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Appropriate parental care by fathers can greatly facilitate healthy human family life.
However, much less is known about paternal behavior in animals compared to those
regarding maternal behavior. Previously, we reported that male ICR strain laboratory mice,
although not spontaneously parental, can be induced to display maternal-like parental care
(pup retrieval) when separated from their pups by signals from the pairmate dam (Liu et al.,
2013). This parental behavior by the ICR sires, which are not genetically biparental, is novel
and has been designated as pairmate-dependent paternal behavior. However, the factors
critical for this paternal behavior are unclear. Here, we report that the pairmate-dependent
paternal retrieval behavior is observed especially in the ICR strain and not in C57BL/6 or
BALB/c mice. An ICR sire displays retrieval behavior only toward his biological pups. A sire
co-housed with an unrelated non-pairing dam in a new environment, under which 38-kHz
ultrasonic vocalizations are not detected, does not show parenting behavior. It is important
for sires to establish their own home territory (cage) by continuous housing and testing
to display retrieval behavior. These results indicated that the ICR sires display distinct
paternity, including father-child social interaction, and shed light on parental behavior,
although further analyses of paternal care at the neuroendocrinological and neurocircuitry
levels are required.
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INTRODUCTION
According to Schor and others, “a stable, well-functioning family
that consists of two parents and children is potentially the most
secure, supportive, and nurturing environment in which children
may be raised” (Schor and American Academy of Pediatrics
Task Force on the Family, 2003; Fortunato and Archetti, 2010;
Benbassat and Priel, 2012). Thus, the role of a father in the home
is highly significant, and currently, the physical absence of the
father in the home is seen as a major problem facing families
worldwide (Feinberg, 2002; Fleming et al., 2002; Amato, 2005;
Benbassat and Priel, 2012; Morrongiello et al., 2013; Bornovalova
et al., 2014). This raises questions regarding which factors deter-
mine paternal care and how they are maintained. This may be
addressed by behavioral studies and neuroendocrinological anal-
ysis of oxytocin, stress hormones, sex hormones, or epigenetic
mechanisms (Ogawa et al., 1998; Pfaff et al., 1999; Nunes et al.,
2001; Gammie, 2005; Jin et al., 2007; Bridges, 2008; Nishimori
et al., 2008; Lee et al., 2009; Neumann, 2009; Chourbaji et al.,
2011; Douglas, 2011; Morgan and Bale, 2011; Hashimoto et al.,
2012; Higashida et al., 2012a,b; Parhar et al., 2012; Soga et al.,
2012; Bambico et al., 2013; Salmina et al., 2013; Morrison et al.,
2014).

Although a number of animal models have been used in exper-
imental studies of parental care (Reburn and Wynne-Edwards,
1999; Carter et al., 2009; de Jong et al., 2009; McGraw and Young,
2010; Ozawa et al., 2010; Kuroda et al., 2011; Mogi et al., 2011;

Saltzman and Maestripieri, 2011; Lambert et al., 2013; Tachikawa
et al., 2013; Yoshida et al., 2013), given its value for genetic
studies, a mouse model of paternal behavior may be especially
useful (Hager and Johnstone, 2003; Jin et al., 2007; Liu et al.,
2013). While some strains of the laboratory mouse Mus muscu-
lus become biparental (Wright and Brown, 2000; Chourbaji et al.,
2011), a phenomenon called sensitization (Rosenblatt, 1967;
Rosenblatt et al., 1996), little information is available regard-
ing the factors that specifically induce male parental behavior
(Gubernick and Alberts, 1987, 1989; Lonstein and De Vries, 2000;
Kentner et al., 2010; Leuner et al., 2010).

Previously, we reported that the outbred ICR strain is uni-
parental and is a good model for studies of parental behavior
(Jin et al., 2007; Liu et al., 2008, 2013; Higashida et al., 2012a),
because these mice actively reproduce offspring and exhibit easily
monitored pup retrieval after separation (Fujimoto et al., 2013;
Liu et al., 2013), which is a reliable indicator of parental behav-
ior (Gammie, 2005; Wynne-Edwards and Timonin, 2007; Yoshida
et al., 2013). We demonstrated that male ICR mice display robust
parental care, which is induced by signaling from the pairmate
dam, after separation from the pups (Liu et al., 2013). We demon-
strated that this signaling is mediated through as yet unidentified
olfactory pheromonal cues and auditory 38-kHz ultrasonic vocal-
ization (USV) cues (Liu et al., 2013), that the male response can
be modified hormonally via oxytocin (Akther et al., 2013), that
CD38 in the nucleus accumbens is critical (Akther et al., 2013),
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and that the central cholinergic system is involved (Fujimoto
et al., 2013). However, the factors influencing singly isolated sires
in which there is no direct communicative interaction between
dams and sires remain unclear.

In the present study, to simplify fatherhood evaluation, we
used an all-or-nothing type of pup retrieval behavior by calculat-
ing the percentage of sires that displayed retrieval behavior (Liu
et al., 2013). We investigated paternal behavior in terms of the
types of conditions that can induce or maintain paternal retrieval
behavior by sires when the males are isolated before the offspring
are delivered by pregnant mates, and the males are held separately
to prevent them being sires by physically separating them from
other family members for 3 days. Then, family ties are formed
with or without mate information. In other experiments, we
examined isolation from pups under different housing conditions
in which either pairmate dam and pup olfactory information is
present or excluded.

MATERIALS AND METHODS
ANIMALS
Male and female Slc:ICR, C57BL/6, and BALB/c mice were
obtained from Japan SLC, Inc. (Hamamatsu, Japan) via a local
distributor (Sankyo Laboratory Service Corporation, Toyama,
Japan). The ICR mice were originally obtained from Charles
River Laboratories in 1965 and since then bred in Japan with the
alternative name Swiss CD1. The offspring of these mice were
born in our laboratory colony, weaned at 21–28 days of age,
and housed in same-sex groups of 3–5 animals until pairing (Liu
et al., 2013). The animals were paired and kept in our laboratory
under standard conditions (24◦C; 12-h light/dark cycle, lights on
at 08:00) with food and water ad libitum. The mice were housed
together continuously in standard mouse maternity cages. The
experiments were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals of Kanazawa
University.

BEHAVIORAL TESTING
Virgin males and females were paired at 45–55 d. A single male
and a single female were continuously housed together in a stan-
dard mouse maternity cage from the mating period until the
delivery of pups. In some experiments, the males were separated
in new cages 1 day before parturition to prevent formation of
family relationships and kept in the new cages for 3 days. Then,
the males were allowed to meet their pups with or without pair-
mates from day 3 to day 5. All family units composed of a new sire
(first-time father), dam, and their first litter were experimentally
naïve.

One male parent was placed for 10 min in the original cage or
new cage alone or with his pairmate (separation environment).
Five pups were randomly selected from the litter and placed indi-
vidually at a site remote from the nest in the original cage. The
sires were returned to the original home cage or a new cage in the
presence of their five biological or foster pups to assess parental
behavior. Parental retrieval behavior (percentage of sires exhibit-
ing retrieval) was examined for 10 min following reunion. The
behavioral tests were performed in a randomly mixed sequence
of experimental groups. Experiments were usually performed at

10:00–15:00. We defined retrieval as positive if the sires carried all
5 pups to the original nesting place or within two thirds of the
distance between the nest and the place at which the pups had
been placed (Liu et al., 2013). We also observed other parental
behaviors (grooming, crouching, and huddling) as defined by
Gubernick and Alberts (1987, 1989). The animals in this and
subsequent experiments were tested only once.

MEASUREMENT OF USVs
Experiments were carried out in a soundproof chamber measur-
ing 600 × 500 × 500 mm (model MC-050/VA; Muromachi Kikai,
Tokyo, Japan). USVs were detected with a condenser micro-
phone (Type 7016; Aco, Tokyo, Japan) and a preamplifier (type
4116; Aco) designed for sound pressure level (SPL) measurements
between 20 Hz and 90 kHz. A 4-kHz band-pass filter was used
to minimize background noise during recordings; however, most
WAV files still contained a considerable amount of “non-USV”
signal. Extraneous noise was identified and removed from the
sonograms as far as possible. When a rater found an ultrasound
signal that was difficult to interpret, the call was evaluated by a
minimum of one additional trained observer and identification
required a consensus by all raters. Each sonogram was then eval-
uated with a series of automated parameters. The microphone
was placed 50 cm above the cage in a soundproof chamber and
connected to an amplifier (model UMA-2; Muromachi Kikai).
Acoustic signals were transmitted to a vocalization analyzer sys-
tem (model MK-1500; Muromachi Kikai) with functions such
as an analog-to-digital converter (192 kHz), frequency filters, a
digital fast-Fourier-transform analyzer, and signal input—output
terminals. Input signals were visualized on SpectraLAB (Sound
Technology Inc., State College, PA) in the analyzer system on a
personal computer. USVs were recorded as WAVE files and ana-
lyzed; the number of calls, frequency, and wave width (>40 ms)
were measured using a USV monitor (Muromachi Kikai).

STATISTICAL ANALYSIS
The data were calculated as the means or the means ± s.e.m.
Two-tailed Fisher’s exact probability test was used for single com-
parisons of retrieval behaviors. The remaining data were analyzed
by two-tailed Student t-test.

RESULTS
It has been reported that parental behavior in mice is dependent
on the strain (Wright and Brown, 2000). Therefore, we first exam-
ined and compared parent–pup family units in three strains, i.e.,
ICR, C57BL/6, and BALB/c mice, under various experimental set-
tings. The data are summarized in Table 1. Maternal nurturing
behavior was observed in dams of all three strains, in a strain-
nonspecific fashion, except for the low rate of retrieval by the
BALB/c dams. In contrast, paternal behavior was variable between
the strains. No retrieval behavior was observed by BALB/c sires
(n = 15). C57BL/6 sires displayed retrieval during reunion after
single-separation in new cages (approximately 40%, n = 15).
However, isolation together with the partner in new cages did
not potentiate but rather decreased this rate to 13.3% (n = 15).
This parental behavior suggests that C57BL/6 males display mate-
independent paternal behavior. Interestingly, 38-kHz USVs were
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Table 1 | Parental behaviors in three strains of mice.

Behavior Mouse strain

ICR (n = 15) C57BL/6 (n = 15) BALB/c (n = 15)

Dam Retrieval 100% fast, rhythmic 100% fast, rhythmic 60% slow, interrupted

Crouching Over all pups Over not all pups Over all pups

Grooming Rare Rare Rare

Nest building Sometimes Sometimes Sometimes

Sire Retrieval by separation 10% 40% 0%

After co-housing pairmates 60% 10% 0%

Fast (<4 min) Very slow –

Smooth Intermittent –

Crouching Over not all pups Not often –

Grooming Rare Rare –

Nest building Not often Rare –

Pup Number of pups per litter ∼15 ∼5 ∼7

Survival ratio ∼100% 60–70% ∼100%

USVs >70 calls/2 min <20 calls/2 min >80 calls/2 min

Communication from
dams to sires with
38 kHz USVs

Detected Not detected Not detected

Pattern of paternal
care

Mate-dependent Mate-independent None

not recorded from any dam–sire pairs of C57BL/6 and BALB/c
strains separated in new cages for 10 min. These results indi-
cated that pairmate-dependent care is specific to the ICR strain.
Therefore, in the following experiments, we examined various
critical conditions under which ICR strain males did or did not
show paternal behavior.

RETRIEVAL BEHAVIOR BY SIRES SEPARATED ALONE IN HOME CAGES
The experimental paradigms for each experiment are shown
schematically in each figure. In Figure 1, we first reproduced
our previous results (Liu et al., 2013). Male and female ICR
strain mice were paired and housed together continuously in a
standard mouse maternity cage (Figure 1A). The mice were left
undisturbed during the first 3 days after the birth of their pups
(Figure 1B), during which they displayed distinct paternal and
maternal behaviors as described previously (Liu et al., 2013).
The sire and dam nursed the pups. This involved nest-building,
pup retrieval, licking, and huddling over the pups and lactat-
ing. However, as described in the Methods section, we mainly
analyzed the male’s retrieval behavior, as a parental role, in the
following experiments.

The sire in the first family was left alone in the vacated cage
during the period of separation (Figure 1C), whereas the pups
and dam were removed and placed in a new cage (Figure 1D) sep-
arated from the family cage. After 10 min, the five selected pups
of the sire (biological offspring) were returned to the nursing cage
in a remote area away from the nest, where the sire was present
(Figure 1E). The sire retrieved the offspring over 10 min (86% of
the sires, n = 15; Figures 1F,S).

If the non-biological (foster) pups (Figure 1N) of the third
family (Figures 1M,N) were introduced into the vacated home
cage with the second sire (Figures 1I,K) in the second family
(Figures 1G,H), instead of the biological pups (Figures 1H,J),
33% of the 15 sires displayed pup retrieval (Figures 1L,S; two-
tailed Fisher’s exact probability test between sires toward biologi-
cal (F) and non-biological (L) pups, P < 0.01).

When a sire from the third family (Figure 1N) was placed
and isolated for 10 min in the home cage of the second fam-
ily (Figure 1O), the third sire did not retrieve any of the foster
(second family’s) pups (Figures 1R,S; n = 15, two-tailed Fisher’s
exact probability test between unrelated sires (R) and sires with
non-biological (L) or biological (F) pups, P < 0.05 and P <

0.0001, respectively). These results suggested that paternal pup
retrieval behavior in the home cage is maintained by biological
family cues of their mate dams and remaining pups.

RETRIEVAL BEHAVIOR BY SIRES AFTER SEPARATION IN NEW CAGES
Male parental care in Figure 1 may have been induced by the
fact that the males were left in the nursing environment during
parent–pup separation. To select out pup information during iso-
lation, we used the co-housing paradigm presented in Figure 2.
We examined whether sires developed paternal behavior follow-
ing time spent with the family. Pup retrieval increased on a daily
basis after parturition, while dams displayed a higher retrieval
ratio from the first day of parturition than the sires (Table 2).

The sires alone (Figure 2D) or together with the mate dams
(Figure 2H) were placed in a new cage for 10 min, whereas
the pups alone (Figure 2G) or together with dams (Figure 2C)
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FIGURE 1 | Parental retrieval test in ICR mice for biological and

non-biological pups. Schematic representations of the parental care test in
three mated pairs (A,G,M). After cohabiting with their pups as a family for 3
days from postnatal day 1 (P1) until postnatal day 3 (P3) (B,H,N), the sires were
separated in the home cage (C,I,O) from the pups and pairmates (D,J,P) for
10 min. The sires were then reunited with five biological (E) or non-biological
(K) pups. Subsequent pup retrieval behavior over a 10-min period was then
observed (F,L). The third sire (M,N) was placed in the home cage (O) of

another family (H), and retrieval was tested for non-biological (another family’s)
pups in an unrelated cage (Q,R). The numbers of positive mice/number of
mice tested are shown in parentheses. The number of sires displaying retrieval
behavior out of sires tested was expressed as a percentage (S). N = 15 for
each experiment. Two-tailed Fisher’s exact probability test: between sires
toward biological (F) and non-biological (L) pups or unrelated sires (R),
∗∗P < 0.01 and ∗∗∗∗P < 0.0001, respectively; and between sires tested toward
non-biological pups (L) and unrelated sires (R), ∗P < 0.05.

were left in the home cage. Then, the sires were returned to
the home cages in which five pups remained (Figures 2E,I).
The male’s retrieval behavior was undiminished when housed
with the pairmate (66%, n = 30; Figures 2J,U) but was strongly
reduced when housed alone (24%, n = 41; Figures 2F,U). As
expected, a high level of sire care was displayed after isolation
in the new environment together with mate dams and pups (as
the whole family (Figures 2K,L) (66%, n = 15; Figure 2U): two-
tailed Fisher’s exact probability test between sires separated alone
(F) and together (J) or as a whole family (N), P < 0.001, equally.

The latter was specifically associated with co-habitation with
the pairmate dam during the separation period (Figure 2H),
because negligible retrieval behavior was apparent if the sire was
housed with the dam of another brood (Figures 2O–T; 20%,
n = 15); two-tailed Fisher’s exact probability test shows no signif-
icant difference between sires separated together with unrelated
dams (T) and alone (F); and separated together (J), P < 0.01;
and separated as a whole family (N), P < 0.05, Figure 2U). Thus,
it appears that the mate dam provides some signal(s) during
the separation period to induce parental behavior in the sire, in
agreement with the results reported previously (Liu et al., 2013).
Whereas parental care by the dam is independent of the pres-
ence of the male or the housing environment, that by the male
is strongly dependent on cues from the pairmate dam and/or
home cage.

We recorded USVs (with >40 ms in wave width) to determine
their role as one form of critical interactive information in this

paradigm. We detected 38-kHz USVs identical to those reported
previously (Liu et al., 2013) under isolation conditions in new
cages for 10 min between sires and mate dams at a frequency of
25.9 ± 4.8 calls/10 min (n = 8, Table 3; P < 0.01 from other val-
ues, two-tailed Student t-test). No identical 38-kHz USVs were
recorded between sires and unrelated dams. Instead, 30–80-kHz
USVs were recorded infrequently at 40.7 ± 26.7 calls/10 min (n =
11) between unfamiliar couples. These 30–80-kHz USVs were
emitted when a sire was co-housed with a virgin female at 313.6 ±
64.9 calls/10 min (n = 11, P < 0.001 from two other values, two-
tailed Student t-test). These data clearly support the suggestion
that paternal retrieval is essentially triggered by the pairmate’s
38-kHz USVs.

RETRIEVAL BY ISOLATED BEFORE PAIRMATE PARTURITION
The retrieval behavior displayed by males may have been induced
by family formation in the nursing cage environment. To
assess this possibility, data were obtained from parting males
(Figures 3, 4) that remained with the paired pregnant females
1 day before parturition of their first litter and were then sep-
arated into a new cage (Figures 3A–C). The males were then
isolated alone for 3 days (Figure 3E). When sire paternal retrieval
was examined immediately on day 3 in the sire home cage
(Figure 3K), 21.4% of sires with no prior contact with their bio-
logical pups and pairmate dam, i.e., the paternity unformed state
(Figure 3E), displayed retrieval behavior (n = 42; Figure 3N).
Next, when the isolated males were relocated in the home cage
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FIGURE 2 | Paternal retrieval test in ICR mice isolated in new cages.

Paired couples were kept in rearing cages from mating to postnatal day
3 (P3) (A,B,O,P). In (C,D), the pups and the mating dam were left in
their home cages (C), and the sire alone was placed in a new holding
cage (D). In (G,H), the pups were kept in the original cage, and the
parents were placed in a new cage (H). In (K,L), the whole family was
moved to a new cage (L). In (Q,R), the sire was kept during the
separation period (Q) with a non-mating dam of another family (O,P).
After isolation for 10 min in each cage, pup retrieval behavior over a

10-min period was observed in each case (E,I,M,S). The number of sires
displaying retrieval behavior was scored (F,J,N,T). The numbers of
positive mice/number of mice tested are shown in parentheses and
expressed as percentages (U). Two-tailed Fisher’s exact probability test:
between sires separated alone (F) and together (J) or as a whole family
(N), ∗∗∗P < 0.001 equally; between sires separated together (J) and as a
whole family (N), ∗∗P < 0.01; between sires separated alone (F) and
co-housed with unrelated dams (T), not significant (n.s.); sires separated
as a whole family (N) and co-housed with unrelated dams (T), ∗P < 0.05.

Table 2 | Percentages of sire’s or dam’s exhibiting retrieval behavior

during the postpartum period.

Postnatal day Percentage of exhibiting

of pups retrieval behavior

By sires By dams

1 14 (15) 55 (20)

2 40 (20) 90* (20)

3 65** (20) 90* (20)

4 70** (17) 85 (20)

5 65** (20) 75 (16)

Number of mice tested are shown in parentheses. *, **Significantly different

from day 1, *P < 0.05 and **P < 0.01, respectively, two-tailed Fisher’s exact

probability test.

and stayed with the family (pups and pairmate dam) for 3 days
(Figure 3F), the rate of retrieval in their home cage was only 4%
(n = 25; Figures 3G–J). Although the sire lived together with the
family for 3 days, such treatment made no contribution to the for-
mation of paternity (two values in Figure 3O were equally very
low; no significance, two-tailed Fisher’s exact probability test).

To further analyze the relevance of family interaction dur-
ing the stay as a whole family on postnatal days 3–5 (P3–P5)

Table 3 | Number of USVs recorded from cages of sires co-housed

with different types of females for 10 min.

Type* Number of USVs (n)

(calls/10 min)

38-kHz 30–80-kHz

With pairmate dam 25.9 ± 4.8** 0 (8)

With unrelated dam 0 40.7 ± 26.7 (11)

With virgin female 0 313.6 ± 64.9*** (11)

USVs (with >40 ms in duration) were recorded in n pairs.
*Judging from the previous results (Liu et al., 2013), 38-kHz USVs appear to be

emitted from pairmate dams and 30–80-kHz USVs from sires.
**P < 0.01 or ***P = 0.001, from pairmate dams, unrelated dams or virgin

females, respectively, two-tailed Student’s t-test.

(Figure 3), we used the short-term pup exposure method (twice
for 3 h for a total 6 h a day; Figure 4) to acquire or learn the
process of paternity for the family. Males were isolated in new
cages prior to parturition (Figures 4B,C) and kept in the cages for
2 days (Figures 4D,E). Then, pairmate dams and pups were relo-
cated to the male’s cage, and the whole family was kept there for
3 days (Figure 4F). Retrieval behavior was displayed by 8 (62%)
of 13 sires (Figures 4G–J). The high level of retrieval appears to
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FIGURE 3 | Paternal retrieval test in ICR mice isolated prior parturition

from the mating pair and then united as a whole family. A paired
couple was kept in a rearing cage from mating (A) to 1 day before
parturition, and the female and male were then kept in a home cage (B) or
in a new cage (C). The next day, the female delivered her pups (D) and
remained until postnatal day 2 (P2). The male was kept continuously in the
new cage until P2 (E). From P3 to P5, the sire was introduced to the

family cage with the dam and pups (F). In another experiment, pup
retrieval behavior over a 10-min period was examined for sires at P2 (K–N)

or at P5 (G–J). The number of sires displaying retrieval behavior was
scored (J,N). The numbers of positive mice/number of mice tested are
shown in parentheses and expressed as percentages (O). Note that two
values in O are equally very low: no significance (n.s.) between (J) and
(N), two-tailed Fisher’s exact probability test.

have been caused by continuously living in new cages that had
been established as the male’s territory.

In this suitable condition, we examined whether the presence
of the dam was necessary for parental behavior by the isolated
males. From P3 to P5, the pups and dam were kept together in
their original home cages (Figure 4K), but the pups were tem-
porarily transferred to the sire’s cage twice for 3 h (a total of
6 h) per day (Figure 4L), and the males were otherwise alone
for the rest of the day (18 h; Figure 4M). These sires showed
retrieval behavior at a very high rate (17 (85%) of 20 sires tested;
Figures 4O–Q). In both cases, the sires displayed a very high fre-
quency of retrieval after living as the whole family or only with
pups shortly in new cages that had, nevertheless, been estab-
lished as the territory and established nest of the male, although
no significant differences were observed between two types of
sire (J and Q in Figure 4R; not significant, two-tailed Fisher’s
exact probability test). Furthermore, these results indicated that
direct interaction with the mate dam is not necessary if the home
territory is established by the sires.

Finally, we further examined the impact of territorial infor-
mation on male retrieval behavior. Family cues were learned
by individual sires in a manner identical to that shown in
Figure 4 (Figures 5A–F) during P3–P5, but in this case, via

short exposure by transferring of their biological pups with their
dams in new cages to the nursing cage with the sires. Then,
retrieval behavior was examined under two housing conditions:
in the sire’s home cage in which the sire had stayed continuously
(Figures 5F,G,I–L), or in a new cage (to the sires) in which the
mate dams and pups had been staying (Figures 5G,H,M–P). In
the home cages, 10 (50%) of 20 sires showed retrieval (Figure 5L),
whereas only 3 (15%) of 20 sires in new cages displayed retrieval
behavior (P < 0.05 between testing in old (L) and new (P) cages
shown in Figure 5Q, two-tailed Fisher’s exact probability test). In
both cages, nests were established by the sire and dam. However,
the new cages established by the sires’ mate dams were quite new
to the sires, even if the cages were fully filled with the mate dam’s
olfactory information.

DISCUSSION
The studies described here were performed to test several
hypotheses that had not been explored previously (Akther et al.,
2013; Fujimoto et al., 2013; Liu et al., 2013), pertaining to the var-
ious conditions responsible for parental behaviors other than the
communicative interaction between sires and dams. Four findings
are of particular interest: (1) among the mouse strains tested, the
mate-dependent paternal retrieval behavior was observed only in
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FIGURE 4 | Paternal retrieval test in mice isolated prior parturition from

the mating pair and then united as a whole family or with pups only.

A paired couple was kept in a rearing cage from mating (A) to 1 day
before parturition. The female was kept in a home cage (B) and delivered
her pups (D) and remained until postnatal day 2 (P2) (D). The male was
kept in a new cage before meeting the pups (C) and kept until P2 (E). The
dam and pups were introduced in the sire’s own (new) cage and stayed as
a whole family until P5 (F). Instead of the whole family, in another
experiment, only pups in home cages with their dams (K) were transferred

twice for 3 h (total 6 h) a day to the sire’s cage (L). During the rest of the
time from P3 to P5, the sire stayed alone (M), and pups were located
with the dam (K). Pup retrieval behavior over a period of 10 min was
examined (G–J and N–Q, respectively). The number of sires displaying
retrieval behavior was scored (J,Q). The numbers of positive mice/number
of mice tested are shown in parentheses, and the numbers of sires
displaying retrieval were expressed as percentages (R). Note that the
retrieval rate in two cases (J,Q) was high enough to have no significance
(n.s.), two-tailed Fisher’s exact probability test.

the ICR strain (Table 1), and acquisition of such paternal behav-
ior increased slowly following parturition of the dam (Table 2);
(2) the ICR sires displayed parental retrieval behavior only for
their own biological pups (Figure 1); (3) interaction between the
sires and unrelated non-mating dams is not effective (Figure 2)
and does not involve 38-kHz USVs (Table 3); (4) it is important
for the sire to establish its home cage (territory) by continuous
housing to display parental retrieval behavior (Figures 3–5).

After separation from pups in the home or new cages with the
sires alone or together with the pairmate dam, the sires displayed
retrieval behavior, as shown in Figures 2J,N, in agreement with
previous reports (Liu et al., 2013). We designated this behavior
of the sire as mate-dependent parental behavior. In the present
study, this particular behavior was specific to the ICR strain and
was not observed in two other laboratory strains, i.e., C57BL/6
and BALB/c mice. Therefore, the ICR strain’s mate-dependent
retrieval is not a general behavior observed equally in all mice
but is strain-specific. However, this does not reduce the value of
our findings because the observed paternal behavior is unique.
Furthermore, when considering human society, human males are
not completely and genetically predisposed to display parental
behavior. In this context, the behavior of the ICR strain may be

a more suitable and novel model for investigating paternal behav-
ior, comparing the genetically determined paternity, observed in
animals such as voles or California mice (de Jong et al., 2009;
Ahern et al., 2011).

The ICR sires displayed parental retrieval behavior only for
their biological pups, indicating that they can discriminate
between their biological and non-biological offspring. This dis-
crimination likely depends on odor or USV (Kuroda et al., 2007,
2011). The characteristic 38-kHz USVs were not recorded during
co-housing of ICR sires with non-mate dams, suggesting that the
sires can distinguish the mate from non-mate dams or that the
dams can distinguish the mate from non-mate sires. These results
strongly support our suggestion that 38-kHz USVs are critical and
have context for sires to induce retrieval behavior.

In these experiments, we examined the olfactory informa-
tion of pups and cages (homes) for the sires prior to separation
from the mate dam and their offspring. In habituation as a
family, the presence of the mate was not completely essential.
Interestingly, we estimated that the territory information is much
more important to sires than the pheromones in the cages once
they had established their home cage. Surprisingly, when the
sires were continuously housed in their newly established home

www.frontiersin.org July 2014 | Volume 8 | Article 186 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Liang et al. Mate-dependent paternal behavior

FIGURE 5 | Paternal retrieval test in ICR mice isolated prior parturition

from the mating pair and then united with pups only. A paired couple
was kept in a rearing cage from mating to 1 day before parturition (A). The
male was kept in the old cage (B) before meeting the pups and kept until P2
(D). The female was kept in a new cage (C), delivered her pups, and
remained until postnatal day 2 (E). The pups were transferred twice for 3 h
(total 6 h) a day (G) from the dam’s (new) cage (H) during P3 to P5. During

the rest of the time, the sires stayed alone in the home cages (F) and the
dams were with the pups (H). Pup retrieval behavior over a period of 10 min
was examined at P5 (I–L and M–P, respectively). The number of sires
displaying retrieval behavior was scored (L,P), and the numbers of positive
mice/number of mice tested are shown in parentheses. Pup retrieval was
expressed as percentages (Q; ∗P < 0.05 between old (L) and new (P) cages,
two-tailed Fisher’s exact probability test).

cages, they displayed paternal retrieval. In sharp contrast, if the
cage was new to the sire, even though the dam’s and sire’s olfac-
tory information was there, the sire failed to display retrieval
behavior. These observations suggested that territory establish-
ment is critical to maintaining paternity (Wright and Brown,
2000).

Pup retrieval as a parental behavior is rare among laboratory
mice that are not genetically monogamous (Wright and Brown,
2000; Kalueff et al., 2007). We found conditions in which the ICR
sires retrieved their pups related to their family structure. This
unique ability of the ICR sires will contribute to the increased
survival rate after reproduction and to the high level of social
attachment and interaction. We have recently reported that cen-
tral cholinergic cellular signaling (Fujimoto et al., 2013) and
CD38 and oxytocin signaling in the nucleus accumbens (NAcc)
(Akther et al., 2013) are critical for the expression of paternal care
of the ICR mice. We also demonstrated the modulatory roles of
the mPOA and VP on parental behavior in rodents (Akther et al.,
2014). These published findings suggest that the neural circuitry
mediating paternal behavior includes the mPOA, VTA, NAcc, and
VP, and may be similar to those that mediate maternal behav-
ior as proposed by Numan and others (Numan et al., 2005; Lee
and Brown, 2007; Wynne-Edwards and Timonin, 2007; Numan
and Stolzenberg, 2009). In addition, it is particularly interest-
ing to test if mPOA galanin neurons regulate mate-dependent
parental behavior in the ICR strain (Wu et al., 2014). Further neu-
roendocrinological and neurocircuitry analyses in ICR mice will
be useful for understanding disorders with social impairment,
such as autism spectrum disorders and schizophrenia (Insel, 2010;
Munesue et al., 2010; Riebold et al., 2011; Feldman et al., 2012;
Salmina et al., 2013).

AUTHOR CONTRIBUTIONS
Haruhiro Higashida designed experiments. Mingkun Liang,
Jing Zhong, Hong-Xiang Liu, Olga Lopatina, Ryusuke Nakada,
Agnes-Mikiko Yamauchi, and Haruhiro Higashida performed
animal experiments. Haruhiro Higashida and Mingkun Liang
wrote the manuscript.

ACKNOWLEDGMENTS
This work was supported in part by the Core Research for
Evolutional Science and Technology (CREST) from the Japan
Science and Technology Agency and by the Strategic Research
Program for Brain Sciences from Ministry of Education, Culture,
Sports, Science, and Technology, Japan.

REFERENCES
Ahern, T. H., Hammock, E. A., and Young, L. J. (2011). Parental division of labor,

coordination, and the effects of family structure on parenting in monoga-
mous prairie voles (Microtus ochrogaster). Dev. Psychobiol. 53, 118–131. doi:
10.1002/dev.20498

Akther, S., Fakhrul, A. A., and Higashida, H. (2014). Effects of electrical lesions of
the medial preoptic area and the ventral pallidum on mate-dependent pater-
nal behavior in mice. Neurosci. Lett. 570, 21–25. doi: 10.1016/j.neulet.2014.
03.078

Akther, S., Korshnova, N., Zhong, J., Liang, M., Cherepanov, S. M., Lopatina,
O., et al. (2013). CD38 in the nucleus accumbens and oxytocin are
related to paternal behavior in mice. Mol. Brain 6:41. doi: 10.1186/1756-66
06-6-41

Amato, P. R. (2005). The impact of family formation change on the cognitive, social,
and emotional well-being of the next generation. Future Child 15, 75–96. doi:
10.1353/foc.2005.0012

Bambico, F. R., Lacoste, B., Hattan, P. R., and Gobbi, G. (2013). Father absence
in the monogamous california mouse impairs social behavior and modifies
dopamine and glutamate synapses in the medial prefrontal cortex. Cereb. Cortex.
doi: 10.1093/cercor/bht310. [Epub ahead of print].

Frontiers in Neuroscience | Neuroendocrine Science July 2014 | Volume 8 | Article 186 | 8

http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Liang et al. Mate-dependent paternal behavior

Benbassat, N., and Priel, B. (2012). Parenting and adolescent adjustment:
the role of parental reflective function. J. Adolesc. 35, 163–174. doi:
10.1016/j.adolescence.2011.03.004

Bornovalova, M. A., Cummings, J. R., Hunt, E., Blazei, R., Malone, S.,
and Iacono, W. G. (2014). Understanding the relative contributions of
direct environmental effects and passive genotype-environment correla-
tions in the association between familial risk factors and child disrup-
tive behavior disorders. Psychol. Med. 44, 831–844. doi: 10.1017/S003329171
3001086

Bridges, R. (2008). “Parenting and the brain: an overview,” in Neurobiology of The
Parental Brain, ed R. S. Bridges (Elsevier, MA: Academic Press), 1–550. doi:
10.1016/B978-012374285-8.00037-8

Carter, C. S., Boone, E. M., Pournajafi-Nazarloo, H., and Bales, K. L. (2009).
Consequences of early experiences and exposure to oxytocin and vasopressin
are sexually dimorphic. Dev. Neurosci. 31, 332–341. doi: 10.1159/000216544

Chourbaji, S., Hoyer, C., Richter, S. H., Brandwein, C., Pfeiffer, N., Vogt, M. A.,
et al. (2011). Differences in mouse maternal care behavior - is there a genetic
impact of the glucocorticoid receptor? PLoS ONE 6:e19218. doi: 10.1371/jour-
nal.pone.0019218

de Jong, T. R., Chauke, M., Harris, B. N., and Saltzman, W. (2009). From here to
paternity: neural correlates of the onset of paternal behavior in California mice
(Peromyscus californicus). Horm. Behav. 56, 220–231. doi: 10.1016/j.yhbeh.2009.
05.001

Douglas, A. J. (2011). Mother-offspring dialogue in early pregnancy: impact
of adverse environment on pregnancy maintenance and neurobiology. Prog.
Neuropsychopharmacol. Biol. Psychiatry 35, 1167–1177. doi: 10.1016/j.pnpbp.
2010.07.024

Feinberg, M. E. (2002). Coparenting and the transition to parenthood: a frame-
work for prevention. Clin. Child Fam. Psychol. Rev. 5, 173–195. doi: 10.1023/A:
1019695015110

Feldman, R., Zagoory-Sharon, O., Weisman, O., Schneiderman, I., Gordon, I.,
Maoz, R., et al. (2012). Sensitive parenting is associated with plasma oxytocin
and polymorphisms in the OXTR and CD38 genes. Biol. Psychiatry 72, 175–181.
doi: 10.1016/j.biopsych.2011.12.025

Fleming, A. S., Kraemer, G. W., Gonzalez, A., Lovic, V., Rees, S., and Melo, A.
(2002). Mothering begets mothering: the transmission of behaviour and its
neurobiology across generation. Pharmacol. Biochem. Behav. 73, 61–75. doi:
10.1016/S0091-3057(02)00793-1

Fortunato, L., and Archetti, M. (2010). Evolution of monogamous marriage by
maximization of inclusive fitness. J. Evol. Biol. 23, 149–156. doi: 10.1111/j.1420-
9101.2009.01884.x

Fujimoto, H., Liu, H. X., Lopatina, O., Brown, D. A., and Higashida, H. (2013).
Scopolamine modulates paternal parental retrieval behavior in mice induced
by the maternal mate. Neurosci. Lett. 546, 63–66. doi: 10.1016/j.neulet.2013.
04.059

Gammie, S. C. (2005). Current models and future directions for understanding the
neural circuitries of maternal behaviors in rodents. Behav. Cogn. Neurosci. Rev.
4, 119–135. doi: 10.1177/1534582305281086

Gubernick, D. J., and Alberts, J. R. (1987). The biparental care system of the
California mouse, Peromyscus californicus. J. Comp. Psychol. 101, 169–177. doi:
10.1037/0735-7036.101.2.169

Gubernick, D. J., and Alberts, J. R. (1989). Postpartum maintenance of paternal
behaviour in the biparental California mouse, Peromyscus californicus. Anim.
Behav. 37, 656–664. doi: 10.1016/0003-3472(89)90044-4

Hager, R., and Johnstone, R. A. (2003). The genetic basis of family conflict
resolution in mice. Nature 421, 533–535. doi: 10.1038/nature01239

Hashimoto, H., Uezono, Y., and Ueta, Y. (2012). Pathophysiological function of
oxytocin secreted by neuropeptides: a mini review. Pathophysiology 19, 283–298.
doi: 10.1016/j.pathophys.2012.07.005

Higashida, H., Yokoyama, S., Huang, J. J., Liu, L., Ma, W. J., Akther, S., et al. (2012a).
Social memory, amnesia, and autism: brain oxytocin secretion is regulated by
NAD+ metabolites and single nucleotide polymorphisms of CD38. Neurochem.
Int. 61, 828–838. doi: 10.1016/j.neuint.2012.01.030

Higashida, H., Yokoyama, S., Kikuchi, M., and Munesue, T. (2012b). CD38 and its
role in oxytocin secretion and social behavior. Horm. Behav. 61, 351–358. doi:
10.1016/j.yhbeh.2011.12.011

Insel, T. R. (2010). The challenge of translation in social neuroscience: a review
of oxytocin, vasopressin, and affiliative behavior. Neuron 65, 768–779. doi:
10.1016/j.neuron.2010.03.005

Jin, D., Liu, H. X., Hirai, H., Torashima, T., Nagai, T., Lopatina, O., et al. (2007).
CD38 is critical for social behaviour by regulating oxytocin secretion. Nature
446, 41–45. doi: 10.1038/nature05526

Kalueff, A. V., Keisala, T., Minasyan, A., and Tuohimaa, P. (2007). Influence of
paternal genotypes on F1 behaviors: lessons from several mouse strains. Behav.
Brain Res. 177, 45–50. doi: 10.1016/j.bbr.2006.11.005

Kentner, A. C., Abizaid, A., and Bielajew, C. (2010). Modeling dad: animal
models of paternal behavior. Neurosci. Biobehav. Rev. 34, 438–451. doi:
10.1016/j.neubiorev.2009.08.010

Kuroda, K. O., Meaney, M. J., Uetani, N., Fortin, Y., Ponton, A., and Kato, T.
(2007). ERK-FosB signaling in dorsal MPOA neurons plays a major role in the
initiation of parental behavior in mice. Mol. Cell Neurosci. 36, 121–131. doi:
10.1016/j.mcn.2007.05.010

Kuroda, K. O., Tachikawa, K., Yoshida, S., Tsuneoka, Y., and Numan, M. (2011).
Neuromolecular basis of parental behavior in laboratory mice and rats:
with special emphasis on technical issues of using mouse genetics. Prog.
Neuropsychopharmacol. Biol. Psychiatry 35, 1205–1231. doi: 10.1016/j.pnpbp.
2011.02.008

Lambert, K. G., Franssen, C. L., Hampton, J. E., Rzucidlo, A. M., Hyer, M. M., True,
M., et al. (2013). Modeling paternal attentiveness: distressed pups evoke dif-
ferential neurobiological and behavioral responses in paternal and nonpaternal
mice. Neuroscience 234, 1–12. doi: 10.1016/j.neuroscience.2012.12.023

Lee, A. W., and Brown, R. E. (2007). Comparison of medial preoptic, amygdala, and
nucleus accumbens lesions on parental behavior in California mice (Peromyscus
californicus). Physiol. Behav. 92, 617–628. doi: 10.1016/j.physbeh.2007.
05.008

Lee, H. J., Macbeth, A. H., Pagani, J. H., and Young, W. S. 3rd. (2009).
Oxytocin: the great facilitator of life. Prog. Neurobiol. 88, 127–151. doi:
10.1016/j.pneurobio.2009.04.001

Leuner, B., Glasper, E. R., and Gould, E. (2010). Parenting and plasticity. Trends
Neurosci. 33, 465–473. doi: 10.1016/j.tins.2010.07.003

Liu, H. X., Lopatina, O., Higashida, C., Fujimoto, H., Akther, S., Inzhutova,
A., et al. (2013). Displays of paternal mouse pup retrieval following com-
municative interaction with maternal mates. Nat. Commun. 4, 1346. doi:
10.1038/ncomms2336

Liu, H. X., Lopatina, O., Higashida, C., Tsuji, T., Kato, I., Takasawa, S., et al. (2008).
Locomotor activity, ultrasonic vocalization and oxytocin levels in infant CD38
knockout mice. Neurosci. Lett. 448, 67–70. doi: 10.1016/j.neulet.2008.09.084

Lonstein, J. S., and De Vries, G. J. (2000). Sex differences in the parental
behavior of rodents. Neurosci. Biobehav. Rev. 24, 669–686. doi: 10.1016/S0149-
7634(00)00036-1

McGraw, L. A., and Young, L. J. (2010). The prairie vole: an emerging model
organism for understanding the social brain. Trends Neurosci. 33, 103–109. doi:
10.1016/j.tins.2009.11.006

Mogi, K., Nagasawa, M., and Kikusui, T. (2011). Developmental consequences and
biological significance of mother-infant bonding. Prog. Neuropsychopharmacol.
Biol. Psychiatry 35, 1232–1241. doi: 10.1016/j.pnpbp.2010.08.024

Morgan, C. P., and Bale, T. L. (2011). Early prenatal stress epigenetically programs
dysmasculinization in second-generation offspring via the paternal lineage.
J. Neurosci. 31, 11748–11755. doi: 10.1523/JNEUROSCI.1887-11.2011

Morrison, K. E., Rodgers, A. B., Morgan, C. P., and Bale, T. L. (2014). Epigenetic
mechanisms in pubertal brain maturation. Neuroscience 264C, 17–24. doi:
10.1016/j.neuroscience.2013.11.014

Morrongiello, B. A., Schwebel, D. C., Stewart, J., Bell, M., Davis, A. L., and Corbett,
M. R. (2013). Examining parents’ behaviors and supervision of their children
in the presence of an unfamiliar dog: does the blue dog intervention improve
parent practices? Accid. Anal. Prev. 54, 108–113. doi: 10.1016/j.aap.2013.
02.005

Munesue, T., Yokoyama, S., Nakamura, K., Anitha, A., Yamada, K., Hayashi, K.,
et al. (2010). Two genetic variants of CD38 in subjects with autism spectrum
disorder and controls. Neurosci. Res. 67, 181–191. doi: 10.1016/j.neures.2010.
03.004

Neumann, I. D. (2009). The advantage of social living: brain neuropeptides mediate
the beneficial consequences of sex and motherhood. Front. Neuroendocrinol. 30,
483–496. doi: 10.1016/j.yfrne.2009.04.012

Nishimori, K., Takayanagi, Y., Yoshida, M., Kasahara, Y., Young, L. J., and
Kawamata, M. (2008). New aspects of oxytocin receptor function revealed by
knockout mice: sociosexual behaviour and control of energy balance. Prog.
Brain Res. 170, 79–90. doi: 10.1016/S0079-6123(08)00408-1

www.frontiersin.org July 2014 | Volume 8 | Article 186 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Liang et al. Mate-dependent paternal behavior

Numan, M., Numan, M. J., Schwarz, J. M., Neuner, C. M., Flood, T. F., and Smith,
C. D. (2005). Medial preoptic area interactions with the nucleus accumbens–
ventral pallidum circuit and maternal behavior in rats, Behav. Brain Res. 158,
53–68. doi: 10.1016/j.bbr.2004.08.008

Numan, M., and Stolzenberg, D. S. (2009). Medial preoptic area interactions
with dopamine neural systems in the control of the onset and mainte-
nance of maternal behavior in rats. Front. Neuroendocrinol. 30, 46–64. doi:
10.1016/j.yfrne.2008.10.002

Nunes, S., Fite, J. E., Patera, K. J., and French, J. A. (2001). Interactions among
paternal behavior, steroid hormones, and parental experience in male mar-
mosets (Callithrix kuhlii). Horm. Behav. 39, 70–82. doi: 10.1006/hbeh.2000.1631

Ogawa, S., Washburn, T. F., Taylor, J., Lubahn, D. B., Korach, K. S., and Pfaff,
D. W. (1998). Modifications of testosterone-dependent behaviors by estrogen
receptor-alpha gene disruption in male mice. Endocrinology 139, 5058–5069.

Ozawa, M., Kikusui, T., Takeuchi, Y., and Mori, Y. (2010). Comparison of parental
behavior and offspring’s anxiety behavior using a reciprocal F1 hybrid model.
J. Vet. Med. Sci. 72, 1589–1596. doi: 10.1292/jvms.10-0173

Parhar, I., Ogawa, S., and Kitahashi, T. (2012). RFamide peptides as mediators in
environmental control of GnRH neurons. Prog. Neurobiol. 98, 176–196. doi:
10.1016/j.pneurobio.2012.05.011

Pfaff, D. W., Ogawa, S., and Kow, L. M. (1999). Neural oxytocinergic systems
as genomic targets for hormones and as modulators of hormone-dependent
behaviors. Results Probl. Cell Differ. 26, 91–105. doi: 10.1007/978-3-540-49
421-8_5

Reburn, C. J., and Wynne-Edwards, K. E. (1999). Hormonal changes in males of a
naturally biparental and a uniparental mammal. Horm. Behav. 35, 163–176. doi:
10.1006/hbeh.1998.1509

Riebold, M., Mankuta, D., Lerer, E., Israel, S., Zhong, S., Nemanov, L., et al.
(2011). All-trans retinoic acid upregulates reduced CD38 transcription in
lymphoblastoid cell lines from Autism spectrum disorder. Mol. Med. 17,
799–806. doi: 10.2119/molmed.2011.00080

Rosenblatt, J. S. (1967). Nonhormonal basis of maternal behavior in the rat. Science
156, 1512–1514. doi: 10.1126/science.156.3781.1512

Rosenblatt, J. S., Hazelwood, S., and Poole, J. (1996). Maternal behavior in male
rats: effects of medial preoptic area lesions and presence of maternal aggression.
Horm. Behav. 30, 201–215. doi: 10.1006/hbeh.1996.0025

Salmina, A. B., Lopatina, O., Kuvacheva, N. V., and Higashida, H. (2013).
Integrative neurochemistry and neurobiology of social recognition and behav-
ior analyzed with respect to CD38-dependent brain oxytocin secretion. Curr.
Top. Med. Chem. 13, 2965–2977.

Saltzman, W., and Maestripieri, D. (2011). The neuroendocrinology of primate
maternal behavior. Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 1192–1204.
doi: 10.1016/j.pnpbp.2010.09.017

Schor, E. L., and American Academy of Pediatrics Task Force on the Family.
(2003). Family pediatrics: report of the task force on the family. Pediatrics 111,
1541–1571.

Soga, T., Dalpatadu, S. L., Wong, D. W., and Parhar, I. S. (2012). Neonatal dex-
amethasone exposure down-regulates GnRH expression through the GnIH
pathway in female mice. Neuroscience 218, 56–64. doi: 10.1016/j.neuroscience.
2012.05.023

Tachikawa, K. S., Yoshihara, Y., and Kuroda, K. O. (2013). Behavioral transition
from attack to parenting in male mice: a crucial role of the vomeronasal
system. J. Neurosci. 33, 5120–5126. doi: 10.1523/JNEUROSCI.2364-
12.2013

Wright, S. L., and Brown, R. E. (2000). Maternal behavior, paternal behavior, and
pup survival in CD-1 albino mice (Mus musculus) in three different hous-
ing conditions. J. Comp. Psychol. 114, 183–192. doi: 10.1037/0735-7036.114.
2.183

Wu, Z., Autry, A. E., Bergan, J. F., Watabe-Uchida, M., and Dulac, C. G. (2014).
Galanin neurons in the medial preoptic area govern parental behaviour. Nature
509, 325–330. doi: 10.1038/nature13307

Wynne-Edwards, K. E., and Timonin, M. E. (2007). Paternal care in rodents:
weakening support for hormonal regulation of the transition to behavioral
fatherhood in rodent animal models of biparental care. Horm. Behav. 52,
114–121. doi: 10.1016/j.yhbeh.2007.03.018

Yoshida, S., Esposito, G., Ohnishi, R., Tsuneoka, Y., Okabe, S., Kikusui, T., et al.
(2013). Transport Response is a filial-specific behavioral response to maternal
carrying in C57BL/6 mice. Front. Zool. 10:50. doi: 10.1186/1742-9994-10-50

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 24 February 2014; accepted: 11 June 2014; published online: 11 July 2014.
Citation: Liang M, Zhong J, Liu H-X, Lopatina O, Nakada R, Yamauchi A-M and
Higashida H (2014) Pairmate-dependent pup retrieval as parental behavior in male
mice. Front. Neurosci. 8:186. doi: 10.3389/fnins.2014.00186
This article was submitted to Neuroendocrine Science, a section of the journal Frontiers
in Neuroscience.
Copyright © 2014 Liang, Zhong, Liu, Lopatina, Nakada, Yamauchi and Higashida.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neuroscience | Neuroendocrine Science July 2014 | Volume 8 | Article 186 | 10

http://dx.doi.org/10.3389/fnins.2014.00186
http://dx.doi.org/10.3389/fnins.2014.00186
http://dx.doi.org/10.3389/fnins.2014.00186
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive

	Pairmate-dependent pup retrieval as parental behavior in male mice
	Introduction
	Materials and Methods
	Animals
	Behavioral Testing
	Measurement OF USVs
	Statistical Analysis

	Results
	Retrieval Behavior by Sires Separated Alone in Home Cages
	Retrieval Behavior by Sires After Separation in New Cages
	Retrieval by Isolated Before Pairmate Parturition

	Discussion
	Author Contributions
	Acknowledgments
	References


