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An accessory prefrontal cortex—thalamus circuit
sculpts maternal behavior in virgin female mice
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Abstract

The ability to care for the young is innate and readily displayed by
postpartum females after delivery to ensure offspring survival.
Upon pup exposure, rodent virgin (nulliparous) females also
develop parental behavior that over time becomes displayed at
levels equivalent to parenting mothers. Although maternal behav-
ior in postpartum females and the associated neurocircuits are
well characterized, the neural mechanisms underlying the acquisi-
tion of maternal behavior without prior experience remain poorly
understood. Here, we show that the development of maternal care
behavior in response to first-time pup exposure in virgin females is
initiated by the activation of the anterior cingulate cortex (ACC).
ACC activity is dependent on feedback excitation by Vglut2®/
Galanin® neurons of the centrolateral nucleus of the thalamus (CL),
with their activity sufficient to display parenting behaviors.
Accordingly, acute bidirectional chemogenetic manipulation of
neuronal activity in the ACC facilitates or impairs the attainment
of maternal behavior, exclusively in virgin females. These results
reveal an ACC-CL neurocircuit as an accessory loop in virgin
females for the initiation of maternal care upon first-time expo-
sure to pups.
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Introduction

Parental care in altricial mammalian species is critical for the sur-
vival of the newborn and constitutes a major determinant of the off-
spring’s physiological, emotional, and cognitive development
(Numan & Insel, 2003; Bosch, 2011; Dulac et al, 2014; Stockley &
Hobson, 2016). Parenting, which comprises a set of species-specific

. Yoav Ben-Simont@,

stereotyped behaviors, consists of five major components in
rodents: nest building, pup retrieval to the nest, crouching over the
young to provide nutrition and warmth, grooming, and defending
the pups from any potential threat (Angoa-Pérez & Kuhn, 2015; Kohl
et al, 2017).

As a form of goal-oriented social behavior, displaying parental
care relies on a hierarchical arrangement of neurocircuits, which are
synaptically interconnected to allow for the refined and stage-/need-
dependent execution of maternal behaviors in response to the
dynamics of internal and external states. As such, hormonal and
somatic influences together with environmental cues, particularly
infant stimuli (e.g., ultrasonic vocalizations) set motivation, arousal,
and attraction/drive for the initiation and execution of parental care
(Noirot, 1972; D’Amato et al, 2005; Brunton & Russell, 2008;
McHenry et al, 2015).

The surge of estrogen and progesterone during pregnancy
primes the onset of maternal behavior immediately at the time of
birth in postpartum females (Terkel & Rosenblatt, 1972; Numan &
Insel, 2003; Georgescu et al, 2021). In the absence of hormonal
stimuli, continuous exposure to and interaction with pups (pup
sensitization) also leads to the progressive development of
parental behaviors in both virgin (nulliparous) female and even
male rodents (Rosenblatt, 1967; Stolzenberg & Rissman, 2011).
This indicates that the display of maternal care can be inferred as
being acquired by experience (Carcea et al, 2021) and that hor-
monal events during pregnancy and parturition merely facilitate
the onset of a specific array of actions, but are dispensable for
their display per se.

The hypothesis that maternal care is, at its core, an innate behav-
ior driven by evolutionarily shaped hard-wired circuits has put
maternal behavior in postpartum females in the focus of studies
exploring the underlying neural mechanisms (Numan & Insel, 2003;
Martyn et al, 2012; Tsuneoka, 2019). These studies identified the
medial preoptic area (mPOA) of the hypothalamus as a central hub
for the coordination of maternal behavior (Numan, 2006; Tsuneoka
et al, 2013). The documentation of acquired parental behavior in
virgin female (Carcea et al, 2021) and male (Tachikawa et al, 2013)
animals nevertheless raises the question of whether the experience-

1 Department of Neurophysiology and Neuropharmacology, Center for Physiology and Pharmacology, Medical University of Vienna, Vienna, Austria
2 Department of Molecular Neurosciences, Center for Brain Research, Medical University of Vienna, Vienna, Austria

3 Department of Neuroscience, Biomedicum 7D, Karolinska Institutet, Solna, Sweden

*Corresponding author. Tel: +46 8 524 87070; E-mail: tibor.harkany@kis.se

**Corresponding author. Tel: +43 1 40160 31270; E-mail: daniela.pollak@meduniwien.ac.at

"These authors contributed equally to this work

© 2022 The Authors. Published under the terms of the CC BY 4.0 license

The EMBO Journal 41: 1116482022 1 of 14


https://orcid.org/0000-0001-8242-2706
https://orcid.org/0000-0001-8242-2706
https://orcid.org/0000-0001-8242-2706
https://orcid.org/0000-0002-7075-097X
https://orcid.org/0000-0002-7075-097X
https://orcid.org/0000-0002-7075-097X
https://orcid.org/0000-0002-6637-5900
https://orcid.org/0000-0002-6637-5900
https://orcid.org/0000-0002-6637-5900
https://orcid.org/0000-0002-9584-6257
https://orcid.org/0000-0002-9584-6257
https://orcid.org/0000-0002-9584-6257

The EMBO Journal

induced development of parenting could recruit additional non-
hypothalamic neuronal circuit modules to support offspring care in
the absence of hormonal priming. The existence of such supplemen-
tary circuit elements could bear relevance beyond alloparental care
to include their recruitment upon insufficient/dysfunctional mater-
nal behavior in postpartum females.

Here, we posited that the acquisition of parental behavior
ought to involve the recruitment of prefrontal cortical regions,
which regulate the evolvement and maintenance of social and
emotional behaviors (Lee et al, 2016; Franklin et al, 2017). More-
over, we hypothesized that neuronal activity in the prefrontal cor-
tex shall undergo phasic enhancement for virgin females to
engage in stereotypic parenting, which could be driven by a hith-
erto unknown subcortical circuit motif. Therefore, we first used c-
Fos-labeling in the prefrontal cortex to single out its anterior cin-
gulate area (ACC) as the domain activated upon the acquisition of
care behavior, specifically in virgin females. Viral circuit mapping
then reciprocally linked the ACC to the centrolateral nucleus of
the thalamus (CL), whose glutamatergic (Vglut2") neurons are
active when virgins engage in maternal care behavior. Molecu-
larly, a galanin (Gal)*/Vglut2" neuronal contingent in the CL is
innervated by the ACC and selectively activated in virgin females.
We then used chemogenetics to show that activation of the ACC-
CL circuit facilitates, whereas its inhibition impairs the display of
maternal behavior, only in virgin females. Cumulatively, our data
suggest causality between neuronal activity within and recurrent
feed-forward facilitation between the ACC and CL for the manifes-
tation of parenting behavior in virgin females. We propose ACC-
CL connectivity as an accessory to the core hypothalamic circuit
of maternal behavior, to launch the display of innate behaviors in
naive virgin females, contextually brought about by first-time pup
exposure.

Results
Behavioral display of maternal care by virgin females

To determine neuronal circuit substrates of the successful acquisi-
tion and expression of maternal behavior, we compared virgin
female mice with foster mothers and biological mothers in the pup
retrieval test on 3 consecutive days (Fig 1A and B). On day 1,
retrieving all pups took significantly longer for virgin females
(402 + 66.2 s) as compared to biological mothers (66.5 + 18.8 s)
and foster mothers (56.8 + 20.8 s). This difference became signifi-
cantly reduced on the 2™ (167.9 +61.1 s) and 3™ days
(72.8 4+ 9.2 s; virgins vs. mothers and foster mothers P=2.9 x 1077
and P = 1.9 x 1078, respectively (day 1) and P = 0.1 (day 3);
Fig 1B). No difference between mothers and foster mothers was
found on any of the testing days. Foster mothers were therefore
used in all ensuing experiments in comparison to virgin females,
particularly to exclude pup-driven bias.

To further characterize the development of parental responsive-
ness in virgin females, we monitored the dynamic appearance of
pup-directed behaviors over 3 consecutive days and observed an
increase in the percentage of time spent in pup-directed behavior
(including crouching, licking and grooming, and covering over the
pups) during 15-min epochs (343.4 4+ 49.9 s (day 1); 633.7 + 53.3 s
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(day 3); n="7/group; day 1 vs. day 3: P=0.017; Fig 1C). In parallel,
a decrease in non-pup-directed behavior was seen across the days
(39.7 £ 13.4 s (day 1); 5.3 £ 3.7 s (day 3); n = 7/group; day 1 vs.
day 3: P=0.011; Fig 1D). These data suggest that virgins can rapidly
acquire maternal care behavior even in the absence of long-lived
hormonal influences associated with pregnancy. To determine
whether variations in hormonal changes associated with the differ-
ent stages of the ovarian cycle affected the acquisition of parental
behavior in virgin females, we grouped mice into those in “follicular
stage” (pre-estrus/estrus) and those in “secretory stage” (metestrus/
diestrus) on the first day of pup exposure. A statistical difference
between groups was not observed, suggesting that hormonal
fluctuations do not bias the performance of virgin females
(Fig EV1A and B).

Next, we tested whether virgin females were able to retain the
learned parenting behavior over time and conducted a second pup
retrieval test 3 weeks after the first one (Fig EV1C). In the second
test, virgin females were fast in retrieving the pups (97.8 + 26.8 s
(second round, day 1); n = 7/group; P = 7.7 x 1077 Fig EV1D).
These data suggest that the acquired display of maternal care behav-
ior is irrevocable in pup-experienced females.

Pup-to-mother communication does not bias the behavioral
display of virgin females

Parental responsiveness is determined by the bidirectional commu-
nication between offspring and parent (Swain et al, 2004). In the
pup retrieval paradigm, ultrasonic vocalization emitted by the pups
evokes and reinforces care behavior (Wohr et al, 2010; Wohr &
Schwarting, 2010; Portfors & Perkel, 2014). Considering that the
complexity of the patterns of pup vocalizations is developmentally
regulated (Grimsley et al, 2011), we tested if the age of the pups,
and henceforth their calls, could affect parenting by virgin females
over time. Exposure to pups PO vs. P2 of age did not impact the per-
formance of virgin females on the 1% day of testing (P0: 402 + 66 s
and P2: 397.14 £ 82s; n =10 (P0) and n = 7 (P2); P = 0.96;
Fig EV1E). Thus, we posited that the progressive development of
maternal behavior could be driven by physiological changes in the
virgin females’ brains rather than by changes in pup-emitted
stimuli.

Neuronal activation upon acquired maternal behavior in virgin
females

The neural network underpinning the ability to acquire and dis-
play parental responsiveness in virgin females is unknown. Here,
we mapped the expression of the immediate early-gene c-Fos, a
surrogate of neuronal activation, upon pup retrieval after the 1%
and last days of testing to screen for the temporal association
between neuronal activation and the dynamic changes in behav-
ioral outcomes. We compared virgin females (V) to foster
mothers (FMpups) and included virgin females exposed to objects
(Vonj) as a control group (n = 5/FMpups, 1 = 6/Vpups, 1 = 7/Vop;)
to filter out novelty-induced rather than goal-directed neural acti-
vation (Fig 1E and F). The density of c-Fos-labeled cells was calcu-
lated as the fraction of all DAPI" cells (% c-Fos" cells; see
Materials and Methods) in 12 brain regions purportedly involved
in controlling parental behavior (Dulac et al, 2014). For each of

© 2022 The Authors
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Figure 1. Dynamics of experience-dependent parental behavior in virgin female mice and corresponding neuronal activity patterns.

A Schematic representation of the pup retrieval test.

B Total pup retrieval time in biological mothers (n = 6), foster mothers (n = 7), and virgin females (n = 10) on 3 consecutive days. Data were analyzed using mixed-
model ANOVA with repeated measures and are displayed as mean + s.e.m.; ****significantly different from foster mothers, P < 0.0001; #*##significantly different

from mothers, P < 0.0001.

C, D Fraction of pup-directed (C) and non-pup-directed (D) behaviors of virgin females of the total session duration in each of the 3 pup exposure days (n = 7). Data were
analyzed using two-way ANOVA with repeated measures and are displayed as individual measurements with the line connecting the mean value; *P < 0.05.

E Schematic representation of a coronal section showing regions of the medial prefrontal cortex (mPFC).

F Representative image of a coronal brain section immunostained for c-Fos after pup retrieval on day 1 and 3. The mPFC region is indicated by dashed lines, which
are also shown in the insets in higher magnification. The scale bar indicates 500 pm, 10x magnification.

G Heat-map of the Z-score for the difference in the fraction of c-Fos-expressing cells, between day 1 and 3 of behavioral testing. Foster mothers (FM Pups; n = 5), vir-

gins with pups (V Pups; n = 6), and virgins with object (V Obj; n = 7).

H Representative coronal sections of the mPFC immunostained for c-Fos with the anatomical borders of the ACC indicated by dashed lines, in the 3 groups described

n (G) on day 1 and 3 of behavioral testing. Scale bar 100 um, 20x magnification.

Source data are available online for this figure.

the 3 groups, z-scores were calculated (A day 3—day 1 of c-Fos"
cells, expressed as a percentage) in order to demonstrate changes
across time (Fig 1G). The medial prefrontal cortex (mPFC), subdi-
vided into the anterior cingulate (ACC), prelimbic (PL), and infral-
imbic (ILA) cortices exhibited the greatest change in neural
activity in virgin females exposed to pups, including a gradual
decrease in neural activity over the days of testing. Specifically,
the z-score of the ACC distinguished Vs from the other groups
(z-scores: Vpups = 3.89, FMpyp = 1.75, Vo, = 1.85; Fig 1H). In con-
trast, more subtle and non-specific changes were observed in the
basolateral amygdala (BLA), central amygdala (CE), nucleus
accumbens (Nac), the central part of the medial preoptic area
(cMPOA), medial preoptic nucleus (MPN), bed nucleus of stria ter-
minalis (BNST), periaqueductal gray (PAG), ventral tegmental area
(VTA), and lateral septum (LS). These data suggest a selective and
specific activation of mPFC subregions during the acquisition of
maternal behavior in virgin females.

© 2022 The Authors

The acquisition of parental care in virgin females recruits an
ACC-thalamic circuit

To identify the extent of the neuronal network with the ACC being
its cortical hub in virgin females, we first mapped the input/output
connectivity of ACC neurons. We relied on open-source data from
the Allen Mouse Brain Connectivity Atlas (https://connectivity.
brain-map.org/static/brainexplorer) to map ACC efferents (Oh
et al, 2014). We chose 3 series of experiments, in which the ACC
was exclusively targeted for anterograde labeling (with minimal dis-
persion of tracers in neighboring cortical areas). These data revealed
brain-wide ACC innervation patterns, with thalamic nuclei serving
as major postsynaptic targets (Fig 2A).

Next, we resolved the origins of inputs to the ACC by using G-
deleted, envA-pseudotyped CVS-N2c rabies viral vectors (RVdGepya-
CVS-N2c) amenable to transsynaptic retrograde labeling (Fig 2B and
C). Besides unidirectional monosynaptic inputs from the claustrum

The EMBO journal 41: e111648 (2022 3 of 14


https://connectivity.brain-map.org/static/brainexplorer
https://connectivity.brain-map.org/static/brainexplorer

The EMBO Journal

D DAPI / tdTomato / GFP

C
AAV-EF acre + AAV-DIO DAPI / GFP / tdTomato

-EF1a-TVA-2A-N2cG
|

A

—

CVS-N2c-GFP ¢2 weeks

&R

=
—~—
FLEX-tdTomato

F CLA BLA

VENT

ATN
MED &
T
<C
[m)
F
3
Z-score Z-score LII.

| [ = ° o 0 0
2 0 2 2 0 2 CM PCN CL RH ~ CM PCN CL RH -~ CM PCN CL RH

Figure 2. Identification of prefrontal-thalamic circuit changes during experience-induced parental behavior in virgin females.

A

Reconstruction of the mouse brain following anterograde labeling with AAV-GFP in the ACC (1); representative coronal images showing the site of injection and
axonal distribution pattern in the dorsal striatum (2) and central lateral nucleus of the thalamus (3, 4). Images in A1-A4 were taken from the Allen Mouse Brain
Connectivity Atlas, https://connectivity.brain-map.org/projection/experiment/139520203.

Schematic representation of the dual anterograde and retrograde tracing to and from the ACC, in FLEX/tdTomato mice.

Representative coronal section showing a labeling pattern at the site of injection. White arrows in the magnified image (C, right) point to double-labeled putative
starter cells for transsynaptic retrograde labeling. The scale bar indicates 500 pm, 10x magnification (left image), and 100 pum, 20x magnification (right image).
Representative coronal sections showing bidirectional connectivity patterns with the thalamus (1) and monosynaptic input to the ACC from the claustrum (2) and
ventral CA1 (3). Scale bars 500 pum, 10x magnification (left images), and 100 pum, 20x magnification (right images).

Graphic representation and z-scores of ACC synaptic outputs (top, n = 3) and inputs (bottom, n = 4). ACC anterior cingulate cortex, ATN anterior group of the dorsal
thalamus, BLA basolateral amygdala, CLA claustrum, CP caudo-putamen, GENv geniculate group-ventral part, GPe globus pallidus-external segment, GPi globus
pallidus-internal segment, ILM intralaminar nucleus of the thalamus, LAT lateral group of the dorsal thalamus, LH lateral habenula, LZ hypothalamic lateral zone, MB
midbrain, MED medial group of the dorsal thalamus, MEZ hypothalamic medial zone, MTN midline group of the dorsal thalamus, NAc nucleus accumbens, RT reticu-
lar nucleus of the thalamus, SPF subparafascicular nucleus, and VENT ventral group of the dorsal thalamus.

Infographic showing the relative proportion of projection density to ACC for each region in a form of a pie chart and z-scores for the difference in c-Fos expression
between the first and the last day of behavioral testing in brain regions projecting to the ACC represented in a form of heat-map.

Representative coronal sections of the dorsal thalamus, following c-Fos immunolabeling on day 1 (left) and day 3 (right), with the ILM subnuclei indicated; CM central
medial nucleus, CL central lateral nucleus, PCN paracentral nucleus, RH rhomboid nucleus. Scale bar 200 pm, 10x magnification. Foster mothers (n = 5), virgins with
pups (n = 6), and virgins with object (n = 7).

Fraction of c-Fos" cells in different ILM subnuclei, virgin exposed to pups (left), in foster mothers (middle), and virgin exposed to object (right), on day 1 and 3 of
behavioral testing. Foster mothers (n = 5), virgins with pups (n = 6), and virgins with object (n = 7). Data were analyzed using two-way ANOVA with repeated mea-
sures and are expressed as mean =+ s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001.

Data information: Images and data shown in (A, E) were taken from the Allen Mouse Brain Connectivity Atlas.
Source data are available online for this figure.
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and ventral hippocampal CA1 region, we demonstrate that the ACC
is reciprocally connected with the thalamus (Fig 2D). The relative
contributions of these brain regions were scaled by z-scores that
quantified the signal density for each tested region, with a focus on
ACC, cortical plate, and subcortical structures (Figs 2E and EV2A-C)
in both anterograde and retrograde labeling experiments. We find
that among the directionally connected thalamic regions, the
intralaminar nuclei of the dorsal thalamus (ILM) provides a major
excitatory input to the ACC (Kung & Shyu, 2002; Barroso-Chinea
et al, 2008; Fig 2E and F and for neuronal phenotypes see Fig 3).

We then asked if any of the brain regions projecting to the ACC
exhibits an activation pattern reminiscent of the c-Fos labeling we
have seen in the ACC during pup retrieval. Therefore, we deter-
mined changes in the relative density of c-Fos" cells across days (A
day 3—day 1), selectively in virgin females exposed to pups, and
then ranked the identified regions according to their contribution to
the total of ACC projections (Fig 2F). This analysis revealed that the
ILM is not only providing the densest projection to the ACC but also
is specifically activated in virgin females displaying maternal care
behavior. A further anatomical subdivision of the ILM showed a sig-
nificant decrease in c-Fos labeling across days in its centromedial
(CM; P = 0.04), paracentral (PCN; P = 0.0007), and centrolateral
(CL; P = 0.004) subnuclei (n = 5/FMpyps, 1 = 6/Vpups, = 7/Vop;;
Fig 2G and H). A focused analysis of the connectivity patterns
showed that both the CM and PCN primarily receive afferents from
the motor cortex (Fig EV3). In contrast, the CL is innervated by the
ACC (Fig EV2B). Based on our activity profiling and connectome
data we identify the CL as the only area specifically and bidirection-
ally connected to the ACC, and participating in the acquisition of
maternal behavior in virgin females.

We next tested if the same neurocircuit was also recruited in vir-
gin male animals upon repeated pup exposure. To this end, we eval-
uated the relative density of ACC c-Fos" neurons across days of pup
exposure (A of day 3—day 1) as before in female mice. We found
that the z-score of the ACC in virgin males (2.09) was 53 % the one
of virgin females (3.89, Fig EV3C). Similarly, we found no difference
in CL c-Fos labeling across days in virgin males (Fig EV3D). Jointly,
these data evidence a sex-specific engagement of the ACC-CL circuit
in female mice.

Neurotransmitter identity of the ACC-CL neurocircuit

To reveal the neurotransmitter phenotype of ACC neurons engaged
in the development of experience-induced parental care in virgin
females, we performed in situ hybridization for cfos with markers of
excitatory (Slc17a7/Vglutl) and inhibitory (Gadl/Gad67) neurons
after days 1 and 3 of pup retrieval (Fig EV3E and F). We observed a
significant change in the population of Slc17a7" neurons expressing
cfos across testing days (P = 0.008), whereas the contingent of
Gadl" cells co-expressing cfos remained unchanged (Fig EV3G).
Thus, we suggest that excitatory output from the ACC could coin-
cide with the onset of the behavioral display.

Next, we asked if thalamic inputs to the ACC could preferentially
terminate on excitatory ACC neurons. Therefore, we labeled thala-
mic inputs using AAV vectors driving the expression of the TVA-2A-
N2cG cassette under the control of either the Camk2 promoter
(AAV-Camk2-TVA-2A-N2cG; excitatory) or the DIx promoter (AAV-
DIx-TVA-2A-N2cG, inhibitory), alongside AAV-Camk2-GFP or AAV-

© 2022 The Authors
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DIx-GFP serving as respective negative controls (Fig EV4A and B).
Two weeks later, RVdGe,,a-CVS-N2c-tdTomato vectors were
injected into the same region, leading to retrograde labeling of thala-
mic projections to ACC excitatory/inhibitory neurons (Fig 3A-C).
Quantification of tdTomato" cells in the CL, normalized by the total
thalamic count of tdTomato" cells revealed no difference in the den-
sity of CL projections to excitatory (4.2 £ 2.08%) and inhibitory
(3.3 = 1.03%) neurons in ACC (n = 3/FMpups, 1 = 4/Vpups, 1 =4/
Vobj; Fig 3D), indicating no predefined anatomical bias of CL neu-
rons to targeting either the excitatory or inhibitory subpopulation of
neurons within the ACC. However, when we determined the func-
tional ACC-CL circuit architecture of acquired maternal behavior,
we observed an increase in the density of active CL inputs to ACC
excitatory neurons (20.2 + 1.3%) relative to those terminating on
inhibitory ACC neurons (7.7 £ 4.8%; n = 3/FMpups, 1 = 4/Vpups,
n =4/Vy; P =0.06; Fig 3D). Together, these data suggest that exci-
tatory neurons of the CL preferentially activate excitatory ACC neu-
rons, thus forming an excitatory microcircuit in which feed-
forward/recurrent excitation seems essential for the acquisition of
maternal behavior in virgin females.

Neuropeptide identity of CL neurons

We also examined if the population of CL neurons projecting to the
ACC could be defined by a neuropeptide mark. To this end, we
tested for galanin (Gal), as Gal" neurons predominantly populate
the CL, PCN, and CM (Pérez et al, 2001) (Fig 3E) and other contin-
gents of Gal" neurons drive hypothalamic circuits of parental care
and other social behaviors (Wu et al, 2014; Kohl & Dulac, 2018;
preprint: Tripp et al, 2019). We first evaluated whether Gal" neurons
in CM, PCN, and CL are activated during the 1°* day of the pup
retrieval test, in comparison to the Gal-negative (Gal™) neurons in
these thalamic regions. Immunohistochemistry for c-Fos in Gal-Cre::
FLEX-YFP female mice after pup retrieval showed a selective recruit-
ment of Gal' neurons over Gal™ cells (ratio = 5.6) in the CL, but not
in the PCN (ratio = 0.98) or the CM (ratio = 0.44) (n = 3/group; CL
vs. CM P = 0.04; CL vs. PCN P > 0.05; Fig 3F and G). No difference
was found following object exposure (n = 3/Vpups, = 2/Vop;
Fig 3G), suggesting a specific participation of CLS neurons in the
initiation of maternal behavior in virgin females.

We next explored the extended network of Gal" neurons in the CL
region. For this purpose, we performed dual anterograde and retro-
grade labeling by combining Cre-dependent AAV-GFP and RVdGepya-
CVS-N2c-tdTomato vectors from CL of Gal-Cre mice (Figs 4A and
EV4C and D). While the ACC was shown to receive input from diverse
brain regions, tracing experiments from CL® neurons demonstrated
dominant projections from the ACC (65%), with sparser input from
the retrosplenial area (RSP, 16%), PAG (12%), and zona incerta (ZI,
7%; Fig 4B-D). Moreover, axon tracing confirmed that CL°® neurons
project to the ACC, indicating reciprocal connectivity between this cell
population and ACC projection neurons (Fig 4C).

Chemogenetic manipulation of ACC neurons biases pup retrieval
in virgin females

We next deployed a chemogenetic approach to selectively manipu-
late the activity of ACC neurons to justify the role of ACC in
acquired maternal behavior in virgin females. AAV vectors
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Figure 3. Functional and molecular properties of the CL-ACC projection.

A

Schematic representation of the dual anterograde and retrograde tracing scheme for quantification of differential thalamic input to excitatory/inhibitory neurons in
ACC.

Representative coronal sections of the PFC, following the labeling schemes described in (A), for mapping inputs onto ACC excitatory (B, top) and inhibitory (B, bottom)
neurons. High-magnification images (B, right top and bottom) show the double-labeled, putative starter cells for transsynaptic retrograde labeling. Scale bars repre-
sent 200 um, 10x magnification (left top and bottom), and 50 um (right top and bottom), 20x magnification.

Representative coronal images of the thalamus, immunolabeled for c-Fos, following retrograde labeling from excitatory (C, top) or inhibitory (C, bottom) neurons in
the ACC. White arrows in high-magnification images indicate co-localization of c-Fos and td-Tomato (C, right top and bottom). Scale bars represent 200 pm, 10x
magnification (left top and bottom), and 25 um (right top and bottom), 20x magnification.

Quantification of the number of neurons in CL region projecting to excitatory or inhibitory ACC neurons, as a fraction of the total thalamic contribution (top) and a
fraction of neurons co-expressing tdTomato and c-Fos of the total tdTomato" population in CL (bottom). Foster mothers (n = 3), virgins with pups (n = 4), and virgins
with object (n = 4). Data were analyzed using Student’s t-test and are displayed as mean + s.e.m.

Representative in situ hybridization images of Gal in the ILM taken from the Allen Mouse Brain Atlas, https://mouse.brain-map.org/experiment/ivt?id=70231997 (top
left and right) and representative coronal images showing the expression of Gal neurons in Gal-Cre:FLEX-YFP female mice (bottom right and left). Scale bars represent
500 pm, 10x magnification (left bottom) and 200 pm (right bottom).

Representative image of the ILM immunolabeled for GFP and c-Fos, following pup retrieval test. Yellow and white arrows indicate c-Fos-expressing Gal-positive and
Gal-negative neurons, respectively. Scale bars represent 100 pm, 20x magnification.

Graph plots showing the fraction of c-Fos-expressing Gal-positive neurons in the CL, PCN, and CM after pup retrieval test (G, top, n = 3) or object exposure (G, bottom,
n = 2). Data were analyzed using two-way ANOVA and expressed as mean + s.e.m.; *P < 0.05.

Source data are available online for this figure.

conditionally expressing hM3D or hM4D chemogenetic actuators, as
well as an inert fluorophore (GFP; as control) were bilaterally
injected into the ACC of virgin female mice. CNO (3 mg/kg; i.p.) or
vehicle (saline) was administrated 15 min prior to the pup retrieval
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test, which was conducted 3 weeks after the surgery (Fig SA). CNO
applied to GFP-injected mice was used to control for possible effects
of CNO alone (n = 8). Virgin females expressing hM3D in ACC
showed significantly shorter latencies to retrieve pups once exposed
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DAPI / N2c-tdTomato / AAV-EF1a-DIO-EGFP

A Schematic representation of the dual anterograde and retrograde tracing experiments from and to CL®' neurons.
B Representative images demonstrating specific targeting of the CL in Gal-Cre mice, for dual anterograde (green) and retrograde (magenta) tracing. Scale bars

represent 200 pum, 10x magnification. Expanded images to the right show the C

ZI (B-3). Scale bars represent 100 um, 20x magnification.

LGaI

neurons (B-1) and monosynaptic input neurons in the anterior RSP (B-2) and

C, D Representative images showing bidirectional connectivity with CL® in the ACC (C) and the posterior RSP (D-1) and input from the PAG (D-2). Scale bars represent
200 pm, 10x magnification (left), and 100 um, 20x magnification (middle and right, 1,2).

to CNO on the 1* day of pup exposure, as compared to GFP or vehi-
cle administration (n = 6; hM3D + CNO vs. hM3D — CNO P = 0.03;
hM3D + CNO vs. GFP + CNO P = 0.02; Fig 5B). The opposite effect
was observed after hM4D-mediated ACC inhibition, where virgin
females showed significant longer latencies to retrieve pups, as com-
pared to GFP or vehicle administration (n = 8; hM4D + CNO vs.
GFP + CNO P = 0.002; hM4D + CNO vs. hM4D — CNO P = 0.001;
Fig 5C).

To address if the ACC is specifically important for pup retrieval
behavior in virgins, we also evaluated the response of biological
mothers to the chemogenetic manipulation of ACC activity. Since
mothers retrieve the pups significantly faster than virgin females on
the 1% day, with little room for further enhancement in their perfor-
mance, we focused on the effect of the chemogenetic inhibitor
hM4D. Neuronal inhibition in the ACC had no effect on pup
retrieval behavior in mothers (n = 7; Fig 5D), suggesting selective
recruitment of the ACC when being in the process of acquiring
maternal behavior for the first time. Indeed, no effect of hM4D on
pup retrieval latencies was observed when CNO was administrated

© 2022 The Authors

to virgin females on the 2™ day of pup exposure (n = 5; Fig EV5A
and B), further corroborating the specific engagement of the ACC in
the initial triggering of maternal behavior upon first-time pup
exposure.

To control for potential unspecific effects of the chemogenetic
actuators on locomotion, which could bias the performance in the
pup retrieval test, we quantified the total distance traveled in the
Open Field Test 15 min after CNO administration in a separate
cohort of virgin females. No significant difference was found
between hM3D/hM4D-injected mice, as compared to GFP groups
(n=5/group; Fig EV5C and D).

To further justify the effect of hM3D on neuronal activation in
the ACC-CL circuitry, c-Fos expression was quantified in the site of
injection in the ACC (Fig SE and F), as well as in the CL of virgin
female mice treated with vehicle or CNO (Fig 5G). For this, we first
calculated c-Fos density in the ACC as a fraction of c-Fos"”/hMD3-
transduced cells and c-Fos'/DAPI" cells, over the total hMD3"/DAPI
cell count. Mice treated with CNO showed a significant increase in
neuronal activation in the total ACC area (P = 0.03) and in
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Figure 5. Acute chemogenetic activation/inhibition of the ACC affects the display of maternal care behavior in virgin females.

A Schematic representation of the chemogenetic manipulation strategy in C57BL/6 mice.

B, C Quantification of pup retrieval latencies following ACC chemogenetic activation with hM3D (n = 6) (B) or chemogenetic inhibition using hM4D (n = 7) (C) compared
to control groups in virgin females (n = 8). Data were analyzed using two-way ANOVA with repeated measures and are displayed as mean + s.e.m.; *P < 0.05,
**p < 0.01. *significantly different between groups on day 1. #significantly different between days within groups, P < 0.05.

D Same as (C) but for mothers (n = 7).

E Representative images showing AAV-DIO-CAG-hM3D-2A-tdTomato and c-Fos expression in the PFC of virgin females, 2 h following CNO/vehicle administration.
Masks demonstrating distribution of DAPI + c-Fos (green), DAPI + dTomato (magenta), and their co-localization (white). Scale bars 100 um, 20x magnification.
F Fraction c-Fos" cells of the total DAPI (top) or hM3D-2A-dTomato (bottom) population in the ACC, following CNO/vehicle administration (n = 3). Data were analyzed

using Student’s t-test and are displayed as mean + s.e.m,; *P < 0.05, **P < 0.01.

G Representative images of the CL, immunolabeled for c-Fos, following hM3D-mediated neuronal activation of the ACC. Scale bars 200 um, 20x magnification.
H Spearman correlation between hM3D-mediated activation of the ACC (as measured in (F, top)) and the CL region.

Source data are available online for this figure.

transduced neurons (P = 0.0002), as compared to vehicle (n = 3;
Fig 5F). These data confirm that hM3D-mediated excitation indeed
triggered neuronal activity in the ACC. Moreover, a significant posi-
tive correlation (rs = 0.89, P = 0.006) between c-Fos labeling in the
ACC and CL was found (Fig 5H), reinforcing the functional interplay
of these two brain regions.

Next, we tested whether the specific activation of Gal" neurons
in the CL (CL®") is sufficient to drive pup retrieval in virgin
females. Therefore, we bilaterally expressed hM3D or GFP in the CL
of Gal-Cre virgin females (Fig 6A). We confirmed that CNO adminis-
tration to hM3D-injected animals led to the selective activation of
CLS™ neurons by using an increase in c-Fos expression as a surro-
gate (Fig 6B). Chemogenetic activation of CL" neurons in virgin
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females during the 1% day of pup exposure resulted in significantly
shorter latencies to retrieve pups, as compared to GFP-expressing
controls (n = 7; P = 0.02; Fig 6C). In sum, our results demonstrate
that the engagement of the ACC-CL®® circuit is sufficient to trigger
the display of maternal behavior in virgin females. Thereby, we can
distinguish acquired from instinctive maternal care behavior at the
neural circuit level.

Discussion

Parental behavior is a highly conserved, yet dynamic behavioral
display (Bukhari et al, 2019). On the one hand, a decrease in the

© 2022 The Authors
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Figure 7. Model for the neural circuit underlying the acquisition of maternal behavior in virgin female mice.

A Schematic illustration of the proposed circuit model underlying the acquisition of maternal behavior in virgin females.

B, C Whole brain rendering of projections from inhibitory ZI (Slc32a1-IRES-Cre; B) and ACC layer 6 (Syt6-Cre mouse; C) outputs showing projections from both regions to
the PAG, which provide further anatomical support for the suggested model. Images were taken from Allen Mouse Brain Connectivity Atlas (ZI: https://connectivity.
brain-map.org/projection/experiment/171065906 and ACC: https://connectivity.brain-map.org/projection/experiment/299829892).

drive to tend to, and protect the offspring occurs under pathological
conditions, such as in mothers suffering from postpartum depres-
sion or postpartum psychosis (Ghaedrahmati et al, 2017; Isik
et al, 2017). On the other hand, parental care behavior can also
increase, such as by exposure to infant cues in previously naive vir-
gin rodent females (Stolzenberg & Rissman, 2011; Stolzenberg &
Mayer, 2019). While the neuronal circuitry of instinctive maternal
behavior, promptly exhibited by postpartum females after delivery,
has been substantially explored (Dulac et al, 2014; Wu et al, 2014;
Kohl et al, 2015, 2017; Kohl & Dulac, 2018), the neurocircuit under-
lying the acquisition of parenting upon pup exposure remains
unknown.

Significant evidence from studies in experimental animals and
humans suggests that the prefrontal cortex is a central hub orches-
trating social behaviors (Yizhar & Levy, 2021). The gradual reduc-
tion in ACC activation along days of pup exposure reinforces the
concept of functional adaptability of the prefrontal cortex, support-
ing its role in behavioral flexibility (Murray et al, 2015). This view

© 2022 The Authors

also integrates our observation that the chemogenetic enhancement
of ACC function presumably allows for a more rapid adaptation to a
novel social environment, and thus primes a more effective selec-
tion of an appropriate behavioral strategy. The finding that chemo-
genetic stimulation of the ACC only affects the behavioral
performance of virgin females when delivered on day 1 substanti-
ates that the ACC-CL loop is specifically recruited to facilitate the
behavioral response upon first-time pup exposure.

The CL is one of the higher-order thalamic nuclei, which forms
recurrent excitatory connections with the cortex to modulate the
efficacy of synaptic transmission according to behavioral demands
(Stolzenberg & Rissman, 2011; Saalmann, 2014). Within the CL, we
identified Gal" neurons to be specifically relevant for the initial
onset of maternal behavior in virgin females. We demonstrate recip-
rocal connections of CL neurons with the ACC, which constitutes
a monosynaptic excitatory reinforcement loop whose activity is
necessary to trigger the initial acquisition of maternal behavior and
chemogenetically validate the cell-type specificity of the ACC-CL in
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the Gal-cre mouse system. Unexpectedly, our circuit mapping did
not reveal a direct synaptic efferent pathway from either the ACC or
CL to the mPOA. Therefore, we suggest that signal integration
instead occurs at the level of the PAG, which is directly innervated
by the ACC (Fig 7C), as well as the ZI (Fig 7B), projects to CLS
neurons (Fig 4C), and is potentially responsible for the execution of
the behavioral end-point (Kohl et al, 2017) (i.e., pup retrieval;
Fig 6A—C). Alternatively, upstream control could be exerted by inhi-
bitory afferents of either the claustrum (Jackson et al, 2018; Nari-
kiyo et al, 2020) or ZI (Barthé et al, 2007; Wang & Chou, 2020) to
suppress ACC activity (Fig 7A).

Overall, our data describe a neurocircuit, which is essential for
virgin female mice to engage in caring for newborns. We propose
that recruitment of this accessory circuit allows performing mater-
nal care, even when pregnancy and parturition-related hormonal
influences cannot act on the female brain by facilitating the
recruitment of downstream effector regions of the maternal care
circuit upon first-time pup contact. In a wider context, this
implies that alternative neural routes could exist to tune the
output of the circuitry when mPOA-centered core activation is
insufficient. An initial trigger to this pathway then allows for the
subsequent, experience-dependent enhancement of behavioral
performance.

Thus, our observation that positive parental displays can be
learnt, and the delineation of the underlying circuit mechanisms
could bear relevance to, e.g., postpartum depression, where the
therapeutic goal is to improve mother—child interactions, supporting
both the well-being of the mother and the development of the child.

Materials and Methods

Animals and housing

Wild-type C57BL/6J mice were purchased from Charles River (Sulz-
feld, Germany). Reporter strains FLEX-tdTomato (Gt(Rosa)26Sort-
ml14(CAGtdTomato), JAX mice stock # 007914) and FLEX-YFP
(B6.129X1-Gt(ROSA)26Sortm1 (EYFP)Cos/J, JAX mice stock #
006148) have been imported from Jackson Laboratories. The Gal-
Cre line (Tg(Gal-cre)KI87Gsat/Mmucd, 031060-UCD) was obtained
from Mutant Mouse Resource & Research Centers (MMRRC). All
animals were maintained on 12 h:12 h light/dark cycle with food
and water available ad libitum. Experiments on mice were approved
by the Federal Ministry of Education, Science and Research of Aus-
tria (2021-0.744.367), and conducted to minimize animal suffering
and keep the needed animal numbers at a minimum level.

Behavioral assays

Mice (8-12 weeks at experiment onset) were single housed in stan-
dard cages for a period of 7-14 days before the onset of experi-
ments. All behavioral tests were conducted during the light phase.
Behaviors were recorded using multi-camera surveillance (Axis IP
cameras-Noldus, Wageningen, Netherlands) and analyzed using
Observer XT or EthoVision software (Noldus, Information Technol-
ogy, Wageningen, Netherlands) by an experimenter blinded to the
experimental groups.
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Pup retrieval by females

Three randomly selected pups (day of birth: 0-2) provided by a
donor mother (for foster mother and virgin groups) or taken from
the tested animal’s litter (for biological mother group) were individ-
ually placed into the resident mouse home cage on the side opposite
to the nest. Virgin female mice were presented with either 3 foster
pups or 3 novel objects (Lego® blocks, 1.6 cm x 1.1 cm). Retrieving
behavior was measured as the latency until the female retrieved all
3 pups back into the nest, with a maximum time of 15 min assay
(Kohl & Dulac, 2018; Scott et al, 2015). Within this period, we also
monitored the total duration of pup-directed (crouching, licking and
grooming, and covering over the pups) and non-pup-directed behav-
iors (including self-grooming, eating, and sleeping) in virgin
females. Other elements related to parental care, but not involving
physical interaction with the pups (e.g., nest building), were not
considered. The behavioral tests were conducted for 3 consecutive
days in the females” home cage.

Parenting behavior in males

Virgin male mice were presented with 3 pups placed individually in
a small (round, 4.5 cm diameter) container with a metal grid
(#X001139B4R, Nuoshen, Shanghai, China) to prevent the males
from attacking and killing the pups. Animals were habituated to the
empty containers 24 h prior to testing. Male mice were exposed to
pups for 15 min on 3 consecutive days.

Open field

The Open Field Test was performed using a computational tracking
system (MedAssociates Activity Monitor, Fairfax, USA) in an arena
(27.5 cm x 27.5 cm; with 21 cm high walls). The assessment of
locomotor activity was based on the quantification of the total dis-
tance traveled for a 15 min period (Reisinger et al, 2020).

Estrous cycle staging

The stage of the estrous cycle was determined by visual inspection
(assessment of the vaginal opening) prior to behavioral testing by
Byers et al. (2012). Additionally, the estrous cycle stage was con-
firmed by microscopic examination of vaginal smears stained with
Cresyl violet (Gage et al, 2020) (#26671-1A, Electron Microscopy
Sciences, Hatfield, USA). The stage of the cycle was defined based
on the presence or absence of leukocytes, cornified epithelial, and
nucleated epithelial cells (Pu et al, 2015).

RNA in situ hybridization (ISH)

Female mice were euthanized 30 min after the pup retrieval test and
brains were embedded in OCT (Tissue-Tek), frozen with dry ice,
and sliced at 16 um sections with a cryostat (Leica CM1950, Leica
Mikrosysteme Handelsges.m.b.H., Vienna, Austria). First, sections
were fixated with 4% PFA for 15 min, washed with PBS, and dehy-
drated using an ascending EtOH gradient (25, 50, 75, and 100%,
each step for 5 min with subsequent drying for 15 min) (Romanov
et al, 2020). The slices were then stained according to the
manufacturer’s protocol (Molecular Instruments). ISH probes for
detection of fos (#NM_010234.3), Slc17a7 (#NM_182993), and gadl
(#NM_008077.5) were designed commercially by the manufacturer
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(Molecular Instruments). Imaging was performed using an Al laser-
scanning microscope (Nikon) with a 20x objective.

Production of viral vectors

Adeno-associated virus (AAV) production was performed in
HEK293T cells based on a previously published protocol (Mcclure
et al, 2011). Briefly, fully confluent HEK293 cells were transfected
with an AAV2 vector plasmid along with pAdenoHelper and the
AAV-dj RepCap plasmids using PEI. Thirty-six hours post-
transfection, the cells were harvested, pelleted, and lysed using
three freeze-thaw cycles. The lysed cells were incubated with ben-
zonase nuclease (Sigma Aldrich) for 1 h and then the debris was
pelleted, and the virus-containing supernatant collected and passed
through a 0.22 pm filter. The collected supernatant was subse-
quently mixed with an equal amount of Heparin agarose (Sigma
Aldrich) and kept at 4°C overnight with constant agitation. The fol-
lowing day, the agarose-virus mixture was transferred to a chro-
matography column and the agarose was allowed to settle. The
supernatant was then drained from the column by means of gravity
and the agarose-bound virus was washed once with PBS and then
eluted using PBS supplemented with 0.5 M NaCl. The eluted virus
was then filtered again, desalinated, and concentrated using a
100 kDa centrifugal filter and then aliquoted and stored at —80°C
until use.

RVdAG-CVS-N2c viral vectors were produced using HEK293-GT,
BHK-eT, and HEK-TVA cells for rescue, pseudotyping, and titration
of viral particles, respectively, according to a previously published
method (Sumser et al, 2022). Briefly, HEK293-GT cells were trans-
fected with the rabies vector plasmid and the SADB19 helper plas-
mids pTIT-N, pTIT-P, and pTIT-L using polyethyleneimine (PEI).
Twenty-four hours later, the transfected cells were resuspended and
re-plated in a 100 mm culture dish and incubated at 37°C/5% CO2
until they regained full confluence. Five to six days from the time of
transfection, the medium was harvested, filtered, and used to trans-
duce BHK-eT cells for simultaneous pseudotyping and amplification.
Medium collected from these plates was collected daily over 3 con-
secutive days, pooled, and centrifuged at 70,000 rcf for 1.5 h. Fol-
lowing centrifugation, the medium was aspirated, and the viral
pellet was resuspended in 200 pl phosphate-buffered saline (PBS),
pH 7.4, aliquoted, and stored at —80°C until use.

Surgical procedures

Female mice at 8-12 weeks of age were anesthetized with 2-4%
Isoflurane (Forane, AbbVie Inc.), placed in a stereotaxic frame
(RWD Life Science, Shenzhen, China), and kept under constant
anesthesia with oxygen at a flow rate of 800 ml/min. Viruses were
injected into the ACC (coordinates: anterior—posterior (AP) 1.8 mm,
medio-lateral (ML) 0.5 mm, and dorso-ventral (DV) 1.25 mm) or CL
(coordinates: AP -1.2 mm, ML 0.5 mm, and DV 2.7 mm). AAV vec-
tors were delivered to the injection site at a volume of 0.3 pl and a
rate of 0.1 pl per minute, using a Hamilton syringe. At the end of
the injection, the needle was left in place for 3 additional minutes to
prevent the efflux of virus during the removal of the needle. The
needle was then slowly removed, and the scalp was sutured. For
monosynaptic retrograde tracing, AAV vectors conditionally
expressing a cassette for co-expression of the TVA receptor and the
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rabies N2c glycoprotein (N2cG) were injected unilaterally in Gal-
Cre, FLEX-tdTomato, or C57BL/6J female mice, alongside vectors
expressing Cre recombinase (for FLEX-tdTomato and C57BL/6J
mice). Two weeks later, pseudotyped rabies viral vectors
(RVAGepya-CVS-N2c-EGFP/tdTomato, ~2-5 x 10° TU/ml) were
injected close to the area of the prior injection, and mice were anes-
thetized and perfused 5-7 days later (Sumser et al, 2022).

Drug preparation

Clozapine-N-oxide (CNO) (Tocris Bioscience) was first dissolved in
dimethyl sulfoxide (DMSO, final concentration of 0.5%) and gently
vortexed to obtain suspension (Farrell et al, 2013). After the solution
turned translucent, 0.9% saline was added to a final concentration
of 0.1 mg/ml.

Chemogenetics

Cre-dependent AAV vectors expressing the pharmacogenetic actua-
tor hM3Dg-dTomato, hM4Di-dTomato, or EGFP alone were bilater-
ally injected into the ACC of C57BL/6J female mice, alongside AAVs
expressing Cre recombinase. For thalamic injections, Cre-dependent
AAVs (hM3Dg-dTomato or EGFP) were injected into the CL of Gal-
Cre mice (RRID:MMRRC_031060-UCD). Following recovery, females
were kept single housed (for testing of virgin females) or placed in a
cage with a male until a vaginal plug was visible, within 1 week at
the latest (for testing of mothers). Three weeks later, CNO (3 mg/
kg) or vehicle (saline) was administrated 15 min before the pup
retrieval test. Parental behavior was also evaluated on 2 consecutive
days (day 2 and 3) without CNO administration. To further evaluate
the effect of the pharmacogenetic manipulation on neuronal activity
patterns, animals were sacrificed 90 min after CNO/vehicle adminis-
tration, and c-Fos immunohistochemistry was conducted.

Tissue preparation and immunohistochemistry

For the evaluation of neuronal activity patterns, mice were perfused
90 min after behavioral testing (day 1/day 3). Mice were anes-
thetized (ketamine 100 mg/kg; xylazine: 40 mg/kg; i.p., both
10 ml/kg) and perfused transcardially with phosphate-buffered
saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. Fixed
brains were incubated in 30% sucrose for 48 h, frozen, embedded
in OCT, and cut into free-floating 30-40 pum slices on a cryostat
(Leica, Germany). A 1-in-6 series of slices were incubated with pri-
mary antibodies for rabbit anti-phospho-c-Fos (1:2,000; Cell Signal-
ing Technology, 5348S), chicken anti-GFP (1: 500; Abcam,
ab13970), and mouse anti-NeuN (1:1,000; Chemicon/Sigma-
Aldrich, MAB377). Secondary antibodies are as follow: donkey anti-
rabbit Alexa 647 (1:500, Invitrogen, A32795), goat anti-chicken
Alexa 488 (1:500, Invitrogen, A32931), and goat anti-mouse CF 594
(1:500, Merck, SAB4600402).

Imaging and image analysis

All images were taken using either an Al laser scanning microscope
(Nikon Instruments Inc., New York, USA) or an Axiovert 200M Flu-
orescence/Live cell Imaging Microscope with 10x and 20x objec-
tives (Carl Zeiss AG; Oberkochen, Germany), under identical
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conditions for images belonging to the same set of experiments in
each instance.

For quantification of c-Fos-labeled cells after the pup retrieval
task, the region of interest was selected in 3 different sections
and c-Fos + DAPI-expressing cells were analyzed using FII/
ImageJ (Schindelin et al, 2012). Regions with high tissue autofluo-
rescence could not be quantified, such as the striatum and the lat-
eral group of the dorsal thalamus (LAT). To quantify the ACC
output, we used the Allen Brain Connectivity Atlas (Oh et al,
2014). Three different anterograde labeling experiments performed
in wild-type mice (139520203, 139426984, and 112458114) were
chosen based on the exclusivity of the injection site. To calculate
the output density for each thalamic group, we first summed the
total signal volume for all subnuclei comprising each group, and
divided it by total group area, for each experiment individually.
ACC output density z-scores were then calculated against the
average density for all brain regions included in the calculation to
generate a relative density value for each. The z-scores displayed
represent the average z-score of the three tracing experiments.
Data for individual thalamic subnuclei, belonging to the same
functionally distinct nucleus, were pooled together according to a
conventional classification scheme (Allen mouse brain atlas,
Table EV1, Fig EV2A). Quantification of cell numbers and channel
overlap in retrograde labeling experiments was done using FIJI/
ImageJ (Schindelin et al, 2012) on stack images. For quantifica-
tion of input densities, the number of retrogradely labeled neu-
rons was divided by the number of nuclei (DAPI') in target
regions using a custom-written script (https://github.com/
sommerc/coloco3surf; Ben-Simon et al, 2022). ACC input density
z-scores were then calculated against the average density for all
brain regions included in the calculation to generate a relative
density value for each. To determine which of the observed ACC
input populations were preferentially activated during pup
retrieval, the fraction of c-Fos + RVdG-CVS-N2c-tdTomato co-
expressing cells, over the total RVdG-CVS-N2c-tdTomato count,
was calculated. To quantify the activation of Gal" cells, the num-
ber of Gal-positive neurons was divided by the number of all c-
Fos" cells in the CM, PCN, and CL nuclei.

Statistics

Sample sizes were determined on the basis of previous experiences
in the laboratory and accepted practice based on published data
(Ronovsky et al, 2017; Zhao et al, 2017; Liao et al, 2019), but no sta-
tistical analysis was used to predetermine sample size. Data were
analyzed by two-tailed, unpaired Student’s t-test; Fisher’s exact test,
one-way ANOVA, repeated measures one-way ANOVA, or two-way
ANOVA followed by Tukey’s post hoc test was appropriate. For cor-
relation analysis, Spearman’s rank correlation coefficient was used.
All statistical tests were performed using Graph Pad Prism 9. Full
statistical details are provided in the respective figure legends.

Data availability
This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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