreactivity in the PVN
(Fig. 3A) and SON (Fig. 3B) increased in sires exposed to family cues.
However, in the PVN, OT and c-Fos colocalization was not increased in
sires exposed to nonlactating mates, with similar levels as in sires
without family cues. Colocalization was the highest in sires exposed to
pups compared with the other sire groups (Fig. 4C, one-way ANOVA,
F315 = 9.88, P = 0.0008, n* = 0.66; with Bonferroni's post hoc ana-
lysis, **P < 0.01).

In contrast, c-Fos staining of oxytocinergic neurons in the SON in

sires exposed to any of the three types of family cues was equally higher
than that in sires without family cues (alone), with only significant
difference between sires alone and dams (Fig. 4D; one-way ANOVA,
Fs35 = 5.1, P = 0.012, n® = 0.5; with Bonferroni's post hoc analysis,
*P < 0.05). Importantly, no significant difference was detected be-
tween sires exposed to nonlactating or lactating dams. These results
show that the activation of oxytocinergic neurons by direct pup stimuli
occurred only in the PVN, though only tendency was observed for in-
direct stimulation by pups with dams. Because a significant increase by
the pup direct stimulation was not observed in the SON, we conclude
that the PVN is more critical than the SON for discriminating external
pup cues from other stimuli. Moreover, the observed differences in OT
and c-Fos immunoreactivity in OT neurons in the PVN can in part ex-
plain the observed differences in the pattern of aggressive behavior
shown in Fig, 2.

3.4. Resident-intruder testing of CD38-knockout mice

Paternal aggression in WT ICR males was associated with the acti-
vation of oxytocinergic neurons in the PVN in the hypothalamic ag-
gression area. Therefore, we explored whether paternal aggression in-
duced by the extrinsic factor, pups, is modified by the intrinsic factor of
OT release. To this end, we used CD38 KO mice (Kato et al., 1999), in
which OT release into the brain is impaired (Higashida et al., 2012,
2018; Jin et al., 2007). The genetic background of CD38 KO mice is the
ICR strain; therefore, we used mice of the ICR strain as controls and
compared the aggressive behavior of mice of the two genotypes.

We tested paternal aggression in virgin male mice and sires of the
CD38 KO strain using the resident-intruder test under the conditions
described in Fig. 1. Surprisingly, the latency to begin attacking was very
long in both strains of virgin mice (415 * 60s, n = 10) and sires
(498 + 445, n = 10; Fig. SA). However, the latency to begin attacking
was longer in the KO sires than in the WT sires (Fig. 1B; 90 =+ 165,
n = 10,P < 0.001).

We also measured three parameters of aggression (latency, number
and duration of attacks) in the four types of KO males as described in
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*P < 0.05, **P < 0.01. PVN, paraventricular nucleus; SON, supraoptic nucleus.

Fig. 2. As measured by latency to attack (one-way ANOVA,
F3a; = 0.47, P = 0.71, n? = 0.036), number of attacks (one-way
ANOVA Fi3; = 0.44, P = 0.72, n? = 0.034) and duration of attacks
(one-way ANOVA, F337 = 0.39, P = 0.76, n*> = 0.031), we observed no
significant differences in aggression in KO sires primed by different
family cues (Fig. 5B-D). Interestingly, this decreased aggression phe-
notype differs markedly from the increased aggression observed in OT
receptor KO female mice (Sala et al., 2013).

In the PVN of CD38 KO mice, the number of c-Fos-positive cells and
the c¢-Fos immunoreactivity in oxytocinergic neurons were detected
(Fig. 6A). Quantitative analysis of individual mice with four different
stimuli showed no difference in c-Fos-positive cells (Fig. 6B, one-way
ANOVA, F314 = 0.67, P = 0.58, > = 0.12) and the c-Fos im-
munoreactivity in oxytocinergic neurons (Fig. 6C; one-way ANOVA,
F314 = 0.06, P = 0.98, 7% = 0.013). The data suggest that cells in the
PVN cannot be activated by family cues in KO sires.

3.5. Recovery of paternal aggression by oxytocin in CD38-knockout mice

We then asked whether the phenotype of aggression can be mod-
ified by increasing the levels of an endogenous brain factor, OT, by
external administration. OT can pass the blood-brain barrier through a
transporter, the receptor for advanced glycation end-products
(Higashida et al., 2017; Yamamoto et al., 2019)

To address this question, the aggressive behavior of CD38 KO sires
was tested following intraperitoneal injection of OT (Fig. 7A). Injection
of OT significantly decreased the latency of attack (Fig. 7B; two-tailed
Student's t-test, 1 = 7, P < 0.001, Cohen's d = 1.69), and the number
of attacks increased significantly to the WT level (Fig. 7C; two-tailed

Student's t-test,n = 7, P < 0.05, Cohen's d = 1.22) compared with the
animals that received PBS injection. There was no difference between
the OT and PBS-injected CD38 KO sires in the duration of aggression
(Fig. 7D; two-tailed Student's t-test, n = 7, P = 0.18, Cohen's
d = 0.76).

3.6. Cross-genetic research in the resident-intruder test

We found that WT sires displayed more intense aggression against
intruders than KO sires when the same genotype combinations, such as
WT virgin male and sire residents against WT intruders and KO re-
sidents against KO intruders, were used. To examine the effect of gen-
otype on the resident and intruder relationship, we performed cross-
genotype experiments. The different genotype combinations used are
illustrated in Supplementary Figs. 1 and 2. WT sires were not more
aggressive against KO intruders and were not more aggressive against
WT intruders than the virgin males (Supplementary Fig. 1). CD38 KO
sires displayed lower levels of aggression to both WT and CD38 KO
intruders (Supplementary Figs. 2). No differences were observed in any
genotype combinations.

3.7. Paternal aggression and anxiety

We tested anxiety-related behaviors using the open field and ele-
vated plus maze tests using three types of sires (sires maintained alone
and sires exposed to dams or pups). The results revealed no significant
differences in the animals' anxiety levels (Supplementary Fig. 3).
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Fig. 5. Aggressive behavior of CD38 KO sires exposed to different family-cue stimuli. (A) Latency to attack (s) in the resident-intruder test in virgin males (n = 10)
and sires (n = 10). The data are presented as the mean + SEM. Latency to attack (B), number of attacks (C) and duration of attacks (D) by CD38 KO sires that
received different family-cue stimuli as shown in Fig. 2. Alone, n = 13; Mate, n = 9; Dam, n = 9; Pups, n = 10. The data are presented as the mean * SEM. Note

that the results shown in A-D display no statistically significant differences.

4. Discussion

In this study, we demonstrated the aggressive behavior of WT and
CD38 KO mouse sires of the nonmonogamous ICR strain. First, we
found that new fathers displayed more aggression toward male in-
truders than that displayed by virgin male mice. This result is consistent
with previously reported paternal behavior in monogamous mice (Lei
et al., 2017; Trainor et al., 2008), in which reproductive experience was
shown to increase aggressive behavior. Next, we compared the ag-
gression induced in sires that were exposed to different family cues. The
sires whose contact with their partners and biological pups was with-
drawn for 7 days soon after delivery of the pups (pup information-de-
prived) did not attack immediately and showed the same latency to
attack as the virgin males. This result shows that to form and maintain
parenthood, sires require the continuous presence of pup cues (Dulac
et al., 2014). Previously, we have shown that isolation of sires in new
cages away from the family (discontinuity) for only 3-5 min was suf-
ficient to reduce paternal retrieval (Liu et al., 2013).

The sires exposed repeatedly to mate dams for 7 days that were
completely isolated from their biological pups (that is, the dams had no
experience with lactation) did not display a quick attack and showed no
significant differences from isolated sires in attack latency. In contrast,
sires exposed to lactating dams were quick to attack, similar to sires
directly exposed to pups. In both cases, latency to attack was sig-
nificantly decreased, and the number and duration of attacks sig-
nificantly increased. Lactating dams may transmit pup information,
including pup-associated chemosignals (Isogai et al., 2018) that provide
olfactory cues; such cues are important, as they seem to be critical for
aggression (Numan and Young, 2016).

Probably, the differences in sires' attack behavior after exposure to
the lactating and non-lactating dams may be explained by pups' che-
mosignals transmitted through the lactating dams. Taken together,
these results suggest that paternal aggressive behavior in the ICR mouse
strain depends largely on the animals' reproductive experience,

consistent with observations in rats (Giovenardi et al., 2000).

It has been reported that after parturition, the pups' odor, together
with visual and auditory cues, becomes the relevant regulator of ma-
ternal behavior (Lonstein et al., 2015; Lonstein and Gammie, 2002;
Rogers and Bales, 2019). Interestingly, it was recently reported that
pups carry pup-associated chemicals (hemoglobins, submandibular
gland protein ¢ and vasopressin V1 receptor ligands from dams and nest
materials) (Isogai et al., 2018). Although these chemicals were origin-
ally identified as inducing aggression in virgin males, it is highly pos-
sible that they were used by lactating dams in our experiments.

A preliminary time course experiment showed that aggression
continued during 3 successive postpartum days and that it clearly in-
creased in every test, suggesting that paternal behavior is progressively
established over 3 days (Supplementary Fig. 4). It has been shown that
California male mice (Peromyscus californicus) are very aggressive to-
ward unfamiliar females after the pups are born (Kowalczyk et al.,
2018). In rats, pup development results in a natural decline in maternal
aggressive behavior (Giovenardi et al., 2000). Taken together, the
findings suggest that direct physical contact with pups (nurturing),
which increases somatosensory input to the brain, is the most effective
means of transmission of pup information to sires (Abraham and
Feldman, 2018; Feldman et al., 2019; Rogers and Bales, 2019).

Furthermore, we found that CD38 KO sires were less aggressive
against intruders than WT mice, with longer attack latency, shorter
duration of attacks or fewer attacks. In addition, the attacks by the
CD38 KO sires were much weaker than those of WT virgin male mice.
Based on our data, the CD38 KO sires displayed a lower level of ag-
gression toward both WT and CD38 KO intruders (Supplementary
Figs. 1 and 2). The same was true for the WT mice, in which the
combination of genotypes between resident and intruder mice was not
essential, as no difference was observed with any genotype combina-
tion. This finding is consistent with a report that showed reduced ag-
gressive behavior in mice with targeted disruption of the Oxt gene
(DeVries et al., 1997). In contrast, Ragnauth et al. (2005) reported that
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female Oxt KO adults, but not mothers, kept in a seminatural en- Importantly, exogenous OT supplementation increased aggressive-

vironment display exaggerated aggressive behavior. Sala et al. (2011) ness in CD38 KO sires to the level observed in WT fathers. We pre-

reported pharmacologic rescue of aggression in male adult OT receptor- viously reported the restoration of paternal care behavior by OT sup-

null mice that were not fathers. plementation in CD38 KO mice (Akther et al., 2013). The main effects
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of peripheral application of OT are controversial; however, we have
recently shown that RAGE (the receptor for advanced glycation end
products) is an OT-binding protein in human serum and that RAGE is
the transporter through which OT crosses the blood-brain barrier in
mice (Higashida et al., 2017; Yamamoto et al., 2019). Therefore, we are
confident that peripherally applied OT reaches the brain and can
function in the PVN, as previously reported (Smith et al., 2019).

Supplementation with OT may mimic CD38-mediated OT release in
the brain (Higashida et al., 2012, 2018; Jin et al., 2007), and this is
probably the reason for the rescue of impaired pup retrieval by CD38
KO sires. As reviewed by de Jong and Neumann (2017) and Higashida
et al. (2019), exogenous OT administration can be an anxiolytic treat-
ment for psychiatric disorders in humans. This conclusion is reasonable
because it is well established that brain OT is a key regulator of emo-
tional behaviors in mice and humans (Donaldson and Young, 2008;
Kohl and Dulac, 2018). In contrast, OT had an inhibitory effect on
aggressive behavior (frequency of frontal attack) in lactating rats after
it was injected into the central amygdaloid nucleus and the nucleus
stria terminalis (Consiglio et al., 2005).

Maternal aggression that is associated with anxiety during the lac-
tation period of female mice has been well documented (Bosch, 2005,
2011, 2013). In contrast, the effect of anxiety or stress on paternal
aggression is poorly understood (Kowalczyk et al., 2018) and differs
from intermale aggression originating from the ventromedial hy-
pothalamus (Falkner et al., 2014; Hashikawa et al., 2017). Our results
obtained using sires maintained alone and sires exposed to dams or
pups revealed no significant differences in the anxiety levels of the
animals (Supplementary Fig. 3). Thus, we concluded that aggression
induced by pup or dam cues and anxiety are not interrelated. This
conclusion suggests that pup protection is associated with paternal
behavior and not with anxiety in ICR mice.

Numan (2015) reported that several brain areas are involved in
aggression. Kruk (2014) reported that the hypothalamus, specifically

the hypothalamic aggression area, which includes the ventromedial
hypothalamus, the dorsomedial hypothalamic nucleus, the anterior
hypothalamic nucleus, PVN parvocellular cells and PVN magnocellular
cells, is one of these areas (Dulac et al.,, 2014; Feldman et al., 2019).
Therefore, it was reasonable to examine the PVN in the current ex-
periments. Pup-derived signals travel from the accessory olfactory bulb
to the above hypothalamic areas, including the PVN, which dis-
criminates pup signals from other signals (Fig. 8). This idea is consistent
with the results of a previous study (Dulac et al., 2014). However, it has
been noted that the ventromedial hypothalamic nucleus is important in
intermale aggression (Falkner et al., 2014; Hashikawa et al., 2017).

Neural activation marked by c-Fos immunoreactivity in the PVN
and SON was observed in sires that exhibited aggression (Lonstein and
Gammie, 2002). In a study that examined maternal aggression, in-
creased c-Fos was detected in the PVN but not in the SON (Gammie and
Nelson, 2001). A novel point in our study is the observed increase in the
number of OT-positive cells with c-Fos immunoreactivity during pa-
ternal aggression (Fig. 8).

> 10 brain regions, including the central amygdaloid nucleus and
the bed nucleus of the stria terminalis, are functioning in maternal brain
(Consiglio et al., 2005; Numan and Young, 2016; Rogers and Bales,
2019). As discussed recently, the mPOA and the VP are important brain
regions that impair mate-dependent paternal behaviors when elec-
trically lesioned and govern parental behaviors by galanin location in
the mPOA (Kohl et al., 2018). Moreover, mPOA (Kohl et al., 2018) and
NAcc (Akther et al., 2013) neurons are activated during paternal be-
haviors in response to various stimuli, including chemosensory cues, as
evidenced by c-Fos expression. c-Fos expression was significantly in-
creased in the medial amygdala and the mPOA of biparental male mice
brain after aggression (Kohl et al., 2018; Numan, 2015; Trainor et al.,
2008). Several other areas are involved in eliciting paternal behavior
together with increased aromatase activity (Akther et al.,, 2015). Con-
sidering the previous observation that lesions of the PVN reduced
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maternal aggression in female rats (Consiglio, 1996), paternal care and
paternal aggression may share the same neuronal pathways in the
parental brain. Hence, the brain areas relevant to paternal responses
and the sensory system related to pup protection need to be in-
vestigated in the future.

In this study, we tested paternal aggression against intruder mice;
such aggression is related to the instinctive motivation of mice to
protect their pups (Feldman et al., 2019; Rogers and Bales, 2019). This
type of situation can also be observed in human behavior; most fathers,
if they have established fatherhood, will protect their children from any
kind of danger (Nelson and Trainor, 2007). The lesson that can be
learned from the current result is the involvement of CD38 in the PVN
in this process in mice (Jin et al., 2007). A functional role of CD38 is
expected in fatherhood in humans (Modi and Young, 2012). Humans
with CD38 deficiency, which results in dysfunction of the OT system
(Jin et al., 2007; Higashida et al., 2012), may forget social relationships
(amnesia) and do not display bounded protective behavior (Ferguson
et al., 2000 and 2002).

In conclusion, pup cues induced paternal aggression in mouse sires.
This aggression was regulated by CD38 and OT (Fig. 8). The activation
of oxytocinergic neurons was induced by indirect pup cues carried by
lactating dams and by direct pup cues (exposure); however, the acti-
vation of such neurons by nonlactating dams was not much significant
in the PVN. Therefore, we propose that the PVN may be a more Te-
sponsive hypothalamic aggression area than the SON. These findings
indicate a possible mechanism of offspring profection by male subjects.
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