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AGRP (agouti-related neuropeptide) expressing inhibitory neurons sense caloric needs of an animal to coordinate homeostatic feeding. Recent
evidence suggests that AGRP neurons also suppress competing actions and motivations to mediate adaptive behavioral selection during star-
vation. Here, in adult mice of both sexes we show that AGRP neurons form inhibitory synapses onto �30% neurons in the medial preoptic area
(mPOA), a region critical for maternal care. Remarkably, optogenetically stimulating AGRP neurons decreases maternal nest-building while
minimally affecting pup retrieval, partly recapitulating suppression of maternal behaviors during food restriction. In parallel, optogenetically
stimulating AGRP projections to the mPOA or to the paraventricular nucleus of hypothalamus but not to the LHA (lateral hypothalamus area)
similarly decreases maternal nest-building. Chemogenetic inhibition of mPOA neurons that express Vgat (vesicular GABA transporter), the
population targeted by AGRP terminals, also decreases maternal nest-building. In comparison, chemogenetic inhibition of neurons in the LHA
that express vesicular glutamate transporter 2, another hypothalamic neuronal population critical for feeding and innate drives, is ineffective.
Importantly, nest-building during low temperature thermal challenge is not affected by optogenetic stimulation of AGRP¡mPOA projections.
Finally, via optogenetic activation and inhibition we show that distinctive subsets of mPOA Vgat� neurons likely underlie pup retrieval and
maternal nest-building. Together, these results show that AGRP neurons can modulate maternal nest-building, in part through direct projec-
tions to the mPOA. This study corroborates other recent discoveries and underscores the broad functions that AGRP neurons play in antago-
nizing rivalry motivations to modulate behavioral outputs during hunger.
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Introduction
AGRP-expressing neurons (�20,000) in the arcuate nucleus
(ARC) of the hypothalamus sense caloric needs of an animal to

coordinate homeostatic feeding (Zha and Xu, 2015; Andermann
and Lowell, 2017). These neurons are activated by hormones that
signal caloric deficiency, such as ghrelin (Hahn et al., 1998; Ka-
megai et al., 2000; Cowley et al., 2003; Palou et al., 2009), and
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Significance Statement

In order for animals to initiate ethologically appropriate behaviors, they must typically decide between behavioral repertoires driven by
multiple and often conflicting internal states. How neural pathways underlying individual behaviors interact to coherently modulate
behavioral outputs, in particular to achieve a proper balance between behaviors that serve immediate individual needs versus those that
benefit the propagation of the species, remains poorly understood. Here, by investigating projections from a neuronal population known
to drive hunger behaviors to a brain region critical for maternal care, we show that activation of AGRP¡mPOA projections in females
dramatically inhibits maternal nest-building while leaving mostly intact pup retrieval behavior. Our findings shed new light on neural
organization of behaviors and neural mechanisms that coordinate behavioral selection.
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suppressed by hormones that signal energy surfeit, such as leptin
(Cowley et al., 2001; Pinto et al., 2004; Varela and Horvath, 2012).
In addition, sensory cues that predict food availability rapidly
suppress AGRP neuronal activities, whereas gut-derived nutri-
ents and hormones post-ingestion suppress AGRP neuronal ac-
tivities over minutes to hours (Betley et al., 2015; Chen et al.,
2015; Mandelblat-Cerf et al., 2015; Beutler et al., 2017; Su et al.,
2017). Functionally, optogenetic or chemogenetic activation of
AGRP neurons drives food foraging and voracious feeding even
in satiated animals (Aponte et al., 2011; Krashes et al., 2011).
Conversely, targeted suppression or ablation of AGRP neurons
leads to reduced or dramatic loss of feeding in adult mice (Luquet
et al., 2005, Krashes et al., 2011; Betley et al., 2015). Thus, AGRP
neurons play an absolutely essential role in maintaining homeo-
static feeding.

AGRP neurons project prominently to the paraventricular
nucleus of hypothalamus (PVH), the dorsal medial hypothala-
mus (DMH), the lateral hypothalamic area (LHA), the anterior
bed nucleus of the stria terminalis (aBNST), the paraventricular
nucleus of the thalamus (PVT), the central amygdala (CeA), and
the parabrachial nucleus (PBN), where they release GABA along
with AGRP and neuropeptide Y to exert inhibitory effects on
downstream neurons (Wu et al., 2009, 2012; Atasoy et al., 2012;
Betley et al., 2013; Carter et al., 2013; Krashes et al., 2013). Inter-
estingly, each of these target regions receives inputs from a sepa-
rate and non-overlapping subset of AGRP neurons (Betley et al.,
2013). Independent activation of AGRP projections to PVH,
LHA, aBNST, and PVT but not to CeA or PBN elicits feeding,
suggesting a parallel and redundant configuration of AGRP neu-
ral pathways for homeostatic feeding (Betley et al., 2013).

Importantly, hunger as an internal state broadly influences
perception and behaviors beyond feeding. Indeed, recent studies
show that AGRP neurons could act via projections to the PVT
and to the basolateral amygdala to modulate representation of
food-predicting visual cues in the insular cortex (Livneh et al.,
2017), via projections to the medial nucleus of the amygdala to
suppress territorial aggression and contextual fear (Padilla et al.,
2016), via projections to the PBN to attenuate behavioral re-
sponses and affective properties of inflammatory pain induced by
formalin injection (Alhadeff et al., 2018), and via inhibition of
kisspeptin-expressing neurons to suppress fertility (Padilla et al.,
2017). Moreover, when food is accessible, activation of AGRP
neurons also mediate hunger suppression of other behaviors and
motivations, including thirst, anxiety-related behavior, innate
fear, and social interactions (Burnett et al., 2016; Jikomes et al.,
2016). These results raise the question as to whether AGRP neu-
rons may play a similar role in antagonizing maternal care, the
balance between which and feeding could potentially affect the
fitness of an animal.

In this study, by performing ex vivo channelrhodopsin-2-
assisted circuit mapping (Petreanu et al., 2007), we demonstrate a
direct projection from AGRP neurons to �30% neurons in the
medial preoptic area (mPOA), a region essential for maternal
care (Numan, 1974; Jacobson et al., 1980; Newman, 1999;
Tsuneoka et al., 2013; Dulac et al., 2014; Kuroda and Numan,
2014; Wu et al., 2014; Yang and Shah, 2014). Optogenetic stim-
ulation of AGRP neurons or their projections to the mPOA or
chemogenetic inhibition of mPOA vesicular GABA transporter
(Vgat)� neurons, the population targeted by AGRP neurons,
dramatically decreases maternal nest-building while minimally
affecting pup retrieval, partly recapitulating suppression of ma-
ternal behaviors in starved females. By contrast, nest-building
behavior induced by thermal challenge is not affected by stimu-

lation of AGRP¡mPOA projections. Together, these results
show that AGRP¡mPOA projections can directly modulate ma-
ternal nest-building.

Materials and Methods
Animal. AGRP tm1/(cre)Lowl/J (referred to as AGRP Cre; 012899), B6;129S-
Gt(ROSA) 26Sortm34.1(CAG�Syp/tdTomato)Hze/J (referred to as Ai34;
012570), B6;129S-Gt(ROSA)26Sor tm32(CAG�COP4*H134R/EYFP)Hze/J (re-
ferred to as Ai32; 012569), Slc32a1 tm2(cre)/Lowl/J (referred to as Vgat-Ires-
Cre; 016962), Slc17a6 tm2(cre)/Lowl/J [referred to as vesicular glutamate
transporter 2 (Vglut2)-Ires-Cre; 01693], and C57BL/6-Esr1tm2.1(cre)And/J
(referred to as Esr1-Cre; 017913) were obtained from The Jackson Lab-
oratory. Vgat-Cre was previously generated (Chao et al., 2010). C57BL/6
animals were obtained from the Slac Laboratory Animal. All experimen-
tal animals used in the study were �8 weeks old and were bred onto
C57BL/6 background for at least one generation. Animals were housed in
the Institute of Neuroscience animal facility on a 12 h light/dark cycle and
with food and water ad libitum unless otherwise specified. Animals
heterozygous for the AGRP cre and Ai34 allele were used to trace target
areas of AGRP neurons. Animals heterozygous for the AGRP cre and Ai32
allele, denoted as AGRP ChR2 mice, were used for functional manipula-
tions. All experimental protocols were approved by the Animal Care and
Use Committee (IACUC No. NA-016-2016).

Electrophysiological recordings. Adult AGRP ChR2 mice of either sex
were anesthetized with isoflurane, perfused transcardially with ice-cold
oxygenated (95% O2/5% CO2) high-sucrose solution (in mM: 2.5 KCl,
1.25 NaH2PO4, 2 Na2HPO4, 2 MgSO4, 213 sucrose, 26 NaHCO3), and
decapitated to remove the brain. Afterward, the brain was immediately
placed in ice-cold oxygenated high-sucrose solution and sectioned in
coronal plane at 250 �m in this buffer. After sectioning, slices were
incubated in oxygenated ACSF (in mM: 126 NaCl, 2.5 KCl, 1.25
NaH2PO4, 1.25 Na2HPO4, 2 MgSO4, 10 glucose, 26 NaHCO3, 2 CaCl2) at
34°C for 1 h. The intracellular solution for action potential recording
containing the following (in mM):120 K-gluconate, 4 KCl, 10 HEPES, 10
sodium phosphocreatine, 4 Mg-ATP, and 0.3 Na3-GTP, pH 7.3, 265
mOsm. Clozapine-N-oxide (CNO; 5 �M) was bath applied on the slices
for 5 min during recordings of neurons that expressed HM4D, which
were identified by the expression of mCherry. The intracellular solution
for voltage-clamp IPSCs recording contained the following (in mM):
125 CsCl, 5 MgCl2, 0.6 EGTA, 10 HEPES, 10 lidocaine hydrochloride
(QX-314), 4 Mg-ATP, and 0.3 Na3-GTP, pH 7.3, 280 mOsm.
Photostimulation-evoked (pulse duration 10 ms, 7 mW/mm 2) IPSCs
were recorded with membrane potential holding at �70 mV in the pres-
ence of CNQX (10 �M; Tocris Bioscience) and DL-AP5 (50 �M; Sigma).
Blue light was delivered through 40� objective on a fluorescence micro-
scope BX51 (Olympus) with X-Cite LED light source. All recordings were
acquired using MultiClamp 700B amplifier and Digidata 1440A interface
(Molecular Devices). Directly after IPSC recordings, the contents of the
recorded neurons in females were aspirated into the patch electrode. The
electrode tip was then broken off to release the content into a thin-wall
PCR tube containing 50 �M random hexamers and 10 mM dNTP mix.
PCR tubes were immediately frozen in liquid nitrogen until use.

Single-cell RT-PCR. Single-cell reverse transcription (RT)-PCR analy-
sis of recorded cells was performed using a similar protocol as described
previously (Pfeffer et al., 2013). Briefly, the cDNA library of the recorded
cells was generated using random hexamers and the SuperScript IV kit
(Invitrogen, 18091050) according to the manufacturer’s protocol. Inter-
nal solution was transcribed along as a negative control. Afterward, mul-
tiplex PCR was performed with 2�TaqPCR MasterMix (Tiangen,
KT201-02) using primers for three targeted genes in a volume of 25 �l.
Multiplex primers were designed to amplify exonic DNA sequences and
spanned at least one exon-intron boundary. Water control experiments
were regularly performed to detect contamination. Next, nested single
gene PCR was performed in a volume of 25 �l with a 1:25 dilution of the
multiplex PCR products using the standard 2�TaqPCR MasterMix
(Tiangen, KT201-02). Nested primers were designed to amplify 100 – 400
bp DNA sequences within the boundary of the multiplex PCR primers.
PCR products were visualized using standard agarose gel electrophoresis
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and visualized/documented under the UV light. All primers used were
first tested with dilutions of mPOA cDNA libraries for sensitivity and
specificity. The following primers are used in this study: Vgat (137 bp)
5�-GTCACGACAAACCCAAGATCAC-3�, 5�-GGCGAAGATGATGAG
GAACAAC-3�; Vglut2 (891 bp) 5�-AGGGTTCGATGACGTTTCTGG-
3�, 5�-AGCGGATGCCGAAGGATATG-3�; (313 bp) 5�-CTATTAGGA
AACCCGTGGGCTG-3�, 5�-CTTCTTCTCCAGCACCCTGTA-3�; GAPDH,
(500 bp) 5�-ACCACAGTCCATGCCATCAC-3�, 5�-GGGTGGTCCAGG
GTTTCTTA-3�; (138 bp) 5�-TCCACCACCCTGTTGCTGTA-3�, 5�-
GGTTGTCTCCTGCGACTTCA-3�. Note that the multiplex and nested
primers for Vgat were the same and were adopted from Padilla et al.
(2016), whereas the rest of the primers were custom designed using NCBI
primer-blast.

Stereotactic surgery. Stereotactic surgeries were performed generally on
a David Kopf 1900 stereotactic frame with female animals anesthetized
under isoflurane. Surgeries to implant optic fibers into the LHA were
performed on a RWD stereotactic frame (model 68507, RWD Life Sci-
ence) with pentobarbital (120 mg/kg) used as the anesthesia. Briefly, the
skull was exposed with a small incision and holes were drilled to implant
optic fibers or to deliver virus with glass pipettes (15–25 �m diameter at
the tip). Unilateral optic fibers (200 �m diameter, N.A. � 0.37, length 7
mm, AniLab Software and Instruments) or bilateral optic fibers
(DFC_200/245-0.37_6.0 mm _DF0.85_FLT, Doric Lenses) were inserted
through the drilled holes and secured onto the skull with dental cement
and screws. The coordinates to implant optic fibers were as follows (in
mm): ARC, bregma: AP: �1.700, ML: �0.250, DV: �5.650; PVH, breg-
ma: AP: �0.82, ML: �0.00, DV: �4.30; mPOA, bregma: AP: �0.120,
ML: 	0.450, DV: �4.700. Two unilateral fibers were implanted at an
angle of 10° with the tips of the optic fibers placed 400 �m over the LHA
for each hemisphere at the coordinates of bregma (in mm): AP: �1.300,
ML: 	1.000, DV: 4.600. Optic fiber implanted animals were allowed at
least 1 week to recover before behavioral tests. For viral injections, the
coordinates of bregma (in mm): AP: �0.160, DV: �5.100, ML: 	0.400
were used to target the mPOA bilaterally; the coordinates of bregma (in
mm): AP: �1.1, DV: �5.100, ML: 	1.125 were used to target the LHA.
Injections of 200 –300 nl virus per side were made with a hydraulic pump
at a speed of 40 nl per minute. Viral-injected animals were allowed at least
3 weeks after the surgery to recover and to express the virus before sub-
sequent behavioral tests. Viruses used in the study include AAV-hSyn-
DIO-HM4D-mCherry (titer 7 � 10e12 genomic copies/ml, UNC Vector
Core, Serotype 2/8), AAV-EF1a-DIO-mCherry (titer 8.93 � 10e12
genomic copies/ml, Obio Technology, Serotype 2/8), AAV-EF1a-DIO-
ChR2-mCherry (titer 7.39 � 10e12 genomic copies/ml, Obio Technol-
ogy, Serotype 2/8), AAVs-CAG-DIO-GtACR1-P2A-EGFP (titer 7.5 �
10e12 genomic copies/ml, Shanghai Taitool Bioscience, Serotype 2/5),
AAVs-Ef1a-DIO-EYFP (titer 8.6 � 10e12 genomic copies/ml, Shanghai
Taitool Bioscience, Serotype 2/9).

Behavioral test. Female animals were singly housed for at least 3 d
before the behavioral tests except when they were tested as mothers, in
which case they were tested in their own cage. Maternal behaviors were
tested by scattering three pups ages P1–P4 at the edge away from the nest
and videotaping the animal for 15–30 min. Videotapes (15 min) were
scored by an experimenter blind to the treatment of the animal using a
custom written MATLAB program as previously described (Xu et al.,
2012). Pup retrieval behavior was scored when the animal picked up the
pups and moved it toward the nest site. A retrieval score of “1” was given
to each pup successfully moved to the nest site, “0” if not retrieved at all.
If a pup was retrieved but not to the nest, a number between 0.1 and 0.9,
varying according to the final distance of a pup to the nest at the end of an
assay, was given, similar to previously described (Scott et al., 2015). Nest-
building was scored when the animals actively collected and arranged the
nest material in a stereotyped motion. Nest quality was scored using a
scale system based on the scatterings of the material and the shape of the
nest: 0, all nest material remaining scattered; 1, 
50% of the material
gathered; 2, 50 – 80% of the material gathered; 3, �80% but not all of the
material gathered; 4, all materials gathered but the nest is flat; 5, all
materials gathered but the nest is not oval; and 6, nest is a crater with walls
higher than the height of the mouse.

For food deprivation (FD) experiment, females were moved to a fresh
cage without food but with water for �25 h. Afterward, pups were intro-
duced and behaviors videotaped. FD experiments were performed at
least 5 d apart. For optogenetic stimulation experiments done in female
AGRP ChR2 animals, an external optic fiber (�0.65–1 m long) was used to
connect a 473 nm laser power source (Changchun New Industries Op-
toelectronics Tech) to the implanted optic fiber in the animal. The exter-
nal optic fiber was attached to a rotary joint (FRJ_1X1_FC_FC, Doric
Lens) to allow the animal to move freely. The laser was controlled by a
Master-8 to deliver 20 Hz light pulse (10 ms width) at a pattern of 1 s on
and 3 s off. Light power was adjusted for each animal according to the
luminance transitivity efficiency of the implanted optic fiber to assure
that light emitted at the tip of fiber was 7 mW. All optical stimulation
experiments were performed at least 1 h after the onset of the light cycle.
On the day of testing, the external optic fiber was attached to the animal
at the beginning of the adaption period whether or not light would be
delivered in the trial. In light-stimulated trials, light was delivered 10 min
before the introduction of pups and throughout the test. Each animal was
tested for three trials each day of alternating light/no light trial with half
an hour of rest in between trials and was tested for 2 consecutive days. All
lactating females were previously tested as virgins. In light-stimulated
trials, pups were temporally removed and light was delivered 10 min
before the introduction of pups back to the cage and continued during
the behavioral assay. To test the effects of activation of AGRP¡mPOA
terminals on nest-building behavior during thermal challenge, the room
temperature was change to 16°C, an external optic fiber was attached to
the female animal and the nest material was scattered. In light trial, a
stimulation pattern of a 1.5 h light on period followed by a 1.5 h light off
period and another 1.5 h light on period was given. In no light trial,
animals were recorded with external fiber attached but no light delivered
for a total of 4.5 h. Animals were allowed for at least 5 d rest in between
trials and each animal was tested only once for either light or no-light
condition. To chemogenetically inhibit mPOA Vgat� or LHA Vglut2�
neurons, either saline or CNO (�1 mg/kg, Enzo) were administrated
intraperitoneally 1–2 h before the maternal behavioral tests, which were
performed at least half an hour after the onset of dark cycle and at most
once per day, or 1–2 h before the feeding test, which was performed after
the onset of light cycle. Each female animal was tested once or twice with
saline or CNO injection for each behavioral test. Optogenetic activation
and inhibition of the mPOA Vgat� or Esr1� neurons in females were
performed as previously described (Wei et al., 2018). Briefly, optogenetic
activation was performed in virgin females and animals were tested in
fresh cages either in presence of scattered pups or scattered nesting ma-
terials. Phasic light (473 nm, 15 s, 12 mW, 40 Hz, 10 ms pulse) was
randomly delivered 90 –120 s apart. For optogenetic inhibition of the
mPOA, female animals were mated after viral injection to produce their
own pups and were housed with the pups and tested for behaviors during
lactation or postpartum after weaning of pups. To inhibit during pup
approaching, light (�12 mW, 473 nm) was automatically triggered to be
continuously delivered as long as the position of the tested animal was
detected by the program to be within the pup region, which was defined
by marking a slight larger area surrounding each scattered pup. To in-
hibit after initiation of defined behaviors, blue light (�12 mW, 473 nm)
of fixed length (5 s) was manually triggered when the experimenter ob-
served the behavior of interests in real-time. One or two light or no-light
trials were performed.

All animals were killed upon completion of all behavioral experiments
and processed to analyze fiber placements or viral infection. Upon post
hoc histological and behavioral analysis, data points from animals that
were deemed mis-hits or displayed poor baseline maternal behaviors
were excluded. Specifically, 9 of 36 AGRP ChR2 females implanted with
optic fibers in the arcuate nucleus were excluded for mis-placed fibers; 3
of 21 AGRP ChR2 females implanted with bilateral optic fibers in the
mPOA were excluded for mis-placed fibers; 1 of 9 AGRP ChR2 females
implanted with an optic fiber in the PVH was excluded for mis-placed
fiber; 3 of 10 AGRP ChR2 females implanted with bilateral optic fibers in
the LHA were excluded for displaying no maternal nest-building under
no-light condition (and under light condition); 5 of 17 mPOA HM4D
female animals were excluded for unilateral viral expression; 5 of 16 LHA
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HM4D female animals were excluded for viral expression in other brain
areas including DMH, ventral medial hypothalamic nucleus and PVH; 1
of 9 GtACR1 female animals were excluded for mis-targeted expression
of the virus.

Histological analysis. For immunohistochemistry, mice were transcar-
dially perfused with PBS followed by 4% paraformaldehyde (PFA) in PB.
Brain was postfixed overnight at 4°C and sectioned at 40 �m using vi-
bratome (Leica). Brain sections were blocked in 5% goat serum in AT
(0.1% Triton and 2 mM MgCl2 in PBS) for 1 h at room temperature and
incubated overnight at 4°C in AGT (0.5% goat serum, 0.1% Triton, and
2 mM MgCl2 in PBS) containing appropriate primary antibody (rabbit
anti-c-Fos, 1:1000, Santa Cruz Biotechnology, catalog #sc-52; chicken
anti-GFP, 1:500, Abcam, catalog #ab13970; rabbit anti-GFP, 1:1000, In-
vitrogen, catalog #A11122). The next day, sections were washed in AGT
and incubated with appropriate secondary antibody for 2 h at room
temperature. After three washes in AGT, NeuroTrace 435/455 (Life
Technologies, catalog #N21479; 1:300) was diluted in AT solution and
incubated with the sections for 20 min as a counter staining. After stain-
ing, slides were washed in AT and fixed in 4% PFA for 20 min. After
washes in PBS, sections were mounted onto slides. To analyze the infec-
tion rate of the virus, mCherry or GFP signal was visualized and counted
and divided by the total number of Nissl� cells in the infected region.
AGRP terminals were visualized on a confocal microscope using a 20�
objective. To analyze and compare density of AGRP neurons in different
brain regions, images were captured under a 20� objective on a regular
microscope. For each brain region, three 130 � 130 �m squares were
picked per brain region and the mean gray value was measured in ImageJ
for each square and were averaged to get the value of mean intensity.

Experimental design and statistical analysis. Littermates of the same
genotype were randomly assigned to be either the control or the experi-
ment group. At least two batches of animals were carried for each exper-
iment and the results from different batches were combined. All
behavioral trials were performed in a balanced manner. Values are pre-
sented as mean 	 SEM. For comparison of two groups, if the data were
tested to be Gaussian distribution with Shaprio–Wilk normality test and
the variances were tested to be equal with F test in GraphPad, p values
were calculated with paired or unpaired two-tailed Student’s t test ac-
cording to whether the data are matched or not, whereas t test with
Welch’s correction was applied to data with Gaussian distribution but
unequal variances; otherwise, p values were calculated with Wilcoxon
signed rank test for matched pairs and Mann–Whitney U test for non-
pair test. When the sample sizes were too small for normality test, which
only happened for data in Figure 8, data were assumed to be normally
distributed. Categorical data were compared with Fisher’s exact test.
*p 
 0.05, **p 
 0.01, ***p 
 0.001.

Results
AGRP neurons project to the mPOA
We crossed AGRP Cre animals with a reporter line (Ai34, MGI:
4947243) that encodes Cre-inducible expression of tdTomato
fused with synaptophysin, a synaptic vesicle protein, to fluores-
cently labels all axon terminals of AGRP neurons (Fig. 1A; Val-
torta et al., 2004; Xu and Südhof, 2013). In such a compound line
(AGRP Cre::Ai34), we detected moderate tdTomato signals in the
mPOA in both sexes, as marked by the expression of estrogen
receptor � (ER� or Esr1) in this region (Fig. 1B; Wei et al., 2018).
This observation is consistent with previous reports of AGRP
immunoreactivity, which labels both axon fibers and terminals,
in the mPOA (Broberger et al., 1998; Betley et al., 2013). Indeed,
tdTomato signals observed in AGRP Cre::Ai34 animals spread
over the entire mPOA and closely match with the pattern of
AGRP immunostaining in wild-type mice (Fig. 1C). Moreover,
the average mean fluorescent intensity of tdTomato signals de-
tected in the mPOA was slightly lower compared with other well
known targets of AGRP neurons, such as the PVH and the LHA
(Fig. 1D), suggesting lower projection density.

AGRP neurons form inhibitory synapses onto
mPOA neurons
To confirm that AGRP neurons form functional synapses onto
mPOA neurons, we crossed AGRP Cre animals with a reporter line
that encodes Cre-inducible expression of the light-sensitive cat-
ion channel channelrhodopsin-2 (ChR2) fused with EYFP (Fig.
2A; Madisen et al., 2012). These animals are referred to here and
after as AGRP ChR2 animals. In these animals, we recorded IPSCs
by performing whole-cell patch-clamp in mPOA brain slices
while repeatedly delivering a single, blue light pulse (473 nm, 10
ms, 30 sweeps, 4 s per sweep) to activate AGRP terminals (Fig.
2B). We found that in both male and female �30% mPOA neu-
rons recorded (14 of 53 cells from 6 females and 18 of 56 cells
from 5 males) reliably responded with an IPSC that could be
reversibly blocked by GABAA receptor antagonist, Bicuculline
(20 �M) (Fig. 2C). The onset latency, amplitude, and decay time
constant of light-evoked IPSCs were comparable between male
and female and were on par with AGRP synapses recorded in
other brain regions (latency: female 8.73 	 0.39 ms, male, 9.89 	
0.45 ms, unpaired two-tailed t test, t � 1.952, df � 23, p � 0.0632;
amplitude: female 124.45 	 28.72 pA, male, 294.54 	 90.72 pA,
unpaired two-tailed t test, t � 1.726, df � 23, p � 0.0977; decay
time constant: female 16.56 	 1.67 ms, male, 19.32 	 2.2 ms,
unpaired two-tailed t test, t � 0.988, df � 23, p � 0.334; Fig. 2D;
Atasoy et al., 2012).

Moreover, when we delivered trains of light pulses (473 nm,
10 ms, 20 Hz, 1 s on and 3 s off) to stimulate AGRP terminals, a
protocol known to induce a level of AGRP neuronal activation
comparable to that after �24 h FD (Atasoy et al., 2012;
Mandelblat-Cerf et al., 2015; Jikomes et al., 2016), IPSC frequen-
cies in these neurons increased significantly (female, N � 13; first:
10.99 	 1.78 Hz, second(light): 19.05 	 2.85 Hz, third: 12.02 	
1.82 Hz, fourth: 8.39 	 1.44 Hz, paired two-tailed t test; first vs
second: t � 4.799, df � 12, p � 0.0004, third vs second: t � 3.264,
df � 12, p � 0.0068, fourth vs second: t � 4.990, df � 12, p �
0.0003; Fig. 2E; male, N � 15; first: 5.06 	 0.76 Hz, second(light):
7.81 	 1.51 Hz, third: 4.81 	 0.94 Hz, fourth: 4.19 	 0.82 Hz,
Wilcoxon matched-pairs signed rank test; first vs second: sum of
signed ranks � 66, p � 0.0637, third vs second: sum of signed
ranks � �102, p � 0.002; fourth vs second: sum of signed
ranks � �104, p � 0.0015; Fig. 2F). In particular, 12 of 13 cells in
6 of 6 females and 10 of 15 cells in 3 of 5 males showed increased
IPSC frequencies under light. Interestingly, the basal IPSC fre-
quency of these cells is higher in female than male (female:
10.99 	 1.78 Hz, N � 13, male: 5.06 	 0.76 Hz, N � 15, unpaired
two-tailed t test with Welch’s correction, t � 3.059, df � 16.28,
p � 0.0074), suggesting more spontaneous activities of inhibitory
inputs onto these neurons in female.

Activation of AGRP neurons suppresses maternal
nest-building

Given the demonstrated role of the mPOA in regulating active
components of maternal care including pup retrieval and mater-
nal nest-building (Tsuneoka et al., 2013; Wu et al., 2014; Wei et
al., 2018), identification of AGRP¡mPOA projections immedi-
ately suggests that hunger may directly modulate maternal care.
To test this, we food deprived multiparous females for �25 h and
tested their behaviors toward scattered pups that were placed
away from the nest in a 15 min behavioral assay. We found that
compared with ad libitum condition FD decreased the percentage
of animals that successfully retrieved all pups to the nest without
affecting the occurrence of pup retrieval (Table 1). Strikingly, FD
also strongly suppressed maternal nest-building such that only 1
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of 8 starved females displayed the behavior, compared with 8 of 8
under the fed condition (Table 1). By contrast, pup contact, lo-
comotion, or the total duration that females crouch over pups did
not change after starvation (Table 1). Together, these results
show that FD hinders specific components of maternal care.

To see whether activation of AGRP neurons could similarly
affect pup retrieval and maternal nest-building, we implanted

optic fibers in the arcuate nucleus in AGRP ChR2 females to opto-
genetically stimulate AGRP neurons. Consistent with previous
results (Aponte et al., 2011; Atasoy et al., 2012), light stimulation
induced c-Fos expression in AGRP neurons (Fig. 3A; N � 3) and
feeding (N � 27, no light: 0.18 	 0.01 g vs light: 0.37 	 0.03 g,
paired two-tailed t test, t � 13.51, df � 26, p 
 0.0001; Fig. 3B).
Subsequently, we analyzed maternal behaviors of AGRPChR2 fe-

Figure 1. Identification of the mPOA as a downstream target of AGRP neurons. A, Illustration of the genetic strategy to fluorescently label synapses of AGRP neurons. In AGRP cre::Ai34 animals,
Cre induces excision of the stop codon to allow expression of synaptophysin, a synaptic protein, fused with tdTomato in AGRP neurons. B, Representative coronal sections of AGRP cre::Ai34 females
showing fluorescent tdTomato signals detected in the ARC and in the mPOA, which was costained with antibodies against Esr1. The plane of the sections is indicated by the dashed line in the sagittal
section on the left. Scale bar, 100 �m. C, Representative images showing patterns of AGRP immunostaining in wild-type females (top row) and Synaptophysin-tdTomato signals (bottom row) in
AGRP Cre::Ai34 females along the anterior–posterior axis from bregma 0.14 mm to bregma �0.34 mm with key landmarks outlined. aca, Anterior commissure, anterior part; acp, anterior
commissure, posterior; ic, internal capsule; f, fornix; 3V, third ventricle. Rectangular boxes in the top row show reference atlas position for images at the bottom. Scale bar, 500 �m. D, Mean
fluorescence density of the synaptophysin-tdTomato signals in brain regions targeted by AGRP neurons. N � 4. AU, Arbitrary unit. Each black circle represents an animal. Data are presented as
mean 	 SEM.
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males toward scattered pups with or without light stimulation (Fig.
3C). As a control, we implanted AGRPCre females with optic fibers
and showed that photostimulation in these animals had no adverse
effects on pup contact, pup retrieval or maternal nest-building (N �
7, pup contact, latency, no light: 59.36	28.4 s vs light: 34.04	20.06

s, Wilcoxon matched-pairs signed rank test, sum of signed ranks �
�28, p � 0.0156, count, no light: 17.33 	 2.23 vs light: 17.1 	 2.84,
paired two-tailed t test, p � 0.857; Fig. 3D; pup retrieval, %trial, no
light: 100% vs light: 100%, score, no light: 3 vs light: 2.95 	 0.05,
Wilcoxon matched-pairs signed rank test, sum of signed ranks �

Figure 2. AGRP neurons form inhibitory synapses onto mPOA neurons. A, Illustration of the genetic strategy to optogenetically activate AGRP neurons and terminals. Cre induces excision of the
stop codon to allow expression of ChR2 fused with EYFP in AGRP neurons and terminals. B, Schematics showing brain slice recording to identify mPOA neurons downstream of AGRP neurons.
Representative images at the bottom show EYFP signal in the ARC and the mPOA. Scale bar, 200 �m. C, Representative traces of light-induced IPSCs in mPOA neurons in female (left) and male (right)
by a single light pulse as indicated by the top blue line, which can be blocked by addition of Bicuculline (Bic) and recover after wash. N �3 cells from 1 female and 2 cells from 1 male. D, Quantification
of the latency, amplitude (Amp), and decay time constant (�) of IPSCs recorded in mPOA neurons in female and male AGRP ChR2 animals, respectively. N � 12 cells from 6 AGRP ChR2 females and 13
cells from 5 AGRP ChR2 males as represented by open and filled circles respectively. E, F, Left, Representative trace of light-induced IPSCs in mPOA neurons by a train of light as indicated by the top
blue line. Right, Quantification of IPSC frequency in 1 s segments before, during, and after light stimulation. N � 13 cells from 6 AGRP ChR2 females and 15 cells from 5 AGRP ChR2 males. The same color
lines denote cells recorded from the same animals. All bar values are presented as mean 	 SEM. **p 
 0.01; ***p 
 0.001.

Table 1. FD suppresses distinct components of maternal care

Behavior Parameter

Condition

Statistical test pAd libitum Starvation

Pup contact Animals, % 8/8 8/8 Fisher’s test 1
Count 15.3 	 2.2 14.6 	 3.6 Paired two-tailed t test 0.89 (t � 0.1433, df � 7)
Latency, s 8.4 	 3.4 5.5 	 2.4 Wilcoxon matched-pairs signed rank test 0.74 (sum of signed rank � �6)

Pup retrieval Animals, % 8/8 6/8 Fisher’s test 0.47
Count 5.0 	 0.7 4.8 	 1.4 Paired two-tailed t test 0.88 (t � 0.1510, df � 7)
Latency, s 13.2 	 3.4 65.8 	 16.7 Mann Whitney test 0.0007 (U � 0)

Retrieval finish Animals, % 8/8 3/8 Fisher’s test 0.020
Latency 102.4 	 31.7 561.3 	 157.8 Mann Whitney test 0.0121 (df � 0)

Maternal nest-building Animals, % 8/8 1/8 Fisher’s test 0.001
Total duration, s 81.4 	 21.0 4.9 	 4.9 Wilcoxon matched-pairs signed rank test 0.008 (sum of signed rank � �36)

Crouching Animals, % 8/8 8/8 Fisher’s test 1
Total duration, s 357.8 	 35.8 408.9 	 95.8 Paired two-tailed t test 0.59 (t � 0.5608, df � 7)

Locomotion, mm/s 34.5 	 2.8 44.3 	 6.6 Paired two-tailed t test 0.23 (t � 1.316, df � 7)
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�1, p�0.999; Fig. 3E; nest-building, %trial, no light: 66.67	12.6%
vs light: 61.9 	 15.31%, Wilcoxon matched-pairs signed rank test,
sum of signed ranks��4, p�0.625, total duration, no light: 34.2	
14.41 s vs light: 35.18 	 14.19 s, paired two-tailed t test, t � 0.0727,
df � 6, p � 0.944; Fig. 3F), indicating that light delivery alone does
not impede maternal care.

In AGRPChR2 females tested as virgins, optogenetic stimulation
did not affect pup contact or pup retrieval (Wilcoxon matched-pairs
signed rank test, N � 27, pup contact, latency, no light: 16.62 	
4.23 s vs light: 20.48 	 6.24 s, sum of signed ranks � 68, p � 0.427,
count, no light: 13.79 	 1.43 vs light: 12.12 	 1.15, sum of signed

ranks � �126, p � 0.112; Fig. 3G; pup retrieval, %trial, no light:
96.3 	 2.05% vs light: 97.53 	 1.71%, sum of signed ranks � 3, p �
0.999, score, no light: 2.83 	 0.08 vs light: 2.60 	 0.13, sum of signed
ranks � �39, p � 0.0859; Fig. 3H), but strongly suppressed mater-
nal nest-building resulting in a drop in the occurrence of the behav-
ior and at the same time a �60% decrease in the total duration of
nest-building (Wilcoxon matched-pairs signed rank test, N � 27,
%trial, no light: 90.12 	 3.48% vs light: 74.07 	 5.44%, sum of
signed ranks � �79, p � 0.0258, total duration, no light: 103.9 	
11.77 s vs light: 45.43 	 7.41 s, sum of signed ranks � �318, p 

0.0001; Fig. 3I). Correspondingly, nest quality score was also signif-

Figure 3. Optogenetic stimulation of AGRP neurons suppresses maternal nest-building. A, Schematics showing implantation of optic fibers in ARC in AGRP ChR2 females to test how activation of
AGRP neurons affects maternal behaviors. Representative images at the bottom showing colocalization of ChR2 as analyzed by staining of EYFP and c-Fos after light stimulation. Scale bar, 100 �m.
B, Food intake in 30 min. N � 27. C, Schematics of maternal behavioral test and the light stimulation pattern in “no light” and “light” trial. In either trial, external fiber was attached to the implanted
fiber and animals were allowed to explore the cage for �30 min as the “adaptation period”. In the last 10 min of this adaptation period, laser was turned on and stayed on continuously in “light”
trial. Scattered pups were introduced into the cage at the end of the adaptation period to the edge furthest away from the nest. D–F, In virgin AGRP Cre animals implanted with optic fibers, light
stimulation did not adversely affect the latency or the count of pup contact behavior (D), or the percentage of trials (%trial) that animals displayed pup retrieval or the number of pups that were
retrieved to the nest (score; see Materials and Methods; E), or the percentage of trials that animals displayed maternal nest-building or the total duration devoted to this behavior in each trial (F ).
N � 7. G–I, In virgin AGRP ChR2 animals, light stimulation did not affect the latency or count of pup contact behavior (G), or the percentage of trials that animals displayed pup retrieval or the number
of pups that were brought to the nest (score; H ), but significantly decreased the percentage of trials that animals displayed maternal nest-building and the total duration devoted to this behavior
in each trial (I ). N � 27. J–L, In mother AGRP ChR2 animals, light stimulation did not affect the latency or count of pup contact behavior (J ), or the percentage of trials that animals displayed pup
retrieval and the number of pups that were brought to the nest (score; K ), but significantly decreased the total duration devoted to maternal nest-building in each trial without affecting
the percentage of trials that animals displayed the behavior (L). N � 10. All values are presented as mean 	 SEM. Each gray line indicates paired values from an individual animal. *p 
 0.05;
***p 
 0.001.
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icantly decreased when scattered nest materials were provided at the
beginning of the behavioral test (N � 8, no light: 3.85 	 0.53 vs light:
2.69	0.45, Wilcoxon matched-pairs signed rank test, sum of signed
ranks � 24, p � 0.0469).

Because parturition is known to improve maternal behaviors
in rodents (Bridges, 1975; Dulac et al., 2014; Wu et al., 2014), we
therefore also tested the effects of activating AGRP neurons on
maternal behaviors in mothers. To do so, we mated AGRP ChR2

females to deliver pups and tested their behaviors toward their
own pups during lactation. In mother AGRP ChR2 females, light
stimulation similarly reduced the total duration of maternal nest-
building without affecting the occurrence of the behavior or im-
pairing pup contact or pup retrieval (Wilcoxon matched-pairs
signed rank test, N � 10, pup contact, latency, no light: 8.09 	
2.08 s vs light: 11.07 	 3.38 s, sum of signed ranks � 7, p � 0.770,
count, no light: 13.17 	 3.62 vs light: 11 	 2.53, p � 0.336; Fig. 3J;
pup retrieval, %trial, no light: 100% vs light: 100%, score, no
light: 2.99 	 0.007 vs light: 3, sum of signed ranks � 3, p � 0.5;
Fig. 3K; nest-building, %trial, no light: 76.67 	 7.12% vs light:
60 	 10.89%, sum of signed ranks � �14, p � 0.188, total dura-
tion, light: 75.81 	 18.83 s vs light: 24.5 	 8.78 s, p � 0.0195; Fig.
3L). Crucially, locomotion speed, core body temperature and
other home cage activities were not changed under light stimula-
tion in either virgin or mother AGRP ChR2 females (Table 2).
Together, these results show that optogenetic activation of AGRP
neurons strongly suppress maternal nest-building.

Activation of AGRP¡mPOA projections suppresses
maternal nest-building
To test whether activating AGRP projections to the mPOA or
other brain areas alone can affect maternal care, we implanted
optic fibers into the mPOA, PVH or LHA in virgin AGRP ChR2

females and tested their behaviors toward scattered pups with or
without light stimulation (Fig. 4A,E,I). As expected, activation of
AGRP¡PVH or AGRP¡LHA projections elicited robust food
intake (paired two-tailed t test, PVH, N � 8, no light: 0.04 	
0.01 g vs light: 0.22 	 0.02 g, t � 10.09, df � 7, p 
 0.0001; Fig. 4F;
LHA, N � 8, no light: 0.05 	 0.01 g vs light: 0.24 	 0.04 g, paired
two-tailed t test, t � 4.593, df � 6, p � 0.0037; Fig. 4J). In
comparison, activation of AGRP¡mPOA projections elicited
feeding in a subset of tested animals (4 of 8; N � 8, no light:
0.03 	 0.01 g vs light: 0.15 	 0.05 g, paired two-tailed t test, t �
2.247, df � 7, p � 0.0594; Fig. 4B). Furthermore, stimulation of
AGRP¡mPOA or AGRP¡PVH projections but not AGRP¡LHA
projections suppressed total duration of maternal nest-building
(mPOA, N � 18, Wilcoxon matched-pairs signed rank test,
%trial, no light: 87.04 	 3.94% vs light: 77.78 	 7.13%, sum of
signed ranks � �24, p � 0.125, total duration, no light: 85.32 	
13.49 s vs light: 46.49 	 13.21 s, sum of signed ranks � �131, p �
0.0028; Fig. 4D; PVH, N � 8, %trial, no light: 95.83 	 4.17% vs
light: 75 	 8.33%, Wilcoxon matched-pairs signed rank test, sum
of signed ranks � �15, p � 0.188, total duration, no light:
77.04 	 13.76 s vs light: 28.64 	 6.02 s, paired two-tailed t test,

t � 3.132, df � 7, p � 0.0166; Fig. 4H; LHA, N � 7, Wilcoxon
matched-pairs signed rank test, %trial, no light: 61.9 	 1.84% vs
light: 66.67 	 7.27%, sum of signed ranks � 7, p � 0.594, total
duration, no light: 25.7 	 12.7 s vs light: 26.85 	 7.89 s, sum of
signed rank � 28, p � 0.9375; Fig. 4L). In addition, stimulating
AGRP¡mPOA but not the other two pathways also led to a slight
decrease in pup retrieval score (mPOA, N � 18, Wilcoxon
matched-pairs signed rank test, %trial, no light: 94.44 	 4.04% vs
light: 92.59 	 4.31%, sum of signed ranks � �1, p � 0.999, score,
no light: 2.74 	 0.13 vs light: 2.46 	 0.16, sum of signed ranks �
�45, p � 0.0195; Fig. 4C; PVH, N � 8, Wilcoxon matched-pairs
signed rank test, %trial, no light: 95.83 	 4.17% vs light: 75 	
8.33%, sum of signed ranks � �15, p � 0.188, score, no light:
2.92 	 0.08 vs light: 2.65 	 0.17, sum of signed ranks � �9, p �
0.312; Fig. 4G; LHA, N � 7, paired two-tailed t test, %trial, no
light: 71.43 	 11.34% vs light: 71.43 	 11.34%, t � 0, df � 6, p �
1, score, no light: 2.23 	 0.26 vs light: 2.43 	 0.21, t � 0.8572,
df � 6, p � 0.4242; Fig. 4K), which is reminiscent of pup re-
trieval deficits observed with acute FD (Table 1). Thus, acti-
vation of AGRP¡mPOA or AGRP¡PVH projections but not
AGRP¡LHA projections suppresses maternal nest-building.

Chemogenetic inhibition of mPOA Vgat� neurons reduces
maternal nest-building
One potential confounding factor with the above terminal stim-
ulation experiments is that it is difficult to discern whether the
observed behavioral effects could be because of unintended stim-
ulation of AGRP fibers of passage to other brain areas, especially
considering the proximity of mPOA and PVH and with other
targets of AGRP neurons (Betley et al., 2013). As such, we sought
to directly target mPOA neurons to see whether the obser-
ved suppression on maternal nest-building by stimulation of
AGRP¡mPOA projections can be reproduced by inhibition of
mPOA neurons. To do this, we first performed single-cell RT-
PCR after whole-cell recordings (Fig. 5A) and found that all light-
responsive mPOA neurons expressed Vgat (9 of 9; Fig. 5B), even
though the mPOA contains both Vgat� and Vglut2� neurons
(Wei et al., 2018). Next, we locally injected adeno-associated vi-
ruses (AAVs) encoding Cre-inducible HM4D, or mCherry as the
control, into the mPOA of Vgat-Ires-Cre females (Fig. 5C,D).
Post hoc histological analysis revealed that viral expression was
mostly restricted to the mPOA with an estimated spread of
�960 	 54 �m along the anterior–posterior axis and an infection
rate of �20 	 2% of Nissl� cells in the targeted region (N � 3).
As expected, CNO perfusion in brain slices lowered the mem-
brane potential of HM4D infected neurons and reduced the fir-
ing rates of these neurons (5/5; Fig. 5E; Krashes et al., 2013).
Behaviorally, we found that CNO administration compared with
saline significantly reduced the total duration of maternal nest-
building but not the occurrence of the behavior in HM4D trans-
duced animals but not the controls (control, N � 14, Wilcoxon
matched-pairs signed rank test, %trial, saline 75 	 8.69% vs
CNO 75 	 8.69%, sum of signed rank � 0, p � 1, total duration,

Table 2. Optogenetic stimulation of AGRP neurons does not affect general behaviors or body temperature in AGRP ChR2 females

Unit No light Light Statistical test p N

Locomotion speed mm/s 92.9 	 13.9 92.5 	 13.6 Mann Whitney test U: 332 0.98 19
Core body temperature °C 37.5 	 0.3 37.6 	 0.3 Wilcoxon matched-pairs signed rank test W: 1 0.5 3
Rearing s 25.5 	 6.7 25.7 	 9.5 Wilcoxon matched-pairs signed rank test W: 54 0.1 19
Digging s 70.2 	 16.0 46.2 	 13.3 Wilcoxon matched-pairs signed rank test W: 61 0.3 19
Grooming s 6.8 	 2.8 5.5 	 2.7 Wilcoxon matched-pairs signed rank test W: 19 0.73 19

W, Sum of signed rank.
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saline 47.43 	 10.12 s vs CNO 52.44 	 13.39 s, sum of signed
rank � 9, p � 0.7869; HM4D, N � 12, %trial, saline 87.5 	
6.53% vs CNO 75 	 7.54%, Wilcoxon matched-pairs signed rank
test, sum of signed rank � �9, p � 0.375, total duration, saline
53.71 	 9.09 s vs CNO 29.58 	 5.54 s, paired two-tailed test, t �
2.832, df � 11, p � 0.0163; Fig. 5G). By comparison, CNO ad-
ministration did not affect pup retrieval in either group (Wil-
coxon matched-pairs signed rank test, control, N � 14, %trial,
saline 96.43 	 3.57% vs CNO 96.43 	 3.57%, sum of signed
rank � 0, p � 1, score, saline 2.79 	 0.12 vs CNO 2.78 	 0.11,
sum of signed rank � 2, p � 0.875; HM4D, N � 12, %trial, saline
100% vs CNO 87.5 	 6.53%, sum of signed rank � �6, p � 0.25,
score, saline 2.99 	 0.01 vs CNO 2.63 	 0.17, sum of signed
rank � �13, p � 0.125; Fig. 5F). These results mirror behavioral
deficits observed when we optogenetically stimulating AGRP¡
mPOA projections. On the other hand, food intake was not af-
fected by CNO in either HM4D or control group (�2 h,
mCherry, N � 4, saline 0.22 	 0.07 g vs CNO, 0.19 	 0.03 g,
Wilcoxon matched-pairs signed rank test, sum of signed ranks �
0, p � 0.9999; HM4D, N � 12, saline 0.24 	 0.03 g vs CNO
0.24 	 0.04 g, paired two-tailed t test, t � 0.02054, df � 11, p �
0.984), which raises the possibility that increased food intake
observed in a subset of animals when stimulating AGRP¡mPOA

projections (Fig. 4B) may be because of additional activation of
AGRP projections to other brain areas.

Along this line, we also chemogenetically inhibited LHA
Vglut2� neurons, another population of hypothalamic neu-
rons critical for feeding and innate drives (Jennings et al.,
2013; Y. Li et al., 2018). To this end, we bilaterally injected
AAVs encoding Cre-inducible HM4D, or mCherry as the con-
trol, into the LHA of Vglut2-Ires-Cre females (Fig. 6A–C). Post
hoc histological analysis revealed that HM4D expression was
mostly restricted to the LHA with an estimated spread of
�918 	 28 �m along the anterior–posterior axis (N � 11) and
an estimated infection rate of �25 	 2% of Nissl� cells in the
region (N � 3). Behaviorally, we found that CNO administra-
tion compared with saline significantly increased food intake
in HM4D transduced animals but not the controls (paired
two-tailed t test, control, N � 8, 1 h, saline 0.15 	 0.05 g vs
CNO 0.18 	 0.05 g, t � 0.6759, df � 7, p � 0.521, 2 h, saline
0.20 	 0.06 g vs CNO 0.29 	 0.08 g, t � 1.138 df � 7, p �
0.293, 3 h, saline 0.37 	 0.09 g vs CNO 0.37 	 0.09 g, t �
0.02530, df � 7, p � 0.981, 6 h, saline 0.64 	 0.11 g vs CNO
0.68 	 0.11 g, t � 0.3572, df � 7, p � 0.732; HM4D, N � 11,
1 h, saline 0.17 	 0.04 g vs CNO 0.28 	 0.05 g, t � 1.638, df �
10, p � 0.132, 2 h, saline 0.22 	 0.04 g vs CNO 0.40 	 0.07 g,

Figure 4. Optogenetic stimulation of AGRP projections to mPOA, PVH or LHA differentially affect maternal care. A, Schematics on the left and a presentative image on the right showing
implantation of bilateral fibers into the mPOA. N � 18. B, Light stimulation of AGRP¡mPOA projections in virgin AGRP ChR2 females promote food intake over 30 min. C, D, Light stimulation of
AGRP¡mPOA projections did not affect the percentage of trials (%trial) that animals displayed pup retrieval but slightly decreased the pup retrieval score (C) and significantly reduced the total
duration devoted to maternal nest-building in each trial without affecting the percentage of trials that animals displayed the behavior (D). E, Schematics on the left and a presentative image on the
right showing unilateral implantation of fibers into the PVH. N � 8. F–H, Light stimulation of AGRP¡PVH projections in virgin AGRP ChR2 female animals promoted feeding (F ), did not affect the
percentage of trials that animals displayed pup retrieval or the number of pups that were brought to the nest (score; G), or the percentage of trials that animals displayed maternal nest-building but
decreased the total duration devoted to nest-building in each trial (H ). I, Schematics on the left and a presentative image on the right showing bilateral implantation of fibers into the LHA. N � 7.
J–L, Light stimulation of AGRP¡LH projections in virgin AGRP ChR2 female animals promoted feeding (J ), did not affect the percentage of trials that animals displayed pup retrieval or the number
of pups that were brought to the nest (score; K ), or the percentage of trials that animals displayed maternal nest-building or the total duration devoted to it in each trial (L). Scale bar, 500 �m. All
values are presented as mean 	 SEM. Each gray line indicates values from an individual animal. *p 
 0.05; **p 
 0.01; ***p 
 0.001.
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t � 2.223 df � 10, p � 0.0504, 3 h, saline 0.31 	 0.05 g vs CNO
0.51 	 0.07 g, t � 2.307, df � 10, p � 0.0437, 6 h, saline 0.59 	
0.07 g vs CNO 0.78 	 0.10 g, t � 1.608, df � 10, p � 0.139; Fig.
6D). By contrast, CNO administration had little effects on pup
contact, pup retrieval or maternal nest-building (pup contact:
latency, mCherry, N � 8, saline 3.93 	 1.39 s vs CNO 4.55 	
1.27 s, Wilcoxon matched-pairs signed rank test, sum of
signed ranks � 10, p � 0.547, HM4D, N � 11, saline 5.09 	
0.81 s vs CNO 7.27 	 1.62 s, paired two-tailed t test, t � 1.216,
df � 10, p � 0.253; count, paired two-tailed t test, mCherry,
N � 8, saline 38.06 	 5.63 vs CNO 39.63 	 6.60, t � 0.374,
df � 7, p � 0.720, HM4D, N � 11, saline 39.55 	 4.82 vs CNO
34.73 	 3.74, t � 0.796, df � 10, p � 0.445; Fig. 6E; pup
retrieval: %trial, mCherry, N � 8, saline 100% vs CNO 100%,
p � 1, HM4D, N � 11, saline 100% vs CNO 95.45 	 4.55%,
Wilcoxon matched-pairs signed rank test, sum of signed
rank � �1, p � 0.999; score, Wilcoxon matched-pairs signed
rank test, mCherry, N � 8, saline 2.88 	 0.13 vs CNO 3, sum
of signed ranks � 1, p � 0.999, HM4D, N � 11, saline 2.77 	
0.12 vs CNO 2.77 	 0.12, sum of signed ranks � 1, p � 0.999;
Fig. 6F; nest-building: %trial, Wilcoxon matched-pairs signed
rank test, mCherry, N � 8, saline 93.75 	 6.25% vs CNO
100%, sum of signed ranks � 1, p � 0.999, HM4D, N � 11,
saline 90.91 	 6.10% vs CNO 90.91 	 6.10%, sum of signed
ranks � 0, p � 0.999, total duration, paired two-tailed t test,

mCherry, N � 8, saline 63.91 	 15.16 vs CNO 71.94 	 16.9,
t � 0.576, df � 7, p � 0.582, HM4D, N � 11, saline 70.46 	
14.86 vs CNO 66.2 	 11.12, t � 0.313, df � 10, p � 0.761; Fig.
6G). These results suggest that LHA Vglut2� neurons unlikely
regulate maternal care. Thus, although AGRP projections to
other brain regions such as PVN may also play a role in mod-
ulating maternal care, these results nevertheless suggest at
some levels the functional selectivity of AGRP¡mPOA
projections.

Thermal challenge induced nest-building is not inhibited by
AGRP¡mPOA projections.
Furthermore, as nest-building occurs not only as a component of
maternal care but also as a thermal regulatory behavior (Bult and
Lynch, 1997; Tan et al., 2016), we want to know whether suppres-
sion of nest-building by AGRP¡mPOA projections is restricted
to the context of maternal care. To answer this question, we ex-
posed virgin AGRP ChR2 females implanted with bilateral optic
fibers in the mPOA to 16°C air temperature for 4.5 h in a cage
with scattered nest materials (Fig. 7A) while optogenetically stim-
ulating AGRP¡mPOA projections during alternating 1.5 h seg-
ments (Fig. 7B). Compared with the control condition, the
percentage of trial that nest-building occurred and the total du-
ration that an animal spent on nest-building was not reliably
affected by optogenetic stimulation of AGRP terminals in the

Figure 5. Chemogenetic inhibition of mPOA Vgat� neurons suppresses maternal nest-building. A, Schematic illustration of single-cell RT-PCR procedure. After brain slice recording of mPOA
neurons in females, contents in the recording pipette were released into tubes and proceeded for RT reaction followed by PCR amplification. Scale bar, 20 �m. B, A representative agarose gel image
showing single-cell RT-PCR analysis of recorded mPOA neurons with primers against genes indicated on the right. “�” indicating light responsive cells; “�” indicating nonresponsive cells. H2O and
internal solution (i.s.) served as negative controls and diluted hypothalamus cDNA (Hyp cDNA) was used as the positive control. Maker size indicated on the left. All light responsive mPOA neurons
express Vgat. C, Depicting molecular constructs of AAVs encoding Cre-inducible HM4D fused with mCherry driven by human synapsin promoter or mCherry driven by EF1a promoter as the control.
D, Schematics on the left and a representative image on the right showing bilateral injection of AAVs encoding Cre-inducible HM4D into the mPOA of virgin Vgat-Ires-Cre animals. Scale bar, 500 �m.
E, Perfusion of CNO lowered the membrane potential and inhibited firing of HM4D-expressing neurons. N � 5 cells. F, G, Intraperitoneal injection of CNO compared with saline did not affect the
percentage of trials (%trial) that animals displayed pup retrieval and the number of pups that were brought to the nest (score; F ), but significantly decreased the total duration devoted to maternal
nest-building in each trial without affecting the percentage of trials that animals displayed the behavior (G). N � 12 for HM4D group and 14 for mCherry group. All values are presented as mean 	
SEM. Each gray line indicates values from an individual animal. *p 
 0.05.
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mPOA (%animal, Fisher’s test, first, no light: 7/8 vs light: 4/8, p �
0.282, second, no light: 6/8 vs light: 6/8, p � 1, third, no light: 5/8
vs light: 5/8, p � 1; Fig. 7C; total duration, N � 8, first, no light:
30.91 	 18.02 s vs light: 27.91 	 14.13 s, Wilcoxon matched-pairs
signed rank test, sum of signed ranks � �2, p � 0.945, second, no
light: 43.28 	 17.33 s vs light: 41.3 	 13.99 s, paired two-tailed t
test, t � 0.086, df � 7, p � 0.934, third, no light: 20.98 	 7.52 s vs
light: 9.98 	 4.55 s, Wilcoxon matched-pairs signed rank test,
sum of signed ranks � 14, p � 0.297; Fig. 7D). Together, these
results support the notion that AGRP¡mPOA projections mod-
ulate nest-building particularly in the context of maternal care.

Distinctive subsets of mPOA Vgat� neurons underlie pup
retrieval and maternal nest-building
In experiments described above, we show that optogenetic stim-
ulation of AGRP¡mPOA projections has minimum effects on
pup retrieval but strongly inhibits maternal nest-building. Yet,
we and others have shown previously that destruction of the
mPOA or ablation of �80% of mPOA Vgat� neurons impairs
both pup retrieval and maternal nest-building (Tsuneoka et al.,
2013; Wei et al., 2018). To integrate these seemingly inconsistent
results, we optogenetically activated and inhibited mPOA Vgat�
neurons (Fig. 8) and compared the behavioral outcome with op-
togenetic manipulation of mPOA Esr1� neurons, which make
up �50% of the mPOA Vgat� neurons and are known to pro-
mote pup-retrieval (Fang et al., 2018; Wei et al., 2018).

To this end, we first injected AAVs encoding Cre-dependent

ChR2 unilaterally into the mPOA of Vgat-Cre females and im-
planted optic fibers (Fig. 8A). Phasic activation of mPOA Vgat�
neurons (12 mW, 10 ms, 40 Hz, 15 s) in the presence of pups
elicited light-locked display of pup retrieval behavior (mCherry,
N � 5, 0, ChR2, N � 8, 58.11 	 12.7%, unpaired two-tailed t test,
t � 3.558, df � 11, p � 0.0045; Fig. 8B), which is similar to
activation of mPOA Esr1� neurons. Interestingly, the efficacy for
light to induce pup retrieval was greater in Vgat-Cre females
(Vgat-Cre, 8/8 vs Esr1-Cre, 5/10, p � 0.0359, Fisher’s test; Wei et
al., 2018). Surprisingly, when animals were tested in the presence
of nest materials, optogenetic stimulation of mPOA Vgat� neu-
rons but not Esr1� neurons also promoted nest-building behav-
ior (Vgat-Cre, 8/9 vs Esr1-Cre, 1/7, Fisher’s exact test, p �
0.0034) with a behavioral onset latency of 5.92 	 0.63 s after light
delivery (Vgat, mCherry, N � 5, 2.5 	 2.5%, ChR2, N � 9,
43.23 	 9.74%, unpaired two-tailed t test, t � 3.034, df � 12, p �
0.0104; Esr1, mCherry, N � 4, 0%, ChR2, N � 7, 5.36 	 5.36%,
Mann–Whitney test, U � 12, p � 0.999, Vgat ChR2 vs Esr1 ChR2,
Mann–Whitney test, U � 7, p � 0.0067; Fig. 8C). These results
indicate that the non-Esr1� subset of mPOA Vgat� neurons
may play a more prominent role in driving maternal nest-
building. Indeed, a recent study (Fang et al., 2018) using single-
unit recordings in the mPOA has identified distinctive neuronal
activation patterns in the mPOA associated with pup retrieval
and maternal nest-building. In particular, �20% of mPOA neu-
rons recorded in the study were activated during pup retrieval
while �5% were activated during maternal nest-building. Fur-

Figure 6. Chemogenetic inhibition of LHA Vglut2� neurons increases feeding but has little effects on maternal care. A, Depicting molecular constructs of AAVs encoding Cre-inducible HM4D
fused with mCherry driven by human synapsin promoter or mCherry driven by EF1a promoter as the control. B, C, Schematics in B and a representative image in C showing bilateral injection of AAVs
into the LHA of Vglut2-Ires-Cre females. Scale bar, 500 �m. D, Amount of food intake at different time point after intraperitoneal injection of saline or CNO in control or HM4D group. E, G,
Intraperitoneal injection of CNO compared with saline did not affect the latency or count of pup contact (E), or the percentage of trials (%trial) that animals displayed pup retrieval and the number
of pups that were brought to the nest (score; F ), or the percentage of trials that animals displayed maternal nest-building or the total duration of maternal nest-building (G) in either HM4D or control
group. N � 11 for HM4D group and 8 for mCherry group. All values are presented as mean 	 SEM. Each gray line indicates values from an individual animal. *p 
 0.05.
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thermore, Esr1� neurons were only activated during pup di-
rected behaviors. Together, these results suggest that distinctive
subsets of mPOA Vgat� neurons likely underlie pup retrieval
and maternal nest-building.

To test whether activities in mPOA Vgat� neurons are in fact
required for pup retrieval and maternal nest-building, we opto-
genetically inhibited these neurons by injecting AAVs encoding
Cre-dependent GtACR1(Govorunova et al., 2015), a light gated
chloride channel, bilaterally into the mPOA of Vgat-Ires-Cre fe-
males (Fig. 8D). Post hoc analysis revealed that expression of
GtACR1 was mostly restricted to the mPOA (Fig. 8E) with an
estimated spread of �747 	 33 �m along the anterior–posterior
axis and an infection rate of �28 	 2% of Nissl� cells in the
targeted region (N � 3). Control animals were injected with
AAVs encoding Cre-dependent EYFP. GtACR1 mediated neuro-
nal inhibition has the advantage of subsecond precision (Fig. 8F)
compared with HM4D (�minutes to hours) and the advantage
of reversibility compared with neuronal ablation and is therefore
presumed to be more specific and less subjected to compensatory
mechanisms or desensitization issues in vivo.

GtACR1 and control EYFP females were mated to produce
pups and were subsequently tested during lactation or postpar-
tum. Optogenetic inhibition of mPOA Vgat� neurons during
pup approaching greatly reduced the occurrence of pup retrieval
behavior and the number of pups that was retrieved to the nest
without affecting pup contact behaviors (paired two-tailed t test;
pup contact, EYFP, 0 mW 18.5 	 6.75 vs 12 mW 13.33 	 2.80, t �
1.246, df � 2, p � 0.3389, GtACR1, 0 mW 10.5 	 3.78 vs 12 mW
12.63 	 2.01, t � 0.419, df � 3, p � 0.703; Fig. 8G; pup retrieval,
%trail, EYFP 0 mW 100% vs 12 mW 100%, p � 1, GtACR1, 0
mW 100% vs 12 mW 25 	 14.43%, t � 5.196, df � 3, p � 0.0138,
#pups retrieved, EYFP, 0 mW 2.67 	 0.33 vs 12 mW 2.83 	 0.17,

t � 1, df � 2, p � 0.423, GtACR1, 0 mW 2.38 	 0.38 vs 12 mW
0.13 	 0.13, t � 6.971, df � 3, p � 0.0061; Fig. 8H; EYFP, N � 3,
GtACR1, N � 4). Meanwhile, optogenetic inhibition of mPOA
Vgat� neurons after a pup retrieval had already been initiated
greatly reduced the likelihood that the carried pup was brought to
the nest (EYFP N � 3, 95.24 	 4.76%, GtACR1, N � 4, 31.8 	
8.09%, unpaired two-tailed t test, t � 6.116, df � 5, p � 0.0017;
Fig. 8I) without changing the average duration of the carry
(EYFP, N � 3, 2.81 	 1.59 s, GtACR1, N � 5, 2.56 	 0.46 s,
unpaired two-tailed t test, t � 0.226, df � 6, p � 0.83). Not
surprisingly, similar behavioral deficits in pup retrieval were also
observed with optogenetic inhibition of mPOA Esr1� neurons
(Wei et al., 2018). More importantly, optogenetic inhibition of
mPOA Vgat� neurons during maternal nest-building also inter-
rupted the behavior as evidenced by reduced time that animals
spent building the nest after light delivery, decreased mean dura-
tion of the nest-building bout and a shortened latency to termi-
nate the behavior in GtACR1 animals compared with controls
(EYFP, N � 5, GtACR1, N � 6, unpaired two-tailed t test, mean
duration, EYFP 4.48 	 0.75 s vs GtACR1 2.60 	 0.26 s, t � 2.551,
df � 9, p � 0.0312, latency to stop, EYFP 4.94 	 0.60 s vs GtACR1
1.76 	 0.51 s, t � 4.051, df � 9, p � 0.0029; Fig. 8J), indicating
that activities in mPOA Vgat� neurons are indeed required to
maintain maternal nest-building. Together, we suggest that op-
togenetic stimulation of AGRP terminals in the mPOA selectively
interfere with maternal nest-building perhaps by more promi-
nently affecting neural subsets and/or activities that are associ-
ated with maternal nest-building.

Discussion
In order for animals to initiate ethologically appropriate behav-
iors, they must typically decide between behavioral repertoires

Figure 7. Nest-building induced by thermal challenge was not affected by optogenetic stimulation of AGRP¡mPOA projections. A, AGRP ChR2 virgin females implanted with bilateral fibers into
the mPOA were exposed to 16°C air temperature for 4.5 h with scattered nest material in the cage and monitored for nest-building behavior. B, Light stimulation pattern. In “no light” trial, the
external optic fiber was attached without the laser turned on. In “light” trial, laser was turned on during the “first” and “third” 1.5 h segment. Each animal was tested once in either condition. C, D,
The percentage of animals (%Animal) that displayed nest-building (C) and the total duration, presented as mean 	 SEM, devoted to this behavior in 1.5 h (D) was not affected by light stimulation.
N � 8.
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driven by multiple and often conflicting internal states. Despite
recent progress on neural substrates that regulate individual be-
haviors (Wu et al., 2012; Allen et al., 2017; Andermann and Low-
ell, 2017; Chung et al., 2017; Mu et al., 2017; Sternson and Eiselt,
2017; Zhao et al., 2017; Augustine et al., 2018; Campos et al.,
2018, etc.), how these neural pathways interact to coherently and
optimally modulate behavioral outputs, in particular to achieve a

balance between behaviors that serve immediate physiological
needs versus those that benefit the propagation of the species,
remains largely unclear. Here, we characterized a direct pathway
from AGRP neurons, a neuronal population known to drive hun-
ger behaviors, to the mPOA, a brain region critical for maternal
care. We show that activation of AGRP neurons or AGRP¡
mPOA projections in females dramatically inhibits maternal

Figure 8. Distinctive subsets of mPOA Vgat� neurons likely underlie pup retrieval and maternal nest-building. A, AAVs encoding Cre-inducible ChR2 fused with mCherry were injected
unilaterally into the mPOA of Vgat-Cre or Esr1-Cre females and optic fibers were implanted. Stimulation were performed with 473 nm laser at 12 mW, 10 ms pulse, 40 Hz, 15 s per bout. B, Optogenetic
stimulation of mPOA Vgat� neurons elicited pup retrieval behavior after light delivery. %Trial denotes the percentage of stimulation bouts that resulted in a pup retrieval behavior in each animal.
N � 8 ChR2 and 5 mCherry females. C, Optogenetic stimulation of mPOA Vgat� but not Esr1� neurons elicited nest-building behavior after light delivery. %Trial denotes the percentage of
stimulation bouts that resulted in a nest-building behavior in each animal. N � 9 ChR2 and 5 mCherry females for Vgat-Cre, and 7 ChR2 and 4 mCherry females for Esr1-Cre. D, AAVs encoding
Cre-inducible GtACR1 linked to EYFP via a 2A cassette were injected bilaterally into the mPOA of Vgat-Ires-Cre and optic fibers were implanted. E, Representative images showing expression of
GtACR1 as indicated by EGFP immunostaining in the mPOA. Scale bars: top, 500 �m; bottom, 50 �m. F, Electrophysiological recordings of GtACR1-expressing neurons. Action potentials induced by
withholding the membrane at a depolarizing potential with current injection were blocked under continuous blue light stimulation. G, H, Light was triggered and continuously delivered when
animals entered and stayed in a prespecified area around each pup. Light stimulation did not affect count of pup contact behaviors (G) but decreased the occurrence of pup retrieval behavior and the
number of pups that were retrieved in GtACR1 females but not controls (H ). N � 3 EYFP and 4 GtACR1. I, J, Light was manually triggered and a 5 s light stimulation was delivered after the initiation
of pup retrieval (I ) or nest-building (J ). Light stimulation resulted in decreased likelihood that a pup was retrieved to the nest in GtACR1 group compared with the control (I ). N � 3 EYFP and 4
GtACR1. Light stimulation decreased the faction of time that females engaged in nest-building, the mean duration of nest-building and the latency to stop in GtACR1 females compared
with the control (J ). N � 5 EYFP and 6 GtACR1. Each gray line indicates paired value from an individual animal. Each circle represents an animal. All values are presented as mean 	 SEM.
*p 
 0.05; **p 
 0.01.
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nest-building while leaving mostly intact pup retrieval behavior,
demonstrating a previously unappreciated potential for AGRP
neurons to directly modulate maternal care.

One caveat of our study is that despite extensive experimental
efforts we could not provide explicit evidence that AGRP neurons
projecting to the mPOA are activated during hunger, because of
difficulties of retrograde viral tracing methods to label such a
subset of AGRP neurons and sensitivity issues in terminal record-
ings of Ca 2� transients. This caveat highlights current technical
challenges to study projections of moderate density in deep brain
tissues. The only study (Betley et al., 2015) that has achieved long
term in vivo recording of activities of individual AGRP neurons
reports that 54 of 61 identified AGRP neurons show elevated
GCamp6 signals after FD, demonstrating that the vast majority of
AGRP neurons are activated during hunger. In addition, the
stimulation parameter that we used in this study has been shown
to promote a level of neuronal activation that is similar to that
after �24 h of FD (Mandelblat-Cerf et al., 2015; Jikomes et al.,
2016). Furthermore, photostimulation of AGRP neurons or
AGRP terminals mimic the effects of acute FD on the maternal
nest-building, suggesting that activation of AGRP neurons likely
mediate some effects of hunger on maternal care. The reason that
the moderate inhibitory effects of hunger on pup retrieval cannot
be recapitulated by optogenetic activation of AGRP neurons or
terminals could be because of activation of other neural or endocrine
systems along with AGRP neurons during starvation.

Interestingly, in both hunger and optogenetic stimulation of
AGRP neurons/terminals pup retrieval is affected to a lesser ex-
tent than maternal nest-building. What might be the neural
mechanisms that allow pup retrieval and maternal nest-building

to be differentially modulated, given that
the mPOA critically regulates both (Jacob-
son et al., 1980; Tsuneoka et al., 2013)? A
recent study shows that pup retrieval and
maternal nest-building are associated
with different neuronal activity patterns
in the mPOA and neurons that are acti-
vated during pup retrieval tends to be in-
hibited during nest-building (Fang et al.,
2018). Correspondingly, we show that op-
togenetic activation of mPOA Vgat�
neurons elicits both pup retrieval and
nest-building while stimulation of mPOA
Esr1� neurons, which account for �50%
of Vgat� neurons, elicits only pup re-
trieval. Therefore, although the mPOA as
a whole regulates both pup retrieval and
maternal nest-building, distinct neuronal
subsets likely underlie either behavior.
Consistently, lesion or optogenetic inhibi-
tion of mPOA Vgat� neurons disrupt
both pup retrieval and maternal nest-
building. One discrepancy here is that
chemogenetic inhibition of mPOA Vgat�
neurons only suppressed maternal nest-
building in our study (Fig. 5). This dis-
crepancy may be caused by the low
infection rate of the HM4D virus (�20 	
2% of mPOA Nissl� cells) compared with
those achieved in optogenetic inhibition
experiments (�28 	 2% of mPOA
Nissl� cells) or ablation experiments
(�80% of mPOA Vgat� neurons; Wei et

al., 2018). It could also be because of incomplete neuronal sup-
pression in HM4D experiments compared with optogenetic in-
hibition or ablation experiments. Regardless, we suggest that
AGRP neurons may preferentially inhibit mPOA neurons underly-
ing maternal nest-building thereby rendering maternal nest-
building more sensitive to hunger modulation.

Noteworthy, heterogeneity of mPOA neurons in terms of ge-
netic marker expression, projection patterns and behavioral
functions have been extensively demonstrated (Tsuneoka et al.,
2013, 2017; Wu et al., 2014; Kohl et al., 2018; Moffitt et al., 2018).
For example, mPOA neurons that express the neuropeptide
Galanin can be further divided to several different subpopula-
tions and promote pup grooming via projections to different
downstream targets, each of which mediates a distinctive motor
or motivational aspect of the behavior (Kohl et al., 2018; Moffitt
et al., 2018). Intriguingly, the arcuate nucleus provides a large
fraction of inputs to mPOA Galanin� neurons and ablation of
mPOA Galanin� neurons also results in decreased maternal nest-
building (Wu et al., 2014; Kohl et al., 2018). It is attempting to
speculate that perhaps a subset of mPOA Galanin� neurons reg-
ulate maternal nest-building, a possibility that remains to be
tested experimentally. In general, better understanding of mPOA
neuronal types through gene expression profiling at single-cell
resolution coupled with functional investigation is needed to fur-
ther deconvolute the diverse roles that the mPOA plays in mater-
nal care and other behaviors (C. Li et al., 2018; Moffitt et al., 2018;
Wei et al., 2018).

Finally, what might be the ethological significance to selec-
tively reduce maternal nest-building but not pup retrieval? Mam-
malian pups depend on care provided by others to survive.

Figure 9. A model on reciprocal antagonisms between hunger and maternal care. AGRP neurons promote feeding; mPOA
Vgat Esr1� neurons promote pup retrieval and Vgat Esr1� neurons are more important for maternal nest-building. Activation of
AGRP neurons during hunger results in elevated inhibition of mPOA Vgat�neurons and suppression of maternal nest-building but
not pup retrieval while in parallel activation of mPOA Vglut2� neurons by pup derived cues delays and inhibits feedings. 3V, Third
ventricle; acp, anterior commissure, posterior.
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Ethologically, retrieving pups that have wandered away from the
nest protect pups from predation while building/maintaining a
secure nest protect pups from coldness, hence both behaviors
increase the survival rate of the young. Indeed, higher levels of
maternal nest-building were positively linked to more and better-
health offspring being produced in house mice over a long period
of time (Bult and Lynch, 1997). Even so, one can imagine that in
the wild retrieval of pups that have wondered away may be more
pressing, failure of which more likely result in immediate loss of
pups, therefore may be of higher priority to a female, even during
hunger. Consistent with this view, we have previously found that
presence of pups strongly delayed and decreased food consump-
tion in virgin female mice and even suppressed feeding induced
by optogenetic activation of AGRP neurons (Han et al., 2017).
Moreover, chemogenetic activation of mPOA Vglut2� but not
Vgat� neurons were sufficient to suppress hunger-induced feed-
ing (Han et al., 2017). Together with data presented here, we
propose a model (Fig. 9) where during hunger activation of
AGRP neurons results in elevated inhibition of mPOA Vgat�
neurons and suppression of maternal nest-building, whereas in
parallel activation of mPOA Vglut2� neurons and other brain
regions by pup-derived sensory cues delays feedings. Such recip-
rocal antagonism allows a female to balance feeding with differ-
ent components of maternal care, possibly to maximize fitness. In
summary, our results offer new insight into neural organization
of behaviors and neural mechanisms that coordinate behavioral
selection.
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