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SUMMARY

Social sensitivity to other individuals in distress is crucial for survival. The anterior cingulate cortex (ACC) is a
structure involved inmaking behavioral choices and is influenced by observed pain or distress. Nevertheless,
our understanding of the neural circuitry underlying this sensitivity is incomplete. Here, we reveal unexpected
sex-dependent activation of ACC when parental mice respond to distressed pups by returning them to the
nest (‘‘pup retrieval’’). We observe sex differences in the interactions between excitatory and inhibitory
ACC neurons during parental care, and inactivation of ACC excitatory neurons increased pup neglect. Locus
coeruleus (LC) releases noradrenaline in ACC during pup retrieval, and inactivation of the LC-ACC pathway
disrupts parental care. We conclude that ACC maintains sex-dependent sensitivity to pup distress under LC
modulation. We propose that ACC’s involvement in parenting presents an opportunity to identify neural
circuits that support sensitivity to the emotional distress of others.

INTRODUCTION

The ability to detect when others are experiencing distress or

danger, and to assist them, is a fundamental aspect of social

behavior. However, the neural circuit substrates of such

behavior and its evolutionary antecedents remain unclear.

Parental care requires an organism to weigh its behavioral

options in terms of their risk to itself and the potential benefits

to another animal. Parenting offers little proximal benefit to care-

givers, yet protecting endangered offspring is essential for the

survival of the species.1 This decision is often influenced by

the sex of the parent. In many species, males and females

display dramatic differences in parenting behaviors.2 For

instance, female mammals typically care for the offspring,

whereas males are often aggressive toward the young (reviewed

elsewhere1–5) with only 5%–10% of mammalian species exhibit-

ing paternal care.6

Recent work on pro-social behaviors in rodents has opened

the door to a better understanding of the neural circuit basis of

social sensitivity to distress.7–12 For example, the anterior cingu-

late cortex (ACC) responds to social information and the

emotional state of others, especially distress.7–12 ACC is impli-

cated in social transfer of pain,10 cost-benefit decisionmaking,13

observational fear learning,7 and disrupted social interactions in

the Shank3 mouse model of autism.14 With regard to parental

behavior, ACC lesions in rats disrupt maternal behavior in early

post partum days (PPDs),15 and functional MRI (fMRI) studies

in humans show ACC is activated by infant cries.16 Taken

together, these data suggest that ACC regulates social cognition

and may participate in computations that balance between the

drive to help others and the drive to avoid danger and risk.

One potentially relevant input to ACC is locus coeruleus (LC),

which consists of a bilateral pair of nuclei in the pons serving

as nearly the sole source of noradrenaline (NA) for the brain.

LC is an important regulator of stress, arousal, and state-depen-

dent cognitive processes,17,18 and it also has an established role

in maternal behavior.19 Mice lacking a gene necessary for NA

synthesis exhibit deficits in maternal behavior, with most pups

dying due to maternal neglect. This deficit is obviated by

restoring NA signaling just before the birth of the pups.19

When mouse pups are separated from the nest, they emit

ultrasonic distress vocalizations (USVs; 50–80 kHz). In

response, the dam returns them to the nest in a behavior called

pup retrieval.20–25 We recently showed that a large fraction of

LC neurons become robustly and precisely active as dams

retrieve wayward pups and return them to the nest.26 We pro-

posed that LC contributes to goal-directed action selection

during parenting with widespread release of NA.26 However,

the downstream targets through which LC modulates pup

retrieval are unknown. ACC receives robust projections from

LC,27–29 and the activity in the two regions is highly correlated

when external stimuli trigger phasic activation of LC.30 There-

fore, we hypothesized that LC influences ACC to regulate

maternal care.
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Although pup retrieval behavior has been observed in

sires,31–34 their behavior is less robust and consistent compared

to dams. In particular, sires are slower at retrieving pups to the

nest. We hypothesize that sires are less sensitive to offspring

distress compared to dams. To investigate sex differences in

neural circuits that control sensitivity to offspring distress, we

compared how dams and sires respond to distressed pups. We

used brain-wide imaging of the immediate-early gene c-fos to

compare patterns of brain activity between retrieving and non-

retrieving dams and sires. These experiments uncovered sex-

dependent activation of ACC during interactions with pups. Fiber

photometry recordings from parents actively engaged in pup

retrieval corroborated this, revealing that excitatory and inhibitory

neurons in ACC show stronger opposing patterns of activity dur-

ing pup retrieval in dams as compared to sires. Chemogenetic

inactivation of excitatory neurons in ACC increased the latency

to retrieve pups and decreased parental interactions with dis-

tressed pups. We confirmed the reported existence of a projec-

tion from LC to ACC and found that phasic firing in LC evoked

by pup retrieval triggered NA release in ACC. Finally, inactivating

ACC inputs from LC increased parental neglect. Therefore, we

propose that ACC adjusts parental sensitivity to pup distress

through LC modulation in a sex-dependent manner.

RESULTS

Sex-dependent differences in pup retrieval behavior
While both sexes participated in parental care, we observed

quantitative sex differences in interactions of CBA/CaJ parents

with their pups. We quantified the efficacy of pup retrieval in

the home cage (Figure 1A). Briefly, pups were scattered, and

we calculated a normalized measure (ranging from 0 to 1) of

the latency to return all pups to the nest (see STAR Methods).35

Higher latency reflects poorer performance. Dams exhibited reli-

able retrieval on early trials and rapidly improved over time

(Figures 1B–1F). In contrast, sires retrieved inconsistently and

failed to improve as rapidly as dams, as evident from their higher

mean retrieval latency scores (Figures 1B–1D). Previous work

showed that sires of the ICR strain do not gather pups in a novel

environment.31 Therefore, we performed the retrieval assay in a

novel cage to assess sex differences in contextual regulation of

parental behavior. In the novel cage, sires exhibited significantly

higher mean latencies and poorer day-to-day improvement, but

this was not the case in dams (Figure 1C).

In both contexts, across PPD0–PPD5, sires retrieved fewer

pups than dams (Figure 1I), and sires took longer than dams to

initiate contact with the first pup (Figure 1J). The duration of indi-

vidual retrieval events, measured as the time between pup

contact and its deposition in the nest, did not differ between sires

and dams (Figure 1K), demonstrating that sires and dams are

equally capable of performing motor aspects of the behavior.

However, the intervals between retrieval events were signifi-

cantly longer in sires compared to dams (Figure 1L). Regardless

of context, retrieval performance was significantly poorer in sires

as compared to dams (Figure 1H).

We also observed that dams and sires are differentially sensi-

tive to pups in distress. We transferred the pups to a glass jar

with a lid with small holes in it, allowing access to sound and

odor (not touch), and we placed it in the home cage. (Figure 1M;

Videos S1 and S2). Being in the jar elicited overt signs of distress

in the pups; the pups emitted significantly more USVs in the jar

compared to when they were in the nest (Figure 1O). We

recorded each animal’s behavior in their home cage in the pres-

ence of a jar containing pups and in the presence of an empty jar;

in both conditions, there were no pups outside the jar. Dams

spent considerable time interacting with the sealed opening of

the jar, including sniffing, biting, and clawing at the lid. The jar

containing pups elicited a significantly greater investigatory

response in the dams when compared to an empty jar or males

with either jar (Figure 1N).

Brain-wide activity mapping reveals regions activated
during pup retrieval
In addition to these expected behavioral differences, we found

evidence for underlying sex differences in the brain-wide pat-

terns of neural activation when parents interact with distressed

pups. To identify regions that modulate parental interactions in

dams and sires, we performed a brain-wide screen for differen-

tial expression of the immediate-early gene c-fos with an auto-

mated pipeline.36 In short, c-fos expression was induced in

dams and sires by one of several behavioral conditions. Ninety

minutes later, subjects were sacrificed. Harvested brains were

cleared, immunolabeled, and imaged with light-sheet micro-

scopy. Custom software automatically registered the image

stacks to a standardized atlas and counted c-fos+ nuclei for

825 regions of interest (ROIs) (Tables S1–S3; Figures S1K–S1N).

We examined whole-brain c-fos expression patterns in mice

exposed to one of four conditions: baseline, isolated, reunited

with pups, and pup retrieval (Figure 2A). In dams, irrespective

of ROIs, the baseline group showed significantly lower counts

and less variability between individuals when compared to the

isolated, reunion, and retrieval groups (Figure S1M). Sires

showed greater overall variability in c-fos+ cell counts, including

baseline, and no significant differences across most of the

groups (Figures S1N and S2E–S2H). Comparison of c-fos

expression between the four experimental groups identified

brain areas affected by the different behavioral conditions

(Figures S1A–S1J) Therefore, c-fos expression patterns resulted

frompresence of the pups, absence of the pups, reunion with the

pups, or retrieval of the pups.

The comparison between dams of the baseline group versus

the retrieval group likely reflects changes in ROIs associated

with pup retrieval. We identified ROIs that showed significantly

different c-fos expression in the retrieval condition compared

to all other control conditions and corrected for false discovery

rate (Figure 2B). We observed increased c-fos+ cell counts

in the retrieval condition in ROIs that had been previously

implicated in parenting. For example, we detected higher

c-fos+ cell counts in the bed nucleus of the stria terminalis

(BNST) 37–41; the medial hypothalamic zone, which includes

the medial preoptic area, (MEZ) 32,33,42–46; the medial septal

complex (MSC)47; the basomedial amygdala (BMA) 48,49; and

the central amygdala (CEA).50 In contrast to sires (Figure S2),

most differences between the baseline and the retrieval groups

in dams were increased c-fos+ cells in mice from the retrieval

group (Figure 2D), suggesting that the changes in c-fos were
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Figure 1. Sex-dependent differences in pup retrieval behavior

(A) Schematic of behavioral paradigm.

(B and C) Scatterplots showing a normalized measure of latency to gather pups for dams (n = 20) and sires (n = 10).

(D and E) Plot of retrieval latency of sires in the home and a novel cage, respectively. Lines track each individual’s performance.

(F and G) Plot of retrieval latency of dams in the home and a novel cage, respectively. Lines track each individual’s performance.

(H) Plot of mean latency index (PPD0–PPD5); n = 10 sires and 20 dams; two-way ANOVA; Holm-Sidak test, main factor (sex) p < 0.0001, main factor (context)

p < 0.0001, interaction p = 0.0001; ****p < 0.0001.

(I) Plot of percentage of pups retrieved averaged across PPD0–PPD5; n = 10 sires and 20 dams; two-way ANOVA; Holm-Sidak test, main factor (sex) p < 0.0001,

main factor (context) p < 0.0001, interaction p = 0.0031; ****p < 0.0001, **p = 0.0023.

(J) Plot of mean latency to retrieve the first pup (PPD0–PPD5); n = 10 sires and 20 dams; two-way ANOVA; Holm-Sidak test, main factor (sex) p < 0.0001, main

factor (context) p = 0.0013, interaction p = 0.0001; ****p < 0.0001, ***p = 0.0003).

(K) Plot of mean duration of retrieval events in the home cage (n = 20 dams and n = 10 sires, unpaired t test, p = 0.6903).

(L) Plot of mean duration of intervals between retrieval events in the home cage (n = 20 dams and n = 10 sires, unpaired t test, **p = 0.0014).

(M) Schematic of jar behavioral paradigm.

(N) Plot of mean duration of time subjects interacted with pups in a jar and an empty jar (n = 6 dams and n = 4 sires; one-way ANOVA p < 0.0001; Tukey tests for

individual group comparisons, ****p < 0.0001).

(O) Plot of the number of USVs emitted by the pups in the jar in the nest without the dam. Paired t test *p = 0.0262. All values are reported as mean ± SEM, and all

error bars denote SEM.
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driven by pup retrieval. We then compared dams and sires

from the retrieval groups and identified ROIs with significantly

higher c-fos+ cell counts in dams or sires. Brain areas upregu-

lated in dams relative to sires were primarily regions in the pre-

frontal cortex, including the infralimbic, prelimbic, and cingu-

late cortices (Figure 2E).

A B

C

D E

Figure 2. Brain-wide c-fos expression screen

(A) Schematic of behavioral protocol, performed in dams and sires (dams n = 10 per group; sires n = 10 baseline, nine isolated, eight reunion, and nine retrieval).

(B) Plots of brain regions in which c-fos expression was uniquely upregulated in the retrieval vs. baseline comparison in dams. PVR, periventricular region; LSr,

lateral septal nucleus, rostral part; MSC,medial septal complex;MEZ,medial hypothalamic zone; CEAm, central amygdala,medial part; CEAc, central amygdala,

capsular part; CEA, central amygdala; BSTpr, bed nucleus of the stria terminalis, posterior division, principal nucleus; BSTp, bed nucleus of the stria terminalis,

posterior division; BSTif, bed nucleus of the stria terminalis, posterior division, interfascicular nucleus; BST, bed nucleus of the stria terminalis; BMAp, basomedial

amygdalar nucleus, posterior part; BMAa, basomedial amygdalar nucleus, anterior part; BMA, basomedial amygdalar nucleus; BLAv, basolateral amygdalar

nucleus, ventral part; SSs, supplemental somatosensory area; SSp-bfd, primary somatosensory area, barrel field; RSPv, retrosplenial area, ventral part; PIR2,

piriform area, pyramidal layer; MOs, secondary motor area; ILA, infralimbic area; ENTl, entorhinal area, lateral part; ECT5, ectorhinal area/layer 5; COA, cortical

amygdalar area; AUDv6b, ventral auditory area, layer 6b; ACCv1, anterior cingulate area, ventral part, layer 1; ACCd, anterior cingulate area, dorsal part.

(C) Plot of c-fos+ cell count in ACC of dams and sires following pup interactions; Dams, mixed-effects model, factor (behavioral condition) p < 0.0001, factor (brain

region) p < 0.00001; Tukey test, *p < 0.05. Sires, mixed-effects model, factor (behavioral condition) p = 0.0022, factor (brain region) p < 0.00001; Tukey test

*p < 0.05.

(D) Volcano plot of c-fos induction in baseline vs. retrieval conditions in dams as fold change in c-fos+ cells by region. False discovery rate (FDR) analysis was

performed by the Benjamini-Hochberg procedure. Purple data points denote unique significantly different ROIs when comparing baseline vs. retrieval groups

only. The purple horizontal line indicates the significance threshold (FDR < 0.05).

(E) Volcano plot comparing retrieval groups between dams and sires. Positive fold change indicates an upregulation in dams and negative fold changes indicate

an upregulation in sires. Significant data points are red. The purple horizontal line indicates the significance threshold (FDR < 0.05).
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Figure 3. ACCCAMKII but not ACCVGAT neurons are differentially activated in dams and sires during pup retrieval behavior

(A) Schematic depicting our viral strategy to express GCaMP in excitatory and inhibitory neurons in ACC.

(B) Behavioral paradigm.

(C) Photomicrograph of a coronal brain section showing fiber placement and GCaMP6s expression in ACCCAMKII neurons.

(D) Photomicrograph of a coronal brain section showing fiber placement and GCaMP7s expression in ACCVGAT neurons.

(E) Heatmaps of mean GCaMP6s signals from ACCCAMKII neurons during pup retrieval events in dams (n = 7). (Top) Heatmap aligned to pup contact. Each row is

the mean activity of all mice by day. (Bottom) The same data aligned to the end of the retrieval events.

(F) Heatmaps of mean GCaMP6s signals from ACCCAMKII neurons during pup retrieval events in sires (n = 6). Panels as in (E).

(G) Heatmaps of mean GCaMP7s signals from ACCVGAT neurons during pup retrieval events in dams (n = 9). (Top) Heatmap of data aligned to pup contact. Each

row is the mean activity of all mice by day. (Bottom) The same data aligned to the end of the retrieval events.

(H) Heatmaps of mean GCaMP7s signals from ACCVGAT neurons during pup retrieval events in sires (n = 9). Panels are arranged as in (G).

(I) Plots of the mean Z-scored traces of ACCCAMKII neurons for all mice and all days. Dams (red), sires (black).

(J) Comparison of the mean AUC of traces of retrieval-related activity of ACCCAMKII neurons between dams and sires (Mann-Whitney U test, *p = 0.035).

(legend continued on next page)
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One prominent unexpected region that captured our attention

was ACC, which exhibited some of the largest c-fos upregulation

in dams from baseline to retrieval (Figure 2D) and was upregu-

lated in sires from reunion to retrieval (Figure 2C). Although

ACC lesions impair maternal behavior in rats,15 ACC is not widely

appreciated as a major regulator of maternal behavior; the spe-

cific function and timing of its involvement in pup retrieval are un-

explored. Moreover, ACC exhibited one of the largest disparities

between dams and sires of all ROIs (dams > sires), potentially

revealing sex-dependent modulation during interactions with

pups (Figure 2E). We chose to focus the rest of this study on

ACC because of the sex difference in c-fos activity, its unex-

pected involvement in parenting, its sensitivity to conspecific

distress, and its ability to influence behavioral choices.

ACCCAMKII but not ACCVGAT neurons are differentially
activated in dams and sires during pup retrieval
To more precisely observe the temporal relationship between

ACC activity and interactions with pups, we performed fiber

photometry in ACC of freely moving mice during pup retrieval

(Figures 3A and 3B). We expressed GCaMP6s in ACC excitatory

neurons (ACCCAMKII) with an adeno-associated virus (AAV) con-

taining the Ca2+/Calmodulin-dependent protein kinase II

(CAMKII) promoter (Figure 3C) and GCaMP7s in inhibitory neu-

rons (ACCVGAT) with a Cre-dependent AAV in vesicular GABA

transporter Cre (VGAT-Cre) mice (Figure 3D). We recorded cal-

cium activity from PPD0–PPD5 during interactions with pups.

We found peaks of activity in ACCCAMKII neurons locked to pup

retrieval in dams and sires that decreased in magnitude over

days (Figures 3E–3H). There was a significant sex difference in

the magnitude of these calcium events, with dams showing stron-

ger activation of ACCCAMKII neurons during retrieval compared to

sires (Figures 3I–3K). The decreasing magnitude of responses

over days was not caused by degradation of the fluorescent

signal. We separately expressed GCaMP6s in ACCCAMKII in fe-

male mice and recorded the retrieval activity across two litters

(Figure S3). As in the single-litter families, activity disappeared

by PPD5 with the first litter; however, strong activity subsequently

reappeared after the delivery of the second litter (Figure S3).

In contrast to ACCCAMKII neurons, ACCVGAT neurons showed

an abrupt reduction in activity at pup contact followed by a

peak of activity just before the end of each retrieval event

(Figures 3G and 3H). We did not observe any significant sex-

dependent differences in ACCVGAT neuron activity during

retrieval behavior (Figures 3L–3N). We confirmed the position

of the optical fibers in ACC using immunohistochemistry

(Figure S4).

We also observed sex differences in the relationship between

ACCCAMKII and ACCVGAT neurons. The inverse relationship be-

tween the two cell types appeared to be weaker in sires

compared to dams (Figure 4). In dams, activity of ACCVGAT neu-

rons was inversely related to that of ACCCAMKII neurons during

pup retrieval behavior (Figures 4B and 4C). We measured the

magnitude of the responses as the area under the curve (AUC).

After pup contact, ACCCAMKII neurons increased their activity

while ACCVGAT neurons decreased their activity (Figure 4D). After

the dams dropped the pups in the nest, this pattern reversed

(Figure 4E).

ACCVGAT neurons exhibited a sex-dependent decrease in ac-

tivity when the dam entered the nest after all pupswere retrieved.

Activity returned to baseline level when the dam exited the nest

(Figures 4F–4I). The activity of ACCVGAT and ACCCAMKII neurons

was significantly different when the dams entered but not when

they exited the nest (Figures 4J and 4K). Sires did not exhibit any

significant differences between ACCCAMKII and ACCVGAT neu-

rons during parenting (Figure 4L–4U). These data argue that

there is sex-dependent involvement of ACC in pup retrieval

and other parenting behaviors.

Silencing ACCCAMKII neurons increases parental neglect
Based on these activity patterns during retrieval, we speculated

that ACCCAMKII neuron activity is necessary for attentive

parenting in dams and sires. Therefore, we expressed either

the inhibitory Designer Receptor Exclusively Activated by

Designer Drugs (DREADDs) hM4D(Gi) or GFP in ACCCAMKII neu-

rons (Figure 5A), enabling us to silence ACCCAMKII neurons with

intraperitoneal (i.p.) injection of clozapine.51,52 We confirmed se-

lective expression of the inhibitory DREADDs in ACC using

immunohistochemistry (Figures 5B, 5C, and S5). All mice were

injected with clozapine or saline on alternating days according

to the protocol depicted in Figure 5D. Chemogenetic inactivation

of ACCCAMKII neurons in dams disrupted pup retrieval behavior

on early PPDs relative to GFP controls (Figures 5E and 5F). These

results are consistent with our observation that ACCCAMKII neu-

rons are more strongly activated during pup retrieval on early

PPDs (0–3) compared to later PPDs (4 or 5). These data suggest

that ACCmodulates retrieval behavior, particularly in the first few

days after birth.

The same cohort was observed interacting with a jar contain-

ing pups or an empty jar 30 min after clozapine or saline injec-

tions (Figure 5D). Following clozapine injection, hM4D(Gi)-ex-

pressing dams spent significantly less time interacting with the

jar of pups relative to GFP controls (Figure 5G) and relative to

days when they were injected with saline (Figure 5K). There

was no difference in this behavior between the hM4D(Gi) - and

GFP-expressing dams when they were injected with saline (Fig-

ure 5H). No differences were observed between any of the

groups in their behavior in the presence of an empty jar

(K) Comparison of the mean AUC of traces of retrieval-related activity of ACCCAMKII neurons, showing a decline in the magnitude of activity over PPD0–PPD5.

(Left) Dams’ responses (Kruskal-Wallis test, **p = 0.0093; Benjamini, Krieger, and Yekutiel test, P0 vs. P3 **p = 0.0049; P0 vs. P4 **p = 0.0033; P0 vs. P5

*p = 0.0209). (Right) Sires’ responses (Kruskal-Wallis test *p = 0.0433; Benjamini, Krieger, and Yekutieli test, P0 vs. P3 *p = 0.0083; P0 vs. P5 **p = 0.0030).

(L) Plots of the mean traces of ACCVGAT neurons for all mice and all days comparing dams (green) and sires (blue).

(M) Comparison of the mean AUC of traces of retrieval-related activity of inhibitory neurons between dams and sires. (Mann-Whitney test, p = 0.3401).

(N) Comparison of the mean AUC of traces of retrieval-related activity of ACCVGAT neurons, showing a decline in the magnitude of activity over PPD0–PPD5. (Left)

Dams’ responses (Kruskal-Wallis test, not significant [n.s.], p = 0.2914). (Right) Sires’ responses (Kruskal-Wallis test ***p = 0.0008; Benjamini, Krieger, and

Yekutieli test P0 vs. P2 *p = 0.0228; P0 vs. P3 *p = 0.0571; P0 vs. P4 **p = 0.0020; P0 vs. P5 ***p < 0.0001).
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(Figures 5I, 5J, and 5L). These results show that silencing

ACCCAMKII neurons in dams increases pup neglect and may

also decrease maternal motivation.

We used the same strategy to assess the consequences of

inactivating ACCCAMKII neurons in sires. Chemogenetic inactiva-

tion of ACCCAMKII neurons in sires does not significantly disrupt

pup retrieval (Figures 5M and 5N). However, inactivation of

ACCCAMKII neurons on PPD0 affected pup retrieval performance

on subsequent days such that hM4D(Gi)-expressing sires

appear to be impaired even after a saline injection (Figures 5M

and 5N). With regard to trapped pups, all sires spent significantly

less time than dams interacting with a jar containing pups, but

they did not differ from dams in their interactions with an empty

jar. hM4D(Gi)-expressing sires spent less time interacting with

the pups in the jar than GFP controls when injected with cloza-

pine (Figure 5O) and not when injected with saline (Figure 5P).

We found no significant differences in the time spent interacting

with an empty jar between hM4D(Gi)-expressing mice and GFP

controls injected with clozapine or saline (Figures 5Q and 5R).

Chemogenetic inactivation of ACCCAMKII neurons did not affect

A B C

D E F
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H
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J K

L M

N O P

Q

R

S

T U

Figure 4. ACCCAMKII and ACCVGAT cell populations show opposite activation patterns during pup retrieval in dams but not sires
(A) Schematic depicting our viral strategy to express GCaMP in ACCVGAT and ACCCAMKII neurons.

(B and C) Plots of themean traces of ACCCAMKII neurons (cyan) and ACCVGAT neurons (magenta) during pup retrieval for all dams and all days (n = 7mice and n = 9

mice respectively). Plot in (C) is aligned to the end of the retrieval events.

(D and E) Comparison of the mean AUC of traces of retrieval-related activity between ACCCAMKII neurons and ACCVGAT neurons in dams, aligned to pup contact

(unpaired t test ****p < 0.0001) (D) and the end of retrieval (unpaired t test **p = 0.0074) (E).

(F and G) Heatmaps of mean GCaMP7s signals from ACCVGAT neurons in dams. Signals are aligned to the entry of the dam to the nest (F) and the exit of the dam

from the nest (G) after retrieval of all pups. Each row represents the mean Z score from PPD0–PPD5 for each mouse (n = 5 mice).

(H and I) Plots of the mean traces of ACCCAMKII neurons (cyan) and ACCVGAT neurons (magenta) for all dams and all days aligned to the dams’ entry to the nest

(H) and exit from the nest (I) (n = 5 mice).

(J and K) Comparison of themean AUC of traces of nest entry/exit-related activity between ACCCAMKII neurons and ACCVGAT neurons in dams, aligned to the dam

entering the nest (unpaired t test *p = 0.0378) (J) and exiting the nest (K) (unpaired t test n.s. [p = 0.9613]).

(L and M) Plot of the mean traces of ACCCAMKII neurons (cyan) and ACCVGAT neurons (magenta) for all sires and all days (n = 6 mice and n = 9 mice respectively)

aligned to pup contact during pup retrieval (L) and the end of the retrieval events (K).

(N and O) Comparison of the mean AUC of traces of retrieval-related activity between ACCCAMKII neurons and ACCVGAT neurons in sires from all days aligned to

pup contact (unpaired t test, n.s. [p = 0.0581]) (N) and to the end of retrieval (unpaired t test, n.s. [p = 0.5936]) (O).

(P and Q) Heatmaps of mean GCaMP7s signals from ACCVGAT neurons in sires. The signals are aligned to the sire’s entry (P) and exit (Q) from the nest after

retrieval of all pups. Each row represents the mean Z score from PPD0–PPD5 for each mouse (n = 5 mice).

(R and S) Plots of the mean traces of ACCCAMKII (cyan) and ACCVGAT neurons (magenta) for all sires and all days aligned to the sire’s entry (R) and exit (S) from the

nest (n = 5 mice).

(T and U) Comparison of the mean AUC of traces of nest entry/exit-related activity between ACCCAMKII and ACCVGAT neurons in sires from all days aligned to the

sires’ entry (unpaired t test, n.s. [p = 0.3085]) (T) and exit from the nest (unpaired t test, n.s [p = 0.1092]) (U).
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Figure 5. Chemogenetic inactivation of ACCCAMKII neurons disrupts pup-directed behaviors

(A) Schematic of the viral strategy used to inactivate ACCCAMKII neurons.

(B and C) Photomicrographs of hM4D(Gi) expression in ACC.

(D) Behavioral paradigm.

(E) Scatterplot of mean latency index (±SEM) in GFP-expressing dams (green) injected with saline or clozapine (n = 10), and hM4D(Gi)-expressing dams (orange)

injected with saline or clozapine (n = 12), one-way ANOVA, ****p < 0.0001; Tukey test, **p = 0.0039, ****p < 0.0001.

(legend continued on next page)
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sires’ behavior when comparing hM4D(Gi)-expressing mice in-

jected with clozapine or saline (Figure 5S). Collectively, our che-

mogenetic data show that inactivation of ACCCAMKII neurons

increases pup neglect and decreases sensitivity to respond to

pup distress in dams and not in sires.

Importantly, the effect on behavior that we observed from

inactivating ACCCAMKII neurons was not due to a direct effect

on anxiety-like behaviors. We tested hM4D(Gi)-expressing

and GFP-expressing dams and sires injected with clozapine

on an elevated-plus maze (Figures S6A and S6B). We found

no significant differences in the percentage of time animals

spent in the open arms (Figures S6C and S6E) or the number

of entries to the open arms (Figures S6D and S6F).

Sex-dependent signaling from LC to ACC during pup
retrieval
Previous reports have described ACC’s afferents29 and effer-

ents.53 Interestingly, ACC is interconnected with the noradren-

ergic LC,29,53,54 and activity patterns in ACC and LC are coor-

dinated.30 The LC axons that impinge on ACC reportedly target

excitatory neurons in ACC, not inhibitory neurons.54 Previously

we proposed that LC contributes to goal-directed action selec-

tion during parental behavior with global release of NA.26 How-

ever, the downstream targets of LC that modulate social

behavior according to NA signaling remain unknown. Therefore,

we injected retrograde AAV (rAAV) in ACC as a sensitive retro-

grade tracer and confirmed a projection from LC to ACC

(Figure 6A).

We then performed fiber photometry in LC of freely

behaving dams and sires by injecting AAV driving Cre-depen-

dent expression of GCaMP7s in LC of dopamine beta hydrox-

ylase Cre (DBH-Cre) mice (Figure 6B). Pup retrieval responses

in LC were longer in sires compared to dams (Figures 6C–6E).

These responses were sustained for the entire pup retrieval

event and returned to baseline activity levels when the mouse

dropped the pup in the nest (Figure 6E). The AUC of LC re-

sponses (0 to +4 s relative to retrieval onset) were weaker in

dams compared to sires (Figure 6F). Over all days, retrieval

events were longer in sires (3.77 ± 0.04 s) than in dams

(3.15 ± 0.03 s) (Figure 6G), and sires had significantly longer

intervals between retrieval events (sires, 20.37 ± 1.86 s;

dams, 4.1 ± 0.31 s) (Figure 6H). Not surprisingly, the magni-

tude of LC responses was positively correlated with the dura-

tion of retrieval events (Figures 6I and 6J). Interestingly, the

magnitude of the LC response and the time since the preced-

ing retrieval event were also positively correlated (Figures 6K

and 6L). We conclude that the temporal precision of the neural

activity in LC reflects sex differences in the temporal precision

of pup retrieval.

The high amplitude of phasic activity in LC during pup

retrieval implies that the activity is pervasive through most LC

neurons.26 Neurons in LC that project to ACC (LC-ACC) share

this phasic activity pattern. We injected an rAAV in ACC to ex-

press Cre recombinase in LC-ACC, and we injected Cre-

dependent GCaMP7s AAV in LC (Figures 7A and 7B). We found

that 82.2% ± 4.1% of GCaMP7s+ cells co-express tyrosine hy-

droxylase (TH). Indeed, during pup retrieval, LC-ACC neurons

exhibited temporally precise calcium transients time locked to

pup contact that were similar to those seen in recordings

from all neurons in LC (Figures 7C–7E). Calcium activity of

ACC-projecting LC neurons was correlated with behavioral

metrics (duration of retrieval events and intervals between

retrieval events) in most mice (Figure 7F–7H). These events

likely resulted in NA release in ACC during pup retrieval. We in-

jected a GRABNE sensor55 in ACC, and we observed NA

release associated with pup retrieval (Figures 7I–7L).

Comparing the AUC of the NA signal at baseline to the AUC af-

ter pup contact, there was a significant rise in NA release dur-

ing pup retrieval relative to baseline (Figure 7K). We confirmed

the position of the optical fibers above LC using immunohisto-

chemistry (Figure S7). These data establish a functional

connection between LC and ACC associated with parental

behavior.

Selectively silencing noradrenergic input to the ACC
impairs pup retrieval
Finally, we tested whether the LC-ACC circuit is necessary for

parental behavior. We injected an rAAV in ACC to express Cre

(F) Scatterplot of the data in (E), separated by day. Two-way ANOVA with Sidak test, main effect (day ****p < 0.0001, main effect (virus) **p = 0.0025, interaction

p = 0.05, ***p = 0.0009.

(G and H) Plots comparing time interacting with the trapped pups for GFP-expressing dams (green, n = 10) and hM4D(Gi)-expressing dams (orange, n = 12)

injected with clozapine (G) (Mann-Whitney test, *p = 0.0426) and injected with saline (H) (Mann-Whitney test, p = 0.6277).

(I and J) Plots comparing time interacting with the empty jar for GFP-expressing dams (green; n = 10) and hM4D(Gi)-expressing dams (orange, n = 12) injectedwith

clozapine (I) (Mann-Whitney test, p = 0.4176) and injected with saline (J) (Mann-Whitney test, p = 0.3463).

(K) Plot comparing time interacting with the trapped pups by hM4D(Gi)-expressing dams injected with saline or clozapine (n = 12) (paired t test, *p = 0.0369).

(L) Plot comparing time interacting with the trapped pups by GFP-expressing dams injected with saline or clozapine (n = 10) (paired t test, p = 0.4038).

(M) Scatterplot of mean latency index (±SEM) in the same GFP-expressing sires (n = 10, green) when injected with saline or clozapine, and the same hM4D(Gi)-

expressing sires (n = 9, orange) when injected with saline or clozapine; one-way ANOVA, *p = 0.02; Tukey test, asterisk indicates significant differences,

*p = 0.0168.

(N) Scatterplot of the data in (M) separated by day. Two-way ANOVA with Sidak test, main effect (day) **p = 0.0014, main effect (virus) ***p = 0.0008, interaction

p = 0.7601.

(O and P) Plot comparing time interacting with the trapped pups for GFP-expressing sires (n = 8) and hM4D(Gi)-expressing sires (n = 9) injected with clozapine (O)

(Mann-Whitney test, p = 0.0592) and injected with saline (P) (Mann-Whitney test, n.s.).

(Q and R) Plot comparing time interacting with the empty jar for GFP-expressing sires (n = 8) and hM4D(Gi)-expressing sires (n = 9) injected with clozapine (Q) and

saline (R) (Mann-Whitney test, n.s.).

(S) Plot comparing time interacting with the trapped pups by hM4D(Gi)-expressing sires injected with saline or clozapine (n = 9), (paired t test, p = 0.1392).

(T) Plot comparing time spent interacting with the trapped pups for GFP-expressing sires injected with saline or clozapine (n = 8) (paired t test, p = 0.1024).
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recombinase in LC-ACCneuronsandCre-dependent hM4D(Gi) in

LC (Figures 7M and 7O).We found that 87%± 2.4%of hM4D(Gi)+

cells co-express TH. We recorded interactions with pups 20 min

after clozapine injection on PPD0–PPD3 (Figure 7N). Chemoge-

netic inactivation of LC-ACC neurons disrupted pup retrieval in

early PPDs (Figure 7P). Although the inactivation of the LC-ACC

circuit did not abolish pup retrieval behavior completely, it

increased pup neglect and retrieval latency in dams.

DISCUSSION

Empathy can be defined as the adoption of another individual’s

emotional state. Rodents exhibit empathy-like behaviors such as

vicarious fear learning,7 social transfer of pain and analgesia,10

and pro-social behaviors such as consolation.8,11 ACC has

been identified as a hub for information about the emotional state

of others.7,10 Here, we propose that the involvement of ACC in

parental behavior presents a tractable model to reveal the neural

computations that underlie decisions influenced by the social

perception of distress. During parental encounters, adults need

to process offspring cues, including distress cues, and then

select an appropriate behavioral response. We propose that

ACC, in coordination with the noradrenergic LC, integrates

distress signals from the offspring to promote a protective

response.

Not surprisingly, our data show that paternal behavior is more

variable and less robust than maternal behavior, consistent with

previous reports. For instance, paternal but not maternal

behavior is disrupted by the loss of oxytocin,56 and disrupting

prolactin signaling in the medial preoptic nucleus impairs

paternal behavior.34 One possibility for the observed behavioral

variability is that males are more sensitive than females to

contextual changes.31 Most males did not retrieve pups in a

novel environment, whereas the behavior of damswas not signif-

icantly altered in an unfamiliar context. These results suggest

that paternal behavior is subject to greater contextual regulation

than maternal behavior and reveal differential sensitivity to pup

distress in dams and sires.

The neural substrates for behavioral choices during pro-social

behaviors remain elusive. Using an unbiased brain-wide activity

A

B

C D E F

G H I J K L

Figure 6. Timing and magnitude of LC activity associated with pup retrieval behavior is different in sires compared to dams

(A) Schematic of virus injection (left). Photomicrograph of a coronal brain section showing retrograde labeling from ACC to LC (right). Green shows tyrosine

hydroxylase (TH) antibody staining and red shows tdTomato expression driven by the rAAV injection.

(B) Schematic of our viral strategy for expressing GCaMP7s in LCDBH neurons (left). Photomicrograph of a coronal brain section showing GCaMP7s expression in

the LC (right). The placement of the optical fiber is also visible (inset).

(C and D) Heatmaps of mean GCaMP7 signals from LC during pup retrieval events in dams (n = 8mice) (C) and sires (n = 5mice) (D). Each row is the mean activity

for all mice by day. (Top) Data aligned to pup contact. (Bottom) Data aligned to the end of retrieval.

(E) Plot of the mean traces of GCaMP7 signals in LC for all mice and all days, contrasting dams (red) and sires (black). (Top) Data aligned to pup contact. (Bottom)

Data aligned to the end of the retrieval.

(F) Comparison of the mean AUC of traces of the retrieval-related activity of LCDBH neurons in dams and sires aligned to pup contact (Mann-Whitney test,

p = 0.0451).

(G) Violin plots comparing the duration of retrieval events between dams and sires (sires n = 5 mice, 618 events; dams n = 8 mice, 1,238 events; Mann-Whitney

test, p < 0.0001).

(H) Plot showing the duration of intervals in between retrieval events (n = 5 sires, n = 508 events; n = 8 dams, n = 1072 events; Mann-Whitney test, p < 0.0001).

(I) Scatterplot of coefficients (r) obtained from Spearman correlation of the duration of the retrieval events and themagnitude of LC responses during pup retrieval.

(J) Example scatterplot of the duration of retrieval events and the magnitude of LC responses in a dam. The green line represents a linear regression.

(K) Example scatterplot of the time between retrieval events and the magnitude of LC responses in a sire. The green line represents a linear regression.

(L) Scatterplot of coefficients (r) obtained from Spearman correlation of the intervals between retrieval events and the magnitude of LC responses during pup

retrieval for all mice. Gray dots represent correlations that were not significant.
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Figure 7. LC-ACC neurons are active during pup retrieval behavior, release NA in ACC, and selective inactivation of LC-ACC neurons dis-

rupts pup retrieval behavior

(A) Schematic of our viral strategy for expressing GCaMP7s in LC neurons that project to ACC.

(B) Photomicrographs of a coronal brain section showing GCaMP7s expression (green), tyrosine hydroxylase (TH) antibody staining (red), and fiber placement

in LC.

(C) Plots of activity of LC-ACC neurons during pup retrieval. The left panel shows a heatmap (top), wherein each row is the mean activity for all mice by day, and a

plot (bottom) of meanGCaMP7s traces from LC-ACC neurons for all mice and all days. Data are aligned to pup contact. The right panel is the same data aligned to

the end of retrieval.

(D) Plot of the mean AUC of the traces of retrieval-related activity of LC-ACC aligned to pup contact compared with baseline activity (Wilcoxon matched-pairs

signed rank test, *p = 0.0312).

(E) Plots of activity from LC-ACC neurons during retrieval from one representative dam, arranged as in (C).

(F) Example scatterplot of the duration of retrieval events and the magnitude of LC-ACC responses in a dam. The black line represents a linear regression.

(G) Example scatterplot of the time between retrieval events and the magnitude of LC-ACC responses in a dam. The black line represents a linear regression.

(legend continued on next page)
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screen, we associated ACCwith parental behavior (Figure 2). We

also observed sex-dependent ACC activation patterns in dams

and sires that retrieve pups to the nest. Consistent with the

behavioral variability observed in sires, c-fos expression levels

were more variable in sires compared to dams. However, there

are two limitations of immediate-early gene screens: first, they

only provide a snapshot of brain activity from a given time win-

dow, and, second, they lack cell type specificity. To overcome

these limitations, we directly observed the temporal dynamics

of inhibitory and excitatory ACC neurons in freely moving mice

during parenting.

Consistent with the higher expression levels of c-fos in ACC in

dams compared to sires, our photometry results showed stron-

ger activation of ACCCAMKII neurons in dams as compared to

sires during pup retrieval (Figure 3). Neural responses in ACC

during pup retrieval were stronger in early PPDs, presumably

when the pups are more vulnerable to environmental conditions,

and the behavior is being actively learned. Responses during

pup retrieval start before the animals contact a pup prior to

retrieving it to the nest. This suggests that the ACCCAMKII re-

sponses are associated with the late pre-execution stages of

pup retrieval. We propose that ACC is involved in processing

pup distress to influence engagement with the pups. It is

possible that some input(s) to ACC may put the animal in a vigi-

lant state during interactions with pups in distress by slowly

affecting the excitability of ACC neurons, raising or lowering

the threshold for making a decision. The differences in

ACCCAMKII neural activity between dams and sires may

contribute to differential behavioral sensitivity to pup distress.

Interactions between inhibitory and excitatory neural popula-

tions is essential for cortical processing.57 We recorded the

dynamics of inhibitory and excitatory neurons in ACC during

pup retrieval (Figure 4). Interestingly, we observed an inverse

relationship between ACCCAMKII and ACCVGAT cells in dams

but not in sires. These data suggest that synaptic interactions

between excitatory and inhibitory neurons in ACC may be

weaker in sires compared to dams. Inhibitory neurons in ACC

exhibit an abrupt decrease in activity when the mice enter the

nest with pups and rapidly return to baseline when they exit. It

is unclear what sensory attributes of the nest trigger this

response. The role of ACC in parental decision making lacks a

detailed description of the contribution of different cell types,

so a natural extension of this work is to investigate the contribu-

tion of different types of excitatory (e.g., Fezf2, PlexinD1), inhib-

itory (e.g., parvalbumin-, somatostatin-, or vasoactive intestinal

peptide-expressing), or projection neurons in ACC during free in-

teractions with pups.

Inactivation of ACC impairs observational fear learning,7 dis-

rupts processing of observed pain,10 and, in rats, impairs

maternal behavior.15 We hypothesized that ACC processes

distress signals from the pups, and we predicted that inactivat-

ing ACCCAMKII neurons disrupts retrieval. Indeed, chemoge-

netic inactivation of ACCCAMKII neurons increased the latency

to retrieve pups in early PPDs, but performance recovered as

the pups got older (Figure 5). This is consistent with our

photometry data that show stronger ACC activation during

pup retrieval in early PPDs (Figure 3). We speculate that par-

ents are more vigilant with young pups that are more suscepti-

ble to distress.

ACC receives inputs from many brain regions, including the

noradrenergic LC.28,29,54 LC plays an important role in arousal,

stress, attention, and goal-directed action selection among

many other functions (reviewed in Poe et al. and Ross and

Van Bockstaele58,59). However, the mechanisms by which the

noradrenergic system regulates socially motivated behavior

and social distress remain poorly understood. LC modulates

stress responses through corticotropin-releasing factor (CRF),

which increases tonic firing in LC.18 Interestingly, there is

sex-dependent sensitivity to CRF in LC neurons, with female

LC neurons being more sensitive to CRF compared to male

LC neurons.60 Thus, LC is a candidate region to modulate

sex-dependent stress responses through its projections to

ACC and influence parental behavior in response to pup

distress. LC responses during pup retrieval were longer in sires

compared to dams and reflected the temporal precision of the

behavior. The fact that the sex difference in LC retrieval activity

consists of larger responses in sires is surprising. One possible

resolution to this apparent paradox could be additional sex dif-

ferences in the response of ACC to NA. Future work on this

circuit may resolve this issue. Altogether, these data suggest

that sexually divergent activation of LC contributes to sex dif-

ferences in parental behavior.

The activity patterns in LC-ACC neurons during retrieval

closely resembled those from LC-wide recordings. This is

consistent with our model that bursts of activity in LC during

pup retrieval are pervasive. Pup retrieval evokes transient NA

(H) Scatterplot of coefficients (r) obtained by Spearman correlation of the duration of the retrieval events and the duration of intervals between retrieval events with

the magnitude of LC-ACC responses during pup retrieval. Gray dots represent correlations that did not reach significance.

(I) Schematic of our viral strategy to express the GRABNE sensor in ACC.

(J) Plots of mean fluorescent GRABNE signal from ACC during pup retrieval events in dams (n = 6) and sires (n = 4). (Top) Heatmap wherein each row is the mean

activity across all sessions from one mouse. (Bottom) Mean fluorescence trace for all mice. Data are aligned to pup contact.

(K) Plot comparing the AUC of fluorescent GRABNE signal from ACC during pup retrieval events extending 2 s from pup contact with 2 s of baseline (paired t test,

*p = 0.0173).

(L) Representative DF/F trace of GRABNE fluorescence reflecting NA release while a dam interacted with pups. The black line above the trace indicates the time

period when the dam was retrieving the pups to the nest.

(M) Schematic of the viral strategy used to express inhibitory DREADDs in LC-ACC neurons.

(N) Behavioral paradigm.

(O) Photomicrograph of a coronal brain section showing hM4D(Gi) expression in LC neurons that project to ACC (red) and TH antibody staining.

(P) Scatterplot of mean latency index (±SEM) in GFP-expressing dams (green) injected with saline or clozapine (n = 10) and hM4D(Gi)-expressing dams (orange)

injected with saline or clozapine (n = 9). Ordinary one-way ANOVA, **p = 0.0075; Benjamini, Krieger, and Yekutieli test, clozapine, GFP vs. clozapine, hM4D(Gi)

*p = 0.0137, saline, hM4D(Gi) vs. clozapine, hM4D(Gi) **p < 0.0028, saline, GFP vs. clozapine, hM4D(Gi) *p = 0.0072.
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release in ACC, establishing a functional noradrenergic connec-

tion between LC and ACC during parental behavior. Indeed,

when we selectively inactivated the LC-ACC, pup retrieval

behavior was disrupted in early PPDs consistent with the results

from inactivating all ACCCAMKII (Figure 7). Based on our data as a

whole, we conclude that ACC maintains sex-dependent sensi-

tivity to pup distress in coordination with the noradrenergic

system. We propose that parental behavior constitutes a trac-

table model to reveal the neural mechanisms by which social

perception of distress can influence decisions.

Limitations of the study
There are several important caveats to be mindful of in inter-

preting our work. While our data strongly suggest that ACC

modulation is necessary for accurate and timely parenting,

we were not able to show that augmentation of ACC activity

improved sires’ retrieval performance. Chemogenetics lacks

the temporal precision likely necessary to recapitulate the

phasic activation of ACC, and optimal timing for optogenetic

manipulations will be very difficult to achieve. Also, we moni-

tored population activity of excitatory and inhibitory neurons

in ACC during retrieval using photometry. Fiber photometry

does not permit isolation of individual neurons. It will be impor-

tant to assess the contribution of more specific cell types and

individual neurons in ACC during parenting behaviors in future

studies. The GRABNE sensor we used to monitor NA release in

ACC is not restricted to cells that express noradrenergic re-

ceptors endogenously and does not report the postsynaptic

response. Therefore, sex-dependent sensitivity to NA in ACC

remains to be tested. Future work is needed to identify the

specific cell populations in ACC that receive noradrenergic

input and the role of specific noradrenergic receptors in ACC

during parenting. Using pharmacological manipulations of

noradrenergic receptors can provide a mechanistic under-

standing of the role of NA in ACC during complex social

behaviors.
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Goat anti-rabbit Alexa Fluor 488 Invitrogen Cat# A11008; RRID: AB_143165

Bacterial and virus strains

pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (AAV9) (Dana et al.)61 Addgene_104491

pAAV-CaMKIIa-EGFP (AAV8) Bryan Roth Addgene_50469

pAAV-CaMKIIa-hM4D(Gi)-mCherry (AAV8) Bryan Roth Addgene_50477

AAV.CamKII.GCaMP6s.WPRE.SV40 (AAV9) James M. Wilson Addgene_107790

pAAV-CAG-tdTomato Edward Boyden Addgene_59462

pENN.AAV.hSyn.Cre.WPRE.hGH James M. Wilson Addgene_105553

pAAV.synP.DIO.EGFP.WPRE.hGH (AAV9) Ian Wickersham Addgene_100043

pAAV-hSyn-DIO-hM4D(Gi)-mCherry (AAV5) (Krashes et al.)62 Addgene_44362

AAV9-hSyn-NE2h (Feng at al)55 Vigene Biosciences_YL10074-AAV9

Chemicals, peptides, and recombinant proteins

DirectPCR Viagen Cat# 402-E

RRID: N/A

Proteinase K Invitrogen Cat# AM2548

RRID: N/A

Euthasol Virbac Cat# 200-071

RRID: N/A

4% paraformaldehyde FD Neurotechnologies Cat# PF101

RRID: N/A

OCT compound Sakura Cat# 4583

RRID: N/A

Normal goat serum Vector Laboratories Cat# S-1000-20

RRID: N/A

Triton X-100 Sigma Cat# T8787

RRID: N/A

Meloxicam Metacam Cat# NDC 0010-6013-01

RRID: N/A

Ketamine Ketaset Cat# NDC 54771-2013

RRID: N/A

Xylazine AnaSed Cat# NDC 59399-110-20

RRID: N/A

Vectashield Vector Laboratories Cat# H-1200-10

RRID: N/A

Vetbond Amazon Cat# B079QJXK46

RRID: N/A

Isofluorine Covetrus Cat# 029405

RRID: N/A

Clozapine dihydrochloride (water soluble) Hello Bio Cat # HB6129

RRID: N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Stephen D.

Shea (sshea@cshl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original MATLAB analysis code has been deposited at Zenodo and made publicly available as of the date of acceptance for

publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

GoTaq Green Master Mix Promega M7123

RRID: N/A

Experimental models: Organisms/strains

CBA/CaJ The Jackson Laboratory RRID:IMSR_JAX:000654

DBH-CRE MMRRC RRID:MMRRC_032081-UCD

VGAT-CRE The Jackson Laboratory RRID:IMSR_JAX:016962

Software and algorithms

Zen Zeiss https://www.zeiss.com/microscopy

/en/products/software/zeiss-zen.html

MATLAB R2019b MathWorks https://www.mathworks.com/

products/matlab.html

Adobe Illustrator Adobe https://www.adobe.com/products/illustrator

Prism GraphPad by Dotmatics https://www.graphpad.com

Custom analysis code Zenodo https://doi.org/10.5281/zenodo.7998686

Other

Microtome Leica SM 2010R

RRID: N/A

4oz. glass jars AOZITA B07VHBX3ZC

RRID: N/A

Light-sheet microscope (Ultramicroscope II) LaVision Biotec N/A

Confocal microscope Zeiss LSM 710

RRID: N/A

Optic fibers for fiber photometry Newdoon http://www.newdoon.com/index.php?route=

product/product&product_id=271

RRID: N/A

Patch cord for fiber photometry Doric Lenses Cat# P99414-01

RRID: N/A

LED driver Thorlabs Cat# LEDD1B

RRID: N/A

Rotary joint for fiber photometry Doric Lenses Cat# FRJ_FC_FC

RRID: N/A

Photoreceivers Newport Cat# 2151

RRID: N/A

USV Microphone (CM16/CMPA-5V) Avisoft-Bioacoustics Cat # 40013

RRID: N/A

470nm and 565nm LED light sources Thorlabs Cat# M470F3 and M565F3

RRID: N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Adult mice (8–14 weeks old) weremaintained on a 12h/12 h light-dark cycle (lights on 07:00h) and received food andwater ad libitum.

Genotypes used were CBA/CaJ (The Jackson Laboratory, #000654), VGAT-Cre (Slc32a1tm2(cre)Lowl/J, The Jackson Laboratory,

#016962), and DBH-Cre (Tg(Dbh-cre)KH212Gsat/Mmucd, unfrozen stock, MMRRC). All mice used for pup retrieval experiments

were primiparous except for the second pregnancy experiment on Figure S3. All procedures were conducted in accordance with

the National Institutes of Health’s Guide for the care and use of laboratory animals and approved by the Cold Spring Harbor Labo-

ratory Institutional Animal Care and Use Committee.

METHOD DETAILS

Viruses
We used the following commercially available viruses: pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (3.131013 GC/mL, Addgene,

104491-AAV9); pAAV-CaMKIIa-EGFP (2.131013 GC/mL, Addgene, 50469-AAV8); pAAV-CaMKIIa-hM4D(Gi)-mCherry (2.131013

GC/mL, Addgene, 50477-AAV8); AAV.CamKII.GCaMP6s.WPRE.SV40 (2.131013 GC/mL, Addgene, 107790-AAV9); pAAV-CAG-

tdTomato (1.331013 GC/mL, Addgene, 59462-AAVrg); AAV9-hSyn-NE2h (2.3731013 GC/mL, Vigene Biosciences, YL10074-

AAV9); pENN.AAV.hSyn.Cre.WPRE.hGH (1.231013 GC/mL, Addgene, 105553-AAVrg); pAAV.synP.DIO.EGFP.WPRE.hGH (4.33

1013 GC/mL, Addgene, 100043-AAV9); pAAV-hSyn-DIO-hM4D(Gi)-mCherry (1.231013 GC/mL, Addgene, 44362-AAV5).

Histology
We used the protocol from Xie et al.,63 animals were deeply anesthetized with a lethal dose of Euthasol (Virbac, 200-071) via

intraperitoneal injection, and were subsequently transcardially perfused with phosphate-buffered saline (1X PBS) and 4% parafor-

maldehyde (PFA; FDNeurotechnologies, PF101) at a flow rate of 7.5mL/min. Brains were post-fixed in 4%PFA overnight at 4 Celsius

and then transferred to a 30% sucrose solution in PBS. Brains were embedded with OCT compound (Sakura, 4583) and sectioned

frozen at 50 mmon a slidingmicrotome (Leica, SM 2010R). For immunostaining, free-floating sections were washed with PBS 3 times

and blocked in 5% normal goat serum (NGS, Vector Laboratories, S-1000-20) and 0.1% Triton X-100 (Sigma, T8787) at room

temperature (RT) for 1.5 h. Sections were incubated overnight with primary antibodies in a solution containing 0.5% NGS and

0.1% Triton X-100 at 4 Celsius. The next day, sections were incubated for 2 h with secondary antibodies in a solution containing

0.5% NGS and 0.1% Triton X-100 at room temperature. After washing 3 times with 1X PBS, sections were mounted on coverslips

with Fluoromount-G (SouthernBiotech, 0100-01). Primary antibodies including chicken anti-TH antibody (Abcam, 76442) and

rabbit anti-GFP antibody (Invitrogen, A6455) were used. Secondary antibodies including Alexa Fluor 594 goat anti-chicken (Invitro-

gen, A11042), Alexa Fluor 488 goat anti-chicken (Invitrogen, A11039) and Alexa Fluor 488 goat anti-rabbit (Invitrogen, A11008)

were used.

Pup retrieval assay
Briefly, (1) The test subject was habituated with 5 pups in the nest of the home cage for 5 min in a soundproof behavioral box, (2) the

pupswere removed from the cage for 2min, and (3) then the pupswere scattered in the cage. The first pupwas placed in the nest and

then moving clockwise, a pup was placed in each corner and one in the center. Each test subject had a maximum of 5 min to gather

the pups to the nest. The same procedure was repeated on PPD0-PPD5. All assays were performed in the dark during the light cycle

and videos were recorded for further analysis.

For the behavioral analysis, we calculated the latency index for each mouse to gather all pups using the formula:

latency index = ½ðt1 � t0Þ + ðt2 � t0Þ + / + ðtn � t0Þ�=ðn X LÞ
where: n = # of pups outside the nest, t0 = start of trial, tn = time of nth pup gathered, L = trial length.

The same experiment was conducted in a clean/novel cage with different mice.

We quantified the duration of each retrieval event measured from the time the subject made pup contact to the time it drops the

nest in the nest in the home cage. We also quantified the duration of intervals between retrieval events measured from the end of the

previous retrieval event to the start of the next one in the home cage.

Pups in a jar experiment
All pups from the litter were placed in a 4oz. glass jar with a plastic lid with holes in it (AOZITA; B07VHBX3ZC). The test subjects

were able to hear and smell the pups in the jar, but were not able to touch them. The animal’s behavior was recorded for 5 min

with the pups in the jar and 5 min with an empty jar in the home cage. Interactions with the lid of the jar were quantified as a proxy

of motivation for the test subject to interact with the pups. All behaviors were scored with the software BORIS.64 An interaction

with the jar was quantified when the test subject was in close proximity to the lid of the jar and facing it, either touching, biting, or

sniffing it.
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Pup USVs recordings
To confirm the jar was enough to put the pups in distress, we recorded USVs for 5 min when the pups were in the nest in the home

cage and 5min with the pups in a jar. All pups used to record USVswere 0–5 days old.We placed the pups in a jar and placed the jar in

the home cage. We started recording the vocalizations using a USV microphone (Condenser ultrasound microphone Avisoft-

Bioacoustics CM16/CMPA-5V; part # 40013) 1 min after placing the pups in the jar. To record the vocalizations in the nest, we

removed the parents from the home cage. We started recording USVs 1 min after removing the parents.

Behavioral assay for brain-wide c-fos induction
Male and female wild-type CBA/CaJ mice breeding pairs were made at 8-10 weeks-old. The experiment included four behavioral

groups, and it was performed on PPD3. Baseline: the test subject was kept in the home cagewith the pups in the nest for a 3-h period.

Isolated: the test subject was kept in the home cage without the pups for a 3-h period. Reunion: the test subject was kept in the home

cage without the pups for a 90-min period, and then all pups were returned in the nest for a second 90-min period. Retrieval: the test

subject was kept in the home cage without the pups for 90 min, and then all pups were returned scattered in the cage for 90 min. The

experiment was performed in dams and sires 12–14 weeks old. All experiments were performed in the dark during the light cycle in a

soundproof behavioral box. All mice were perfused immediately after the experiment was done through the ascending aorta with 1%

PBS, followed by 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). The brains were removed and post-fixed in paraformaldehyde

overnight before starting the clearing protocol.

Clearing protocol/c-fos staining
All brainswere cleared using the iDisco+ protocol.36 Briefly, the fixed samples werewashed in PBS and treatedwith a serial dilution of

methanol, permeabilized with a solution containing dimethyl sulfoxide, blocked in donkey serum, and passively immunolabeled for

c-Fos at 37 Celcius for 7 days (9F6 rabbit mAb 2200, Cell Signaling Technology) and Alexa Fluorophore 647 secondary antibodies at

37 Celcius for 7 days. Then, the samples were cleared with a combination of methanol and dichloromethane.36

Lightsheet imaging
Cleared samples were imaged in sagittal orientation (left hemisphere) on a light-sheet fluorescence microscope (Ultramicroscope II,

LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and a 4x/0.5 objective lens (MVPLAPO 43) equipped with a 6-mm

working distance dipping cap. Version v144 of the Imspector Microscope controller software was used. The samples were scanned

with a step-size of 3 mm using the continuous light-sheet scanning method with the included contrast blending algorithm for the

640 nm and 595 nm channels (20 acquisitions per plane), and without horizontal scanning for the 480-nm channel.

Stereotaxic injections
All surgery was performed under aseptic conditions and body temperature was maintained with a heating pad. Standard surgical

procedures were used for stereotaxic injection and implantation. Briefly, mice were anesthetized with isoflurane (2% in a mixture

with oxygen, applied at 1.0 L/min), and head-fixed in a stereotaxic injection frame. Ketamine was used as an anesthetic.

To prepare mice for the photometry experiments, we first made a small craniotomy in each mouse, unilaterally. We then lowered a

glass micropipette (tip diameter, �20 mm) containing viral solution to reach the ACC (coordinates: +0.55 mm posterior to bregma,

0.3 mm lateral from midline, and �0.9 mm ventral from brain surface). For CAMKII photometry recordings, we used 0.2–0.3 mL of

AAV.CamKII.GCaMP6s.WPRE.SV40 (AAV9); titer: 2.131013 GC/mL. For VGAT recordings, we used 0.2–0.3 mL of pGP-AAV-syn-

FLEX-jGCaMP7s-WPRE (AAV9) injected into VGAT-cre mice; titer: 3.131013 GC/mL. The injection coordinates for the LC experi-

ments were (+1.5mm posterior to lambda, 0.8mm lateral from the midline, and 2.8mm ventral from the brain surface). 0.4–0.6 mL

of pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (AAV9) were injected into DBH-cre mice; titer: 3.131013 GC/mL.

Viral solutions were deliveredwith pressure applications (5–20 psi, 5–20ms at 1 Hz) controlled by a Picrospritzer and a pulse gener-

ator. The rate of injection was �50 nL/min. The pipette was left in place for 5–10 min following the injection, and then slowly

withdrawn. We then implanted optic fibers above injection locations in the mice dedicated for photometry experiments

(coordinates: +0.55 mm anterior to bregma, 0.3 mm lateral from midline, and 0.9 mm vertical from brain surface). A head-bar was

alsomounted for head-restraint. Wewaited one week for themice to recover from surgery and pair themwith amate. We then waited

for the pups to be born to start recording the photometry signals.

For ACC chemogenetic experiments, infection of ACC was performed in both hemispheres. 0.2 mL of pAAV-CaMKIIa-hM4D(Gi)-

mCherry (AAV8); titer: 2.131013 GC/mL was delivered to each hemisphere (coordinates: +0.55 mm posterior to bregma, ±0.3 mm

lateral from midline, and �0.9 mm ventral from brain surface). For LC-ACC projection inhibition experiment, we injected 0.2 mL of

a retrograde AAV.hsyn.CRE.WPRE; titer: 1.231013 GC/mL in ACC of female CBA/CaJ mice bilaterally, and 0.2–0.3 mL of pAAV-

hSyn-DIO-hM4D(Gi)-mCherry (AAV5); titer: 1.231013 GC/mL bilaterally into the LC.

Fiber photometry recordings and data analysis
To record the activity of CamkII+ cells in ACC in vivo, we used a custom-made fiber photometry system tomeasure GCaMP6s signals

in these neurons through an optical fiber (Fiber core diameter, 200 mm; Fiber length, 2.0mm; NA, 0.37; Inper, Hangzhou, China) unilat-

erally implanted in ACC of 8–10 weeks-old male and female mice. Animals were habituated to the behavioral box in their home cage
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for 10 min starting at least 1 day before parturition. 4 retrieval sessions were recorded each day were all pups from the litter were

scattered in the cage, and the test subject was allowed to retrieve all the pups. Each session was 5min long and sessions were sepa-

rated by 2 min. For the second pregnancy experiment on Figure S5, we repeated the same procedure with the second litter of pups.

The same behavioral procedures were used to record neural activity from all of the populations described below. GCaMP signals

were detected and measured as follows: briefly, activity-dependent GCaMP was delivered by AAV to CamkII+ neurons under the

expression of the CamkII promoter. An optical fiber cable was mated to the fiber implant in the ACC neurons before each optical

recording session, and it was used to deliver 470 nm and 565 nm excitation light to the brain. The intensity of the light for excitation

was adjusted to �5–10 mW at the tip of the patch cord. The two wavelengths were sinusoidally modulated at 211 Hz and 180� out of
phase. Green and red emitted light signals were filtered and split to separate photodetectors and digitally sampled at 6100 Hz via a

data acquisition board (National Instruments, Model # NI USB-6211). Peaks were extracted by custom MATLAB software with an

effective sampling rate of 211 Hz. Each signal was corrected for photobleaching by fitting the decay with a double exponential,

and then normalized to a Z score. After subtracting the activity-independent red signal to correct for movement artifacts, the green

signal was transformed back to absolute fluorescence and DF/F was computed relative to the mean of the measured fluorescence

minus the mean of the baseline fluorescence. The resulting traces from each recording session were converted to a Z score to

compare between subjects and across days. All data analysis was performed using custom written code in MATLAB.

To record activity of DBH+ cells in LC in vivo, we injected a cre-dependent AAV GCaMP7s into the LC of DBH-Cre mice and

implanted a fiber unilaterally in the LC (Fiber core diameter, 200 mm; Fiber length, 5.5 mm; NA, 0.37; Inper, Hangzhou, China). The

intensity of the light for excitation was adjusted to �30 mW at the tip of the patch cord. To record the activity of inhibitory neurons

in the ACC during parental behavior, we injected a cre-dependent AAV GCaMP7s into ACC of VGAT-Cre mice and implanted a fiber

unilaterally in ACC (Fiber core diameter, 200 mm; Fiber length, 2.0 mm; NA, 0.37; Inper, Hangzhou, China). The intensity of the light for

excitation was adjusted to�5–10 mW at the tip of the patch cord. To record noradrenaline release in ACC, we used fiber photometry

and a noradrenaline sensor. We injected AAV-hsyn-NE2h; titer: 2.3731013 GC/mL into the cingulate cortex of CBA/CaJ mice and

implanted a fiber unilaterally in the ACC (Fiber core diameter, 200 mm; Fiber length, 2.0 mm; NA, 0.37; Inper, Hangzhou, China).

The intensity of the light for excitation was adjusted to �5–10 mW at the tip of the patch cord.

To record the activity of LC-ACC neurons in vivo,we injected 0.2 mL of a retrograde AAV.hsyn.CRE.WPRE; titer: 1.231013 GC/mL in

ACC of female CBA/CaJ mice, and 0.2–0.3 mL of pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (AAV9); titer: 3.131013 GC/mL into the LC

and implanted a fiber unilaterally in LC (Fiber core diameter, 200 mm; Fiber length, 5.5 mm; NA, 0.37; Inper, Hangzhou, China). The

intensity of the light for excitation was adjusted to �30 mW at the tip of the patch cord.

For pup retrieval photometry experiments, we recorded 4 retrieval sessions each day. All pups from the litter were scattered in the

cage, and the test subject was allowed to retrieve all the pups. Each session was 5 min long and sessions were separated by 2 min.

Chemogenetic inhibition
Mice were habituated to the behavioral box for 10 min at least 24h before the experiment. Mice were maintained on a 12h/12 h light-

dark cycle (lights on 10:00 h) and received food and water ad libitum. During the dark phase, test subjects were habituated in their

home cage for 10 min. CBA/CaJ mice expressing hM4D(Gi) were injected intraperitoneally (i.p.) with either saline (0.9% NaCl) or clo-

zapine (0.1 mg/kg) (HelloBio, Inc.) dissolved in saline. The injection of clozapine or saline was alternating in each mouse every other

day; P0 and P2 clozapine and P1 and P3 saline. Twentyminutes after the injections, all pups were scattered in the home cage and the

test subject’s behavior was recorded for 10 min. Then, all pups were placed in a jar for 5 min and videos were recorded. Lastly, the

test subjects were exposed to an empty jar and videos were recorded. All videos were manually scored using BORIS.64

For the LC-ACC neuron selective inactivation experiments, we bilaterally injected a retrograde AAV.hsyn.CRE.WPRE (1.231013

GC/mL) in ACC of female CBA/CaJ mice, and cre-dependent inhibitory DREADDS (pAAV.hsyn.DIO.hM4D(Gi).mcherry; 1.231013

GC/mL) in LC. We waited for the mice to recover for a week and paired them with a mate. When the pups were born, we recorded

interactions from PND0-PND3. Each day, we habituated themice to a soundproof box in the home cage with the pups for 10min. We

then injected either saline (0.9% NaCl) or clozapine (0.1 mg/kg) (HelloBio, Inc.) dissolved in saline and waited 20 min. Then, we

recorded interactions with pups for 10 min and quantified the mice latency to retrieve the pups back to the nest.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical tests (except for brain-wide c-fos mapping; see next section) were performed using GraphPad Prism 9. All statistical

data and N values for the number of animals can be found in the figure legends and Table S4. Data are reported as mean ± SEM.

Statistical analysis for c-fos mapping
Statistical comparisons between different groups were run based on either ROIs or evenly spaced voxels. Voxels are overlapping 3D

spheres with 100 mm diameter each and spaced 20 mm apart from each other. The cell counts at a given location, Y, are assumed to

follow a negative binomial distribution whose mean is linearly related to one or more experimental conditions, X: E[Y] = a+bX. For

example, when testing an experimental group versus a control group, the X is a single column showing the categorical classification

of mouse sample to group id, i.e. 0 for the control group and 1 for the experimental group.65,66 We found the maximum likelihood

coefficients a and b through iterative reweighted least squares, obtaining estimates for sample standard deviations in the process,
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fromwhichwe obtained the significance of the b coefficient. A significant bmeans the group status is related to the cell count intensity

at the specified location. The z-values in our summary tables correspond to this b coefficient normalized by its sample standard de-

viation, which under the null hypothesis of no group effect, has an asymptotic standard normal distribution. The p values give us the

probability of obtaining a b coefficient as extreme as the one observed by chance assuming this null hypothesis is true. In the case of

three (or more) groups, we utilize Tukey’s Honest Significance test to adjust the p values of the group factor coefficients to control for

multiple comparisons: group1v2, group1v3 and group2v3. To account for multiple comparisons across all voxel/ROI locations, we

thresholded the p values and reported false discovery rates with the Benjamini-Hochberg procedure.67 In contrast to correcting for

type I error rates, this method controls the number of false positives among the tests that have been deemed significant.
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