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Male animals may show alternative behaviors toward infants: attack or parenting. These behaviors are triggered by pup stim-
uli under the influence of the internal state, including the hormonal environment and/or social experiences. Converging data
suggest that the medial preoptic area (MPOA) contributes to the behavioral selection toward the pup. However, the neural
mechanisms underlying how integrated stimuli affect the MPOA-dependent behavioral selection remain unclear. Here we
focus on the amygdalohippocampal area (AHi) that projects to MPOA and expresses oxytocin receptor, a hormone receptor
mediating social behavior toward pups. We describe the activation of MPOA-projection AHi neurons in male mice by social
contact with pups. Input mapping using the TRIO method reveals that MPOA-projection AHi neurons receive prominent
inputs from several regions, including the thalamus, hypothalamus, and olfactory cortex. Electrophysiological and histologic
analysis demonstrates that oxytocin modulates inhibitory synaptic responses on MPOA-projection AHi neurons. In addition,
AHi forms the excitatory monosynapse to MPOA, and pharmacological activation of MPOA-projection AHi neurons enhances
only aggressive behavior, but not parental behavior. Interestingly, this promoted behavior was related to social experience in
male mice. Collectively, our results identified a presynaptic partner of MPOA that can integrate sensory input and hormonal
state, and trigger pup-directed aggression.
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Significance Statement

The medial preoptic area (MPOA) plays critical roles in parental behavior, such as motor control, motivation, and social inter-
action. The MPOA projects to multiple brain regions, and these projections contribute to several neural controls in parental
behavior. In contrast, how inputs to MPOA are regulated by social and environmental information is poorly understood. In
this study, we focus on the amygdalohippocampal area (AHi) that connects to MPOA and expresses oxytocin receptor. We
demonstrate the disruption of the expression of parental behavior triggered by the activation of MPOA-projection AHi neu-
rons. This behavior may be regulated not only by oxytocin but also by neural input from several regions.

Introduction
Parental behavior is necessary for the development of mamma-
lian infants. Early life stress, including inappropriate upbringing
or absence of parenting, increases the risk of affective disorders,
such as major depression and post-traumatic stress disorder
(Heim and Nemeroff, 2001). Parental behavior also has an
impact on the development of parental behavior of the next gen-
eration (Champagne et al., 2001).

The medial preoptic area (MPOA) is thought to be the most
important region for parental behavior because lesions (Numan
and Sheehan, 1997; Tsuneoka et al., 2013), cell type-specific abla-
tion (Wu et al., 2014; Wei et al., 2018), and inactivation (Fang et
al., 2018) of the MPOA disrupt parental behavior. The MPOA
projects to several regions, such as the ventral tegmental area
(VTA), medial amygdala (MeA), and periaqueductal gray
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(PAG), and each projection contributes to specific parental
behavior (Numan, 2007; Kohl et al., 2018). On the other hand, in
rodents, sensory input, such as olfactory or auditory input, regu-
lates behavior selection toward the pup (Wang and Storm, 2011;
Tachikawa et al., 2013; Marlin et al., 2015). These inputs may be
sent to the MPOA directly or indirectly. Although the MPOA, as
revealed in tracing studies, receives inputs from multiple regions,
such as the amygdala, the hypothalamus, and the cortex (Simerly
and Swanson, 1986; Kohl et al., 2018), little is known about the
function of these input regions that transfer information to
MPOA and adjust social behavior toward the pup.

Parental behavior is tightly modulated by both sensory infor-
mation and neurochemicals, including dopamine (Stolzenberg et
al., 2007), estrogen (Ogawa et al., 1998), progesterone (Schneider
et al., 2003), and oxytocin (OXT). Among these, the level of OXT,
a key modulator of social behavior, is positively correlated with
parent–child contact (Feldman et al., 2010; Abraham et al., 2014).
Genetic removal studies (Takayanagi et al., 2005; Sala et al., 2013)
and pharmacological studies (Marlin et al., 2015) also support the
importance of OXT for parenting. Despite this proven involve-
ment, the manner in which OXT modifies neural circuits that
modulate parenting behavior remains unclear. An integrated
understanding of both the functional inputs to the MPOA and
hormonal modulation is necessary for the elucidation of the cir-
cuit-based mechanisms of behavior selection toward the pup.

To address this need, we focused here on the amygdalohippo-
campal area (AHi) because AHi neurons exhibited both intensive
projections to MPOA and the expression of oxytocin receptor
(Yoshida et al., 2009; Kohl et al., 2018). Social contact with pups
activated MPOA-projection AHi neurons. Projection-based
input mapping with the rabies virus (Schwarz et al., 2015)
revealed inputs to MPOA-projection AHi neurons. The applica-
tion of oxytocin enhanced the inhibitory tone of these neurons,
which themselves sent excitatory inputs to MPOA. Finally, phar-
macogenetic activation of MPOA-projection AHi neurons dis-
rupted the expression of parental behavior.

Materials and Methods
Animals. The Institutional Animal Care and Use Committee at
Hokkaido University and RIKEN Center for Biosystems Dynamics
Research approved all experiments, which were conducted in compli-
ance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. C57BL/6J male mice were bred at the
Graduate School of Pharmaceutical Sciences, Hokkaido University. For
electrophysiological testing and TRIO experiments, some C57BL/6J
male mice were purchased from Japan SLC. We housed mice under a 12
h light/dark cycle with TEK Fresh Standard bedding (Harlan). We
weaned the mice at 28 postnatal days. We defined the father in gestation
experience (FGE) mouse as the mouse that experienced mating and

Figure 1. Identification of MPOA-projection AHi neurons. A, Schematic showing microinjection of FG into the MPOA (top) and confocal sagittal section showing representative injection site
of the FG with NPI immunostaining (bottom). The MPOA related to parental behavior locates below NPI1 neurons. Scale bar, 200mm. B, C, Representative coronal section along the anterior–
posterior axis (B) and sagittal sections along the lateral–medial axis (C) of the FG1 neurons with CART immunostaining in the AHi. Scale bar, 200mm. ac, anterior commissure; f, fornix; LV, lat-
eral ventricle. AHiAL, amygdalohippocampal area, anterolateral part; AHiPL, amygdalohippocampal area, posterolateral part; AHiPM, amygdalohippocampal area, posteromedial part; BLP, baso-
lateral amygdaloid nucleus, posterior part; BMP, basomedial amygdaloid nucleus, posterior part.
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cohousing with a partner female in late gestation but did not observe the
partner deliver and stay with pups.

Viruses. The UNC Vector Core (Chapel Hill, NC) and Addgene pro-
duced recombinant adeno-associated virus (AAV). EnvA-pseudotyped
rabies virus particles were produced as previously described (Osakada
and Callaway, 2013). Briefly, rabies virus DG-GFP was produced using
the B7GG cell line (a gift from E.M. Callaway, Salk Institute for
Biological Studies, La Jolla, CA) and a combination of plasmids, pseudo-
typed by using BHK-EnvA cells (a gift from E.M. Callaway), and concen-
trated by two rounds of ultracentrifugation. The rabies virus DG-GFP1
EnvA titer was estimated to be 3.7� 109 infectious particles/ml based on
serial dilutions of the virus stock followed by infection of the HEK293-
TVA800 cell line (a gift from E.M. Callaway).

Stereotactic injection. We defined stereotactic injection coordinates
for each brain region according to the mouse brain atlas (Paxinos and
Franklin, 2013). We anesthetized male mice (virgin or paternal group)
aged 8–16weeks by sodium pentobarbital (30mg/kg) or three mixed
types of anesthetic agents (medetomidine 0.3mg/kg, midazolam 4.0mg/
kg, and butorphanol tartrate 5.0mg/kg; Kawai et al., 2011) by

intraperitoneal injection, locally applied lidocaine hydrochloride by sub-
cutaneous injection, and meloxicam (0.3mg/kg, s.c.). We filled a glass
capillary with oil and backfilled the retrograde tracer or AAV. For retro-
grade labeling of MPOA neurons, we injected 25 nl of Fluoro-Gold (FG;
2% in saline; Setareh Biotech) or 200 nl of red Retrobeads (1:1 in saline,;
Lumafluor) into the left MPOA [anteroposterior (AP), 10.1 mm;
mediolateral (ML),60.55 mm; and dorsoventral (DV), �5.1 mm]. After
the injection, we kept the mice in single housing until each experiment.
For the AAV injection, we used AAV2-retro-CAG-Cre (4.1� 1012 or
5.3� 1012 genome/ml, 100–200 nl/hemisphere; UNC Vector Core),
AAV5-EF1a-DIO-hChR2(H134R)-mCherry (3.4� 1012 genome/ml,
400 nl/hemisphere; UNC Vector Core), AAV5-hsyn-DIO-hM3Dq-
mCherry (5.4� 1012 or 1.3� 1013 genome/ml, 200–400 nl/hemisphere;
UNC Vector Core or Addgene, respectively), AAV5-hsyn-DIO-hM4Di-
mCherry (2.7� 1013 genome/ml, 400 nl/hemisphere; Addgene), AAV5-
hsyn-DIO-mCherry (5.2� 1012 or 1.5� 1013 genome/ml, 200–400 nl/
hemisphere; UNC Vector Core or Addgene, respectively), AAV5-
CaMKIIa-hChR2(H134R)-mCherry (1.1� 1013 genome/ml, 400 nl/
hemisphere; Addgene), AAV5-CaMKIIa-hM3Dq-mCherry (1.7� 1013

Figure 2. MPOA-projection AHi neurons are activated by pup stimulus. A, Representative confocal images showing FG and the expression of c-Fos in the AHi of the virgin male mouse
exposed to an empty cage (control) or a pup in a cage, the paternal group exposed with a pup in a cage or directly to pups without cage. Small panels show high-magnification images of the
boxed areas in each panel. White arrowheads indicate FG1 cells expressing c-Fos. Scale bar: low magnification, 200mm; high magnification, 30mm. B, C, The proportion of double-labeled
neurons with FG and c-Fos among all FG1 neurons in the AHi, anterior part (B) and posterior part (C) after each stimulus. virgin cage, n= 4; virgin pup in cage, n= 6; paternal group pup in
cage, n= 4; paternal group pup, n= 4; one-way ANOVA with Sidak’s multiple-comparisons test: F(3,14) = 14.21, p= 0.0002 (total, anterior part); F(3,14) = 6.373, p= 0.0060 (lateral, 2.76 mm;
anterior part); F(3,14) = 3.936, p= 0.0314 (lateral, 2.56 mm; anterior part); F(3,14) = 5.493, p= 0.0105 (lateral, 2.28 mm; anterior part): F(3,14) = 2.344, p= 0.1172 (total, posterior part); F(3,14)
= 0.5513, p= 0.6556 (lateral, 2.76 mm; posterior part); F(3,14) = 1.074, p= 0.3919 (lateral, 2.56 mm; posterior part); and F(3,14) = 0.4023, p= 0.7536 (lateral, 2.28 mm; posterior part). All
data are the mean6 SEM *p, 0.05, **p, 0.01, ****p, 0.0001. LV, lateral ventricle.
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genome/ml, 200–400 nl/hemisphere; Addgene), and AAV5-CaMKIIa-
eGFP (4.3� 1012 genome/ml, 200–400 nl/hemisphere, Addgene) into
the AHi (AP, �2.4 mm; ML, 62.40 mm; and DV, �5.1 mm). After 3–
4 d of recovery, we introduced the mice injected with AAV into the
group housing with male mice or cohoused the mouse with a female
while we waited for the expression of the targeted gene (at least
�3weeks).

Rabies-mediated trans-synaptic tracing by TRIO method. For the
TRIO method, we anesthetized the mice with ketamine (65mg/kg, i.p.)
and xylazine (13mg/kg, i.p.). We then injected 200 nl of a 9:1 mixture of
AAV2-retro-pmSyn-EBFP-Cre (1.5� 1013 genome/ml; Addgene) and
1% Retrobeads into the left MPOA. Next, 100–200 nl of a 3:1 mixture of
AAV8-CAG-DIO-RG (1.0� 1012 genome/ml, custom-made AAVs
from The UNC Viral Core) and AAV5-CAG-DIO-TCB (2.4� 1013

genome/ml, custom made AAVs from The UNC Viral Core) for whole-
brain input mapping or 100–200 nl of a 3:1 mixture of AAV2-CAG-
DIO-RG (2.1� 1012 genome/ml, custom-made AAVs from The UNC
Viral Core) and AAV2-CAG-DIO-TC66T (1.0� 1012 genome/ml, cus-
tom-made AAVs from the UNC Viral Core) for local input analysis into
the left AHi using an UMP3 pump regulated by a Micro-4 device
(World Precision Instruments). After �2 weeks, 200 nl of rabies DG-
GFP 1 EnvA was injected into the same brain location using the same
procedure as above. A week later, we killed the mice and performed his-
tologic analysis.

Histologic analysis. We anesthetized all mice with sodium pentobar-
bital (50mg/kg, i.p.), killed them, and perfused them with 4% parafor-
maldehyde dissolved in PBS, pH 7.4. We removed the brains from the
skull and postfixed them overnight at 4°C. We then soaked the brain tis-
sues in 15% and 30% sucrose dissolved in PBS until they sank. We then
embedded the brain tissues in optimal cutting temperature compound
(Sakura Finetek) at �80°C. We made 40mm brain sections using the
Cryostat (CM3050S, Leica).

For fluorescent immunochemistry, we washed sections with PBS
containing 0.1% Triton X-100 (PBST) for .15min and treated them
with 4% Block Ace (KAC Ltd.) in PBS for 1 h at room temperature.
Next, we incubated sections in diluted primary antibody in 4% Block
Ace solution including goat anti-neurophysin I (NPI; catalog #sc-7810,
Santa Cruz Biotechnology; 1:1000 for the paraventricular hypothalamus
(PVN) and supraoptic nucleus (SON); or 1:6000 for the MPOA), rabbit
anti-peptide cocaine- and amphetamine-regulated transcript (CART;
1:10,000; catalog #H-003–62, Phoenix Pharmaceuticals) and goat anti-c-
Fos (1:1000; catalog #sc-52-g, Santa Cruz Biotechnology) overnight at 4°
C. After washing the sections for 5min in PBST three times, we incu-
bated sections in PBST containing donkey anti-goat IgG Alexa Fluor 568
(1:1000; catalog #A11057, Thermo Fisher Scientific), donkey anti-goat
IgG Alexa Fluor 647 (1:300; catalog #A21447, Thermo Fisher Scientific),
and donkey anti-rabbit IgG Alexa Fluor 647 (1:300; catalog #A31573,

Thermo Fisher Scientific) for 2 h. We proceeded to wash sections for
5min in PBST three times and mounted them on the slide glass with
VECTASHIELD HardSet Mounting Medium or VECTASHIELD
HardSet Mounting Medium with DAPI (4¨,6¨-diamidino-2-phenylin-
dole dihydrochloride; Vector Laboratories).

Image analysis. We observed images using confocal laser-scanning
microscopy (10� or 60� magnification; FV-10, Olympus) and fluores-
cence microscope (10� magnification; BZ-X700, Keyence). We adjusted
images in the Fiji distribution of ImageJ. For counting the number of
tracer1, c-Fos1, or NPI1 neurons, we acquired z-stacked high-magnifi-
cation (60�) confocal images at every 2mm thickness, and used the slice
image with the most c-Fos1 or NPI1 neurons. In the anterior part of
AHi, we obtained images at 1 point (lateral, 2.56 and 2.76 mm) or 2
points (lateral, 2.28 mm). We conducted the counting manually.

Whole-brain input mapping and local input analysis with RNAscope
in situ hybridization. We imaged every third 40mm sagittal section and
counted starter cells manually. For input neurons, we manually selected
ROIs based on the mouse brain atlas (Paxinos and Franklin, 2013), using
anatomic landmarks in the sections visualized by DAPI staining. We
counted the input neurons of each region using Fiji. The same threshold
was applied for all sections, and we excluded cells with circularity,0.01
from the counts. Because several regions, including the hypothalamus,
lacked anatomic landmarks, we classified these areas into broad groups,
such as “lateral hypothalamus.”

For TC66T-based tracing combined with RNAscope in situ hybridiza-
tion, we prepared every third 30mm sagittal section as described above
and processed them according to the RNAscope Multiplex Fluorescent
Reagent Kit version 2 User Manual (catalog #323100, ACD). Probes
against Oxtr (catalog #412171, ABC) and vGAT (vesicular GABA trans-
porter; catalog #319191-C2, ABC) were used in the experiment. After
the final wash buffer, sections were washed with 0.3% PBST for 20min
and treated with 10% normal donkey serum (NDS; catalog #D9663,
Sigma-Aldrich) in PBST for 30min at room temperature. Subsequently,
sections were incubated with chicken anti-GFP (1:500; catalog #GFP-
1010, Aves Labs) diluted in 10% NDS overnight at 4°C. After washing
for 5min with PBST three times, sections were incubated with secondary
antibodies conjugated to donkey anti-chicken IgY (1:250; catalog #703-
545-155, Jackson ImmunoResearch) diluted in PBST for 2 h at room
temperature. Sections were washed once with PBST for 5min, treated
with PBS containing DAPI (1:10,000; catalog #D9542, Sigma-Aldrich)
for 10min, rinsed with PBS, then mounted with cover glass using
Fluoromount (Diagnostic BioSystems).

In fact, we found that the mCherry signal from TC66T was quenched
after in situ hybridization during the pilot experiment, making it difficult
to distinguish starter cells from input cells. To avoid this, we obtained
images before in situ hybridization and excluded starter cells from input

Table 1. The number of FG1 and c-Fos1 neurons in AHi

Virgin cage Virgin pup in cage Paternal group pup in cage Paternal group pup F value p Value

Anterior FG1 neurons Lateral 2.76 mm 46.86 15.0 32.36 7.8 51.86 21.0 74.56 4.8 F(3,14) = 1.997 p= 0.1608
Lateral 2.56 mm 104.36 2.6 75.86 12.8 84.06 19.4 85.86 17.9 F(3,14) = 0.6890 p= 0.5736
Lateral 2.28 mm (2 ROIs) 218.06 21.5 211.76 32.6 208.56 24.4 206.56 27.2 F(3,14) = 0.02654 p= 0.9939
Total 369.06 22.9 319.86 47.0 344.36 62.6 366.86 43.8 F(3,14) = 0.2603 p= 0.8528

c-Fos1 neurons Lateral 2.76 mm 5.56 1.2 6.86 1.5 7.0 6.256 0.5 F(3,14) = 0.3020 p= 0.8235
Lateral 2.56 mm 5.86 0.9 8.36 2.2 4.56 0.7 10.36 2.5 F(3,14) = 1.668 p= 0.2192
Lateral 2.28 mm (2 ROIs) 5.56 2.3 14.76 3.3 11.86 1.6 20.86 2.9 F(3,14) = 4.364 p= 0.0228
total 16.86 2.4 29.86 6.1 23.36 1.5 37.36 5.1 F(3,14) = 2.868 p= 0.0741

Posterior FG1 neurons Lateral 2.76 mm 27.86 17.3 19.26 6.2 52.36 20.6 47.56 14.1 F(3,14) = 1.346 p= 0.2995
Lateral 2.56 mm 62.56 4.1 46.76 13.7 70.36 26.8 78.56 26.5 F(3,14) = 0.5650 p= 0.6470
Lateral 2.28 mm 92.86 11.0 78.56 10.5 94.86 13.5 63.56 23.8 F(3,14) = 0.8690 p= 0.4803
Total 183.06 27.6 144.36 22.5 217.36 60.6 189.56 55.5 F(3,14) = 0.5493 p= 0.6568

c-Fos1 neurons Lateral 2.76 mm 6.56 1.9 5.86 1.5 6.36 2.1 4.06 1.4 F(3,14) = 0.3775 p= 0.7707
Lateral 2.56 mm 4.86 0.6 5.36 1.4 4.36 1.4 3.56 0.5 F(3,14) = 0.4473 p= 0.7231
Lateral 2.28 mm 0.86 0.5 1.86 0.7 2.36 1.0 1.36 0.8 F(3,14) = 0.6747 p= 0.5818
Total 12.06 1.9 13.06 3.0 12.86 2.1 8.86 2.1 F(3,14) = 0.6017 p= 0.6245

Virgin cage, n= 4; virgin pup in cage, n= 6; paternal group pup in cage, n= 4; paternal group pup, n= 4. One-way ANOVA. All data are the mean 6 SEM.
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analysis. Thirty-four mice were excluded from this analysis due to mislo-
cated starter cells.

Electrophysiological test. For slice preparation, we prepared artificial
CSF (ACSF) containing 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4,
1 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose, pH 7.3,
and a cutting solution containing the same concentration of choline
chloride instead of NaCl. We anesthetized the mice with pentobarbital
(30mg/kg, i.p.) and gave them transcardial perfusion of ice-cold cutting
solution. We cut sagittal slices 230mm thick containing the AHi or
MPOA using a Semiautomatic Vibrating Blade Microtome (VT1200,
Leica) containing ice-cold cutting solution. Following slicing, we incu-
bated the slices in ACSF at 32°C for 20–30min and thereafter kept them
at room temperature.

For recording, the flow rate of ACSF was 2–4 ml/min at 32–34°C in
the chamber. We observed the neurons using a 40� or 60�magnification
lens and an infrared (IR) camera (IR-1000, DAGE-MTI). Signals were
recorded using an Axopatch 700B amplifier (Molecular Devices). The re-
sistance of the recording glass electrode was 4–9 MV. After forming the
GV seal, we broke the membrane, and to allow for inclusion in the

analysis, checked that its access resistance was ,30 MV and that positive
current injection would initiate action potentials with overshoot.

Our internal solution for optogenetic and clozapine-N-oxide (CNO)
effect analysis contained the following: 132 mM K-gluconate, 3 mM KCl,
10 mM HEPES, 0.5 mM EGTA, 1 mMMgCl2, 12 mM Na-phosphocreatine,
4 mM Mg-ATP, and 0.5 mM Na-GTP, at pH 7.25 and ;295mOsm. We
compensated for the liquid junction potential (11mV). To assess the
bath application of the CNO effect toward hM3Dq and hM4Di, we per-
formed current-clamp recording at approximately �81mV. After col-
lecting a 10min baseline, we perfused 0.5 mM CNO for 2min through
the recording chamber. For optical evoked postsynaptic currents (PSCs)
recording, we used an LED (465nm; LEX2-LZ4-B, Brain Vision) to acti-
vate the channelrhodopsin 2 (ChR2)-expressing axon terminals. We
recorded optical evoked PSCs at least six times at �60mV (for IPSCs)
and�86mV (for EPSCs), and averaged the readings.

We made up the internal solution for spontaneous IPSC (sIPSC) re-
cording with 65 mM K-gluconate, 70 mM KCl, 10 mM HEPES, 0.5 mM

EGTA, 1 mM MgCl2, 12 mM Na-phosphocreatine, 4 mM Mg-ATP, and
0.5 mM Na-GTP, at pH 7.25 and ;295mOsm. Because the liquid

Figure 3. Presynaptic inputs to MPOA-projection AHi neurons. A, Schematic showing microinjection AAVs and rabies virus. B, Representative AHi images showing starter cells (top) and Cre-
independent infection of GFP (bottom). C–I, Representative images of input regions with GFP1 cells. C, We used red Retrobeads to detect the injection site of AAV-retro-Cre in the MPOA.
Scale bar, 200mm. J, The proportion of GFP1 neurons for each area among all GFP1 neurons. See Table 1 for other input regions. K, Representative confocal images of SON and PVN with NPI
immunostaining. Small panels represent high magnification of boxed area in separated and merged channels. Input cells in each area were not overlapping with NPI immunostaining. Scale
bar: low magnification, 200mm; high magnification, 30mm. n= 3. All data are the mean6 SEM. ac, anterior commissure; f, fornix; LV, lateral ventricle; 3V, third ventricle.
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junction potential was slight, we did not compensate for the data. For
sIPSC recording, we included 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 20mM) and MK-801 (20mM) in the ACSF, and also added tetro-
dotoxin (TTX; 1 mM) for miniature IPSC (mIPSC) recording. In the
IPSC recordings, we voltage clamped cells at �70mV. For experiments
studying the synaptic currents effect of OXT, we collected a 10min base-
line and subsequently bath applied OXT (1 mM) with 0.1% bovine serum
albumin (Sigma-Aldrich) to the brain slice for 5min with a subsequent
washout period. We used the last 2min of baseline and the first 2min of
washout for quantification to keep the time analyzed between cells consist-
ent. We performed analysis of spontaneous synaptic events with
MINIANALYSIS (Synaptosoft).

Pup exposure to male mice. We put pups in wire-mesh balls (45 mm
diameter; Minex Metal) when exposed to male mice to protect them
from the attack of males. Male mice could contact and lick pups directly

without biting because we made ;10 holes (5 mm diameter) on each
ball. To habituate pups and check the behavioral pattern, we exposed
male mice to pups directly 2 d before the subsequent c-Fos induction
experiment. We anesthetized and killed the male mice 2 h after individ-
ual exposure, and subjected them to immunohistochemistry. Sixteen
mice were excluded because the injection site was out of the MPOA.

Pup-directed behavioral test.We housed mice independently in cages
containing new purified paper bedding (Alpha-Dri, Shepherd Specialty
Papers) and a cotton square (Nestlet, Ancare) 1–2 d before the behav-
ioral test. We evaluated the paternal behavioral score according to previ-
ous reports (Amano et al., 2017) as follows: 4 = all pups were retrieved;
3 = 1 or 2 pups were retrieved; 2 = no pup was retrieved; 1 = at least one
pup was attacked�3min after placement in the test cage; and 0 = at least
one pup was attacked within 3min after placement in the test cage. The
end point of the aggressive behavior toward pups to terminate the

Table 2. Fraction of input regions to MPOA-projection AHi neurons

Region Fraction (%)

Amygdala CeA Central amygdaloid nucleus 0.276 0.18
MeA Medial amygdaloid nucleus, anterior part 0.496 0.49
La Lateral amygdaloid nucleus 0.606 0.39
Ast Amygdalostriatal transition area 0.616 0.30
BLA Basolateral amygdaloid nucleus 0.836 0.19
MeP Medial amygdaloid nucleus, poster part 1.196 1.02
BMA Basomedial amygdaloid nucleus 1.976 1.56
EA Extended amygdala 3.076 1.07
AHi Amygdalohippocampal area 0.456 0.45

Cortex dmPFC Medial prefrontal cortex, dorsal part 0.116 0.11
Endopirifrom DEn Dorsal endopiriform claustrum 0.166 0.15
Fiber tract st Stria terminalis 0.046 0.04

sm Stria medullaris 0.056 0.05
Hippocampal formation Ent Entorhinal cortex 1.076 0.49

vHip Hippocampus, ventral part 3.276 1.18
Hypothalamus SO Supraoptic nucleus 0.056 0.05

ZI Zona incerta 0.196 0.14
MCPO Magnocellular preoptic nucleus 0.226 0.13
Shy Septohypothalamic nucleus 2.066 1.97
LH Lateral hypothalamus 18.266 3.59

Midbrain Rt Reticular nucleus 0.056 0.05
PAG Periaqueductal gray 0.216 0.21
MRN Midbrain reticular nucleus 0.346 0.29

Olfactory area VTT Ventral tenia tecta 0.026 0.02
AON Anterior olfactory nucleus 0.166 0.15
DTT Dorsal tenia tecta 0.216 0.13
Aco Anterior cortical amygdaloid area 0.386 0.20
Apir Amygdalopiriform transition area 1.646 0.80
AOB Accessory olfactory bulb 2.556 1.97
Pir Piriform cortex 7.406 2.74
PCo Posterior cortical amygdaloid area 14.846 6.36

Pallidum SIB Substantia innominata, basal part 0.166 0.09
VP Ventral pallidum 0.386 0.22
VDB Nucleus of the vertical limb of the diagonal band 1.786 1.49
GP Globus pallidus 2.676 2.67
HDB Nucleus of the horizontal limb of the diagonal band 4.896 2.37
lBNST Bed nucleus of the stria terminalis, lateral part 5.266 2.81
mBNST Bed nucleus of the stria terminalis, medial part 7.476 1.26

Pon PON 0.156 0.15
Preoptic area MPOA Medial preoptic area 0.666 0.19

MPOM Medial preoptic nucleus, medial part 2.736 2.09
LPO Lateral preoptic area 4.856 1.26

Striatum LS Lateral septal nucleus 0.296 0.23
CPu Caudate putamen 0.386 0.34

Thalamus DLG Dorsal lateral geniculate nucleus 0.106 0.10
SubG Subgeniculate nucleus of prethalamus 0.156 0.15
VG Ventral geniculate nucleus 0.616 0.61
Tha Thalamus 4.726 1.00

n= 3. All data are the mean 6 SEM.
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experiments was a 2 s scream or visible wound on the pup skin. We im-
mediately killed the wounded pups. The injection site was checked after
the behavioral test. Data from 35 mice were excluded because virus was
expressed in a neighboring structure, such as the MeA.

Open field test. Mice were introduced to the central zone of an
open-field (50� 50 cm2) chamber for 10min. We injected them
with CNO (2mg/kg, i.p.) 30min before the open-field test. Their
movement was recorded using a video camera and analyzed with the

Figure 4. The alteration of inhibitory synaptic responses on MPOA-projection AHi neurons. A, Schematic showing microinjection of Retrobeads into the MPOA and patch-clamp recording on
MPOA-projection AHi neurons (left) and an IR and fluorescent image of Retrobead1 cells and recording glass pipette (right). B, Representative traces of membrane potential following hyperpo-
larizing and depolarizing current injection (�200 to1160 pA, by 40 pA). Red lines indicate�60mV. Calibration: 50 ms, 20mV. C, E, G, Representative traces showing sIPSCs on MPOA-projec-
tion AHi neurons before (gray) and after OXT (blue, orange, or purple) application in ACSF (C), in the presence of OXT antagonist (E), or TTX (G). Calibration: 1 s, 50 pA. D, F, H, The change
with OXT in each experimental group of sIPSC amplitude and frequency onto MPOA-projection AHi neurons of virgin group (D, F, and H) or paternal group (D, F). I, The increase rates of sIPSC
frequency of MPOA-projection AHi neurons of virgin and paternal groups by OXT application. For C, D, and I, Virgin group, n= 12 cells, N= 7 animals; paternal group, n= 18 cells, N= 7 ani-
mals; two-way ANOVA with Sidak’s multiple-comparisons test: OXT application: F(1,18) = 1.633, p= 0.2175 (amplitude); F(1,18) = 32.59, p, 0.0001 (frequency); sexual experience, F(1,18) =
1.504, p= 0.2359 (amplitude); F(1,18) = 0.8855, p= 0.3592 (frequency); two-tailed unpaired t test, t(18) = 2.200. For E and F, virgin group, n= 6 cells, N= 3 animals; paternal group, n= 5
cells, N= 3 animals; two-way ANOVA with Sidak’s multiple-comparisons test: OXT application: F(1,9) = 0.8611, p= 0.3777 (amplitude); F(1,9) = 0.2732, p= 0.6138 (frequency); sexual experi-
ence: F(1,9) = 0.4182, p= 0.5340 (amplitude); F(1,9) = 0.1963, p= 0.6682 (frequency). G, H, Virgin, n= 8 cells, N= 3 animals; two-tailed paired t test: t(7) = 0.0122, p= 0.9906 (amplitude);
t(7) = 1.190, p= 0.2729 (frequency). All data are the mean6 SEM. *p, 0.05, ****p, 0.0001.
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Fiji. The center zone was defined as the centric area (16.5� 16.5
cm2). The locomotor activity was evaluated as the total distance
traveled, and anxiety-like behavior was defined by the time traveled
in the central zone.

Statistical analysis. We used GraphPad Prism software 6 (GraphPad
Software) for the statistical analysis, which included the Wilcoxon
signed-rank test, the two-tailed unpaired t test, one-way ANOVA, and
two-way ANOVA with Sidak’s multiple-comparisons test.

Results
MPOA-projection AHi neurons are involved in social
behaviors toward pups
We first injected retrograde tracer FG into the MPOA (Fig. 1A)
and collected coronal and sagittal sections in order though the
AHi, where dense FG1 cells were observed (Fig. 1B,C). The im-
munostaining of CART, a marker of the medial amygdala poster-
odorsal part (MePD; Broberger, 1999), revealed clear boundaries
between the AHi and MePD, particularly in sagittal sections. In
addition, we could observe the entire cluster of MPOA-projec-
tion AHi neurons along the anterior–posterior axis in the sagittal
sections. We therefore analyzed the AHi in the sagittal section
and classified each region as an anterior part or a posterior part
(Fig. 2A).

Next, we counted the number of FG1, c-Fos1, and double-
positive neurons in the AHi to assess whether MPOA-projection
AHi neurons were activated by pup contact, including aggression
and/or parenting toward pups; we analyzed the following two
groups: (1) sexually inexperienced male mice, which usually
show attack toward pups (virgin group); and (2) paternal mice
showing parenting, who had experienced mating, delivery of the
partner, and staying with the pup for 3 d (paternal group). We
exposed them to a pup in the wire-mesh ball with holes to allow
them to contact and lick the pup without biting. We also pre-
pared another paternal group by directly exposing them to pups
without the wire-mesh ball. The exposure to pups significantly
increased the proportion of double-positive neurons in the
AHi in each anterior subregion, but not in posterior subre-
gions (Fig. 2B,C). We detected no significant differences in
FG1 neurons between groups (Table 1). These data suggest
that MPOA-projection AHi neurons, particularly those
located in the anterior part, are activated by both attack and
parenting toward pups.

MPOA-projection AHi neurons received convergent synaptic
input from several regions
Next, we investigated presynaptic inputs to MPOA-projection
AHi neurons. We achieved this by using the projection-based
circuit-mapping technique called the TRIO method, a system
combining retrograde delivery of Cre recombinase to initiate ra-
bies-mediated trans-synaptic retrograde labeling (Schwarz et al.,
2015). We virally targeted the AAV variant that retrogradely
expresses Cre recombinase (AAV-retro-Cre) into the MPOA
and a mixture of AAV-driving TVA (tumor virus receptor A) re-
ceptor fused with mCherry (TCB) and rabies glycoprotein (RG)
in Cre-dependent manners (AAV-DIO-TCB and AAV-DIO-
RG) by injection into the AHi. After 2 weeks, we injected the
mice in the AHi with EnvA-pseudotyped and glycoprotein-defi-
cient rabies virus (rabies DG-GFP1 EnvA; Fig. 3A). To confirm
localization in the AHi, we counted all starter cells, GFP1 neu-
rons colabeled with mCherry (Fig. 3B, top). Based on the loca-
tion of starter cells, we selected three mice in which the
proportions of starter cells in the AHi, among all starter cells,
were 87.6%, 90.2%, and 91.5%, respectively, for whole-brain

analysis of input cell distribution. In a negative control omitting
AAV-retro-Cre injection, we observed the Cre-independent GFP
labeling only in areas close to the injection site (Fig. 3B, bottom;
Miyamichi et al., 2013). Given this result, we excluded GFP1

cells on sections within 500mm of the injection site from the
analysis. Whole-brain analysis revealed that multiple regions,
including the ventral hippocampus (vHip), posterior cortical
amygdaloid area (PCo), extended amygdala (EA), lateral hypo-
thalamus (LH), bed nucleus of the stria terminalis (BNST), and
thalamus (Tha), projected to MPOA-projection AHi neurons
(Fig. 3C–I, Table 2). Quantitative analysis revealed these regions
to be prominent presynaptic structures of MPOA-projection
AHi neurons (Fig. 3J).

As previous studies had revealed OXT receptor (OXTR)
expression in the AHi (Yoshida et al., 2009), we next assessed
whether oxytocinergic neurons directly projected to MPOA-pro-
jection AHi neurons. We were unable to find any GFP1 cell
expressing NPI, a presumed marker of oxytocinergic neurons
(Jurek and Neumann, 2018), in the PVN and SON (Fig. 3K).
These data revealed that various limbic structures involving pa-
rental and aggressive behaviors send convergent synaptic inputs
to MPOA-projection AHi neurons.

OXT–OXTR signaling increases inhibitory response on
MPOA-projection AHi neurons
If OXT neurons are not direct presynaptic partners of MPOA-
projection AHi neurons, how may OXT influence these neurons?
One possibility is that OXTR is expressed in the local neurons of
AHi presynaptic to the MPOA-projection AHi neurons. A previ-
ous study suggested colocalization with GABA immunoreactivity
in the vicinity of AHi (Yoshida et al., 2009); therefore, we next
investigated whether OXT alters the efficiency of inhibitory syn-
aptic transmission on MPOA-projection AHi neurons of virgin
and paternal groups.

To visualize MPOA-projection neurons in the AHi, we
injected Retrobeads into the MPOA and recorded sIPSCs on the
labeled neurons using the whole-cell voltage-clamp technique
(Fig. 4A). To detect sIPSCs clearly, we used a high-chloride inter-
nal solution and recorded at �70mV. Most MPOA-projection
AHi neurons showed a regular firing pattern, and we detected no
significant differences in passive membrane properties of these
neurons between the virgin and the paternal groups (Fig. 4B,
Table 3). In addition, most of these neurons (32 of 35 neurons
and 28 of 29 neurons, in the virgin and the paternal groups,
respectively) showed hyperpolarization-activated cation currents,
according to our criteria (Yamauchi et al., 2018). Bath applica-
tion with 1 mM OXT significantly increased sIPSC frequency, but
not amplitude, compared with the baseline in both virgin and pa-
ternal groups (Fig. 4C,D), suggesting a presynaptic action of
OXTR on AHi synapses. The OXT-induced increase in frequency
completely disappeared in the presence of the selective OXTR an-
tagonist L-368 899 (OXTA; 5 mM; Fig. 4E,F). Furthermore, we
recorded mIPSCs to examine the effects of OXT in the presence of

Table 3. Passive membrane properties of MPOA-projection AHi neurons

Virgin Paternal group

Resting membrane potential (mV) �65.306 1.30 �68.106 1.46
Threshold (mV) �50.496 0.68 �51.456 0.64
Input resistance (MV) 193.746 10.54 175.666 12.76
Time constant (ms) 46.276 4.82 53.326 6.36
n 35 29

All data are the mean 6 SEM.
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1mM TTX.We found mIPSC frequency and amplitude to be unaf-
fected by 1 mM OXT (Fig. 4G,H), indicating that OXT modulates
inhibitory synapses via a presynaptic site of action on soma.
Notably, in the paternal group, increase rates of sIPSC frequency
were larger than those in the virgin group (Fig. 4I).

To gain a more detailed insight into the interactions between
MPOA-projection neurons and local neurons in the AHi, we
then characterized local synaptic input to MPOA-projection AHi
neurons and analyzed the localization of Oxtr and vGAT, a
marker of GABAergic neurons. As TCB-based tracing exhibited
substantial local background (Fig. 3B), we used a mutation TVA

receptor fused with mCherry (TC66T), which is known to lower
unintentional labeling (Miyamichi et al., 2013; Fig. 5A,B). After
TC66T-based labeling, we conducted quantitative FISH assays
using RNAscope. In the whole AHi neurons, we observed exten-
sive Oxtr1 neurons and some vGAT 1 neurons (Oxtr, 64.46
2.6%; vGAT, 22.36 2.2%; Fig. 5C–E), as well as a subset of coex-
pression neurons (proportion of vGAT 1 neurons expressing
Oxtr, 65.56 4.4%; proportion of Oxtr1 neurons expressing
vGAT, 22.56 2.1%). On the other hand, focusing on input
neurons to MPOA-projection neurons, we identified a large
proportion of coexpression neurons (proportion of vGAT 1

neurons expressing Oxtr, 97.56 2.5%; proportion of Oxtr1

neurons expressing vGAT, 43.96 4.3%). This demonstrates
the selectivity of neural connections between interneurons
expressing both Oxtr and vGAT mRNA and MPOA-projec-
tion AHi neurons.

Electrophysiological and histologic data collectively suggest
that oxytocinergic neurons project to interneurons of the AHi,
which then provide presynaptic inhibition to MPOA-projection
AHi neurons.

AHi neurons transmit excitatory inputs to MPOA neuron
To examine synaptic transmission from the AHi to the MPOA,
we infused the AAV-expressing ChR2, a blue light-sensitive so-
dium channel, in a Cre-dependent manner (AAV-DIO-ChR2)
into the AHi in mice injected with AAV-retro-Cre in the MPOA.
We used these mice to perform whole-cell patch-clamp record-
ings from the MPOA neurons in slice preparation (Fig. 6A). At
the recording voltage at which we could observe both an EPSC
and an IPSC in opposite directions, 9 of 24 neurons showed

Figure 5. Oxtr1 and vGAT1 interneurons in the AHi. A, Schematic showing microinjection AAVs and rabies virus. B, Representative AHi images showing starter cells (top) and Cre-independ-
ent control (bottom). Insets show high-magnification images of the boxed areas in each panel. White arrowheads indicate starter cells. Scale bar, 200mm. C, Representative confocal images of
input neurons (GFP1) and Oxtr (magenta) and vGAT (cyan) mRNA in the AHi. Filled arrowheads indicate input neurons coexpressing Oxtr and vGAT mRNA. Open arrowheads indicate input neu-
rons expressing only Oxtr mRNA. Scale bar, 30mm. D, E, Summary graphs showing the expression of Oxtr and vGAT mRNA among GFP1 AHi neurons (input) and all AHi neurons, regardless of
GFP expression (whole). D, E, The Venn diagrams are the fraction of cells labeled by vGAT1 and Oxtr1 (D) and the fraction of each type of cell (E). n= 4. All data are the mean6 SEM. LV, lat-
eral ventricle.

Figure 6. Excitatory monosynapse from the AHi to MPOA neurons. A, Schematic showing
microinjection of AAVs and patch-clamp on MPOA neurons. B, Relative frequencies of synap-
tic responses. n= 24 cells, N= 8 animals. C, Representative EPSC traces activated by 5 ms of
blue light stimulation. Photostimulation-evoked EPSC traces are abolished by the application
of TTX and shown after the application of 4-AP. Bold lines show the timing of photostimula-
tion. Calibration: 20ms, 50 mV. n= 3 cells, N= 3 animals.
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Figure 7. Impact of parental behavior by pharmacological modulation of MPOA-projection AHi neurons. A, Schematic showing microinjection of AAVs and sagittal section showing represen-
tative injection site. Scale bar, 200mm. B, Schematic showing the ratio of infanticide by male mice after mating and the position of FGE mice. C, E, G, Relative frequencies of behavior toward
pups of FGE (C), paternal group (E), or virgin group (G). D, F, H, Parental score of FGE (D), paternal group (F), or virgin group (H). I, Representative traces showing the effect of CNO on the
membrane potential of mCherry1, hM3Dq1, and hM4Di1 cells. Dotted lines indicate �81mV. Calibration: 2 min, 5 mV. J, K, Total distance and time in the center zone in the open-field
chamber of FGE (J), paternal group or virgin group (K). For D, control, n= 11; hM3Dq, n= 7; hM4Di, n= 8; two-way ANOVA with Sidak’s multiple-comparisons test, F(2,23) = 5.404,
p= 0.0119. For F, control, n= 10; hM3Dq, n= 7; two-way ANOVA with Sidak’s multiple-comparisons test, F(1,15) = 9.349, p= 0.0080. For H, control, n= 7; hM4Di, n= 9; two-way ANOVA
with Sidak’s multiple-comparisons test, F(1,14) = 3.261, p= 0.0925. For J, control, n= 10; hM3Dq, n= 7; hM4Di, n= 8; one-way ANOVA, F(2,22) = 1.386, p= 0.2711 (total distance); F(2,22) =
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synaptic responses to photostimulation. Among them, eight neu-
rons showed only EPSCs and one neuron showed both EPSCs
and IPSCs (Fig. 6B). The photostimulation-evoked EPSCs were
completely blocked by 1 mM TTX and restored with the coappli-
cation of TTX and 4-aminopyridine (4-AP; 1 mM; Fig. 6C).
These data indicate the presence of excitatory monosynaptic
connections from the AHi to MPOA neurons.

MPOA-projection AHi neurons are sufficient to induce
aggressive behavior toward pups
To test the functions of MPOA-projection AHi neurons in social
behaviors toward pups, we performed modulation of MPOA-
projection AHi neurons. To achieve this, we injected AAV-retro-

Cre and the AAV expressing an engineered G-protein-coupled
receptor (excitatory effector, hM3Dq; or inhibitory effector,
hM4Di) in a Cre-dependent manner (AAV-DIO-hM3Dq or
AAV-DIO-hM4Di; Fig. 7A).

Most of the virgin male mice showed aggressive behaviors to-
ward pups, whereas most of the paternal group showed parental
behaviors. To avoid this ceiling effect, we used the FGE mice,
which showed either parental or aggressive behaviors (Tachikawa
et al., 2013; Fig. 7B). We injected the male mice with AAVs and
cohoused them with a female until late gestation to develop FGE
mice. We used these mice for a behavior test, in which three pups
(age, 1–6d) were placed into the corner of the subjects’ home
cage, avoiding his nest. Tests were performed once a day for 5 suc-
cessive days for 30min during the day. Mice were injected with
CNO (2mg/kg, i.p.) 30min before behavioral tests on days 1–4,
and saline on day 5.

Consistent with the previous study, we observed both paren-
tal and aggressive behavior in the group injected with control
AAV-expressing mCherry (Fig. 7C,D). Furthermore, the propor-
tion of individuals showing parental behavior increased daily. In
contrast, the activation of MPOA-projection AHi neurons by the
injection of CNO in the hM3Dq group promoted aggressive

/

0.9703, p= 0.3946 (time in the center zone). For K, paternal group, control, n= 10; hM3Dq,
n= 7; two-tailed unpaired t test, t(15) = 2.0503, p= 0.0582 (total distance); t(15) = 0.7708,
p= 0.4528 (time in the center zone); virgin, control, n= 7; hM4Di, n= 9; two-tailed
unpaired t test, t(14) = 0.0648, p= 0.9493 (total distance); t(14) = 1.7461, p= 0.1027 (time
in the center zone). All data are the mean 6 SEM. *p, 0.05, **p, 0.01. LV, lateral
ventricle.

Figure 8. Disruption of expression of parental behavior by pharmacological activation of AHiCaMKII. A, Schematic showing microinjection of AAV into the AHi and patch clamp on MPOA neu-
rons. B, Representative PSC traces activated by 5 ms of blue light stimulation. Bold lines indicate the timing of photostimulation. Photostimulation-evoked EPSC traces are prevented by the
application of CNQX and MK-801. Calibration: 10 ms, 50mV. C, Relative frequencies of synaptic responses. n= 11 cells, N= 3 animals. D, Schematic showing microinjection of AAV and sagittal
section showing representative injection site. Scale bar, 200mm. E, Relative frequencies of behavior toward pups. F, Parental score. G, Total distance and time in the center zone in the open-
field test. For F, control, n= 9; hM3Dq, n= 9; two-way ANOVA with Sidak’s multiple-comparisons test, F(1,16) = 14.90, p= 0.0014. For G, control, n= 9; hM3Dq, n= 9; two-tailed unpaired t
test, t(16) = 0.6553, p= 0.5215 (total distance); t(16) = 2.3860, p= 0.0297 (time in the center zone). All data are the mean6 SEM *p, 0.05, ***p, 0.001. LV, lateral ventricle.
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behaviors rather than parental behaviors. Remarkably, the induc-
tion of pup-directed attack persisted without CNO injection on
day 5. While the induction of aggressive behavior by the acti-
vation of MPOA-projection AHi neurons, we did not
observe a behavioral change toward pups by the inhibition of
these neurons.

Next, we assessed whether the neuronal activity of MPOA-
projection AHi neurons was also important for aggressive behav-
ior toward pups in paternal and virgin mice. Chemogenetic
activation of MPOA-projection AHi neurons in the paternal
group resulted in the tendency to suppress parenting behavior
compared with the control group (Fig. 7E,F). However, we
observed a decrease in the proportion of individuals exhibiting
aggressive behavior from day to day, and all paternal mice exhib-
ited parenting behavior without the activation of MPOA-projec-
tion AHi neurons on day 5. Meanwhile, the chemogenetic
inhibition of MPOA-projection AHi neurons suppressed aggres-
sion in a subset of the virgin group; however, this effect was not
significant (Fig. 7G,H).

To confirm the effect of CNO on hM3Dq and hM4Di, we
monitored membrane potentials in hM3Dq1 or hM4Di1 neurons
by whole-cell patch-clamp recordings (Oishi et al., 2017; Fig. 7I).
We applied 0.5 mM CNO to slices and found significant depolari-
zation in hM3Dq1 neurons (�80.466 0.35 and �75.206
1.78mV, before and after CNO application, respectively; *p=
0.0313, Wilcoxon signed-rank test; n=6 cells, N=3 animals)
and hyperpolarization in hM4Di1 neurons (�81.126 0.40 and
�83.056 0.69mV, before and after CNO application, respec-
tively; *p=0.0313, Wilcoxon signed-rank test; n=6 cells, N=2
animals), but we did not observe a change of potential in the
control slices expressing only mCherry (�81.346 0.77 and
�80.416 1.05mV, before and after CNO application, respec-
tively; p=0.2188, Wilcoxon signed-rank test; n=6 cells, N=3 ani-
mals). These results confirm that CNO can activate hM3Dq1

neurons and inhibit hM4Di1 neurons.
We did not observe the significant differences in locomotor

and anxiety levels on the activation and inhibition of MPOA-
projection AHi neurons (Fig. 7J,K). Together, these results
suggest that the activation of MPOA-projection AHi neurons
sufficiently biases infanticidal behavior over parental behavior.

Activation of AHiCaMKII neurons also induces aggression by
excitatory projection to the MPOA
Electrophysiological analysis indicates that MPOA-projec-
tion AHi neurons provided excitatory-dominant synaptic
input to the MPOA (Fig. 6). Next, we used AAV under the
control of the a-subunit of Ca21/calmodulin-dependent pro-
tein kinase II (CaMKIIa) gene promoter. We performed
whole-cell patch-clamp recordings from the MPOA neurons
and provided blue light to activate terminals of CaMKIIa1

AHi neurons (AHiCaMKII) in mice injected with AAV-
CaMKIIa-ChR2 into the AHi (Fig. 8A). Seven of 11 neurons
exhibited synaptic responses to photostimulation (Fig. 8B,C), of
which 4 exhibited only EPSCs and 4 exhibited both EPSCs
and IPSCs, and these EPSCs were blocked by 20 mM CNQX
and 20 mM MK-801 (Fig. 8B). The amplitude of IPSCs was
much smaller than that of EPSCs (data not shown), suggest-
ing that the AHiCaMKII predominantly released glutamate at
the MPOA.

To confirm the sufficiency of AHiCaMKII for aggressive behav-
ior toward pups, we injected AAV-CaMKIIa-hM3Dq into the
AHi in FGE mice (Fig. 8D). The chemogenetic activation of
AHiCaMKII resulted in the disruption of parenting behavior,

similar to the activation of MPOA-projection AHi neurons (Fig.
8E,F). Furthermore, the activation of AHiCaMKII increased anxi-
ety levels, but not locomotor levels (Fig. 8G). Collectively, the
activation of AHi neurons promoted infant-directed attack in
male mice, despite excitatory projection to the MPOA.

Discussion
This study showed that the activation of MPOA-projection AHi
neurons induced aggressive behavior toward pups in FGE and
paternal mice, whereas inhibition of these neurons resulted in
the suppression of attack behavior in some virgin mice (Fig. 7).
Additionally, aggressive behavior was associated with an increase
in the number of c-Fos1 neurons. These findings suggest that
MPOA-projection AHi neurons mediate infant-directed aggres-
sion in male mice (Fig. 9), consistent with a recent study (Autry
et al., 2019). c-Fos mapping revealed that MPOA-projection AHi
neurons were also activated by parenting behavior, whereas
hM3Dq-mediated activation of MPOA-projection AHi neurons
resulted in aggression instead of parenting behavior. A possible
explanation is that MPOA-projection AHi neurons promote
pup-directed aggression even during parental care; however, the
contribution of these neurons to behavioral selection may be
smaller than to other neuronal systems inducing parenting
behavior. Therefore, the chemogenetic activation of MPOA-pro-
jection AHi neurons in paternal mice slightly but significantly
increased the attack behaviors toward pups. Another possibility
is that MPOA-projection AHi neurons contain two populations,
attack-mediating and parenting-mediating neurons, and the
function of attack-mediating neurons dominates in our experi-
mental condition. FGE mice lacked paternal experience-induced
plasticity, such as OXT sensitivity (Fig. 4), because they did not
experience paternal behavior. Therefore, they may be more easily
biased to attack rather than parenting because of nonselective
activation of MPOA-projection AHi neurons. In fact, attack-
mediating neuronal inputs to the AHi can be distinct from
inputs to parenting–mediating neurons. Recent studies have
detailed the importance of the main olfactory system to

Figure 9. A model of the neural circuit on infant-directed attack in male mice. The activa-
tion of MPOA-projection AHi neurons disrupts parenting behavior and promotes aggressive
behavior, whereas MPOA neurons receive excitatory inputs from the AHi. Interneurons in the
AHi express both Oxtr and vGAT, which should be activated by OXT and provide inhibitory
synaptic inputs to MPOA-projection AHi neurons.
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parenting and the vomeronasal system to aggression (Wang and
Storm, 2011; Tachikawa et al., 2013). Considering input mapping,
attack-mediating neurons may receive input from the vomeronasal
system, such as the PCo, and parenting-mediating neurons may
receive input from the main olfactory system, such as the piri-
form cortex (Pir), entorhinal cortex (Ent), and anterior olfac-
tory nucleus (AON). Alternatively, a single population of the
MPOA-projection AHi neurons may be involved in both attack
and parenting events by being activated with different inten-
sities or temporal patterns, and the chemogenetic activation
used in this study may be favorable to aggressive behavior. To
examine these possibilities, additional experiments, including
activity-dependent cell labeling and labeled cell-specific activity
manipulation, need to be conducted.

Our electrophysiological data revealed that 9 of 24 MPOA
neurons receive excitatory inputs from the AHi, suggesting that
activation of MPOA-projection AHi neurons results in the acti-
vation of some MPOA neurons. Previous studies showed that
activation of the MPOA suppresses aggressive behavior toward
pup (Tsuneoka et al., 2015). This appears to be inconsistent with
our present result that chemogenetic activation of MPOA-pro-
jection AHi neurons promoted attack behaviors. It may be possi-
ble that MPOA-projection AHi neurons make synapses onto
GABAergic interneurons, which negatively regulate a subpopula-
tion of neurons that elicits parenting behaviors toward pup. In
fact, recent single-cell RNA-sequencing analyses revealed that
MPOA neurons were classified into distinct clusters based on
gene expression patterns and linked to different behaviors
(Moffitt et al., 2018). In addition to parental behavior, MPOA
plays critical roles in thermal homeostasis (Nakamura and
Morrison, 2011), social attraction (McHenry et al., 2017), and
object exploration (Park et al., 2018). Several studies revealed
that galanin-expressing or estrogen receptor a (Est1)-expressing
neurons were reported to play an important role in parental
behavior (Wu et al., 2014; Fang et al., 2018; Wei et al., 2018). In
addition to the modulation of MPOA function, it is also possible
that MPOA-projection AHi neurons send collateral projections
to a brain region driving aggressive behaviors. For example, a
recent study revealed that Esr11 neurons in the ventrolateral
part of the ventromedial hypothalamus, a key region for aggres-
sive behavior, receives the inputs from the AHi (Osakada et al.,
2018).

In this study, whole-cell patch-clump electrophysiology
revealed the OXT-sensitive local circuit in the AHi. Histologic
analyses using TC66T-based tracing combined with RNAscope in
situ hybridization demonstrated that 38.6% of input neurons to
MPOA-projection AHi neurons expressed both Oxtr and vGAT,
which should be activated by OXT and provide inhibitory synap-
tic inputs to MPOA-projection AHi neurons. Additionally, a ma-
jority (97.56 2.5%) of vGAT-expressing GABAergic input
neurons coexpress Oxtr. These data support the results of elec-
trophysiological experiments that bath application of OXT sig-
nificantly increased sIPSC frequency in MPOA-projection AHi
neurons.

Input mapping revealed that MPOA-projection AHi neurons
received inputs from the thalamus, hypothalamus, and olfactory
areas. Although classical tracer studies had already showed some
of these inputs to the AHi (Krettek and Price, 1977; Turner and
Herkenham, 1991; Canteras et al., 1992), our study further
revealed the monosynaptic relay of these inputs to the MPOA.
For instance, we found that MPOA-projection AHi neurons
received direct synaptic inputs from some regions in the main ol-
factory system (Mori and Sakano, 2011), such as the Pir, Ent, and

AON. To our knowledge, these brain areas were not previously
reported to project to the AHi. We also detected slight labeling of
the accessory olfactory bulb (AOB), a region in the vomeronasal
system, as an input region to MPOA-projection AHi neurons, a
finding inconsistent with previous tracer studies that AON neu-
rons did not project to the AHi (Von Campenhausen and Mori,
2000). This unexpected labeling might be due to small numbers of
starter cells mislocated in the MeA, a downstream target of the
AOB that also projects to the MPOA. For more precise analyses,
we need to identify AHi-specific molecular markers in future
studies.

In conclusion, our study demonstrated the presence of excitatory
inputs from the AHi to the MPOA that biases the behavior choice
of the male toward aggression over parenting. Furthermore,
MPOA-projection AHi neurons connect limbic structure, which
related to sensory and OXT-responding interneurons sending in-
hibitory input. These MPOA-projection AHi neurons seem to be
located in a position suited not only for the integration of various
sensory and social information, but also for hormonal modulation.
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