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Maternal care, including by non-biological parents, is important for offspring
survival' 8, Oxytocin***%, which is released by the hypothalamic paraventricular
nucleus (PVN), is a critical maternal hormone. In mice, oxytocin enables neuroplasticity
in the auditory cortex for maternal recognition of pup distress”. However, it is unclear
how initial parental experience promotes hypothalamic signalling and cortical
plasticity for reliable maternal care. Here we continuously monitored the behaviour

of female virgin mice co-housed with an experienced mother and litter. This
documentary approach was synchronized with neural recordings from the virgin
PVN, including oxytocin neurons. These cells were activated as virgins were enlisted in
maternal care by experienced mothers, who shepherded virgins into the nest and
demonstrated pup retrieval. Virgins visually observed maternal retrieval,

which activated PVN oxytocin neurons and promoted alloparenting. Thus rodents can
acquire maternal behaviour by social transmission, providing amechanism for
adapting the brains of adult caregivers to infant needs via endogenous oxytocin.

Social interactions, such as pair bond formation and child rearing,
are fundamental aspects of animal and human behaviour*. Parental
care is especially important, and is therefore believed to be at least
partially innate or induced after mating. However, maternal behaviour
canalsobeacquired fromexperience. In primates, including humans,
non-biological parents canlearnto care for children after instruction
or observation of experienced caretakers and infants' 8, However, it
is unclear whether alloparenting can be learned from experience in
other species, and what neural mechanisms might underlie maternal
learning.

The evolutionarily ancient hormone oxytocinis animportant molec-
ular signal for maternal behaviour***'°, In mammals, oxytocin release
from the hypothalamusis associated with childbirth and lactation'®".
Oxytocin also acts in the brain to increase the salience of social infor-
mation and enable alloparenting in mice"*?, Pup-naive virgin female
mice initially ignore neonates and ultrasonic distress calls emitted
by isolated pups®. However, within days of co-housing with experi-
enced mothers (dams) and litters, most virgin females begin express-
ing alloparenting behaviours, including retrieving pups to the nest.

Oxytocin accelerates the onset of pup retrieval, promoting plasticity
in virgin auditory cortex for recognizing pup calls®. However, little is
known about when PVN neurons in nulliparous, non-lactating adults are
activated to promote alloparenting behaviour.

Continuous behaviour monitoring over days

Emergence of pup retrieval in co-housed virgin females provides an
opportunity to monitor neural activity during interactions with adults
and infants. To examine the behavioural events and neural activity
patterns that lead to maternal behaviour in virgin female mice, we
built a system for days-long combined behavioural and neural activ-
ity monitoring in cages of mother, litter and co-housed virgin female
mice (Fig. 1a). This system consists of an overhead camera imaging
homecages with visible (daytime) and infrared light (nighttime), syn-
chronized with ultrasonic audio recordings and amplifiers for neural
recordings. We constructed ethograms'® and quantified the frequency
and duration of specific behaviours (for example, spontaneous pup
retrieval and timein nest; Fig. 1b, Extended Data Fig.1, Supplementary
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Fig.1|Damsshepherd virgins tonest. a, System for continuous monitoring of
behaviour and neural activity. b, Ethogram showingactivities of co-housed
damand virgin mice over a period of four days. ¢, Co-housing with dam and
pupsledtoearlier retrieval by virgins. Left, individual retrieval rates. Right,
meanretrieval probability. d, Day of retrieval onset was earlier in D+ virgins.

e, Timein nest for dams and co-housed virgin mice. f, Correlation between
virginnestentry duringdaylandvirginretrieval at the end of day 1.

g, lllustration of shepherding behaviour; arrows, movement direction; dashed
circle, nestarea. h, Probabilities of dam starting (yellow) and ending (orange)
chasing of aco-housed virgin, relative to nest position (circleindicates the
nest, radius approximately 10 cm). i, Distances from nest of dam-virgin chases.
j, Frequency of shepherding events (grey, individual dyads; red, daily averages
across cages) was more frequent than dam-virgin chases in the absence of
pups (0.2, indicated by dashed line). k, Correlation between shepherding
duringdaylandvirginretrievalatdaylend.Dataare mean+s.e.m.;*P<0.05,
*P<0.01.

Videos1,2). We examined daily pup retrieval offline to determine when
virgins began reliably responding to infant calls (Fig. 1b, c).

We found that the presence of the mother accelerated the onset of
alloparenting in co-housed virgins. Virgins co-housed with dams and
litters (D+ virgins, n =14) beganreliably retrieving (in more than1out
of 10 trials) on day two of co-housing, earlier than virgins co-housed
with pups but without dams (D~ virgins, n =10) (Fig. 1c, d, Extended
DataFig.2a, b, Supplementary Videos 3,4; P< 0.0001). Pup retrieval was
notinitially performed by virgins but was reliably performed by dams
regardless of litter size (Extended Data Fig. 2c). Virgins also began to
spend time in the nest with pups (Fig. 1b, e; P< 0.0001), and the more
virgins entered the nest, the more likely it was that retrieval occurred
onday1(Fig.1f; r=0.66, P=0.009).

PVN activity when dams shepherd virgins

To determine how dams influenced virgin alloparenting, we analysed
four days of video per cage and observed some unusual interactions
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between dams and virgins. First, mothers attempted to keep virgins
within the nest with pups. If the virgin left the nest, the mother would
escort or ‘shepherd’ her back (Fig. 1g-j, Supplementary Videos 5-7).
Shepherding behaviour emerged over hours to days (Extended Data
Fig. 3a) and seemed different from maternal aggression; rather than
preventing contact with pups, dams encouraged virgins to enter and
remain in the nest. Shepherding was unlikely to be dams ‘retrieving’
virgins as this rarely occurred without pups (Extended Data Fig. 3b, c).
Shepherding occurred hundreds of times during co-housing (Fig. 1j,
Extended DataFig.1a), andits frequency correlated with virgin retrieval
atday1(Fig.1k;r=0.75,P=0.001).

We hypothesized that co-housing led to virgin alloparenting via
oxytocin. We used designer receptors exclusively activated by designer
drugs coupled toinhibitory G-protein receptors (DREADDi) to silence
PVN oxytocin neurons (OT-PVN cells; Extended DataFig. 4a), and found
that retrieval onset in naive co-housed virgins was delayed (Fig. 2a).
However, silencing of OT-PVN cells had little effect after virgins began
retrieving (Extended Data Fig. 4b), similar to primiparous dams".

Weinvestigated the interactions that activate virgin PVN and OT-PVN
cells. We performed single-unit recordings from virgin PVN during
co-housing, including optically identified OT-PVN units expressing
channelrhodopsin2 (Fig.2b, Extended DataFigs. 5a, 6a,b; n =17 virgins,
541PVN units, 210T-PVN units), localizing electrodes with co-registered
micro-computed tomography (uCT) and MRI (Fig. 2b, Extended Data
Fig. 5b). Some units were recorded offline during retrieval testing or
other dam-pup interactions (Extended Data Fig. 6¢c-e). Virgin PVN
and OT-PVN units were activated by shepherding or initial nest entry,
with less activation from chasing dams, entry into an empty nest or
pup calls (Fig. 2c-j, Extended Data Figs. 6¢c-e, 7a—c).

Social transmission of maternal behaviour

We also found that virgin alloparenting and PVN activity increased
after spontaneous pup retrieval by dams. About once every two hours,
dams dropped and then retrieved pups, sometimes bringing pups to
thevirgin (Fig. 3a, Extended DataFigs. 1, 8a, b, Supplementary Videos1,
8-10). Remarkably, retrieval by dams evoked responses in virgin PVN
(Fig. 3b, c), although the virgin was not directly involved. Some PVN
and OT-PVN units responded to both shepherding and dam retrieval,
but population responses were heterogeneous (Fig. 3d). We analysed
cross-correlations across simultaneously recorded units, and found
that pairs containing OT-PVN cells were more correlated during shep-
herding, nestentry and damretrieval (Extended DataFig.7d, e). These
datasuggest that diverse experiences activate oxytocin neurons, ensur-
ing that new parents become attuned to infant needs.

Additionally, these results indicate that virgins watch dams engage
inmaternal care, accelerating alloparenting via social transmission to
observing virgins. We hypothesized that alloparenting could also be
enhanced in non-co-housed virgins observing pup retrieval by dams.
In separate non-co-housed virgins, for four consecutive days we per-
formed tenretrieval tests with the dam (forty damretrievals total) with
the virgin present. Retrieval was assessed in virgins approximately
30 minlater. Onset of retrieval in virginsincreased after observed dam
retrievals (Fig. 3e-g, No barrier: 11 out of 15 virgins retrieving after 40
maternal demonstrations; P=0.0002, Fisher’s exact test), but inde-
pendently of pup behaviours (Extended Data Fig. 8c).

We tested whether this transmission of retrieval behaviour involved
physical contact by inserting a transparent barried between other
observer pup-naive virgins and the retrieving dams. Most virgins behind
atransparent barrier learned to retrieve (Fig. 3f, g, Supplementary
Video11; transparent: 12 out of 19 virgins retrieving, P < 0.0001). Visual
input was required, as most non-co-housed virgins behind an opaque
barrier did not begin retrieving (Fig. 3f, g, Supplementary Video 12;
opaque: 2 out of 18 virginsretrieving, P = 0.2). Oxytocin signalling was
also important, as oxytocin receptor (OXTR)-knockout (KO) virgins
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a, Left, DREADDi-mCherryin OT-PVN cells. Right, CNO treatment during initial
co-housingreduced retrieval in DREADDi-expressing mice. b, Optically tagged
OT-PVN neuronsinvivo. Left, u.CTimage used to localize electrodes. Middle,
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OT-PVN neuron; inset, waveform; blue bar, light pulse. ¢, d, Raster plot (c) and
before-after plot (d) of PVN single unit from co-housed virgin during
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observing maternal retrievals through a transparent barrier did not
begin retrieving (Fig. 3f, g, OXTR-KO: 3 out of 10 virgins retrieving,
P=0.1). Theretrieval-learning rate of non-co-housed virgins was slower
thanthatif co-housed virgins (Fig. 1c, Extended Data Fig. 8d), perhaps
owing to heterogeneity of PVN and OT-PVN responses to maternal
interactions, such that the variety of experiences occurring during
co-housing more effectively activates the central oxytocin system.

We performed monosynaptic rabies-based retrograde tracing
to identify visual inputs onto oxytocin neurons, and found projec-
tions from medial superficial layers of ipsilateral superior colliculus
(sSC>PVN; Extended Data Fig. 9a, b), involved in visual processing'.
Optogenetic sSSC>PVN stimulation could replace visual experience
in non-co-housed virgins exposed to maternal retrievals behind an
opaque barrier (ChR2-Venus: 4 out of 5 virgins retrieving; control:
loutof 6 virgins retrieving; P= 0.03, Mantel-Cox test; Extended Data
Fig. 9c, d). Interactions between virgins and dams or pups in the nest
might recruit somatosensory or arousal-based PVN inputs, whereas
display of maternal behaviour by dams may lead to collicular visual
responses. These results suggest a circuit model by which sensory
inputs from social experience converge to activate oxytocin neurons
and possibly other hypothalamic cell types to enable parental care
(Extended Data Fig. 9e).

Retrievals by dams activated PVN neuronsin non-co-housed virgins
during observational testing, even though the virgins were not inter-
acting with the dam or pups (Fig. 3h-j). Several of the same cells active
during observation also fired during subsequent performance of pup
retrieval (Fig. 3h, i; left, 15 out of 65 PVN neurons increased activity
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during dam retrieval; right, 15 out of 41 of these unitsincreased activity
during self-performance). Increased PVN activity was higher on first
day versus the last day of observation (Fig. 3j, left), and was elevated
only in those non-co-housed virgins that eventually began retrieving
(Fig.3j, right; n=3learners, 5non-learners; P=0.0001). Thus, thereisa
shared hypothalamic cell population thatis sensitive toboth watching
and performing retrieval, reminiscent of mirror or ‘social’ cellsin other
brainstructures'®?. This suggests that maternal behaviours performed
by thedamaresocially transmitted to other females, sometimes visu-
ally, via recruitment of virgin PVN neurons including oxytocin cells.

PVN activity and cortical plasticity

Oneimportant neural adaptation with motherhood occursin the left
auditory cortex, whichis modulated by oxytocin to amplify responses
to pup distress calls to promote retrieval™?., Our results show that
although virgin PVN did not respond directly to pup calls, virgin PVN
and OT-PVN neurons were recruited by specific experiences during
co-housing when abandoned pups would emit distress calls (Extended
Data Fig. 6a, b). This might naturally pair distress calls with PVN acti-
vation and oxytocin signalling in target brain areas of virgin mice,
including regions important for processing vocalizations such as left
auditory cortex.

To examine how virgin PVN activation relates to cortical plasticity
and eventual pup retrieval, we took recordings from virgin left audi-
tory cortex and PVN using single-unit recordings and fibre photom-
etry.Onegroup of virgins was implanted with tetrodes in left auditory
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cortex, co-housed with experienced dams and pups for four days, and
tested for retrieval on each day. As expected, single-unit responses to
played-back pup callsincreased during co-housing up toretrieval onset
foreach mouse (Extended DataFig.10a). Similar results were obtained
in the second group of wild-type co-housed virgins, with GCaMP6s
expression and fibre photometry inleft auditory cortex (Fig. 4a-c). We
found a progressive increase in photometric signal before the day of
retrieval onset (Fig. 4b, c; P=0.003, n =3). Decreased responses 24 h
after retrieval onset might reflect further refinement of cortical activ-
ity, perhaps via homeostatic mechanisms or inhibitory plasticity?, to
prevent over-excitability once call-sensitive ensembles have formed.

We next tested how virgin PVN activity related to emergence of cortical
pup call responses in non-co-housed virgins. We took advantage of the
trial-based structure of retrieval testing and observational testing, and
performed simultaneous single-unit recordings fromleft PVN with pho-
tometry fromleft auditory cortex, together with audio recordings of pup
vocalizations during dam pup retrieval (Fig.4d-f). On some trials during
observational testing, virgin PVN spiking transiently increased concomi-
tantly withenhanced cortical responses to pup calls (Fig. 4e). Even before
virgins began retrieving pups, single-trial PVN activity correlated with
pup call-evoked responses in cortex (Fig. 4f; r=0.5,P=0.00001,n=4).
We hypothesize that several episodes of this natural pup call pairing
could persistently enhance cortical pup call responses. In this way, the
newly parental auditory cortex becomes much more sensitive to pup
distress, allowing emergence of rapid behavioural responses.
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maternal retrievals

exposure todamretrieval with or without a transparentbarrier compared with
anopaquebarrier or with OXTR-KO virgins. g, Cumulative distributions
(Kaplan-Meier) for retrieval onset. h, Example virgin PVN unit responding to
bothobservation of maternalretrieval and self-performance of retrieval (time
0, pupretrieved).i, Changein virgin PVNfiring rate for units recorded during
observation of damretrievals (blue) and self-performance (white). j, PVN unit
activityincreased during observationinlearners (n = 65units, N=3 virgins) but
notnon-learners (n =103 units, N=5virgins).*P< 0.05,**P<0.01.

We tested whether onset of pup retrieval required signalling
from virgin PVN to left auditory cortex, performing photometry of
PVN-auditory cortex projections during observation of damretrieval
through the transparent barrier (Fig. 4g—-i; Extended Data Fig. 10b).
In virgins that began retrieving, PVN->auditory cortex projections
were activated during observation of dam retrieval (Fig. 4h, i, learn-
ers, P=0.02). By contrast, PVN->auditory cortex projections were not
significantly activated in virgins that did not learn after observation
(Fig.4h,i,non-learners, P=0.5).

Finally, weinvestigated whether PVN->auditory cortexinputinvolved
oxytocinsignalling. Infusing a selective oxytocin receptor antagonist
(OTA)intovirgin left auditory cortex before transparent-barrier obser-
vational testing prevented virgins from learning to retrieve (Fig. 4j,
saline, 7 out of 9 virgins retrieving; OTA, 2 out of 10 virgins retrieving;
P=0.03).Optogeneticstimulation of OT-PVN-auditory cortex projec-
tions during observational testing with the opaque barrier enhanced
retrieval learning (Fig. 4k, ChETA-EYFP, 4 out of 4 virgins; EYFP, 2 out
of 4 virgins; Mantel-Cox test, P= 0.008).

Discussion

Most parental behaviours are likely to result from both innate and
acquired components owing to their rapid onset, reliable perfor-
mance and importance for species survival>*?>2°, Here we examined
how mouse alloparenting behaviour might be acquired by social
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zeroatdam pupretrieval. i, Single-trial (grey) and per-animal responses (red).
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before damretrieval observation. k, Optogenetic stimulation (opto stim) of
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virginretrieval. Dataaremean+s.e.m.;*P<0.05.

transmission. We constructed an integrated system that combined
continuous days-long videography with audio and neural activity
monitoring, for recording documentary videos and subsequent behav-
ioural discovery. We found that experienced mothers shepherd virgins
towards pupsinthe nestbut not an empty nest, ensuring that pupsare
protected by at least one co-caregiver. Virgins could also observe dams
retrieving pups after displacement from the nest. This social learning
depended on visual input, and we identified direct projections from
visual layers of superior colliculus onto PVN oxytocin neurons. Oxy-
tocin may act to amplify neural representations of pup cues such as
distress calls in areas important for learned aspects of maternal care,
including left auditory cortex. These valuable alloparenting experi-
ences acquired during co-housing are likely to improve the quality
of early maternal care when the virgins themselves have litters, and

could occur throughout early life in animals living communally in the
wild. Socially transmitted parental behaviour would then be useful for
helpingto ensure the survival and success of offspring in consociating
species such as rodents and humans.
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Methods

All procedures were approved under NYU School of Medicine IACUC
protocols.

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were notrandomized. The behavioural raters were blinded
to allocation during co-housing and outcome assessment.

Behaviour

Co-housing. Pup-naive C57BI/6 virgin female mice were bred and raised
atNYU School of Medicine and keptisolated from dams and pups until
used for these studies when approximately eight weeks old. For ex-
periments where viralinjections were performed, we first allowed two
weeks for viral expression before animals were used in experiments.
Dams were initially pre-screened to ensure they behaved maternally,
meaningthat they retrieved pups and built nests; about 1% of dams did
notretrieve pups and these animals were not used for co-housing. Naive
virgins wereinitially pre-screened for retrieval or pup mauling before
co-housing; around 5% of the naive virgins retrieved at least one pup
or mauled pups during pre-screening and these mice were excluded
from subsequent behavioural studies.

Co-housing of avirgin female withamother andlitter was conducted
for 4-6 consecutive days in 80 x 40 x 50 cm plastic home cages. The
floor was covered with abundant bedding material, food pellets and
a pack of hydrogel for hydration placed in a corner of the bin and
refreshed daily. Nesting material was also placed in the cage. We first
placed the dam and her postnatal day 1(P1) litter in the cage. After the
damwas acclimatized for -30 min, we introduced the virgin female with
atailmark foridentification. Well-being of the adult mice and pups was
monitored at least twice a day. A surveillance infrared camera system
(Blackrock Microsystems) was positioned ~-100 cm above the home
cageto capture the entire surface. An ultrasonic microphone (Avisoft)
was placedinthe corner of the cage, -10 cm above the nest. Twoinitial
cages had a second camera placed on the side but these videos were
not analysed for these experiments. For studies of spontaneous pup
retrieval by dams and the influence of co-housing, some dams were
singly housed with their litter but not with other adults.

In cases where co-housing was done only between a virgin female
and pups (Fig. 1c), the pups were returned to the donor mother every
12 h (for at least 48 h) and immediately replaced with new pups. This
was done to ensure that they stay alive and healthy despite not being
fed during co-housing with the virgin. The procedure was repeated
throughout the duration of the co-housing?.

Pup retrieval testing. This test was used for the initial screening of
dams and virgin female mice. In addition, outside of the spontaneous
home cage behaviours, we specifically monitored pup retrieval every
24 hby the virgin females. We placed the female mouse to be tested in
abehavioural arena (38 x 30 x 15 cm) containing bedding and nesting
material; the female was alone, without contact with other animals.
Eachanimal was given 20 minto acclimatize before each testing session
began. The entire litter (ranging from 3 to 7 P1-4 pups) were groupedin
acorner of thearena and covered with nesting material, and the adult
female givenanadditional 2 min of acclimatization (pup group size did
notaffectretrieval behaviour; Extended DataFig. 2c). One pup was re-
moved fromthe nestand placedinanopposite corner of thearena. The
experimental female was given 2 min per trial toretrieve the displaced
pupandreturnitbacktothe nest;if the displaced pup was not retrieved
within 2min, the pup wasreturned to the nest and the trial was scored as
afailure. Ifthe pup was successfully retrieved, the time to retrieval was
recorded and the trial was scored as a success. Another pup was then
taken out of the nest, placed away from the nest (varying the position
of theisolated pup relative to the nest from trial to trial), and the next

trial was begun. After ten trials, pups were placed back into their home
cage with their dam. We used an ultrasonic microphone (Avisoft) to
verify thatisolated pups vocalized during testing.

We reported probability of retrieving out of ten trials. Reliable
retrieval was defined as having at least two out of ten successful trials.
We used two-way ANOVA and Sidak’s multiple-comparison test correc-
tions to compare probability of retrieving in each group over days, and
Student’s t-test to compare the day of retrieval onset for each group.

Video and audio analysis. Video and audio recordings were synchro-
nized with the neuronal recordings, and then analysed with Adobe
Auditionand Avisoft. For video recordings we used the BORIS suite for
scoring of behavioural observations. Three separate teams ofindepend-
entscorers (twoscorers fromthe Sullivanlaboratory, three scorers from
the Carcealaboratory and four scorers from the Froemke laboratory)
were trained inasimilar way on how to identify relevantindividual and
social behaviours during co-housing, and then scored the videos blind
to the conditions. The results from each raster were compared and
compiled, and results from each lab were cross-validated. Nest entry
was considered the moment when the head of the animal entered the
nest. Nest exit was considered the time when the rear of the animal left
the nest. We used two-way ANOVA and Sidak’s multiple-comparison
test to compare pup retrieval rates and time in nest across days for
eachgroup.

Any event in which the dam chased the virgin towards the nest was
identified as a shepherding event (that is, where distance from start
to nest was greater than distance from end to nest). To determine the
distance from nest during shepherding, we measured the distance
fromthe bottom left corner of the cage to the position of the snout of
the mouse, and to the position of the nest center. We then calculated
distance from the virgin to nest. In cases of physical contact, start of
shepherding was considered to be the moment when the dam made
contact with the virgin, and the end of shepherding was the moment
when the virgin stopped running. In some cases (especially later into
co-housing), we noticed that virgins started running as soon as they
noticed the damapproaching; inthose cases, the start of shepherding
was considered to be the moment when the virgins started running
after the dam’s approach. For Fig. 1i, we used paired ¢-tests to compare
distance from start of shepherding to nest with the distance fromend
of shepherdingto nest. For Fig. 1j, we used one-sample Student’s ¢-tests
to determine if the daily frequency of shepherding was higher than
0.2 events per h (which was the average rate of dam-virgin chases in
absence of pups). Audio recordings were processed in Adobe Audition,
and isolation or distress calls were distinguished from adult calls and
wriggling calls on the basis of the characteristic statistics (bout rate of
4-8Hz and frequencies of 40-90 kHz).

Observation of experienced retrievers. We first confirmed that
virgins did not retrieve and dams retrieved at 100% at baseline. The
exposures were done in standard behavioural arena (38 x 30 x15cm).
The virgin and dam were acclimatized for 20 min, then the nest with
pups was transferred to this arena. After another 5-10 min, we manu-
ally isolated one pup at a time so that the dam would retrieve the pup
back into the nest. We repeated this for ten times per session. In the
experiments where either atransparent or an opaque divided the cage,
the two adult animals were acclimatized on opposite sides of the bar-
riers. After exposure, the adult animals were separated and the virgins
were tested for pup retrieval 30 min later, as described above. As the
preparation for testing and the acclimatization to the testing cage also
took 30 min, this amounted to a total 60-min interval between virgin
observation and testing of responses to isolated pups. The exposure
was repeated for four sessions (one per day). A virgin that retrieved at
least once during the four days of observation was considered as hav-
ingacquired pup retrieval behaviour. We used chi-square exact tests to
compareretrieval between conditions: wild-type mice withno barrier,



wild-type mice with transparent barrier, wild-type mice with opaque
barrier, and OXTR-KO virgins with transparent barrier.

Surgery

Viralinjections. To test the effects of DREADDs, stereotaxic viral injec-
tions were performed in Oxy-IRES-Cre mice®. Mice were anaesthetized
with 0.7-2.5% isoflurane (adjusted on the basis of scored reflexes and
breathing rate during surgery), placed into a stereotaxic apparatus
(Kopf), andbilateral craniotomies performed over PVN (frombregma:
0.72 mm posterior, 0.12 mm lateral). Injections were performed at a
depth of 5.0 mm with a 5 pl Hamilton syringe and a 33 gauge needle.
Cre-inducible AAV2 hSyn::DIO-hM4D(Gi)-mCherry (University of North
CarolinaViral Core) virus was injected into PVN at 0.1 pul min™ for afinal
injection volume of1.2-1.5 pl. The craniotomy was sealed with asilicone
elastomer (World Precision Instruments), the skin sutured. Animals
were used for experiments after two weeks to allow for viral expression.

For monosynaptic retrograde tracing of inputs on OT-PVN neu-
rons, we injected 0.5 pl of a helper virus, AAV8-DIO-TVA-2A-0G (Salk
Institute), in the left PVN of Oxy-IRES-Cre mice. Two weeks later,
we injected 0.2 pl of a pseudotyped rabies virus, EnvA G-deleted
rabies-mCherry (Salk Institute) at the same location. After another two
weeks, we perfused the animals and collected the brains for histology.

For optogenetic stimulation of superficial superior colliculus
(sSC)->PVN projections, wild-type virgins were injected in the left
sSC (from bregma: —=3.08 mm posterior, —0.27 mm lateral, -1.9 mm
ventral) with 0.5 pl of either AAV9-pACAGW-ChR2-Venus or control
AAV9-CAG-Venus virus. We then implanted a 400 pum optic fibre in
the left PVN.

For fibre photometry from auditory cortex, we performed viral injec-
tionsinto the left auditory cortex (1.7 mm anterior from the occipital
suture, 0.5mm lateral from the temporal ridge, 1mm ventral from pia),
using a similar procedure. These coordinates corresponded with the
ones previously published from our laboratory®: 2.9 posterior, 4.0 lat-
eral (left) frombregma. We also oriented using local markers consisting
in the branching patterns of the rhinal vein and of the middle cerebral
artery, to target the auditory cortex as previously described®. We
injected1 pl of AAV1Syn::GCaMP6s (Addgene) at atitre of 1x 10 vg ml™
in the auditory cortex of wild-type mice. Following the injection, we
implanted a400 pm optical fibre (ThorLabs) just above the auditory cor-
tex, orinserted inthe superficial layers of the cortex (200-300 pmbelow
the pial surface). For photometry from PVN-auditory cortex projection
neurons, we injected 50 nl of AAVrg-hSyn1-GCaMP6s-P2A-nls-dTomato
virus (Addgene) at three locations within the left auditory cortex. The
virustitre was 1.31 x 102 vg ml™, and we injected at 10 nl min™.

For optogenetically manipulating OT-PVN~auditory cortex projec-
tions, we injected the left PVN of Oxy-IRES-Cre virgins with 0.5 pl of
either AAV9-Ef1a-DIO-ChETA-EYFP or of AAV9-pCAG-FLEX-EYFP-WPRE.
We then implanted a 400-pm optic fibre in the left auditory cortex.

Microdrive implantations. For in vivo single-unit electrophysiology
we implanted microdrives either in the left PVN (Figs. 2-4) or the left
auditory cortex (Fig. 4). We built microdrives using the parts and in-
structions for 4-tetrode Versadrives (Neuralynx), adapting these in-
structions for two bundles each made up of eight 12.5-pm Nichrome
wires. The day of the implantation, the wires were cleaned and gold
plated to achieve impedances <500 kQ. After the virgin female mice
were anaesthetized withisoflurane, a craniotomy (1.5-2 mm in diam-
eter) was performed above the target structure, and two additional
small craniotomies were performed in the occipital bone and the right
parietal bone for insertion of bone screws. The ground and reference
wires of the microdrives were soldered separately to these two bone
screws. The durawasremoved at the desired implantation site and the
electrode bundles were slowly lowered to ~-500 pm above the target
brain structure (4 mm ventral from pia for PVN). For recordings from
the auditory cortex, we first acutely recorded multiunit activity with

tungsten electrodes to localize auditory cortex during implantation
procedure. Auditory cortex was identified with pure tones (60 dB SPL,
7-79 kHz, 50 ms, 1 ms cosine on-offramps) delivered in pseudo-random
sequence at 0.5-1Hz. The craniotomy was covered with mineral oil and
silicone elastomer, and the microdrive was secured to the skull using
dental cement (C&B Metabond).

For optically identified recordings from OT-PVN units, we used
Oxt-IRES-Cre mice bred into a C57BL/6 background. Prior to the
microdrive implantation, we injected the PVN of these animals with
1-2 plof AAVI-CAG::DIO-ChR2at atitre of 1x 10® vg ml™ (in one mouse,
we injected AAV2-EEF1::DIO-ChETA at a titre of 1 x 10" vg ml™). Then,
after implanting and cementing the microdrive, we rotated the head
of the animal at a 45°-50° angle around the anterior-posterior axis,
and another craniotomy was done at 0.72 mm posterior and 3.5 mm
left frombregma. A400 pm optical fibre for delivering blue light was
slowly lowered at this position for 4.5 mm below the brain surface. For
dual recordings, we implanted a microdrive in left PVN, injected the
GCaMP virus (as described above) and implanted an optic fibre in the
left auditory cortex during the same surgery.

Optical fibre implantation. For fibre photometry we used
400-pm-diameter 0.48NA opticfibres inserted into 2.5-mm-diameter
ceramicferrules (DoricLenses). For recordings of PVN~>auditory cortex,
we used 1.25-mm metal ferrules, with fibres 1 mm long (below ferrule)
for recordingsin the auditory cortex and 5 mm long for recordings in
PVN. They were implanted during the same surgery as the viral injec-
tions, and cemented to the skull as described above.

Recordings

Single-unit recordings during behaviour. Neuronal recordings were
performed at 30 kHz sampling rate using the Cereplex p headstage,
adigital hub and a neuronal signal processor (Blackrock Microsys-
tems). The recordings were synchronized with avideo recording system
(Neuromotive, Blackrock). Before the start of the experiment the
electrode bundles were lowered into the target structure and then
advanced daily by ~70 pm. For PVN recordings, optical tagging tests
were performed at the end of each co-housing day prior to lowering
the electrodes for unit identification on the following day. Optical
identification was performed in a separate clean cage in absence of
pups or dam. The optical fibre was connected to ablue laser triggered
using ananalogue output fromthe recording system. The laser pulses
were 5msin duration and delivered at either 2 or 5 Hz. Light intensity
was controlled by adjusting the output of the laser, and at least three
differentintensities were tested in each mouse. The optical identifica-
tion procedure was <5 min each day, and we used lower frequency (2Hz)
stimulation to minimize the likelihood of functional changes induced
by optogenetic stimulation. To allow free movement of the implanted
mice, we used a pulley combined with afibre-optic and electrical rotary
joint-commutator (Doric Lenses).

Spike sorting. Neurons were isolated offline using Cerebrus and BOSS
software (Blackrock Microsystems), as previously described®. Anotch
filter was applied to eliminate the line noise, then a high-pass filter of
250 Hzwas applied, and a threshold multiplier was used to extract spike
from signal energy between 1-5 kHz. We then used principal compo-
nentanalysis to extract spike features and to manually cluster themin
different units. We eliminated spikes that violated arefractory period
of2-3ms, and spikes that were simultaneously recorded in10 or more
channels (as potential artifacts). For tetrode recordings, we used a
similar procedure in BOSS (Blackrock) that allowed triangulation of
waveforms from the four tetrode channels. For identifying oxytocin
neuronsinoptically tagged recordings, we aligned neuronal activity to
the onset of the blue light pulse®. Neurons that reliably fired (=70% of
trials) at short latency (<4 ms) after the onset of blue light were selected
as being oxytocin neurons.
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Spike train analysis. To analyse changes in firing patterns, we aligned
the spike trains to the onset of the behavioural episode and calculated
the firing rate for the duration of the behaviour. In the case of ‘nest
entry’, we used a 40-s cut-off, in order to minimize the impact from
other behaviours that occur in the nest over longer time periods (for
example, grooming, sleeping and nest building); this cut-off was chosen
as most nest dwell times were <40 s (Extended Data Fig. 7b). For each
behavioural episode we also calculated the corresponding baseline
firingrate, either for aninterval similarin duration to the behavioural
episode (in the case of nest entry), or for 10 s before the start of the
behavioural episode (for shepherding and damretrievals). The change
in firing rate was calculated as: (Spikingpnaviour = SPIKINGy ceiine) X 100/
(Spikingbehaviour + Spikingbaseline)r where Spikingbehaviour was ﬁ”ng rate
during the behavioural event, and Spikingy,s.;i.. was firing rate during
baseline. To determine whether these changes in firing rate were sta-
tistically significant, we shifted the behaviour intervals by arandom
value between-500 and 500 s, and then calculated new firing rates and
modulation percentages for 1,000 random shifts. All cells for which the
modulation of activity in the unshifted data was greater than modula-
tion in 950 shuffles were considered to be potentially significantly
activated®. Cells for which the change in firing rate was smaller than
the change in 950 shuffles were considered to be potentially signifi-
cantly suppressed. For each unit, we computed the P-value from the
permutation analysis and then applied a false-discovery rate correc-
tion for the multiple comparisons performed on each data subset (all
OT-PVNor allPVN neuronsrecorded in aday), to identify neurons with
significant changes infiring rate. The threshold for g-value was set 0.05,
thatis, 5% accepted false-discovery rate. To determineif the fraction of
activated neurons is meaningful, we then applied a one-sided Fisher’s
exact test (with the null hypothesis of zero neurons being activated)
with the threshold for alpha set at 0.05 (ref. *%). To compare fractions
of OT-PVN and PVN neurons activated by a specific behaviour, we ap-
plied atwo-sided Fisher’s exact test, and calculated the effect size as the
relative risk: the probability of neurons being activated in the OT-PVN
group/the probability of neurons being activated in the PVN group,
using the Koopman asymptotic score for calculating 95% confidence
intervals. To investigate how PVN activity correlated with activity in
the auditory cortex, a population average change in PVN firing was
calculated for each maternal-retrieval trial of the observational learn-
ing procedure.

To quantify unit activity during behavioural episodes, we aligned the
neuronal datato the onset of the behaviour, and binned the spiking data
in 250-ms bins for an interval between 20 sand +40 s (-10 s to +20 s
in the case of shepherding episodes). We then calculated the z-score
value for each binin the chosen time window; for display purposes, we
used bounds of =3 (minimum z-score) and +3 (maximum z-score). For
responses to pup call playback, spike trains from single-unit recordings
inPVNorauditory cortex were aligned to the onset of the played-back
vocalization. The average firing rate during the pup call (1-s interval)
was normalized to the firing rate during baseline (1 s preceding pup
call onset).

To measure the cross-correlation for simultaneously recorded
OT-PVN and PVN single-units during co-housing (Extended DataFig. 7d,
e), we calculated the normalized zero-lag correlation of spike counts
(in10-msbins) across all pairs of units®, separately for each of the three
behavioural conditions (shepherding, nest entry and maternal retriev-
als). We then averaged z-transformed rvalues across all events of each
behaviour, to obtain asingle cross-correlation value for each pair and
each behaviour. Higher correlation r values reflect higher synchrony
within the pair.

Fibre photometry. To perform fibre photometry, we connected the op-
tical fibreimplantedin the auditory cortex and housed in a ceramic fer-
rule toacustom-built photometry rig**. A400-Hz sinusoidal blue light

was delivered via the optical fibre from an LED (30 pW) for GCaMPé6s
excitation. We collected the emitted (green) light via the same optical
fibre, used a dichroic mirror and appropriate filters to direct emitted
light to a femtowatt silicon photoreceiver (Newport), and recorded
using areal-time processor (RX8, TDT). The analogue readout was then
low-pass filtered at 20 Hz. The intensity of blue light excitation was ad-
justed to produce similar baseline fluorescence levels across sessions
in the same mouse. The sound processor used for delivering the pup
calls (RZ6, TDT) was synchronized with the fibre photometry system.
For investigating changes in neuronal activity of the left auditory
cortex throughout co-housing, we recorded responses to six differ-
ent played-back pup calls every 24 h. To avoid possible changes inthe
magnitude of calcium transients with changes in the position of the
mouse relative to the speaker, in some recordings we restrained the
mouseinamash cup, atthe same distance from the speaker. Data from
restrained or unrestrained mice showed similar trends, and were thus
pooled together. To determine the evoked response recorded with
fibre photometry, we calculated the AF/F for each pup call interval.

Perturbations
Chemogenetic suppression of oxytocin neurons during co-housing.
Oxy-IRES-Cre virgin female mice expressing in OT-PVN cells either
DREADD coupled to inhibitory G-protein (DREADDI, also known as
hM4D(Gi)) and fused with mCherry, or mCherry alone (as control),
were co-housed with mothers and pups as described above. Inboth
experimental (Oxy-IRES-Cre virgins expressing DREADDi-mCherry)
and control (Oxy-IRES-Cre virgins expressing mCherry) cohorts,
clozapine-N-oxide (CNO) was administered in the drinking water at a
concentration of 25 mg 1™ (ref. ). Five sugar pellets were added in each
bottleto obscure the taste of CNO. At this concentration, for the aver-
age mouse body weight (-30 g) and average daily water consumption
in mice (-6 ml), the average CNO consumption was -5 mg kg™ per day.
Three out of seven mice in the mCherry* CNO cohort had DREADDi
virus expressed outside of the PVN due to mis-targeting. These mice
were also treated with CNO; as their behaviour was similar to the
mCherry-expressing mice treated with CNO—we combined datafrom
these groups together in Fig. 2a. For each animal, the retrieval prob-
ability for the first two days of co-housing was averaged. For Extended
DataFig.4b, retrieval testing was done inanimals that stably retrieved
atbaseline and assuch were not subjected to the co-housing procedure.

Optogenetic stimulation. For optogenetics, we connected the optical
fibre implanted either in PVN or in the left auditory cortex of the vir-
ginmouse to ablue light laser (OptoEngine). Light pulses (5 ms) were
delivered at 20 Hz (for Extended Data Fig 9; ref.?) or 30 Hz (for Fig. 4;
ref. ), while the dam performed 10 retrieval trials across an opaque
barrier from the virgin. To minimize potential adaptation or synaptic
depression, stimulation was performed for <5 min, enough time for
damsto complete 10 retrievals. After 30 min, the non-co-housed virgin
was tested for retrieval. This procedure was repeated once a day for
four consecutive days.

Drug infusion. To determine the role of cortical oxytocin receptor
activation during observation of pup retrieval, we implanted cannulas
inthe left auditory cortex of naive virgin females®. After mice recovered
fromsurgery, we placed theminthe observational chamber, and then
infused either saline or the oxytocin receptor antagonist OTA (1 uM
solutionin saline) through the cannula. We injected a volume of 1.5 pl
atarate of 1 ul min™. We removed the internal from the cannula five
minutes after the end of injection to allow the solution to diffuse, and
then allowed the virgins to acclimatize to the observational chamber
for another 10 min. After this, we exposed virgins to maternal retriev-
alsacrossthe transparentbarrier as described above. Drug conditions
were compared with a survival log-rank analysis to determine effects
onretrieval onset across groups.



Immunohistology

To verify viral expression at the end of the experiments, animals were
fixed with transcardiac perfusions of 4% paraformaldehyde. Brains
wereremoved and further preserved in a paraformaldehyde solution
for1-2 hat4 °C. Afterwards, brains were sequentially cryopreserved
in15% and then 30% sucrose solution, embedded in OCT solution and
sectioned (30 pm) with a cryostat then mounted on positively charged
slides. Immunohistochemistry was performed on the mounted sec-
tions as previously described®?¢. Sections were blocked in 5% goat
serumsolution for1hatroomtemperature or for14 hat4 °C. Asolu-
tion of the appropriate primary antibodies was diluted in 1% goat
serumand 0.01% Triton X solution and then applied for 24 hat 4 °C. We
used arabbit anti-oxytocin antibody (EMD Millipore, 1:500), mouse
anti-oxytocin antibody (a gift from H. Gainer at national Institutes for
Health), a chicken anti-GFP (Aves, 1:500) and a chicken anti-mCherry
(Abcam, 1:1,000) antibody. The sections were washed in PBS solu-
tion, and a solution of fluorophore-conjugated secondary antibod-
ies applied for 1.5 h at room temperature. All secondary antibodies
were from Jackson Immunoresearch and used at 1:200. Slides were
examined and imaged using a Carl Zeiss LSM 700 confocal micro-
scope with four solid-state lasers (405/444,488, 555 and 639 nm) and
appropriate filter sets. Forimaging sections co-stained with multiple
antibodies, we used short-pass 555 nm (Alexa Fluor 488), short-pass
640 nm (Alexa Fluor 555), and long-pass 640 nm (Alexa Fluor 647)
photomultiplier tubes.

Micro-computed tomography imaging

Thelocalization of theimplanted electrodes was assessed in vivo using
KCT scansin post-implanted mice, followed by co-registration with an
online digital MRI mouse brain atlas. The nCT datasets were acquired
using the pCT module of aMultiModality hybrid micro-Positron Emis-
sion Tomography-pCT Inveon Scanner (Siemens Medical Solutions).
The Inveon scanner is equipped with a165 mm x 165 mm x-ray camera
and avariable-focus tungsten anode x-ray source operating with afocal
spotsize of lessthan 50 um. The scan consisted of a20-min whole-head
acquisition over an axial field of view of 22 mm and a transaxial of 88
mm with aresolution of 21.7 um pixels binned to 43.4 um. 440 projec-
tions were acquired using a 1-mm aluminum filter, a voltage of 80 kV,
and a current of 500 pA. The datasets were reconstructed using the
Feldkamp algorithm?¥.

The hybrid scanner was equipped with a M2M Biovet (Cleveland)
module used to monitor continuously vital signs. All mice were moni-
tored continuously throughout the scanning session viaarespiration
sensor pad (SIMS Graseby). The imaging scan consisted of initially
placing each mouse in an induction chamber using 3-5% isofluorane
exposure for 2-3-min until the onset of anesthesia. The mouse was then
subsequently positioned laterally along the bed palate over a thermis-
tor heating pad inwhich1.0% to 1.5% isofluorane was administered via
a90°angled nose cone throughout the scan. The head of each subject
wasjudiciously oriented perpendicular to the axis of the mouse body so
thatthe extracranial part oftheimplantedelectrode could be easily kept
away from the field of view of the pCT image acquisition. Importantly,
the large extracranial metal components and dental cement of the
implant can cause beam hardening that canappear as cupping, streaks,
dark bands or flare in the pCT***°, To this effect, the head positioning
helpedreducetherisks ofimage artifacts that could beinduced by the
implant along the path of the X-ray beam.

Unlike MRI, p-CTimaging can be performed on subjects with metal
implants. However, lack of the soft tissue contrast of the pCT limited
its usefulness to provide the needed brain anatomical detail in order
to verify the electrode correct localization. Our approach combined
registration of post-implant pCT with an existing online MRIbrain atlas
for adult C57BI/6 mice from the Mouse Imaging Centre: (https://wiki.
mouseimaging.ca/display/MICePub/Mouse+Brain+Atlases).

The three-dimensional MRI mouse brain atlas was established by
acquiring 40 individual ex vivo mice using T2-weighted sequence
on a 7-Tesla scanner. All the data were averaged and resulted into a
40 pm isotropic resolution dataset detailed in Dorr et al. (ref. *'). The
hypothalamic PVN was manually segmented and color-coded, with the
guidance of the P56 coronal Allen mouse histology brain atlas*. This
regionwas set as the target of reference. Arigid co-registration between
KUCT and the modified MRI atlasimages was systematically performed
using a commercial software Amira (Thermo Fisher Scientific). Both
datasets were then overlaid for visual analysis and to determine the
sub-millimetric localization of the electrode tip.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Data and statistical tests are available in the supplementary data
sheet provided with this manuscript. The video data generated dur-
ing this study are available in Databrary (https://nyu.databrary.org/
volume/1333/slot/55145/-). Other data are available in Zenodo (https://
zenodo.org/record/5039601#.YNvaYEwpCF5) and DANDI (https://gui.
dandiarchive.org/#/dandiset/000114). The NYU Data Catalog record
will point to the most updated locations of this dataset (https://data-
catalog.med.nyu.edu/dataset/10449?tak=160dbb2281acf5). Source
data are provided with this paper.

Code availability

The Matlab code is available at github (https://github.com/ic283/
Carcea-et-al.-2021).
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Extended DataFig.1|Behavioural ethograms from 3 pairs of animals. Ethograms were constructed from visual analysis of continuous four-day videography by
twoto fourindependent observers. Dashed vertical linesindicate end of each day.
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test). Error bars, SEM.
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a,Recordingsinfemale mouse PVN brainslices. Left, current-clamp whole-cell
recording from OT-PVN neuron expressing DREADDi-mCherry before (top) and
after (bottom) CNO bath administration. Right, summary of chemogenetic
suppression of OT-PVN neuronal firing in brain slices (‘hM4D(Di)-mCherry’
baseline firing rate before CNO: 8.8+1.7 Hz, after CNO: 0.6+0.1Hz, n=7 cells

from N=4 mice; ‘mCherry’baseline firing rate before CNO: 4.8+0.6 Hz, after
CNO:5.0+£0.9 Hz, n=8 cells from N=3 mice; two-way ANOVA with Sidak’s
correction for multiple comparisons, p=0.0002 between baseline and CNO for
hM4D(Di)-mCherry, p=0.9 between baselineand CNO for mCherry). Error bars,
SEM.b, CNO inretrieving females that expressed DREADDi did not affect
retrieval rates (baselineretrieval: 76.0+9.2%, N=5; CNO: 72.0+18.8%, N=5;
saline:92.0+8.0%, N=5; repeated measures ANOVA, p=0.332). Error bars, SEM.
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OT-PVN neuroninstantaneous firing (top), synchronized with homecage
behaviour (gray bar marks anest entry episode), and with pup vocalizations
(bottom), illustrates the different data streams recorded with our system.

b, Example spectrograms of pup vocalizations and distress calls in home cage
duringshepherding and nestentry. ¢, Normalized (z-scored) spiking for 248
PVNneuronsrecorded during 5-minute interaction periods with pup (left) ora
dam (right). Recordings sorted by peak activity.d, Proportion of activated
(purple; z-score >1.645,i.e.p<0.05) and suppressed (gray, z-score <-1.645)
PVN cells. During the 5-minute interaction periods, interactions withdam
activated more virgin PVN cells thaninteractions with pups (with dam: 25/248,
with pup:7/248, p=0.001, two-sided Fisher’s exact test). After dam
interactions, PVN cells continued to fire more than after interactions with pup

ool 5

(with dam:30/248, with pup:12/248,p=0.005).e, Social sniffing between the
virginand dam activated PVN neurons (9/43 neurons significantly activated
while the virgin was sniffed, p=0.002;11/43 neurons activated while the virgin
sniffed the other adult, p=0.0005). A similar fraction of PVN neurons was
activated during digging (8/43, p=0.005). Only afew PVN neurons were
activated by entering an empty nest without pups (2/43, p=0.4). Dark bars,
significantly modulated neurons. The proportion of PVN neurons activated
duringempty nest entry was smaller than the proportion of PVN neurons
activated while being sniffed (two-sided Fisher’s exact test, p=0.04), during
sniffing (p=0.01), and after entering a nest with pups (p=0.001). Fraction of
cellsresponding during empty nest entry was also smaller than the proportion
of OT-PVN neurons activated during shepherding (0.03), damretrieval
(p=0.01), and after entering a nest with pups (p=0.01).
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p=0.02;10/69 PVN neurons, p=0.0007). Recordings were aligned to start of
interaction, and sorted by peak activity. b, Distribution of durations of timein
nest for virgins after entry events. -70% of all nest dwell times are <40 s. ¢, Left,
example PSTH for PVN unit during play-back of pup distress calls (sonogram on
top). Right, summary of PVN activity during pup call presentation. Almost all

cellsinvirgin PVN were unresponsive, with only 1/71PVN units having
significant responses to pup vocalizations. d, Examples of simultaneously
recorded unit spike trains aligned to onset of individual shepherding, nest
entry, and damretrieval events during co-housing. Blue, OT-PVN units. Yellow,
periods of coincidental activity within 10 ms. e, Summary of average zero-lag
pair correlations for each pair of simultaneously recorded units during each
co-housing behaviour. Neuronal pairs including OT-PVN neurons
(OT-PVN:OT-PVN and OT-PVN:PVN pairs) were more strongly correlated than
PVN:PVN pairs (shepherding, n=530 pairs, p<0.0001; nest entry, n=776 pairs,
p<0.0001; damretrieval, n=278, p<0.0001; ANOVA and Tukey’s
multiple-comparison test). Error bars, SEM.
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recordedinthevirginresponded withincreased spiking for several seconds
untilthedamreturnedtoretrieve the pup herself. Top, raster of each of these
threetrials. Bottom, summary PSTH. Inset, spike waveforms; scale: 0.4 ms, 0.5
mV. ¢, Pup activity for non-co-housed virgins tested across transparent barrier,
separated by virgins that beganretrieving after observation (‘L’) and virgins
thatdid notbeginretrieving after observation (‘NL’). Left, pup movement
(p=0.64, Student’s unpaired two-tailed t-test, N=16 animals: 3 learners, 13
non-learners). Middle, number of pup vocalizations (p=0.07). Right, pup call
mean frequency (p=0.77).Error bars, SEM.d, Onset of retrieval behaviour was
fasterin co-housed virgins relative to non-co-housed virgins exposed to
retrievals behind transparent barrier or with no barrier (Mantel-Cox test,
p=0.004,N=48 mice total). **, p<0.01.
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Extended DataFig. 9 |Superior colliculusinput to PVN enhances
acquisition of pupretrieval. a, In Oxy-IRES-Crevirgins, we injected an AAV
helpervirusinto PVN, followed two weeks later by injecting arabies virus that
carried mCherry fluorescent protein. Left, retrograde monosynapticinput
tracing to OT-PVN neurons. Right, SC anatomy (AQ, aqueduct; PAG,
periaqueductal gray; dSC, deep SClayers). b, We examined visual structures for
mCherry expression (areas providing direct projections to OT-PVN cells).
Immunohistochemistry showing mCherry+ cells (red) in the medial superficial
layers of ipsilateral SC monosynaptically projecting to OT-PVN neurons. Blue,
DAPIstain for cellnumber. Replicates from N=2 animals. ¢, Top, schematic of
experimental design for optogenetic stimulationin PVN of fibres from

ipsilateral sSC expressing ‘ChR2-Venus’ or ‘Venus’, during the ‘opaque barrier’
condition (‘Damretrieving’ and ‘Virginretrieving’, 10 pup retrieval trials

per session; blue, optogenetic stimulation occurring during damretrieval).
Bottom left, individual performance on pup retrieval testing after each
observationsession. Bottom right, summary of behavioural data (Kaplan-
Meier).d, Immunohistochemistry showing fibres fromsSC (green, arrows)
innervating PVNincluding near OT-PVN neurons (insert). Red, oxytocin
neurons; green, Venus; blue, DAPI. 3V, third ventricle. Replicates from N=3
animals. e, Schematic of overall hypothesis connecting behavioural
interactionsbetween dam and virginduring co-housingto activation of PVN
and OT-PVN neurons (red arrow).
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Extended DataFig.10|Oxytocinergic modulation from PVN promotes
plasticity of ACpup callresponses. a, Emergence of pup call responsesinleft
auditory cortex preceded retrieval onset; from 71unitsrecorded in five
animals, 40 units in two animals were maintained throughout co-housing
(22/40 unitssignificantly increased activity, 11/40 units significantly
decreased activity, mean single-unit response across all 40 units to best pup

call48 hbeforeretrieval onset: 30.4+4.6% increase relative to baseline, spiking
24 hbeforeretrieval:33.5+2.0% increase, spiking on day of first retrieval:
45.8+3.9% increase, p=0.009, one-way ANOVA, n=40 units). Gray shading on
unitwaveformsrepresents SEM. b, Immunostained tissue section of PVN
showing co-labeling of oxytocin peptide (green) and GCaMPé6s expressed
together with TdTomato (red). Replicates from N=3 animals.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|Z| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Blackrock Central single-unit recording software, Synapse TDT software for acquisition of photometry data, Avisoft software for acquisition of
sounds
Data analysis Matlab custom codes for analysis of single-unit, photometry and behavior data, Boris for behavioral analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Provide your data availability statement here.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined using statistical power analysis, with alpha set at 0.05
Data exclusions  No data was excluded

Replication Behavioral scoring was performed by several different observers, and randomly cross-checked to insure replicability (DR, MO). Analysis of
neuronal data was performed separately by two scientist (IC and JSR), and cross-validated. Chemogenetic experiments, observational learning
experiments, OTA infusion experiments were performed separately by different scientists (IC, RO, NLC, HL, MAT, JMN), and at two different
institutes (NYU and Rutgers NJMS).

Randomization  Animals were randomly assigned to experimental conditions.

Blinding When possible for behavioral and immunohistochemistry analysis, observers were blinded to conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| |Z Antibodies |:| ChlIP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

g |:| Palaeontology and archaeology g |:| MRI-based neuroimaging
|:| Animals and other organisms

}X{ |:| Human research participants

X|[] clinical data

|Z |:| Dual use research of concern

Antibodies

Antibodies used Primary antibodies: 1. rabbit anti-oxytocin antibody (EMD Millipore, 1:500), 2. mouse anti-oxytocin antibody (a gift from Dr. Harold
Gainer at NIH), 3. a chicken anti-GFP (Aves, 1:500) and 4. a chicken anti-mCherry (Abcam, 1:1000). Secondary antibodies: All
secondary antibodies were from Jacksons Immunoresearch

Validation Primary antibodies:
1 & 2 anti-oxytocin antibodies have been validated in the Carcea lab at Rutgers BHI by showing over 90% co-localization with EYFP
staining in PVN of Oxy-Cre;Ai32 mice (expressing ChR2-EYFP in oxytocin neurons). Relevant citations: Tsuda et al., NeuroReport 2011;
3. This antibody was validated by manufacturer as stated on their website: 'Antibodies were analyzed by western blot analysis
(1:5000 dilution) and immunohistochemistry (1:500 dilution) using transgenic mice expressing the GFP gene product.’
4. This antibody was validated by manufacturer as stated on their website: 'Positive control: Lysate of HEK293 cells transfected with
pFin-EF1-mCherry vector; HEK293 cells transfected with pFin-EF1-mCherry vector.'

Secondary antibodies:
For all secondary antibodies, we performed 'secondary only' controls.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice, C57/B6, females at 8 weeks old (virgins) and 10 weeks old (dams)
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Wild animals Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight All procedures were approved under NYU School of Medicine IACUC committee and by Rutgers NJMS IACUC committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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