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Abstract 

The transition to parenthood brings significant changes in behavior toward offspring. For 

instance, in anticipation of their offspring, male mice shift from infanticidal to caregiving 

behaviors. While the release of oxytocin from the paraventricular hypothalamus (PVH) plays 

a critical role in paternal caregiving, it does not fully account for the entire behavioral shift. 

The specific downstream neurons and signaling mechanisms involved in this process 

remain obscure. Here, we demonstrate that PVH vasopressin neurons also essentially 

contribute to a paternal behavioral shift. This vasopressin signal is partially transmitted 

through oxytocin receptors (OTRs) expressed in the anterior commissure and medial nuclei 

of the preoptic area. These OTR-expressing neurons receive inputs from both PVH oxytocin 

and vasopressin neurons and are responsible for expressing paternal caregiving behaviors. 

Collectively, this non-canonical vasopressin-to-OTR crosstalk within specific limbic circuits 

acts as a pivotal regulator of paternal behavioral changes in mice. 

 

Highlights 

⚫ PVH vasopressin neurons are required for and can trigger paternal caregiving 

behaviors. 

⚫ Vasopressin-induced paternal behaviors are mediated in part by OTRs in the preoptic 

area (POA). 

⚫ POA OTR neurons receive inputs from both PVH oxytocin and vasopressin neurons. 

⚫ POA OTR neurons play a critical and facilitative role in promoting paternal caregiving 

behaviors. 
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Introduction 

Across mammalian species, non-parental adult animals often show little interest in, or may 

even display aggressive behaviors toward, conspecific young. It is posited that 

infant-directed aggression (infanticide) has evolved in both males and females as a strategy 

to enhance their reproductive fitness by increasing mating opportunities and reallocating 

essential resources for future progeny1,2. The onset of caregiving behaviors toward infants is 

typically observed as animals anticipate their offspring3,4. Male laboratory mice have been a 

valuable model for investigating the behavioral shift associated with different life stages. 

While sexually naïve adult male mice are highly aggressive and may engage in infanticide, 

they undergo a shift toward caregiving behaviors upon mating and cohabitating with 

pregnant female mice3,5,6. 

Studies in male rodents have identified specific limbic structures that play pivotal roles 

in infanticide or parental behaviors. For instance, the bed nucleus of the stria terminalis7, 

medial amygdala8, perifornical area of the hypothalamus9, and amygdalohippocampal area 

(AHi)10 harbor distinct neural populations responsible for male infanticide. By contrast, 

neurons expressing galanin11,12 or calcitonin receptor (Calcr)13,14 in the medial preoptic 

nucleus (MPN) act as positive regulators of paternal caregiving behaviors, in which prolactin 

receptor signaling is involved in activating galanin-positive neurons15. A recent study on 

maternal caregiving behavior proposed mutually suppressive antagonistic circuits between 

neurons promoting infanticide and those promoting caregiving behaviors16. However, 

whether similar mechanisms are utilized by male mice remains unclear. Overall, the 

molecular and neural mechanisms underlying paternal behavioral plasticity toward infants 

remain poorly understood. 

Peptide hormones are thought to play a role in paternal behaviors17. For instance, 

biparental male mandarin voles display time-locked activity of paraventricular hypothalamus 

(PVH) neurons producing oxytocin (OT), a nonapeptide hormone, during paternal caregiving 

behaviors18. Additionally, our recent study in mice found that PVH OT neurons are crucial for 

regulating paternal caregiving behaviors19. Specifically, chemogenetic activation of PVH OT 

neurons effectively reduces infanticidal behaviors and promotes pup retrieval, a hallmark of 

parental behavior20, in sexually naïve male mice, with this effect being OT ligand-dependent. 

Conversely, conditional knockout (cKO) of the OT gene restricted to the PVH in adulthood 

results in a significant decrease in paternal caregiving behaviors, leading fathers to ignore 

pups without exhibiting attack or retrieval behaviors. These data suggest a model of paternal 

behavioral transition occurring in a stepwise manner, from infanticidal to ignoring (Step I) 

and then to parenting (Step II)19. While chemogenetic activation of PVH OT neurons can 

induce both Steps I and II, the loss-of-function of PVH OT signals still demonstrates Step I 

transition in fathers, suggesting the presence of compensatory mechanisms beyond OT. 

One potential candidate is arginine vasopressin (AVP), also known as mammalian 
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vasotocin21, which is a closely related neural hormone involved in various social behaviors22. 

While a classical study found that intracerebroventricular (icv) administration of AVP 

facilitates maternal behaviors in virgin rats23, the specific role of PVH AVP neurons or the 

AVP ligands they release in paternal behaviors remains elusive. 

OT has a single canonical receptor type known as the OT receptor (OTR), whereas 

AVP interacts with three AVP receptors (VRs) named V1aR, V1bR, and V2R21,24. In the 

mammalian brain, OTRs and V1aRs are broadly expressed in various and often distinct 

regions17,25-29, while V1bR has a more limited distribution, and V2Rs predominantly function 

in the peripheral tissues. Studies of brain regions and cell types responsible for mediating 

OTR or VR signaling in diverse biological contexts have been carried out through 

pharmacological and cKO analyses. For instance, OTR cKO models have identified specific 

cell types that regulate feeding30, social reward31,32, social aversive learning33, social 

recognition34,35, and fear modulation36. However, while OT or OTR signaling is shown to 

modulate pup-related sensory processing37,38 in female mice, the specific neurons and 

signaling mechanisms responsible for the role of OT in promoting paternal behaviors remain 

unknown. In addition, due to the structural similarity between AVP and OT (sharing seven of 

nine amino acid residues), AVP can activate not only its canonical VRs, but also OTRs25,39. 

This potential ligand-receptor crosstalk should be considered when identifying the neural 

hormones and downstream circuits involved in paternal caregiving behaviors. 

In the present study, we first establish the roles of PVH AVP neurons in inhibiting 

infanticide and promoting caregiving behaviors during the paternal life-stage transition. We 

then conduct a series of viral-genetic experiments to elucidate functionally the receptors and 

specific brain regions/neural types responsible for the AVP-induced behavioral changes. Our 

data reveal the existence of non-canonical AVP-to-OTR crosstalk within specific limbic 

circuits that plays a critical role in regulating paternal behaviors. 

 

Results 

PVH AVP neurons suppress pup-directed aggression and can promote paternal 

caregiving behavior 

To examine the functional roles of PVH AVP neurons in paternal behaviors, we performed 

targeted cell ablation of PVH AVP neurons by injecting a Cre-dependent AAV carrying 

taCasp3-TEVp40 (Fig. 1a). Two weeks after the injection, each AVP-Cre male mouse41 was 

crossed with a female mouse and housed together throughout her pregnancy and parturition 

(Fig. 1b). The taCasp3-injected group showed a significant decrease in AVP-expressing 

neurons, while OT-expressing neurons remained unaffected (Fig. 1c and 1d), consistent 

with the negligible overlap of AVP neurons and OT neurons within the PVH42,43. While all 

control fathers that received the saline injection showed pup retrieval, fathers receiving the 

taCasp3-encoding AAV displayed not only a reduced ratio of retrieval, but also pup-directed 
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aggression (Fig. 1e–1h). The parental care duration, defined as the duration of animals 

undergoing either grooming, crouching, or retrieving, was significantly lower in the 

taCasp3-injected fathers (Fig. 1f). We also defined a parental score, where positive values 

indicated caregiving behaviors and negative values indicated aggression (see Methods). 

Consistent with the parental care duration, the parental score was significantly lower in 

taCasp3-injected fathers compared to the saline-injected fathers (Fig. 1g). Of note, ablating 

PVH AVP neurons resulted in a more pronounced phenotype than did ablating PVH OT 

neurons, where the latter mainly ignored pups without showing pup-directed aggression 

(Supplementary Fig. 1). These results indicate that, similar to PVH OT neurons19, PVH AVP 

neurons are required for paternal caregiving behaviors in father mice. 

We next explored whether the activation of PVH AVP neurons could suppress 

infanticide in virgin males, who typically exhibit aggression toward pups. To this end, we 

chemogenetically activated PVH AVP neurons by expressing hM3Dq-mCherry in virgin 

males (Fig. 2a). Clozapine N-oxide (CNO) or saline as control was administered via 

intraperitoneal (ip) injection 30 min before the behavioral assay (Fig. 2b). We confirmed 

comparable expression of hM3Dq in both groups (Fig. 2c). While the saline-injected virgin 

males showed aggression toward pups, CNO injection significantly inhibited pup-directed 

aggression and facilitated pup retrieval (Fig. 2d–2g). CNO injection increased the expression 

of c-fos mRNA, a proxy of neural activation, in Calcr-expressing (Calcr+) neurons in the 

medial part of the medial preoptic nucleus (MPNm), a crucial center for parental 

behaviors13,14 (Supplementary Fig. 2a–2c). Conversely, neural activity of urocortin 

3-expressing (Ucn3+) neurons in the perifornical area (PeFA), a cell type associated with 

infanticide9, was suppressed (Supplementary Fig. 2d). These findings indicated that PVH 

AVP neurons suppress pup-directed aggression and facilitate paternal caregiving behaviors 

by modulating the activity of hypothalamic neural populations associated with parental and 

infanticidal behaviors. 

Reduction in the number of PVH AVP neurons reinstated pup-directed aggression in 

fathers (Fig. 1e), whereas chemogenetic activation of PVH AVP neurons not only 

suppressed pup-directed aggression, but also evoked retrieval in virgin males (Fig. 2d). 

Additional promotion of retrieval behavior following chemogenetic activation in virgin males 

may be attributed to the substantial activation of neural circuits governing the suppression of 

pup-directed aggression, which concurrently facilitates caregiving behavior5. To investigate 

the effects of PVH AVP neurons on caregiving behaviors with higher temporal resolution, we 

expressed channelrhodopsin-2 (ChR2) in PVH AVP neurons to activate these neurons 

optically (Fig. 2h and 2i). Each mouse received stimulation for 0, 15, or 30 min before 

interacting with pups (Fig. 2j). During the interaction, blue light was applied in the On 

condition, whereas no stimulation was applied in the Off condition (Fig. 2j). We found that 

even without prior activation of PVH AVP neurons (0 min), pup-directed aggression was 
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completely suppressed in the On condition (Fig. 2k–2m), indicating that acute activation of 

PVH AVP neurons is sufficient to inhibit pup-directed aggression. In the 0- and 15-min 

illumination groups, virgin males in the Off condition often exhibited pup-directed aggression, 

while those illuminated for a longer duration (30 min) became non-infanticidal and even 

showed parental behaviors, irrespective of the light condition during the behavioral test (Fig. 

2k–2m). No effects on paternal behaviors were found in the eYFP control groups 

(Supplementary Fig. 2e–2h). Together, these results indicate that PVH AVP neurons can 

modulate paternal behaviors in a scalable manner, depending on the duration of their 

activation. 

 

Role of OTRs in mediating AVP neuron-induced paternal behaviors 

Having established the functional role of PVH AVP neurons in paternal behaviors, we next 

examined the downstream receptors responsible for this effect through pharmacological 

manipulation. We administered an OTR or V1aR antagonist via icv injection while activating 

PVH AVP neurons with hM3Dq (Fig. 3a–3c). Each experimental group showed a similar 

number of hM3Dq+ neurons (Fig. 3d). In the absence of AVP neuron activation (ip injection 

of saline), neither OTR antagonist nor V1aR antagonist administration resulted in substantial 

changes in behavioral phenotypes (Fig. 3e–3h). Pup-directed aggression was predominant 

across these groups, with V1aR antagonist application slightly enhancing pup-directed 

aggression (Fig. 3g and 3h). Consistent with Fig. 2, virgin males receiving CNO did not 

display pup-directed aggression after receiving an icv injection of saline (Fig. 3e–3h). The icv 

application of V1aR antagonist significantly resumed pup-directed aggression and reduced 

parental care duration (Fig. 3e–3h), suggesting that AVP neuron-induced paternal behaviors 

are partly mediated by V1aRs. However, the application of OTR antagonist reinstated 

pup-directed aggression more intensively compared with V1aR antagonist (Fig. 3f and 3g), 

suggesting that PVH AVP neuron-induced paternal behaviors involve OTRs. 

We conducted similar experiments following the chemogenetic activation of PVH OT 

neurons (Supplementary Fig. 2i–2n). PVH OT neuron-induced facilitation of paternal 

caregiving behaviors remained unaffected by icv administration of V1aR antagonist, 

whereas application of OTR antagonist abolished these effects. Thus, paternal behaviors 

induced by chemogenetic activation of both PVH AVP and OT neurons may be mediated by 

downstream OTRs somewhere in the brain. 

Anatomically, OT neurons receive monosynaptic inputs from AVP neurons within the 

PVH19. Given that OT neurons in the PVH facilitate parental behaviors in male mice19, these 

findings may be explained by the AVP-mediated activation of PVH OT neurons, 

subsequently activating OTRs. However, the following observations challenge this scenario. 

First, chemogenetic activation of PVH AVP neurons did not impact the activity of PVH OT 

neurons as assessed by fiber photometry-based Ca2+ imaging (Supplementary Fig. 3a–3f). 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.07.01.601605doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.01.601605
http://creativecommons.org/licenses/by-nd/4.0/


6 

We used tail pinch44 as a method to assess the recording quality (Supplementary Fig. 3d). 

These data suggest that, despite the existence of anatomical connections from AVP neurons 

to OT neurons within the PVH, under our experimental conditions, the functional impacts of 

this connection are minimal. Second, we found that icv injection of AVP into OT KO (OT−/−) 

virgin males19 reduced the pup-directed aggression to a level similar to that observed in 

control OT+/+ virgin males (Supplementary Fig. 3g–3l), suggesting that AVP does not require 

OT release to inhibit pup-directed aggression. Taken together, our data support a scenario 

wherein AVP neuron-induced paternal caregiving behaviors are mediated through 

non-canonical AVP-to-OTR crosstalk signaling. 

 

OTRs in the preoptic area (POA) mediate AVP and OT neuron-induced paternal 

behaviors 

To substantiate our pharmacological data and identify the specific brain regions where OTRs 

mediate AVP neuron-induced paternal caregiving behaviors, we performed region-specific 

cKO of the OTR gene by injecting AAV-Cre into OTR flox/flox mice45 while chemogenetically 

activating PVH AVP neurons. Given the known role of the hypothalamus–POA circuit in 

parental behaviors3,5 and its abundant expression of OTRs13,46,47, we focused on the OTR 

neurons in these areas. We first used serotype 9 of AAV-Cre, which enables relatively broad 

OTR cKO30. In saline-injected control mice without OTR cKO, chemogenetic activation of 

PVH AVP neurons suppressed pup-directed aggression in virgin males (Supplementary Fig. 

4). Specifically targeting OTR cKO in the “posterior” hypothalamus, including the 

dorsomedial hypothalamus, lateral hypothalamic area, and ventromedial hypothalamus, 

resulted in minimal effects on AVP neuron-induced paternal behaviors (Supplementary Fig. 

4a–4g). In sharp contrast, OTR cKO in the POA disrupted paternal caregiving behaviors and 

reinstated pup-directed aggression (Supplementary Fig. 4c–4g). These data i) underscore 

the essential role of OTRs in mediating AVP neuron-induced paternal behaviors and ii) 

highlight the presence of responsible OTR neurons within the POA. 

The POA contains multiple nuclei, and OTR neurons are widely distributed within 

these regions13,46,47. To narrow down which OTR neurons are responsible for mediating AVP 

neuron-induced paternal behaviors, we utilized serotype 2 of AAV-Cre, which enables 

precise spatial control over cKO at the single nucleus level30 (Fig. 4a). Specifically, we 

focused on the MPNm as a center for parental behaviors3 and the anterior commissural 

nucleus (ACN), a POA subregion activated in virgin males and fathers showing paternal 

behaviors7. We visualized OTR expression by RNAscope and defined cells with three or 

more OTR RNAscope dots as OTR-expressing (OTR+) cells30 (Methods; Fig. 4b and 4c). 

Each group showed comparable hM3Dq expression (Fig. 4d), with a significant reduction in 

OTR expression upon Cre expression (Fig. 4e). Virgin males with OTR cKO restricted to the 

MPNm or ACN displayed a lower ratio of AVP neuron-induced pup retrieval (Fig. 4f). The 
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effects were slightly more pronounced with ACN-specific OTR cKO, resulting in a significant 

decrease in parental care duration and an increase in pup-directed aggression (Fig. 4f–4i). 

However, the OTR cKO restricted to the MPNm or ACN only partially impaired AVP 

neuron-induced paternal behaviors compared with pan-POA cKO (Supplementary Fig. 4c–

4g), suggesting that multiple OTR neurons within the POA synergistically mediate the shift in 

paternal behavior. 

Similar experiments were conducted following the chemogenetic activation of PVH 

OT neurons (Supplementary Fig. 5). OTR cKO restricted to the MPNm or ACN 

(Supplementary Fig. 5a–5g) disrupted PVH OT neuron-induced pup retrieval in virgin males 

while slightly reinstating pup-directed aggression. Nevertheless, the paternal behaviors 

induced by PVH OT neurons were not entirely suppressed by these targeted OTR cKOs, 

suggesting OTR signal redundancy. Overall, our data identify OTRs within the MPNm and 

ACN as key players involved in paternal behaviors triggered by AVP and OT neurons in the 

PVH, suggesting convergence of these two hormonal signals at downstream targets within 

the POA. 

PVH OT and AVP neurons project their axons to various brain regions, including the 

POA35,48. Having established the functional links from PVH AVP or OT neurons to POA OTR 

neurons, we aimed to examine their anatomical connections. We generated starter cells for 

rabies virus-based retrograde transsynaptic tracing49 targeting OTR+ neurons in the MPNm 

or ACN using OTR-iCre mice50. Within the PVH, we found rabies-GFP-positive presynaptic 

neurons that overlapped with those expressing OT or AVP mRNA (Supplementary Fig. 6a–

6c). Among all presynaptic neurons in the PVH, the proportion of OT+ and AVP+ neurons 

was similar; approximately 10% and 20% of input neurons to MPNm and ACN OTR+ starter 

cells, respectively, were OT or AVP neurons (Supplementary Fig. 6d). These results suggest 

that OTR+ neurons in the MPNm and ACN receive direct inputs from both OT and AVP 

neurons in the PVH. Of note, OTR+ neurons in the ACN predominantly consisted of 

vGAT-expressing inhibitory neurons, partly co-expressing somatostatin (SST), ets variant 1 

(Etv1), and tachykinin 2 (Tac2)13 (Supplementary Fig. 6e–6i). These results provide insights 

into the anatomical and cellular basis of connectivity from the PVH to POA, which underlie 

the facilitation of paternal behaviors in male mice. 

 

MPNm and ACN OTR neurons mediate paternal caregiving behaviors 

If OTR neurons in the MPNm or ACN integrate inputs from PVH OT and AVP neurons, 

activating these neurons alone in virgin males using chemogenetic methods, without 

manipulation of the PVH, is sufficient to enhance paternal caregiving behaviors. To test this 

idea, we used OTR-iCre mice50 to express hM3Dq (Fig. 5a–5d). Activation of OTR+ neurons 

in either the MPNm or ACN effectively suppressed pup-directed aggression and promoted 

parental caregiving behaviors in virgin males (Fig. 5e–5h). Stimulating ACN OTR+ neurons 
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showed a slightly stronger effect, leading to a higher ratio of pup retrieval and longer 

durations of parental care (Fig. 5e and 5f). These results demonstrate the capability of ACN 

and MPNm OTR neurons to promote paternal caregiving behaviors. 

Lastly, we aimed to investigate the native roles of OTRs in the POA in regulating 

paternal behavioral changes under physiological conditions. To accomplish this, we 

assessed the functional contribution of OTRs in the MPNm or ACN to parental behaviors by 

cKO of the OTR gene from these regions of male mice (Fig. 6a and 6b). Injection of serotype 

2 of AAV-Cre into both the MPNm and ACN significantly reduced the number of OTR+ cells 

in these regions in fathers (Fig. 6c–6e). Compared with saline-injected control fathers, who 

all exhibited paternal caregiving behaviors, OTR cKO fathers ignored pups and displayed 

significantly reduced durations of parental care (Fig. 6f–6h). Notably, targeted OTR cKO in 

either the MPNm or ACN resulted in milder phonotypes, with OTR cKO in the ACN leading to 

a more pronounced impairment of paternal behaviors (Fig. 6i–6m). Thus, OTRs in the POA, 

particularly in the ACN, are required to promote paternal caregiving behaviors. 

 

Discussion 

Despite a growing body of research investigating the neural mechanisms underlying 

paternal caregiving behaviors5, the precise processes that drive the transition from 

infanticide to caregiving upon fatherhood remain poorly understood. This study revealed 

several key findings: 1) PVH AVP neurons suppress infanticide and are capable of 

promoting caregiving behaviors; 2) a substantial portion of AVP neuron-induced paternal 

behaviors is mediated by OTRs in the POA, specifically in the MPNm and ACN; and 3) these 

OTR neurons play a critical role in regulating paternal caregiving behaviors. Here, we 

discuss the biological insights yielded by our study, along with its limitations. 

While classical studies in female rats have suggested the involvement of AVP in 

maternal behaviors23,51, the function of AVP neurons in male caregiving behaviors has 

remained unclear. Our cell-type-selective ablation experiments revealed that PVH AVP 

neurons are essential for suppressing infanticide, whereas PVH OT neurons are needed for 

paternal caregiving behaviors (Fig. 1 and Supplementary Fig. 1). Given that paternal 

behavioral transition occurs in a stepwise manner, from infanticidal to ignoring (Step I) and 

then to parenting (Step II)19, AVP neurons predominately influence Step I, whereas OT 

neurons become prominent in Step II. Under physiological conditions, both AVP and OT 

neurons are required for the distinct aspects of paternal behavioral change, suggesting 

parallel hormonal systems. However, our gain-of-function experiments (Fig. 2 in this study 

and Fig. 2 in ref. 19) suggest a different perspective: activating either PVH AVP or OT 

neurons alone is sufficient to induce a fully paternal state. How do we interpret these 

complex behavioral observations (Supplementary Fig. 6j)? One plausible explanation is that 

the activity levels of PVH AVP and OT neurons are scalable: the natural behavioral transition 
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may involve modest activations of both neuron types, which can be decoded by a 

downstream integrator of these activities. Chemogenetic activation of either PVH AVP or OT 

neurons may provide a super-threshold activity in this potential integrator. 

Our data support a model where POA OTR neurons act as integrators of AVP and OT 

signaling during paternal transition. First, our neural epistatic analyses demonstrated that 

POA OTRs are essential for AVP- or OT-induced paternal behaviors (Fig. 4, Supplementary 

Figs. 4 and 5). Second, the chemogenetic activation of POA OTR neurons, especially in the 

ACN or MPNm, was sufficient to trigger full paternal behavior in male mice (Fig. 5), 

mimicking the effects of PVH AVP or OT neuron activation. Third, POA OTR neurons 

received direct axonal projections from both PVH AVP and OT neurons (Supplementary Fig. 

6). Lastly, POA OTR cKO resulted in an incomplete execution of paternal caregiving 

behaviors (Fig. 6). Collectively, these lines of evidence support the idea that the scalable 

activation of POA OTR neurons acts as an integrator of AVP and OT signaling, thereby 

facilitating the paternal behavioral transition in male mice (Supplementary Fig. 6k). However, 

we do not exclude the potential contributions of other systems, such as AVP-to-V1aR 

signaling (Fig. 4) and OT-to-OTR signaling in the brain regions outside the POA, such as the 

AHi10. These alternative pathways may positively influence paternal behaviors and explain 

the relatively mild phenotype observed in the POA-specific OTR cKO fathers (Fig. 6). Future 

investigations should aim to elucidate the relative roles of multiple widespread systems in 

mediating OT or AVP signaling during the paternal transition. 

Previous studies have postulated potential crosstalk between OT or AVP and 

non-canonical receptors. In vitro binding assays have consistently suggested that the 

binding affinity of AVP to OTR is comparable to the canonical OT-to-OTR binding, whereas 

the affinity of OT to VRs is lower24,25,39. Recent structural analyses have started to shed light 

on these binding properties52. Consistently, a pharmacological study reported that OTRs, 

rather than V1aRs, mediate AVP-induced uterine contraction in female mice53. Regarding 

the pain relief functions of OT, even V1aRs have been shown to mediate OT signaling54, 

despite their lower affinity. Our pharmacological and cKO data expand the scope of 

AVP-to-OTR crosstalk in regulating the paternal behavioral transition, highlighting the 

functional localization of this crosstalk signaling in the POA. In addition, our data showing 

that PVH OT neurons primarily use canonical OTRs, not V1aRs (Supplementary Fig. 2), 

align with known binding affinities, where OT-to-OTR binding is much stronger than 

OT-to-V1aR24,25,39. 

We acknowledge two major limitations of the present study. First, although our study 

highlights the functional importance of PVH AVP and OT neurons in paternal behaviors, 

when, how, and to what extent these two hormonal systems are activated naturally during 

the transition to fatherhood remains unclear. Specifically, while PVH OT neurons are known 

to be active during mating in male mice55 and paternal behaviors in male mandarin voles18, 
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the activity dynamics of PVH AVP neurons during social behaviors are unknown and thus 

warrant future investigation. Similarly, gaining a better understanding of the activity 

dynamics of POA OTR neurons during paternal transition and paternal caregiving behaviors 

is crucial. Second, it is unclear how POA OTR neurons, particularly those located in the ACN 

and MPNm, contribute to paternal behaviors. Given their spatial proximity, these OTR 

neurons are well-positioned to integrate hormonal signals into the parental behavioral 

centers, such as galanin/Esr1 neurons11,56 and Calcr neurons13,14 in the MPNm. Future 

studies are needed to elucidate the detailed architecture and functional properties of the 

local circuitry connecting OTR neurons with these parental centers in the male POA. 
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Methods 

Animals 

All animals were housed under a 12-h light/12-h dark cycle with ad libitum access to food 

and water. Wild-type C57BL/6J mice were purchased from Japan SLC. OT-Cre (Jax# 

024234) and AVP-Cre (Jax# 23530) were purchased from the Jackson Laboratory. The 

OTRflox/flox mouse line45 was provided by Dr. Katsuhiko Nishimori and the OTR-iCre mouse 

line (RIKEN BRC11687; Jax# 037578)50 by Drs. Yukiko U. Inoue and Takayoshi Inoue. The 

mouse line with whole-body KO of OT was described previously19. All experimental 

procedures were approved by the Institutional Animal Care and Use Committee of the 

RIKEN Kobe branch. 

 

Viral preparations 

We obtained the following AAV vectors from Addgene (titer is shown as genome particles 

[gp] per ml): AAV serotype 9 hSyn-Cre (#105555, 2.3  1013 gp/ml), AAV serotype 8 

hSyn-FLEx-hM3Dq-mCherry (#44361, 3.2  1013 gp/ml), AAV serotype 8 

hSyn-FLEx-mCherry (#50459, 1.7  1013 gp/ml), AAV serotype 5 Ef1a-FLEx-eYFP (#27056, 

1.3  1013 gp/ml), and AAV serotype 5 Ef1a-FLEx-hChR2(H134R)-eYFP (#20298, 2.1  1013 

gp/ml). AAV serotype 2 Ef1a-FLEx-taCasp3-TEVp (3.4  1012 gp/ml)40 and AAV serotype 2 

CMV-Cre-GFP (7.1  1012 gp/ml) were purchased from the University of North Carolina 

(UNC) viral core. The AAV serotype 5 CAG-FLEx-TVA-mCherry (2.4  1013 gp/ml) and AAV 

serotype 8 CAG-FLEx-RG (1.0  1012 gp/ml) were generated by the UNC vector core using 

plasmids, as previously described49. The AAV (serotype 9) that expresses GCaMP driven by 

OT promotor (OTp) was also described previously57. 

 

Stereotactic injection 

To target AAV or rabies virus into a specific nucleus, stereotactic coordinates were defined 

for each nucleus based on the Allen Mouse Brain Atlas58. Mice were anesthetized with 65 

mg/kg ketamine (Daiichi Sankyo) and 13 mg/kg xylazine (X1251; Sigma-Aldrich) via ip 

injection and head-fixed to stereotactic equipment (Narishige). The following coordinates 

were used (in mm from the bregma for anteroposterior [AP], mediolateral [ML], and 

dorsoventral [DV]): PVH, AP −0.8, ML 0.2, DV 4.5; MPNm, AP −0.2, ML 0.2, DV 5.2; ACN, 

AP 0.0, ML 1.0, DV 4.5; POA, AP −0.2, ML 0.2, DV 4.5; “posterior” hypothalamus, AP –1.7, 

ML 1.0, DV 5.2. The injected volume was 200 nl at a speed of 50 nl/min unless stated 

otherwise. After the viral injection, the animal was returned to the home cage. 

 

Parental behavior assay 

Assay for virgin males 

The behavioral assay was conducted as previously described19. In brief, 10–12-week-old 
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virgin males were housed individually for 5–7 days. Each cage contained shredded paper on 

wood chips. The mouse builds its nest with the papers, typically at a corner of the cage. All 

experiments were performed under dim fluorescent light. Three 5–7-day-old C57BL/6J pups 

that had not been exposed to any adult males before the experiment were placed in different 

corners where the testing male had not built its nest. The introduction of pups marked the 

beginning of the assay. Males were allowed to interact with the pups freely for 15 min for 

chemogenetic experiments (Figs. 2, 4, and 5, Supplementary Figs. 4 and 5) and 5 min for 

optogenetic experiments (Fig. 2 and Supplementary Fig. 2). If any sign of pup-directed 

aggression was observed, the targeted pup was immediately rescued from the cage. For the 

behavioral assay with chemogenetic activation, AAV that expresses hM3Dq was injected 2 

weeks beforehand. Each male was tested only once. At 30 min before the assay, CNO 

(4930; Tocris) dissolved in saline was administered via ip injection to achieve a dose of 1 

mg/kg. A saline-only injection was used as a control. Two identical tubes containing either 

saline or saline with CNO were prepared, and the experimenter who conducted the 

behavioral assay, immunostaining, and data analysis was blinded to the contents of the 

tubes. For the behavioral assay with optogenetic activation, AAV-FLEx-ChR2(H134R)-eYFP 

or AAV-FLEx-eYFP was injected into the bilateral PVH of AVP-Cre mice 3 weeks before the 

behavioral assay. At 2 weeks after the viral injection, a 400-m core, N.A. 0.5 optical fiber 

(R‑FOC‑BL400C‑50NA; RWD) was implanted approximately 500 m above the PVH. Blue 

light (465 nm) emitted from an LED (CLED_465; Doric Lenses) was pulsed at 10 Hz. The 

optical intensity measured at the tip of the fiber was approximately 127 W (S120VC sensor; 

Thorlabs). Each male was tested under only one illumination condition. The behavior of the 

animals was categorized into ‘Attack’, ‘Ignore’, or ‘Retrieve’ based on the criteria previously 

described19. The duration of animals undergoing either grooming, crouching, or retrieving 

was scored as parental care duration. The parental score was calculated based on a 

previously described method6 with several modifications. First, each mouse was assigned a 

score of 0. The number of pups retrieved or attacked by the male was added to or subtracted 

from this score. If the male retrieved or attacked all three pups within 2 min, one point was 

further added or subtracted, respectively. Consequently, the maximum value of the parental 

score is 4, and the minimum score is −4. 

 

Assay for fathers 

The behavioral assay with fathers was conducted using the same procedure as that for 

virgin males, with several modifications. An individually housed virgin male (10 weeks old) 

was paired with a female. The next day, the vaginal plug was checked, and only the male–

female pairs that successfully formed a plug were used for further experiments. Males were 

allowed to cohabit with the mated female until 5 days after the birth of pups. The behavioral 

assay for the father mouse was conducted 5 days after the birth of pups. Females (mothers) 
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and pups were removed from the home cage 6 h before the assay, leaving only the fathers. 

Unfamiliar pups (pups unrelated to the resident father), prepared as the assay for the virgin 

males, were used for the assay. 

 

Assay for c-fos expression 

The behavioral assay for visualizing c-fos expression by in situ hybridization (ISH) 

(Supplementary Fig. 2) was conducted with virgin males. Before the assay, each virgin male 

was individually housed for 7 days in a cage containing a metallic tea strainer. The assay 

was performed in the dark. On the test day, three pups were packed into the tea strainer, 

which prevented them from being attacked by virgin males during the assay. Males were 

allowed to interact with pups in the tea strainer for 20 min. After 20 min, males were 

sacrificed as described in the Histochemistry section. 

 

Assay with icv injection of chemicals 

A 22-gauge guide cannula (C313GA/SPC; Plastics One) was inserted into the third ventricle 

and fixed with dental cement. A dummy cannula (C313DC/SPC) was inserted into the guide 

cannula and the mouse was returned to the home cage. At 30 min before the behavioral 

assay, each mouse was moved to a new cage and anesthetized with 3% isoflurane 

(Narcobit-E; Natsume Seisakusho). Under anesthesia, a dummy cannula was removed and 

an internal 28-gauge cannula (C313LI/SPC) was inserted into the ventricle through the 

guide cannula. OTR antagonist ((d(CH2)5¹, Tyr(Me)², Thr⁴, Orn⁸, des-Gly-NH2
9)-vasotocin; 

#4031339, Bachem), V1aR antagonist ([-Mercapto-,-cyclopentamethylenepropionyl1, 

O-me-Tyr2, Arg8]-vasopressin; V2255, Sigma)59, or AVP (#2935, Tocris) was dissolved in 

saline at 500 M. Next, 10 l of the solution was injected at a rate of 10 l/3 min, controlled 

by a microsyringe pump (MSP-3D; As One). After the injection, the internal cannula was 

removed and a dummy cannula was inserted. The mouse was then returned to the home 

cage. 

 

Fiber photometry 

Fiber photometry recordings were performed as described previously57. In brief, each 

AVP-Cre male mouse received 200 nl of a 1:1 mixture of AAV8-FLEx-hM3Dq-mCherry and 

AAV (serotype 9) that expresses GCaMP6s driven by OT promoter57 in the bilateral PVH. At 

2 weeks after the viral injection, a 400-m core, N.A. 0.5 optical fiber 

(R‑FOC‑BL400C‑50NA; RWD) was implanted approximately 100 m above the PVH. In this 

experimental design, ip injection of CNO activates PVH AVP neurons, and the possible 

response of PVH OT neurons can be detected by GCaMP signals. The mice that showed an 

increase of GCaMP signals in response to the tail pinch, which activates PVH OT neurons44, 

were used for the experiments. The area under the curve (Supplementary Fig. 3f) was 
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calculated from ΔF/F, where F denotes the average fluorescence intensity at 1 hour before 

stimulation. The reported values in Supplementary Fig. 3f were obtained by dividing the 

CNO condition by the saline condition. 

 

Transsynaptic retrograde tracing 

The rabies virus used in this study was prepared with viruses, cell lines, and protocols as 

previously described19,60. In brief, RVdG-GFP was prepared using the B7GG cell line (a gift 

from Ed Callaway) and plasmids (pCAG-B19N, pCAG-B19P, pCAG-B19L, pCAG-B19G, 

and pSADdG-GFP-F2; gifts from Ed Callaway), and then pseudotyped using BHK-EnvA 

cells (a gift from Ed Callaway). The titer of RVdG-GFP+EnvA used in this study was 

estimated to be 4  109 infectious particles per ml based on serial dilutions of the virus stock 

followed by infection of the HEK293-TVA800 cell line (a gift from Ed Callaway). 

To initiate the transsynaptic tracing using rabies virus, 100 nl of a 1:1 mixture of AAV5 

CAG-FLEx-TVA-mCherry and AAV8 CAG-FLEx-RG49 was injected into the unilateral MPNm 

or ACN of OTR-iCre mice at a speed of 30 nl/min. Two weeks later, 200 nl of 

RVdG-GFP+EnvA was injected into the same brain region. At 1 week after the injection of 

rabies virus, mice were sacrificed and perfused with PBS followed by 4% PFA in PBS. Then, 

20-m coronal sections were collected. Images were acquired with a 10 (N.A. 0.4) 

objective lens and cells were counted manually using the ImageJ Cell Counter plugin. 

 

Histochemistry 

Mice were anesthetized with isoflurane and perfused with PBS followed by 4% PFA in PBS. 

The brain was then post-fixed with 4% PFA overnight. Then, 20-m coronal brain sections 

were obtained using a cryostat (Leica). Fluorescent ISH was performed as previously 

described19,61. Sections were treated with TSA-plus Cyanine 3 (NEL744001KT; Akoya 

Biosciences) or TSA-plus biotin (NEL749A001KT; Akoya Biosciences) followed by 

streptavidin-Alexa Fluor 488 (S32354; Invitrogen). The primers (5’ – 3’) to produce RNA 

probes were as follows (the first one, forward primer, the second one, reverse primer): 

OT, 5’-AAGGTCGGTCTGGGCCGGAGA; 5’-TAAGCCAAGCAGGCAGCAAGC 

AVP, 5’-ACACAGTGCCCACCTATGCT; 5’-CTCTTGGGCAGTTCTGGAAG 

Cre, 5’-CCAAGAAGAAGAGGAAGGTGTC; 5’-ATCCCCAGAAATGCCAGATTAC 

Galanin, 5’-GCTCCCACTGGGCATAAATA; 5’-GCTTGAGGAGTTGGCAGAAG 

Calcr (part 1), 5’-CTGCTCCTAGTGAGCCCAAC; 5’-AGCAAGTGGGTTTCTGCACT 

Calcr (part 2), 5’-TCCCAGGAGCTGACCATATC; 5’-TAGCAGCAAGCAAGAGGTCA 

Calcr (part 3), 5’-TTGCCCTTGGGTGCTATCTA; 5’-AGCAGAAGCGTTTCACACAA 

Ucn3, 5’-TTGCTTCTCGGCTTACCTGT; 5’-AATTCTTGGCCTTGTCGATG 

c-fos (part 1), 5’-AGCGAGCAACTGAGAAGACTG; 5’-ATCTCCTCTGGGAAGCCAAG 

c-fos (part 2), 5’-CCAGTCAAGAGCATCAGCAA; 5’-CATTCAGACCACCTCGACAA 
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GFP, 5’-ACGTAAACGGCCACAAGTTC; 5’-CTTGTACAGCTCGTCCATGC 

SST, 5’-GTGTGCTCCTATGTGGCTGA; 5’-TCAATTTCTAATGCAGGGTCAA 

Etv1, 5’- TGTGCCTTGCTGTTTCATTC; 5’-CATCCCTCTTTTGATCCGTTA 

Tac2, 5’-CCCTGCACTCTTGTCTCTGTC; 5’-CTATGGGGTTGAGGCTGTTC 

In Calcr and c-fos ISH, mixtures of parts 1–3 and parts 1 and 2 were used, respectively. 

For the immunohistochemistry, the following reagents were used for primary 

antibodies: anti-GFP (GFP-1010; Aves Labs; 1:500), anti-RFP (5f8; Chromotek; 1:500), and 

anti-mCherry (AB0040-200; OriGene; 1:500). Signal-positive cells were detected by 

anti-chicken Alexa Fluor 488 (703-545-155; Jackson Immuno Research; 1:500), anti-rat Cy3 

(712-165-153; Jackson Immuno Research; 1:500), and anti-goat 555 (A32816; Invitrogen; 

1:500). Fluoromount (K024; Diagnostic BioSystems) was used as a mounting medium. Brain 

images, except Fig. 3b, were acquired using an Olympus BX53 microscope equipped with a 

10 (N.A. 0.4) objective lens. Fig. 3b was obtained using a slide scanner (AxioScan; Zeiss). 

Cells were counted manually using the ImageJ Cell Counter plugin. 

 

RNAscope 

OTR mRNA was visualized using the RNAscope Multiplex Fluorescent Reagent Kit (323110; 

Advance Cell Diagnostics [ACD]) according to the manufacturer’s instructions. Next, 20-m 

coronal brain sections were made using a cryostat. A probe against OTR (Mm-OXTR, 

412171; ACD) was hybridized in a HybEZ Oven (ACD) for 2 h at 40 C, followed by a 

visualization process with TSA-plus Cyanine 3 (NEL744001KT; Akoya Biosciences; 1:1500). 

Fluoromount (K024; Diagnostic BioSystems) was used as a mounting medium. Images 

subjected to the analysis were acquired using an Olympus BX53 microscope equipped with 

a 10 (N.A. 0.4) objective lens. OTR expression was observed as a dot-like structure, and 

cells showing three or more RNAscope dots were defined as OTR+30. 

 

Data analysis 

All mean values are reported as mean ± SEM. The statistical details of each experiment, 

including the statistical tests used, the exact value of n, and what n represents, are shown in 

each figure legend. The p-values are shown in each figure legend or panel; nonsignificant 

values are not noted. 

 

Data and materials availability 

All data are available in the main paper and supplementary materials. All materials are 

available through reasonable request to the corresponding authors. 

 

Code availability statement 

No original code was generated in the course of this study. Any additional information 
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required to reanalyze the data reported in this work paper is available from the Lead Contact 

upon request.  
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Figure legends 

 

Fig. 1. PVH AVP neurons are necessary for suppressing pup-directed aggression in 

fathers. 

(a) Schematic of the virus injection. AAV2-FLEx-taCasp3-TEVp was injected into the 

bilateral PVH of AVP-Cre mice. 

(b) Schematic of the time line of the experiment. 

(c) Representative coronal sections of the PVH without (left) or with (right) 

AAV-FLEx-taCasp3-TEVp injection. OT and AVP in situ staining are shown in magenta and 

green, respectively. Blue, DAPI. Scale bar, 30 m. 

(d) Number of remaining OT+ or AVP+ neurons (***p < 0.001, two-tailed Welch’s t-test. n = 7 

mice each). 

(e) Percentage of fathers showing attack, ignore, or retrieve (*p < 0.05, two-tailed Fisher’s 

exact test). 

(f) Parental care duration (*p < 0.05, two-tailed Welch’s t-test). 

(g) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(h) Cumulative probability of pup-directed aggression and pup retrieval. The p-value is 

shown in the panel (Kolmogorov–Smirnov test). 

Error bars, SEM. See Supplementary Fig. 1 for more data. 
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Fig. 2. Activation of PVH AVP neurons suppresses pup-directed aggression and can 

promote caregiving behaviors in virgin males. 

(a) Schematic of the virus injection. AAV8-FLEx-hM3Dq-mCherry was injected into the 

bilateral PVH of AVP-Cre virgin male mice. 

(b) Schematic of the time line of the experiment. 

(c) Left, representative coronal section of the PVH. Magenta, hM3Dq-mCherry, blue, DAPI. 

Scale bar, 50 m. Right, the number of hM3Dq+ neurons. n = 8 mice each. 

(d) Percentage of virgin males showing attack, ignore, or retrieve (*p < 0.05, two-tailed 

Fisher’s exact test). 

(e) The parental care duration of CNO-injected mice was longer than that of saline-injected 

males, but did not reach the level of statistical significance (p = 0.086, two-tailed Welch’s 

t-test). 

(f) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(g) Cumulative probability of pup-directed aggression. The p-value is shown in the panel 
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(Kolmogorov–Smirnov test). 

(h) Schematic of the virus injection. AAV5-FLEx-ChR2(H134R)-eYFP was injected into the 

bilateral PVH of AVP-Cre virgin male mice. An optical fiber was further inserted into the PVH. 

(i) Representative coronal brain section showing the location of the optical fiber and 

expression of ChR2-eYFP (green) in the PVH. Blue, DAPI. Scale bar, 50 m. 

(j) Schematic of the time line of the experiment. Blue bar, blue LED stimulation pulsed at 10 

Hz. 

(k) Percentage of virgin males showing attack, ignore, or retrieve. n = 5 each. 

(l) Parental care duration (*p < 0.05, one-way ANOVA with post hoc Tukey’s HSD). 

30-min-illumination evoked a longer parental care duration, although statistical significance 

was only found in the Off condition. 

(m) Parental score. 

Error bars, SEM. See Supplementary Fig. 2 for more data. 
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Fig. 3. PVH AVP neuron-induced paternal behaviors are suppressed by an OTR 

antagonist. 

(a) Schematic of the experiment. AAV-FLEx-hM3Dq-mCherry was injected into the bilateral 

PVH of AVP-Cre virgin male mice. OTR antagonist (OTA) or V1aR antagonist (V1aA) was 

injected into the ventricle through the cannula. 

(b) Representative coronal section showing the position of the cannula. Blue, DAPI. Scale 

bar, 500 m. 

(c) Schematic of the time line of the experiment. Icv injection of OTA or V1aA was performed 

under isoflurane anesthesia. Note that the icv injection took approximately 3 min (Methods). 

(d) The number of neurons expressing hM3Dq was not statistically different (p > 0.46, 

one-way ANOVA). n = 5 each for ip injection of saline, n = 7 each for ip injection of CNO. 

(e) Percentage of animals showing attack, ignore, or retrieve. 

(f) Parental care duration (**p < 0.01, one-way ANOVA with post hoc Tukey’s HSD). 

(g) Parental score was not significantly different (saline, p > 0.79, CNO, p > 0.06, 

Kruskal-Wallis test). 

(h) Cumulative probability of pup-directed aggression (***p < 0.001, Kolmogorov–Smirnov 

test with Bonferroni correction). 

Error bars, SEM. See Supplementary Figs. 2 and 3 for more data. 
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Fig. 4. OTR in the POA is required for AVP neuron-induced parental behavior. 

(a) Schematic of the virus injection. AVP-Cre/+; OTR flox/flox virgin males were used for the 

experiment. AAV8-FLEx-hM3Dq-mCherry was injected into the bilateral PVH to activate AVP 

neurons chemogenetically. AAV2-Cre was further injected into the bilateral MPNm or ACN to 

perform cKO of OTR. The AAVs were injected as depicted on the time line. 

(b) Representative coronal sections of the MPNm (top) or ACN (bottom). Cre in situ staining 

is shown in green. Blue, DAPI. MPNl, lateral part of the medial preoptic nucleus. Scale bar, 

50 m. 

(c) Representative coronal sections showing the MPNm and ACN from a saline-injected 

mouse. OTR mRNA was visualized by RNAscope (magenta). Blue, DAPI. Scale bar, 30 m. 

(d) Number of neurons expressing hM3Dq in the PVH. Mice that had 100 or more hM3Dq+ 

neurons were used for this experiment as they show a higher ratio of retrieval. Top, those 

mice received AAV-Cre injection into the MPNm; bottom, into the ACN. MPNm, n = 7 mice 

each; ACN, n = 6 and 7 mice for saline and +Cre, respectively. 

(e) Fraction of DAPI+ cells expressing OTR (***p < 0.001, two-tailed Welch’s t-test). 

(f) Percentage of virgin males showing attack, ignore, or retrieve. Of note, although OTR in 

AVP neurons might be deleted in this experimental condition, CNO injection consistently 
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facilitated paternal behaviors in mice that received saline injection into the MPNm or ACN. 

(g) Parental care duration (*p < 0.05, two-tailed Welch’s t-test). 

(h) Parental score. 

(i) Cumulative probability of pup-directed aggression and pup retrieval. The p-value is shown 

in the panel (Kolmogorov–Smirnov test). 

Error bars, SEM. See Supplementary Figs. 4 and 5 for more data. 
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Fig. 5. Chemogenetic activation of MPNm or ACN OTR neurons facilitates parental 

behaviors in virgin males. 

(a) Schematic of the virus injection. AAV8-FLEx-hM3Dq-mCherry was injected into the 

bilateral MPNm or ACN of OTR-iCre virgin males. 

(b) Schematic of the time line of the experiment. 

(c) Representative coronal sections of the MPNm (left) or ACN (right). Magenta, 

hM3Dq-mCherry, Blue, DAPI. MPNl, lateral part of the medial preoptic nucleus. Scale bar, 

50 m. 

(d) Number of hM3Dq+ neurons. MPNm, n = 7 and 6 for saline and CNO, respectively; ACN, 

n = 6 each. 

(e) Percentage of males showing attack, ignore, or retrieve (*p < 0.05, **p < 0.01, two-tailed 

Fisher’s exact test). 

(f) Parental care duration (*p < 0.05, two-tailed Welch’s t-test). 
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(g) Parental score (*p < 0.05, **p < 0.01, two-tailed Mann–Whitney U-test). 

(h) Cumulative probability of pup-directed aggression and pup retrieval. The p-value is 

shown in the panel (Kolmogorov–Smirnov test). 

Error bars, SEM. See Supplementary Fig. 6 for more data. 
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Fig. 6. OTR in the POA is required for paternal caregiving behaviors. 

(a) Schematic of the virus injection. AAV-Cre was injected into the bilateral MPNm and/or 

ACN of father mice. 

(b) Schematic of the time line of the experiment. 

(c) Representative coronal sections of the MPNm (left) or ACN (right). Cre in situ staining is 

shown in green. Blue, DAPI. MPNl, lateral part of the medial preoptic nucleus. Scale bar, 50 

m. 

(d) Representative coronal sections showing the MPNm and ACN from a saline-injected 

mouse. OTR mRNA was visualized by RNAscope (magenta). Blue, DAPI. Scale bar, 50 m. 
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(e) Fraction of DAPI+ cells expressing OTR in mice that received AAV-Cre injection into both 

the MPNm and ACN (***p < 0.001, two-tailed Welch’s t-test. n = 5 mice each). 

(f) Percentage of fathers showing attack, ignore, or retrieve (**p < 0.01, two-tailed Fisher’s 

exact test). 

(g) Parental care duration (*p < 0.05, two-tailed Welch’s t-test). 

(h) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(i) Fraction of DAPI+ cells expressing OTR in mice that received AAV-Cre injection into the 

MPNm (top) or ACN (bottom) (***p < 0.001, two-tailed Welch’s t-test. n = 7 mice each). 

(j) Behavioral performance of fathers that received AAV-Cre injection into the MPNm (top) or 

ACN (bottom). n = 7 mice each. 

(k) Parental care duration. 

(l) Parental score. 

(m) Cumulative probability of pup retrieval. The p-value is shown in the panel (Kolmogorov–

Smirnov test). 

Error bars, SEM. See Supplementary Fig. 6 for more data. 
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Supplementary Fig. 1. Father mice with cell ablation of PVH OT neurons mostly 

ignored pups, related to Fig. 1. 

(a) Schematic of the virus injection. AAV-FLEx-taCasp3-TEVp was injected into the bilateral 

PVH of OT-Cre mice. 

(b) Schematic of the time line of the experiment. 

(c) Representative coronal sections of the PVH without (left) or with (right) 

AAV-FLEx-taCasp3-TEVp injection. OT and AVP in situ staining are shown in magenta and 

green, respectively. Blue, DAPI. Scale bar, 50 m. 

(d) Number of remaining OT+ or AVP+ neurons (***p < 0.001, two-tailed Welch’s t-test. n = 7 

mice each). 

(e) Percentage of fathers showing attack, ignore, or retrieve (*p < 0.05, two-tailed Fisher’s 

exact test). 

(f) Parental care duration (*p < 0.05, two-tailed Welch’s t-test). 

(g) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(h) Cumulative probability of pup-directed aggression and pup retrieval. The p-value is 

shown in the panel (Kolmogorov–Smirnov test). 

Of note, we reported similar results in the context of expectant fathers (before the birth of 

their offspring) in Supplementary Fig. 2 of ref. 19. The data presented in this figure are from a 

new cohort with a behavioral assay conducted 5 days after the birth of pups. 

Error bars, SEM. 
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Supplementary Fig. 2. c-fos assay with chemogenetic activation of PVH AVP neurons, 

and more data for optogenetic and icv injection experiments, related to Figs. 2 and 3. 

(a) Schematic of the virus injection. 

(b–d) Representative coronal sections of AVP-Cre virgin males expressing hM3Dq who 

interacted with isolated pups in a metal strainer (see Methods). Green represents c-fos 

mRNA. Magenta represents Galanin mRNA in the MPNm (b), Calcr mRNA in the MPNm (c), 

or Ucn3 mRNA in PeFA (d) in situ staining (*p < 0.05, **p < 0.01, two-tailed Welch’s t-test). n 

= 6 each. Blue, DAPI. Scale bar, 30 m. 

(e) Schematic of the virus injection. AAV5-FLEx-eYFP was injected into the bilateral PVH. 
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An optical fiber was further inserted into the PVH. The experimental procedures are the 

same as those in Fig. 2j. 

(f) Percentage of virgin males showing attack, ignore, or retrieve. n = 5 mice each. 

(g) Parental care duration. 

(h) Parental score. 

(i) Schematic of the experiment. AAV-FLEx-hM3Dq-mCherry was injected into the bilateral 

PVH of OT-Cre mice. OTA, OTR antagonist, V1aA, V1aR antagonist. 

(j) The number of neurons expressing hM3Dq was not statistically different (p > 0.87, 

one-way ANOVA). Ip injection of saline, n = 6, 6, and 5 for saline, OTA, and V1aA, 

respectively. Ip injection of CNO, n = 7 mice each. 

(k) Percentage of animals showing attack, ignore, or retrieve. 

(l) Parental care duration (**p < 0.01, one-way ANOVA with post hoc Tukey’s HSD). 

(m) Parental score was not significantly different (saline, p > 0.46, CNO, p = 0.05, 

Kruskal-Wallis test). 

(n) Cumulative probability of pup-directed aggression (***p < 0.001, Kolmogorov–Smirnov 

test with Bonferroni correction). 

Error bars, SEM. 
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Supplementary Fig. 3. AVP-induced paternal behaviors are independent of OT 

secretion, related to Figs. 2 and 3. 

(a) Schematic of the virus injection. AVP neurons express hM3Dq-mCherry while OT 

neurons express GCaMP driven by OT promotor (OTp). 

(b) Schematic of the time line of the experiment. 

(c) Representative coronal brain section showing the location of the optical fiber and 

expression of GCaMP (green) and hM3Dq-mCherry (magenta) in the PVH. Blue, DAPI. 

Scale bar, 50 m. 

(d) Sample recording from OT neurons in response to a tail pinch (arrow). 

(e) Sample recording from OT neurons with ip injection of saline or CNO. 

(f) The normalized area under the curve was not affected by CNO application (n = 4). 

(g) Schematic of the experiment. Saline containing AVP or saline alone was injected into the 

ventricle of wild-type (OT+/+) or OT KO (OT−/−) virgin male mice. 

(h) Schematic of the time line of the experiment. 

(i) Percentage of animals showing attack, ignore, or retrieve (n = 5 and 6 for saline and AVP 

in OT+/+, respectively; n = 6 each in OT−/−). 
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(j) Parental care duration. 

(k) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(l) Cumulative probability of pup-directed aggression. The p-value is shown in the panel 

(Kolmogorov–Smirnov test). 

Error bars, SEM. 
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Supplementary Fig. 4. OTR in the POA is required for AVP neuron-mediated paternal 

behaviors, related to Fig. 4. 

(a) Schematic of the experiment. AVP-Cre/+; OTR flox/flox mice were used for the 

experiment. AAV-Cre was injected into the POA or “posterior” hypothalamus while 

AAV-FLEx-hM3Dq-mCherry was injected into the bilateral PVH. 

(b) Representative coronal sections. Cre in situ staining is shown in green. Blue, DAPI. 

Scale bar, 50 m. 

(c) Number of hM3Dq+ neurons in the PVH (n = 6 each). Mice that had 100 or more hM3Dq+ 

neurons were used. 

(d) Percentage of animals showing attack, ignore, or retrieve. 

(e) Parental care duration. 

(f) Parental score (*p < 0.05, two-tailed Mann–Whitney U-test). 

(g) Cumulative probability of pup-directed aggression. The p-value is shown in the panel 

(Kolmogorov–Smirnov test). 

Error bars, SEM. 
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Supplementary Fig. 5. OTR in the POA nuclei is partially required for PVH OT 

neuron-induced paternal behaviors, related to Fig. 4. 

(a) Schematic of the virus injection and experimental time line. AAV8-FLEx-hM3Dq-mCherry 

was injected into the bilateral PVH, while AAV2-Cre was injected into the bilateral MPNm or 

ACN of OT-Cre/+; OTR flox/flox virgin males. 

(b) Number of neurons expressing hM3Dq in the PVH. Top, data from the mice who received 

AAV-Cre injection into the MPNm; bottom, into the ACN. MPNm, n = 7 and 6 for saline and 

+Cre, respectively; ACN, n = 7 and 6 for saline and +Cre, respectively. 

(c) Fraction of DAPI+ cells expressing OTR (***p < 0.001, two-tailed Welch’s t-test). 

(d) Percentage of virgin males showing attack, ignore, or retrieve. Of note, OTR may be 

deleted in OT neurons in this experimental condition, which did not affect the induction of 

pup retrieval upon CNO injection in mice that received saline injection into the MPNm or 

ACN. 

(e) Parental care duration. 

(f) Parental score. 

(g) Cumulative probability of pup-directed aggression and pup retrieval. The p-value is 
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shown in the panel (Kolmogorov–Smirnov test). 

Error bars, SEM.  
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Supplementary Fig. 6. Characteristics of ACN OTR neurons and graphical summary, 

related to Figs. 5 and 6. 
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(a) Schematic of the virus injection. Presynaptic neurons of OTR+ neurons in the MPNm 

(top) or ACN (bottom) are labeled by GFP expression. 

(b, c) Representative coronal sections of the PVH with transsynaptic tracing from the MPNm 

(top) or ACN (bottom). Green represents in situ staining of GFP. Magenta represents in situ 

staining of OT (b) or AVP (c). Blue, DAPI. Scale bar, 30 m. 

(d) Percentage of dual-positive neurons among GFP+ neurons in the PVH. In presynaptic 

neurons among OTR+ neurons in the MPNm (top) and OTR+ neurons in the ACN (bottom), 

no significant difference was found between OT+ and AVP+ (p > 0.93 and p > 0.56 for 

MPNm and ACN, respectively, Two-tailed Mann–Whitney U-test. MPNm, n = 6 each; ACN, n 

= 7 and 6 for OT+ and AVP+, respectively). 

(e) Schematic of the virus injection. AAV8-FLEx-mCherry was injected into the bilateral ACN 

of OTR-iCre virgin males. 

(f) Representative coronal sections of the ACN. Green shows vGluT2 (left) or vGAT (right) in 

situ staining. Magenta, mCherry. Blue, DAPI. Scale bar, 50 m. 

(g) Fraction of mCherry+ neurons co-expressing vGluT2 or vGAT (n = 5 mice; ***p < 0.001, 

paired t-test). 

(h) Representative coronal sections of the ACN showing SST (left), Etv1 (middle), or Tac2 

(right) mRNA (green). Magenta, mCherry. Blue, DAPI. Scale bar, 50 m. 

(i) Fraction of mCherry+ neurons co-expressing SST, Etv1, or Tac2 (n = 9 mice; **p < 0.01, 

one-way ANOVA with a post hoc paired t-test with Bonferroni correction). 

(j) Summary of behavioral phenotypes. 

(k) Graphical abstract. 
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