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SUMMARY

Virgin adult male mice often display killing of alien newborns, defined as infanti-
cide, and this behavior is dependent on olfactory signaling. Olfactory perception
is achieved by the main olfactory system (MOS) or vomeronasal system (VNS).
Although it has been established that the VNS is crucial for infanticide in male
mice, the role of the MOS in infanticide remains unknown. Herein, by producing
lesions via ZnSO4 perfusion and N-methyl-D-aspartic acid stereotactic injection,
we demonstrated that the main olfactory epithelium (MOE), anterior olfactory
nucleus (AON), or ventromedial hypothalamus (VMH) is crucial for infanticide in
adult males. By using CRISPR-Cas9 coupled with adeno-associated viruses to
induce specific knockdown of type 3 adenylyl cyclase (AC3) in these tissues, we
further demonstrated that AC3, a ciliopathy-associated protein, in the MOE
and the expression of related proteins in the AON or VMH are necessary for
infanticidal behavior in virgin adult male mice.

INTRODUCTION

Parental behavior is not innate in male animals. As an adaptive reproductive strategy, virgin males often

display aggressive behavior toward pups to increase their likelihood of mating (vom Saal and Howard,

1982). This phenomenon of the killing of alien newborn pups by virgin adult males is defined as infanticide

(McCarthy and vom Saal, 1985, 1986a, 1986b).

Infanticide is closely related to olfactory signal perception in mice (Isogai et al., 2018; Mennella and Moltz,

1988; Tachikawa et al., 2013; Wu et al., 2014). Mammalian olfactory signal perception is mediated by two

anatomically independent organs, namely, the main olfactory epithelium (MOE) and vomeronasal organ

(VNO) (Liberles, 2014; Stowers and Kuo, 2015). It is well recognized that infanticidal behavior is highly

dependent on VNO system signaling (Isogai et al., 2018; Mennella and Moltz, 1988; Tachikawa et al.,

2013; Wu et al., 2014). Surgical VNO ablation or the genetic deletion of VNO signaling components,

including Vmn2r65, Vmn2r88, Gai2, and Trpc2, in adult male mice strongly reduces aggression toward

pups (Isogai et al., 2018; Trouillet et al., 2019; Wu et al., 2014). Lesion of the rhomboid nucleus of the

bed nuclei of the stria terminalis (BSTrh)—a downstream brain area of the VNO—also impairs infanticidal

behavior (Tsuneoka et al., 2015). However, whether main olfactory system (MOS) signaling is needed for the

infanticidal behavior of virgin adult male mice has not yet been determined.

The olfactory system is closely connected to the central nervous system (CNS). Olfactory sensory neurons

(OSNs) convert chemosensory cues into electronic information and then transmit signals to the brain

through the cyclic adenosine-30-50-monophosphate (cAMP) signaling pathway (Wong et al., 2000). This

signaling pathway is composed of olfactory-specific G protein (Golf), adenylyl cyclase 3 (AC3) and cyclic

nucleotide-gated (CNG) channels (Belluscio et al., 1998; Brunet et al., 1996; Wong et al., 2000). The main

olfactory bulb (MOB) receives signals from OSNs in the MOE and then transmits the information to the

olfactory cortex in the brain (Matsuo et al., 2015; Paxinos, 2004). The anterior olfactory nucleus (AON), as

a direct downstream of the MOE, receives chemosensory signals and regulates social behaviors (Matsuo

et al., 2015). A lesion of the AON weakens the activity of hypothalamic neurons, which reveals that the

hypothalamus can integrate the chemosensory signals received from the MOE-AON (Matsuo et al.,

2015).
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Global AC3 gene-knockout (AC3�/�) mice show impaired olfactory-related behaviors, such as olfactory

detection, and aggressive and mating behaviors (Wang et al., 2006; Wong et al., 2000). The detection of

pheromones through the AC3 signaling pathway in the MOE plays an important role in olfactory-related

behaviors (Wang et al., 2006, 2007). Given that the infanticidal behavior of adult male mice is a newborn

pup-evoked pheromone-guided behavior (Tachikawa et al., 2013) and that AC3 is widely expressed

in MOS regions (Bishop et al., 2007; Wong et al., 2000), we speculate that the AC3 signaling pathway in

the MOS may also be needed for the infanticidal behavior of virgin adult male mice.

In this study, we demonstrated that virgin adult male mice in which the MOE is destroyed through the nasal

perfusion of ZnSO4 (5%) show impaired infanticidal behavior. Furthermore, through the combination of

CRISPR–Cas9 and nasal perfusion of adeno-associated viruses (AAVs), we generated mice with the specific

knockdown (KD) of AC3, a ciliopathy-associated protein or miR-200b/a, which are molecules downstream

of AC3, in the MOE, and these males also exhibited deficiency in infanticidal behavior. In addition, through

the diffusion of N-methyl-D-aspartic acid (NMDA) and the stereotactic injection of AC3 RNAi AAV, we

further found that AC3 expression and either the AON or the ventromedial hypothalamus (VMH) in both

areas are indispensable for the infanticidal behavior of virgin adult male mice.

RESULTS

The infanticidal behavior of adult virgin male mice is impaired, whereas their MOE is

destroyed

To investigate the role of the MOE in infanticidal behavior, the MOE of adult male mice was ablated

through the intranasal injection of 5% ZnSO4 as described in a previous report, and 0.9% NaCl-treated

mice were used as controls (Trinh and Storm, 2003; Wang et al., 2006). After 7 days of nasal perfusion,

MOE tissues were dissected for histological analysis to assess the degree of destruction. Mature olfactory

sensory neurons (mOSNs) are located on the middle and upper layers of MOE tissue. Olfactory marker pro-

tein (OMP) is a mOSN marker protein (Farbman and Margolis, 1980). Immunofluorescence (IF) staining

showed that almost all mOSNs were eliminated in 5% ZnSO4-treated mice, and these mice only exhibited

the basal cell layer in the MOE (Figures 1A and 1B); thus, the thickness of the MOE in the 5% ZnSO4-treated

mice was significantly thinner than that of the control mice (Figure 1A). The results indicate that the MOE of

the mice was lesioned after the nasal infusion of 5% ZnSO4. Subsequently, we tested the ability of the 5%

ZnSO4-treated mice and their controls to distinguish citral and propyl propionate. In the odorant habitu-

ation-dishabituation test, the 0.9% NaCl-treated mice could distinguish citral from H2O and propyl propi-

onate from citral (Figure 1C), but the 5% ZnSO4-treated mice were unable to discriminate the above odor-

ants (Figure 1C). Moreover, the ratio of odorant sniff/water results showed that unlike the NaCl-treated

controls, most 5% ZnSO4-treated mice were unable to detect citral and propyl propionate (Figure 1D).

The results showed that the olfactory function of the 5% ZnSO4-treated mice was impaired.

The infanticidal behavior of the 5% ZnSO4-treated mice and their controls was observed 7 days after nasal

perfusion. Three unfamiliar newborn pups aged 1–2 days were gently introduced into three corners of the

cage containing the experimental animals. All the mice rapidly investigated the pups, and no difference in

the latency of investigating the pups was found between the 5% ZnSO4-treated mice and their controls

(Figure 1E). The control males attacked the pups in 5-min sessions, whereas more than 70% of males

with MOE lesions did not show any pup-directed aggressive behavior (Figure 1F), which indicated that

the MOE plays an essential role in the infanticidal behavior of adult virgin male mice.

To exclude the impact of VNOdamage on infanticidal behavior, we first performed a histological analysis of

the VNO of mice. IF staining of OMP and neuron-specific b-III tubulin (Tuj1), a neuronal marker, revealed no

significant difference in the number of OMP+ and Tuj1+ cells in the VNO between the 5% ZnSO4- and 0.9%

NaCl-treated mice (Figure S1A), which indicated that the nasal perfusion of 5% ZnSO4 did not affect the

structure of the VNO. C-Fos, as an immediate-early response gene, can be used to detect the activation

of neurons by sensory input stimuli (Halem et al., 1999). The water-treated negative control mice showed

almost no c-Fos expression, whereas the female urine-treated positive control mice showed c-Fos expres-

sion in bothMOB and AOB regions (Figures S1B–S1D). To further verify the neuronal activity of the VNO, we

used 2-heptanone as an odorant stimulus, and performed c-Fos immunocytochemistry to assess the func-

tioning of the VNO in the 5% ZnSO4-treated and control mice. In line with our previous electrophysiology

and behavioral studies (Trinh and Storm, 2003; Wang et al., 2006), the results showed that the number of

c-Fos+ cells in the MOB of the 5% ZnSO4-treated mice was significantly lower than that in the control
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Figure 1. The MOE is critical for infanticidal behavior in adult male mice

(A) IF analysis of OMP in the MOE of 5% ZnSO4-treated mice and their controls. Scale bars, 20 mm.

(B) Quantification of the number of OMP+ cells in theMOE of 5% ZnSO4-treated mice and their controls (n = 3 mice per group).

(C) The detection of odors, including citral (50 mM) and propyl propionate (50 mM), by the 5% ZnSO4-treatedmice and their

controls was evaluated through the odorant habituation/dishabituation test. H2O was used as a negative control (0.9%

NaCl-treated mice: n = 9; 5% ZnSO4-treated mice: n = 8).

(D) The ratio of odorant sniffs to water sniffs exhibited by the 5% ZnSO4-treatedmice and their controls in the habituation/

dishabituation assay. The odorants included citral (50 mM) and propyl propionate (50 mM) (0.9% NaCl-treated mice: n = 9;

5% ZnSO4-treated mice: n = 8).

(E) No significant difference in the latency to investigate the pups was found between the 5% ZnSO4-treated mice and

their controls (0.9% NaCl-treated mice: n = 8; 5% ZnSO4-treated mice: n = 7).

(F) Evaluation of the infanticidal behavior showed that the latency to infanticide exhibited by the 5% ZnSO4-treated mice

was significantly longer than that in their controls. The duration of the infanticidal behavior test was 300 s (0.9% NaCl-

treated mice: n = 8; 5% ZnSO4-treated mice: n = 7).

(G) IF analysis of c-Fos in the mitral and granular cell layers of the MOB of 5% ZnSO4-treated mice and their controls. Scale

bars, 100 mm.

(H) Quantification of the number of c-Fos+ cells in the MOB of 5% ZnSO4-treatedmice and their controls (n = 5mice per group).

(I) IF analysis of c-Fos+ cells in the mitral and granular cell layers of the AOB of 5% ZnSO4-treated mice and their controls.

Scale bars, 100 mm.

(J) Quantification of the number of c-Fos+ cells in the AOB of 5% ZnSO4-treated mice and their controls (n = 5 mice per

group). The data are presented as the mean values G SEMs; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as

determined by unpaired two-tailed Student’s t-test. See also Figure S1.

ll
OPEN ACCESS

iScience 25, 104534, July 15, 2022 3

iScience
Article



NC

MOE 
AC3 KD

AC3/DAPI

NC

AC3

Actin

F

180KDa 

H

I LJ K

AC3 

A B C

E

D

M N

La
te

nc
y 

of
 i

nv
es

tig
at

in
g

th
e 

pu
p 

(s
)

NC miR-200b/a
0

5

10

15

20

25

NC miR-200b/a
0

100

200

300

400

A
tta

ck
 d

ur
at

io
n

(s
)

NC AC3
0

20

40

60

80

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l
 o

f m
iR

-2
00

La
te

nc
y 

of
 in

fa
nt

ic
id

e 
(s

)

**

***

*

* *

*

*
*

****

AC3+/+ AC3-/- AC3+/+ AC3-/-

42KDa 

G

La
te

nc
y 

of
 i

nv
es

tig
at

in
g

th
e 

pu
p 

(s
)

La
te

nc
y 

of
 i

nv
es

tig
at

in
g

th
e 

pu
p 

(s
)

La
te

nc
y 

of
 in

fa
nt

ic
id

e 
(s

)

La
te

nc
y 

of
 in

fa
nt

ic
id

e 
(s

)

Figure 2. AC3 or miR-200b/a in the MOE is crucial for infanticidal behavior

(A) No significant difference in the latency to investigate the pups was found between the AC3�/�male mice andWTmice

(n = 12 per group).

(B) The evaluation of infanticidal behavior showed that the AC3�/� male mice exhibited significantly longer infanticide

latencies than the WT mice. The duration of the infanticidal behavior assay was 300 s (n = 12 mice per group).

(C) IF analysis of AC3 in the MOE of MOE-specific AC3-KD mice and NC mice. Scale bars, 20 mm.

(D) WB analysis showing AC3 protein expression in the MOE of MOE-specific AC3-KD mice and NC mice. Actin served as

a loading control.

(E) Spontaneous locomotor activity did not differ between the MOE-specific AC3-KD mice and NC mice (n = 7 mice per

group).

(F and G) An analysis of aggressive male behaviors showed that the attack frequency (F) and duration (G) of the MOE-

specific AC3-KD mice were significantly reduced compared with those of the NC mice (n = 12 mice per group).

(H and I) The male mating behavior test showed that the mating frequency (H) and duration (I) of the MOE-specific AC3-

KD mice were significantly reduced compared with those of the NC mice (n = 12 mice per group).

(J) No significant difference in the latency to investigate the pups was found between MOE-specific AC3-KD mice and

their controls (NC group: n = 14 mice, AC3-KD group: n = 16 mice).
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mice (Figures 1G and 1H), whereas no significant difference was found in the accessory olfactory bulb (AOB)

(Figures 1I and 1J), which indicated that the vomeronasal sensory neurons (VSNs) in the 5% ZnSO4-treated

mice were still functional. When assessed by the urine preference assay, the 5% ZnSO4-treated mice no

longer sniffed the urine of either males or females (Figure S1E), in line with the fact that the behavioral func-

tions of the MOE could not be dissociated from those of the VNO (Matsuo et al., 2015) (see the Discussion

section). Nevertheless, we thought that the lack of the infanticidal behavior exhibited by themice withMOE

ablation was not due to abnormalities in the VNO (see the AON section).

AC3 and miR-200b/a in the MOE are vital for the infanticidal behavior of virgin adult males

AC3 is the main signaling component of the MOE (Wong et al., 2000). Thus, the infanticidal behavior of

virgin adult male AC3�/� mice was explored. The results showed that all the male mice sniffed the pups

first, and no difference in the latency to approach the pups was found between the AC3�/� mice and their

controls (Figure 2A). The average latency of infanticide was significantly longer in the AC3�/� mice than in

the AC3+/+ (wild-type, WT) mice, and almost none of the AC3�/� mice exhibited infanticidal behavior

(Figure 2B), which indicated that AC3 gene knockout affects the infanticidal behavior of adult virgin

male mice.

AC3 is expressed in the primary cilium of the MOE and brain (Bishop et al., 2007; Wong et al., 2000).

Whether these phenotypes exhibited by AC3-knockout mice are caused by anosmia or deficits in the brain

is unclear. Therefore, we combined nasal perfusion of AAV with CRISPR/Cas9 gene editing to specifically

KD AC3 in adult male mouseMOE tissues. Mice aged 3months were perfused intranasally with viral vectors

(Cas9 AAV combined with AC3 sgRNA or normal control [NC] sgRNA AAV) at a 1:1 ratio. The KD efficiency

of the on-target gene achieved with this approach was highest 6–8 weeks after injection (Swiech et al., 2015;

Yang et al., 2020). Thus, after 8 weeks of AAV perfusion into the nasal cavity, MOE tissues were dissected for

IF and western blot (WB) analysis. Both the IF andWB results illustrated that the expression of AC3 in MOE-

specific AC3-KD mice was significantly reduced (Figures 2C and 2D), compared with that in NC mice. To

exclude the possibility that the nasal perfusion of AAV affected the expression of AC3 in other tissues,

we measured the expression of AC3 in the hypothalamus (downstream region of the MOE signaling

pathway). The IF results showed that AC3 expression in the hypothalamus did not differ betweenMOE-spe-

cific AC3-KD mice and NC mice (Figure S2A), which indicated the successful generation of MOE-specific

AC3-KD mice.

Although the spontaneous locomotor activity of theMOE-specific AC3-KDmice was indistinguishable from

that of the NC animals (Figure 2E), the olfactory-guided male aggressive and male mating behaviors of the

MOE-specific AC3-KD mice were impaired (Figures 2F–2I). In the resident/intruder assay, the NC mice

continuously attacked the male intruder, whereas the frequency and duration of attack on the intruder

males by the MOE-specific AC3-KD mice were significantly reduced (Figures 2F and 2G). Similarly,

male mating behavior was analyzed by introducing a WT sexually mature, unfamiliar female into the

home cage of each tested male. Although the NC animals showed normal mounting and intromission

behaviors toward the female intruder, the frequency and duration of mounting of the females by the

MOE-specific AC3-KD mice were distinctly reduced (Figures 2H and 2I). These results show that the KD

of AC3 in MOE tissues of mice resulted in defects in olfactory function. The MOE-specific AC3-KD mice

aged five months displayed a significantly longer average latency to infanticide than the NC mice, and

more than 60% of the MOE-specific AC3-KD mice showed no infanticide but still exhibited a normal pup

investigation (Figures 2J and 2K).

Figure 2. Continued

(K) An evaluation of the infanticidal behavior showed that the infanticide latency of the MOE-specific AC3-KD mice was

significantly longer than that of the NC mice. The duration of the infanticidal behavior assay was 300 s (NC group: n = 14

mice, AC3-KD group: n = 16 mice).

(L) A qPCR analysis revealed that the expression of miR-200a and miR-200b in the MOE was significantly decreased in the

miR-200b/a-KD mice compared with that of the NC mice (n = 4 mice per group).

(M) No significant difference in the latency to investigate the pups was found between the MOE-specific miR-200b/a-KD

mice and their controls (n = 15 mice per group).

(N) An evaluation of infanticidal behavior showed that the infanticidal latency of the miR-200b/a-KDmice was significantly

longer than that of the NCmice. The duration of the infanticidal behavior assay was 300 s (n = 15mice per group). The data

are the mean values G SEMs; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as determined by unpaired two-

tailed Student’s t-test. See also Figures S2 and S3.
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Figure 3. The AON is indispensable for infanticidal behavior

(A) IF analysis of NeuN in the AON of AON-specific NMDA mice and NC mice. Scale bars, 100 mm.

(B) The spontaneous locomotor activity of the AON-specific NMDA mice was similar to that of the NC mice (n = 12 mice

per group).

(C) Ratio of odorant sniffs to water sniffs exhibited by the AON-specific NMDA mice and the NC mice in the odorant

habituation/dishabituation assay. The odorants included male mouse urine (1:50), female mouse urine (1:50), citral

(50 mM), and propyl propionate (50 mM) (male urine, n = 14 mice per group; other odorants, n = 11 mice per group).

(D and E) An analysis of aggressive male behaviors showed that the attack frequency (D) and duration (E) of the AON-

specific NMDA mice were significantly reduced compared with those of the NC mice (n = 12 mice per group).

(F and G) The male mating behavior test showed that the mating frequency (F) and duration (G) of the AON-specific

NMDA mice were significantly reduced compared with those of the NC mice (n = 11 mice per group).

(H) No significant difference in the latency to investigate the pups was found between the AON-specific NMDA mice and

their controls (n = 12 mice per group).
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To rule out the possibility that the infanticidal behavior of male mice with MOE-specific AC3 KD was caused

by VNO dysfunction, we performed IF staining of OMP and Tuj1 in the VNO. The results demonstrated that

the number of OMP+ and Tuj1+ cells in the VNOdid not differ betweenMOE-specific AC3-KDmice and NC

mice (Figure S2B). Similar to the findings found for ZnSO4-treated mice, the c-Fos IF results showed that

c-Fos+ cells in the MOB were significantly reduced in the MOE-specific AC3-KD mice compared with

NC mice (Figures S3A, S3B and S3D), but no difference in the AOB was found between the MOE-specific

AC3-KD mice and NC mice (Figures S3A, S3C and S3D). These results illustrate that MOE-specific AC3-KD

mice exhibit normal VSN activity.

MiR-200b/a are downstreammolecules of the AC3 signaling pathway in theMOE, andmiR-200b/a-KDmice

show impaired olfactory behaviors (Yang et al., 2020). Thus, we further explored whether miR-200b/a KD in

MOE tissues affects the infanticidal behavior of virgin adult male mice. Viral vectors (Cas9 AAV combined

with miR-200b/a sgRNA or NC sgRNAAAV) were perfused intranasally at a 1:1 ratio for the KD of miR-200b/

a in the MOE. The expression of both miR-200a and miR-200b was significantly reduced, as determined by

qPCR, in the group subjected to 8 weeks of AAV perfusion compared with the control group (Figure 2L),

which indicated that miR-200b/a was specifically knocked down in the MOE.

We evaluated the infanticidal behavior of the MOE-specific miR-200b/a-KD mice. The results showed that

mice with miR-200b/a KD, particularly in the MOE, showed no difference in latency approaching the pups

compared with the control mice (Figure 2M), whereas the latency to infanticide of the MOE-specific miR-

200b/a-KD mice was significantly longer than that of the controls, and more than 70% of the MOE-specific

miR-200b/a-KD mice showed no infanticidal behavior (Figure 2N). This result indicates that miR-200b/a in

the MOE affects the infanticidal behavior of virgin adult male mice.

Taken together, these results demonstrate that the expression of AC3 and miR-200b/a in the MOE is indis-

pensable for the infanticidal behavior of virgin adult male mice.

AON, as a downstream target of the MOE, plays a vital role in the infanticidal behavior of

virgin adult male mice

As a direct downstream target of the MOB, the AON might play a vital role in the infanticidal behavior of

virgin adult male mice. To explore this hypothesis, N-methyl-D-aspartic acid (NMDA), an excitotoxic amino

acid that can eliminate local neurons (Numan et al., 1988; Tsuneoka et al., 2015), was injected into the AON

of adult WT male mice (AON-specific NMDA mice), and an equal volume of nontoxic N-methyl-L-aspartic

acid (NMLA, an optical isomer of NMDA) was injected into the AON of adult WT male mice as a control

(AON-specific NMLA mice). Four days after injection, IF staining of NeuN (a neuron marker protein) was

used to detect AON lesions. The results showed that the number of NeuN+ cells in the AON of the

AON-targeted NMDA male mice was significantly reduced compared with that in the AON of the control

mice (Figure 3A), which indicated that the AON of the adult male mice was destroyed.

Lesion of the AON in adult male mice may affect olfactory-related behaviors. Therefore, AON-specific

NMDA and control mice were subjected to odorant detection, male aggressive behavior and male mating

behavior tests. The spontaneous locomotor activity of the AON-specific NMDAmice was indistinguishable

from that of the control mice (Figure 3B). The odorant habituation/dishabituation test revealed no signif-

icant difference in the ability to smell female urine between the AON-specific NMDA mice and the control

mice (Figure 3C). However, the ability of the AON-specific NMDAmice to detect citral, male urine and pro-

pyl propionate was severely compromised compared with that of the control mice (Figure 3C), which indi-

cated that olfactory detection was partially impaired in mice with AON lesions. Subsequently, we explored

the male aggressive andmale mating behaviors of the AON-specific NMDAmice and controls. The control

mice continuously attacked the intruder, but the frequency and duration of attack on the intruder by the

AON-specific NMDA mice were significantly reduced (Figures 3D and 3E). Similarly, the frequency and

duration of mounting of the females by the AON-specific NMDA mice were significantly lower than those

of the control mice (Figures 3F and 3G). These results showed that olfactory-related behaviors were

Figure 3. Continued

(I) Analysis of infanticidal behavior showed that the infanticide latency of AON-specific NMDA mice was significantly

longer than that of the NCmice. The duration of the infanticidal behavior assay was 300 s (n = 12mice per group). The data

are presented as the mean values G SEMs; *p < 0.05 and **p < 0.01, as determined by unpaired two-tailed Student’s

t-test. See also Figure S4.
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Figure 4. AC3 in the AON is crucial for infanticidal behavior in adult virgin male mice

(A) IF analysis of AC3 in the AON of WT male mice. Scale bars, 20 mm.

(B) AAV infection efficiency in the AON. Scale bars, 100 mm.

(C) IF analysis of AC3 in the AON-specific AC3-KD mice and NC mice. Scale bars, 20 mm.

(D) WB analysis showing AC3 protein expression in the AON of AON-specific AC3-KD mice and NC mice. GAPDH served as a loading control.

(E) The spontaneous locomotor activity of AON-specific AC3-KD mice was similar to that of the NC mice (NC group: n = 5 mice, AC3-KD group: n = 8 mice).

(F) Ratio of odorant sniffs to water sniffs exhibited by the AON-specific AC3-KD mice and NC mice in the odorant habituation/dishabituation assay. The

odorants included male mouse urine (1:50), female mouse urine (1:50), citral (50 mM), and propyl propionate (50 mM) (n = 17 mice per group).

(G and H) An analysis of aggressive male behaviors showed that the attack frequency (G) and duration (H) of the AON-specific AC3-KDmice were significantly

reduced compared with those of the NC mice (NC group: n = 12 mice, AC3-KD group: n = 11 mice).

(I and J) The male mating behavior test showed that the mating frequency (I) and duration (J) of the AON-specific AC3-KD mice did not differ from those of

the NC mice (n = 12 mice per group).

(K) No significant difference in the latency to investigate the pups was found between the AON-specific AC3-KD mice and their controls (NC group: n = 14

mice, AC3-KD group: n = 16 mice).
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defective in mice with AON lesions. Subsequently, we examined infanticidal behavior and found no

difference in the latency to approach the pups between the AON-specific NMDA mice and their controls

(Figure 3H). In addition, the latency to infanticide of the AON-specific NMDA mice was significantly longer

than that of the controls, and more than 60% of the AON-specific NMDA mice showed no infanticidal

behavior (Figure 3I).

To confirm that the noninfanticidal behavior of mice with AON lesions was not caused byMOE impairment,

we performed IF staining for AC3 andOMP in theMOE of AON-specific NMDA and control mice. The stain-

ing results revealed no difference in either the number of both AC3+ and OMP+ cells or the thickness of the

MOE between the AON-specific NMDA mice and the control mice (Figure S4A), which indicated that the

noninfanticidal behavior of the AON-specific NMDA mice was not caused by abnormalities in the MOE.

Although the behavioral functions could not be separated in the layer of the MOE from the VNO, the

AON received inputs from the MOB but not from the AOB (Matsuo et al., 2015). We speculate that the

VNO-dependent behavior might be separated from the MOE by assessing the AON-specific NMDA

mice. The urine preference assay results showed that both the AON-specific NMDAmice and their controls

preferred the female urine to themale urine (Figure S4B), which indirectly indicated that the noninfanticidal

behavior of the AON-specific NMDA mice was not caused by abnormalities in the VNO.

Thus, our results indicated that the AON, as a downstream nucleus of the MOE, also plays a key role in the

infanticidal behavior of adult virgin male mice.

Adult virgin male mice show noninfanticidal behavior when AC3 is knocked down in the AON

AC3 is expressed not only in the MOE but also in the AON (Figure 4A). Thus, we hypothesized that AC3 in

the AONmay play roles in the infanticidal behavior of adult virgin male mice. To investigate this possibility,

we administered RNAi-AAV to specifically KD AC3 in the AON of adult WT male mice by injecting an AAV

expressing hU6-AC3 shRNA-pCMV-ZsGreen into the AON of 12-week-old mice (AON-specific AC3-KD

mice); an hU6-NC shRNA-pCMV-ZsGreen-expressing AAV was used as a control. Four weeks after injec-

tion, the infection efficiency of the AAVs in the AON was more than 90% (Figure 4B). IF staining and WB

analysis were performed to confirm the efficiency of AC3 KD in the AON. The IF staining results showed

that AC3 was expressed on almost all AON neurons in the NCs, whereas the AON-specific AC3-KD mice

showed no AC3 expression in more than 80% of AON neurons (Figure 4C). Similarly, the WB analysis re-

vealed that the expression of AC3 in AON-specific AC3-KD mice was significantly reduced compared

with that in NC mice (Figure 4D). To rule out the possibility that the stereotaxic surgery performed to inject

AAV into the AON affected the expression of AC3 in other regions in themice, wemeasured the expression

of AC3 in theMOE, OB (upstream of the AON signaling pathway), medial amygdala (MeA) and VMH (down-

stream of the AON signaling pathway) of AON-specific AC3-KD and control mice. The IF results showed

that the levels of AC3 in the MOE, OB, MeA, and VMH did not differ between the AON-specific AC3-KD

mice and the controls (Figures S5A–S5D), which indicated that the KD of AC3 in the AONdoes not influence

the expression of AC3 in the other regions. To test whether olfactory-related behaviors were impaired in

AON-specific AC3-KDmice, we subjectedmale AON-specific AC3-KDmice and NCmice to odorant habit-

uation/dishabituation, male aggressive andmale mating behavior tests. We first assessed the spontaneous

locomotor activity of AON-specific AC3-KDmice andNCmice using the open field test. The results showed

that the spontaneous locomotor activity of the AON-specific AC3-KD mice was indistinguishable from that

of the NC controls (Figure 4E). The odorant habituation/dishabituation assay was then performed to eval-

uate whether olfactory detection was impaired in the AON-specific AC3-KD mice. The AON-specific AC3-

KD mice exhibited no significant difference in the odorant habituation/dishabituation assay from the NC

mice (Figure 4F). Subsequently, we assessed the aggressive behavior of male AON-specific AC3-KD and

control mice. Although the NCs consistently attacked the male intruder, the frequency and duration of

attack on the intruder males by the AON-specific AC3-KD mice were markedly reduced (Figures 4G and

4H). An evaluation of male mating behavior revealed no significant difference in mating frequency or mat-

ing duration between the AON-specific AC3-KD andNCmice (Figures 4I and 4J). These results showed that

the KD of AC3 specifically in the AON of adult male mice resulted in partial olfactory-related behavioral

defects. Subsequently, the infanticidal behavior of AON-specific AC3-KD mice was tested. The results

Figure 4. Continued

(L) An analysis of infanticidal behavior showed that the infanticide latency of the AON-specific AC3-KDmice was significantly longer than that of the NCmice.

The duration of the infanticidal behavior assay was 300 s (NC group: n = 14 mice, AC3-KD group: n = 16 mice). The data are presented as the mean valuesG

SEMs; *p < 0.05 and **p < 0.01, as determined by unpaired two-tailed Student’s t-test. See also Figure S5.
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suggested that the AON-specific AC3-KD mice still sniffed the pups, and their latency of approaching the

pups did not differ from that of the controls (Figure 4K). In addition, the latency to infanticide was signifi-

cantly prolonged in the AON-specific AC3-KD mice compared with the NC mice, and more than 60% of

AON-specific AC3-KD mice showed no infanticidal behavior (Figure 4L). Thus, the results indicated that

AC3 in the AON plays a key role in the infanticidal behavior of adult virgin male mice.

The infanticidal behavior of adult virgin male mice is impaired by ablation of the VMH and the

KD of AC3 in the VMH

Studies have proven that the hypothalamus can receive and integrate olfactory cues frommale urine trans-

mitted through the olfactory organ to trigger aggressive behavior in mice (Chen et al., 2020). We specu-

lated that the VMH may also play a role in the pup-directed aggressive behavior of adult virgin male

mice. To further explore this hypothesis, we injected NMDA into the VMH of adult male mice to generate

mice with VMH lesions. An equal volume of nontoxic NMLA was injected into adult male mice as a control.

Four days after injection, IF staining of NeuN was performed to determine the degree of VMH destruction.

The staining results showed that the number of NeuN+ cells in the VMH of the VMH-lesioned mice was

significantly lower than that in the control mice, which indicated that the VMH of the adult virgin male

mice was lesioned (Figure 5A). Subsequently, infanticidal behavior was examined. The behavior results re-

vealed no difference in the latency for investigating the pups between these mice and their controls (Fig-

ure 5B). However, the latency to infanticide of the mice with VMH lesions was significantly longer than that

of the mice injected with NMLA into the VMH, and more than 80% of the mice with VMH lesions showed no

infanticidal behavior (Figure 5C).

AC3 is highly expressed in the VMH (Bishop et al., 2007). Therefore, we hypothesize that AC3 in the VMH

may play an important role in infanticidal behavior. To explore our hypothesis, we knocked down AC3 spe-

cifically in the VMH via stereotactic delivery of an AAV expressing U6-AC3 shRNA-pCMV-ZsGreen into the

VMH of adult male mice; mice injected with AAV expressing U6-NC shRNA-pCMV-ZsGreen served as

controls. We observed an AAV infection efficiency of �90% in the VMH at 4 weeks after virus injection

(Figure 5D). Both IF staining and WB analysis showed that AC3 expression was significantly reduced in

the VMH of VMH-specific AC3-KD mice compared with control mice (Figures 5E and 5F). However, in areas

surrounding the VMH, the levels of AC3 did not differ between the VMH-specific AC3-KD mice and the

control mice (Figures S6A and S6B). We first assessed the spontaneous locomotor activity of VMH-specific

AC3-KD mice and NC mice through the open field test. The spontaneous locomotor activity of the

VMH-specific AC3-KD mice was indistinguishable from that of the control mice (Figure 5G). Subsequently,

infanticidal behavior was examined. The results showed that the latency to infanticide of the VMH-specific

AC3-KD mice was significantly longer than that of the controls, and 60% of the VMH-specific AC3-KD mice

showed no infanticidal behavior, even though the latency to investigate the pups did not differ between the

VMH-specific AC3-KD mice and the control mice (Figures 5H and 5I).

In summary, these results indicate that infanticidal behavior is impaired in adult males with either VMH

ablation or AC3 KD in the VMH.

DISCUSSION

Infanticide is a common phenomenon in animals, including insects, fish, amphibians, birds, rodents, felines

and primates (Kohl et al., 2017; Lukas and Huchard, 2014). It is well established that pup-derived cues are

detected via the vomeronasal system (VNS) (Tachikawa et al., 2013). However, the role of the MOS in infan-

ticidal behavior has not been reported. In this study, we found that the AC3 signaling pathway in the MOE,

as well as downstream regions, including the AON and VMH, is crucial for infanticidal behavior in adult

virgin male mice.

Intriguingly, one of the characteristic features of infanticidal behavior exhibited by adult virgin male mice is

that AC3 disruption in the AON or VMH produces very similar behavioral phenotypes as those obtained by

AC3 disruption in the MOE. This finding raises the question of how this finding is possible. The primary

cilium is an antenna-like cellular protrusion mediating sensory and neuroendocrine signaling that allows

the conversion of external chemical stimuli into intracellular electrical responses in neurons (Menco,

1997). Because AC3 is almost exclusively expressed in the olfactory sensory cilia or primary cilia throughout

the central nervous system (CNS) (Bishop et al., 2007; Wong et al., 2000), our results argue that AC3-medi-

ated cAMP signaling in these primary cilia would be crucial for infanticidal behavior.
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Figure 5. The VMH and AC3 in the VMH are crucial for infanticidal behavior in adult virgin male mice

(A) IF analysis of NeuN in the VMH of VMH-specific NMDA mice and NC mice. Scale bars, 100 mm.

(B) No significant difference in the latency to investigate the pups was found between the VMH-specific NMDA mice and

their controls (n = 6 mice per group).

(C) The infanticidal behavior test showed that the infanticide latency of the VMH-specific NMDA mice was significantly

longer than that of the NC mice. The duration of the infanticidal behavior assay was 300 s (n = 6 mice per group).

(D) AAV infection efficiency in the VMH. Scale bars, 200 mm.

(E) IF analysis of AC3 in the VMH of VMH-specific AC3-KD mice and NC mice. Scale bars, 20 mm.

(F) WB analysis showing AC3 protein expression in the hypothalamus of VMH-specific AC3-KDmice and NCmice. GAPDH

served as a loading control.

(G) The spontaneous locomotor activity of the VMH-specific AC3-KD mice was similar to that of the NC mice (n = 15 mice

per group).

(H) No significant difference in the latency to investigate the pups was found between the VMH-specific AC3-KDmice and

their controls (n = 15 mice per group).

(I) The infanticidal behavior test showed that the infanticide latency of the VMH-specific AC3-KD mice was significantly

longer than that of the NCmice. The duration of the infanticidal behavior assay was 300 s (n = 15mice per group). The data

are presented as the mean values G SEMs; *p < 0.05 and **p < 0.01, as determined by unpaired two-tailed Student’s

t-test. See also Figure S6.
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In the MOE, the deletion of AC3 causes stronger disorganization in the convergence of the olfactory fibers

to the correct OB glomeruli (Col et al., 2007; Trinh and Storm, 2003). Similarly, a functional cilium in the CNS

is crucial for maintaining the connectivity of neurons (Bowie and Goetz, 2020; Guo et al., 2017; Haq et al.,

2019; Kumamoto et al., 2012; Tereshko et al., 2021), which is highly dependent on ciliary AC3 signaling to

tightly regulate themaintenance of the dendritic spine shape, size, and number in a dynamic manner (Chen

et al., 2016). Because neuronal circuitry integrity, as well as neuron maturation, sculpted by the dendritic

spine and signaling of primary cilium via ciliary AC3 signaling in both the MOE and CNS (Green et al.,

2018; Guadiana et al., 2013; Guemez-Gamboa et al., 2014; Guo et al., 2019; Hildebrandt et al., 2011; Lee

et al., 2020; Parisi, 2019; Reiter and Leroux, 2017; Sarkisian and Guadiana, 2015; Sun et al., 2021), is strongly

associated with neurological and neurodevelopmental linked behaviors, including infanticidal behavior

(Amano et al., 2017; Autry et al., 2021; Gipson and Olive, 2017; Kohl, 2020; Kulkarni and Firestein, 2012;

Mori and Sakano, 2021), it would appear reasonable to include them in a unitary model in which specialized

ciliary AC3 signaling in the MOE, AON, or VMH is needed for maintenance of the infanticidal behaviors in

adult virgin male mice, although the interpretation of the exact mechanism remains to be confirmed.

The infanticidal behavior of adult male mice is evoked by the combined effects of hormones, neuropep-

tides, and neurobiological regulation. It has been revealed that hormonal changes, including testosterone,

are linked to the transition from infanticidal to paternal behavior in virgin males (Fukui et al., 2022; Martinez

et al., 2015; Romero-Morales et al., 2021; Stagkourakis et al., 2020; Yoshihara et al., 2021). However, our pre-

vious data showed that the serum testosterone level is not abnormal in AC3�/� mice (Wang et al., 2006).

Alternatively, oxytocin (OXT) can significantly increase the spontaneous inhibitory postsynaptic current

(sIPSC) frequency in medial preoptic area (MPOA)-projection amygdalohippocampal area (AHi) neurons

and thereby regulates the infanticidal behavior of male mice (Sato et al., 2020). Furthermore, the onset

of puberty in mammals is regulated by hypothalamic gonadotropin-releasing hormone (GnRH) neurons

(Messina et al., 2016), which are strongly associated with infanticidal behavior. There is a direct synaptic

connection between GnRH neurons and the hypothalamic regions that receive chemical signals from

both the VNO and the MOE (Boehm et al., 2005; Yoon et al., 2005). Studies have shown that the cAMP

signaling pathway is involved in the secretion of GnRH in immortalized GnRH neurons (GT1–7 cells) (Frat-

tarelli et al., 2011). Circulating hormones, neuropeptides and neurotransmitters might converge on cilia to

dynamically adjust intrinsic or synaptic properties and thus modulate infanticidal behaviors in adult virgin

males (Fukui et al., 2022; Li et al., 2012; Loktev and Jackson, 2013). Given that AC3 is widely expressed in the

primary cilia of the OSN and CNS and that the neuronal cells of AC3�/� mice are blunted in response to

neurochemical changes (Wang et al., 2006, 2009), the possibility that the defects in infanticidal behaviors

disclosed in this study might be evoked by hormonal signaling occurring in these primary cilia within the

CNS that regulates infanticidal behaviors cannot be ruled out, but the details need to be further explored.

The VNO and its signaling component Trpc2 are needed for the infanticidal behavior of adult virgin male

mice (Mennella and Moltz, 1988; Tachikawa et al., 2013; Trouillet et al., 2019; Wu et al., 2014). Studies have

shown that Trpc2 is also expressed in the MOE (Bleymehl et al., 2016; Omura and Mombaerts, 2015), which

indicates that Trpc2 in the MOE may also contribute to defects in infanticidal behavior. However, a recent

study showed that Trpc2-mediated signaling in theMOE is independent of Cnga2 and does not depend on

intact cilia (Koike et al., 2021), which indicates that Trpc2-mediated signaling in the MOE is unlikely to

contribute to the infanticidal behavior of adult virgin male mice.

In contrast, some evidence shows that the MOB and AOB are anatomically and electrophysiologically

connected (Vargas-Barroso et al., 2015). The MeA, a crucial area for infanticidal behavior modulations, is

a major site for the integration and processing of the environmental sensory information received, and

this site then relays the informative neuronal output to the VMH to be analyzed to trigger the associated

behavioral response. Although considerable evidence shows that the AOB predominantly sends axons

to the MeA, which in turn projects to downstream areas such as the BNST, the medial preoptic area

(MPOA), and the VMH, areas involved in controlling infanticidal behaviors (Bergan et al., 2014; Chen

et al., 2019; Choi et al., 2005; Dimen et al., 2021; Isogai et al., 2018; Kohl, 2020; Raam and Hong, 2021;

Tachikawa et al., 2013; Trouillet et al., 2019; Wu et al., 2014), it is becoming increasingly clear that the

MeA also directly or indirectly receives some MOB inputs (Dhungel et al., 2011; Inokuchi et al., 2017;

Kang et al., 2009, 2011; Keshavarzi et al., 2015; Matsuo et al., 2015; Mucignat-Caretta, 2021; Perez-Gomez

et al., 2015; Pro-Sistiaga et al., 2007; Shao et al., 2021; Thompson et al., 2012).
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Furthermore, bidirectional communications among the MOS, VNS, MeA, and VMH have been established

in multiple manners (Aqrabawi et al., 2016; Boehm et al., 2005; Inbar et al., 2022; Ishii et al., 2017; Lo et al.,

2019) because such signals received by theMOS and VNS interact and converge to work in concert with the

integrative circuits of the brain. At another layer, VNS activation needs physical contacts with the stimuli by

the so-called vomeronasal pump (Ben-Shaul et al., 2010; Martinez-Garcia et al., 2009; Matsuo et al., 2015;

Meredith et al., 1980; Meredith and O’Connell, 1979). Thus, the loss of MOS function may also indirectly

influence VNS function by behaviorally isolating animals from chemosensory cues.

Nevertheless, despite the fact that olfactory-guided social behaviors, including infanticide, depend on func-

tional signaling in both theMOSandVNS (BaumandCherry, 2015; Korzan et al., 2013; Lemons et al., 2017; Pan-

dolfi et al., 2018; Slotnick et al., 2010), functional separationof theMOE fromtheVNOcannotbeachievedat the

behavioral level (Matsuo et al., 2015). The ability of adult virginmalemice to detect/discriminate betweenmale

and estrous female urinary odors is MOS dependent, as revealed by the odorant habituation/dishabituation

assay (Jakupovic et al., 2008; Martel and Baum, 2009; Pankevich et al., 2006; Woodley et al., 2004). In contrast,

functional VNS signaling is more likely to be required for the preference of adult male mice for estrous female

urinary odors, as exhibited by the urine preference assay (Bayless et al., 2019; Beny-Shefer et al., 2017; Chen

et al., 2020; Martel and Baum, 2009; Pankevich et al., 2004, 2006; Woodley et al., 2004), although a functional

MOS is also necessary to cooperate with VNS in the execution of this social behavior. Consistent with this

fact, our data (Figure S1E) and those of others (Matsuo et al., 2015) showed that the sniffing duration for

male and estrous female urinary odors was drastically diminished in mice with defects of MOS signaling. The

MOE and VNO can be distinguished by electrophysiology and cellular studies (Trinh and Storm, 2003; Wang

et al., 2006). Besides, AC3 is widely expressed in the MOS but not in the VNS (Bishop et al., 2007; Wong

et al., 2000). Furthermore, the AON receives inputs from the MOB but not the AOB (Matsuo et al., 2015),

and our results shows that the infanticidal behavior is impaired in both the AON-lesioned mice (Figure 3I)

and the AON-specific AC3-KD mice (Figure 4L). Thus, our findings indicate that the defects in the infanticidal

behavior exhibited by the mice in this study were because of abnormalities in the MOS, although more solid

evidence needs to be provided in the future.

The primary cilium, as a signaling hub, may sense dynamic extracellular cues from enriched environments

and transduce them into neurons to regulate diverse aspects associated with neuronal development and

function. Consequently, the disruption of cilia genesis or cilia-based signaling causes a set of overlapping

human disorders, including sensory defects, obesity, infertility, cystic kidney disease, developmental ab-

normalities, intellectual disability, and mental disorders, which are collectively termed ciliopathies (Anvar-

ian et al., 2019; Reiter and Leroux, 2017). Because AC3 is almost exclusively concentrated in the cilia of

diverse neuron types in the brain (Bishop et al., 2007; Sipos et al., 2018), our current results coupled with

those from previous studies demonstrate that the ablation of AC3 in mice also leads to pleiotropic pheno-

types, including anosmia, cognitive deficit, obesity, and depression-like behaviors, in a brain region-spe-

cific and cell type-specific manner (Challis et al., 2015; Chen et al., 2016; Chesler et al., 2007; Col et al., 2007;

Guadiana et al., 2013; Liu et al., 2020a, 2020b; Livera et al., 2005; Siljee et al., 2018; Wang et al., 2006, 2009,

2011; Wang and Storm, 2011; Yang et al., 2021, 2022; Zhang et al., 2017; Zhou et al., 2021; Zou et al., 2007).

Intriguingly, a recent study showed that neuropilin 2 (Nrp2), an axon guidance molecule, plays crucial roles

in instructing circuit formation from the MOB to MeA for the transmission of attractive social signals in the

brain (Inokuchi et al., 2017). Given that the role of both neuropilin 1 (Nrp1) and its ligand Sema-3A in axon

guidance processes toward the MOB depends on functional ciliary AC3-mediated cAMP signaling in the

MOE (Col et al., 2007; Henion et al., 2011; Imai et al., 2009; Schwarting and Henion, 2011) and is associated

with cilium-related Hedgehog signaling (Cai et al., 2021; Hillman et al., 2011; Pinskey et al., 2017) and that

the ablation of neuropilin and its ligand in mice leads to pleiotropic phenotypes (Assous et al., 2019; Car-

iboni et al., 2007; Demyanenko et al., 2014; Duncan et al., 2021; Li et al., 2019; Maden et al., 2012; Mohan

et al., 2018, 2019; Riccomagno et al., 2012; Tan et al., 2019; Tran et al., 2009; van der Klaauw et al., 2019;

Vanacker et al., 2020) that mirror the functions of AC3 in multiple brain areas, we hypothesize that the pleio-

tropic phenotypes illustrated in these AC3-deficient mice, including the defects in infanticidal behaviors

observed in this study, might be caused by cilia-associated neuropilin signaling in a brain region-specific

and cell type-specific manner. Collectively, the results indicate that similar to other ciliopathy-associated

proteins, AC3 could be reasonably identified as a key player in associated ciliopathies, although why

and how unique ciliary AC3-mediated cAMP signaling plays multiple functions across different brain areas

and neuronal subtypes, including the infanticidal behaviors involved in the MOE, AON, and VMH regions,

remain to be determined.
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In summary, we reveal a new role for AC3, a ciliopathy-associated protein and demonstrate that its

signaling in the MOE and in downstream brain regions, including the AON and VMH, is needed for the

infanticidal behavior of adult virgin male mice. Our results expand the emerging roles of AC3 as a key

player in ciliopathy-associated disorders. Because AC3 is widely expressed in brain areas and exclusively

in the neuronal cilium, the mechanical insights obtained in this study should have broad implications

beyond the infanticidal behavior in adult virgin male mice.

Limitations of the study

Although we discovered that targeted knockdown of AC3 in the MOE, AON, or VMH led to impaired infan-

ticidal behavior in adult virgin male mice, we did not explore the mechanism underlying the involvement of

ciliopathy-associated AC3 signaling in infanticide. How does AC3 on cilia transduce olfactory signals in the

AON and VMH? AC3 was knocked down in the AON and VMH by a vector expressing AC3 shRNA driven by

the U6 promoter, so we were unable to identify the neuronal subtypes in which AC3 plays a role in

infanticide.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-Adenylate Cyclase 3, use 1:1,000 for IF Novus Cat#NBP1-92683SS; RRID: AB_11028381

Rabbit Anti-beta III Tubulin, use 1:500 for IF Abcam Cat#ab18207; RRID: AB_444319

Goat Anti-OMP, use 1:500 for IF Wako Cat#019-22291; RRID: AB_664696

Rabbit Anti-NeuN, use 1:500 for IF Abcam Cat#ab177487; RRID: AB_2532109

Rabbit Anti-c-Fos (9F6), use 1:500 for IF Cell signaling technology Cat#2250; RRID: AB_2247211

Rabbit Anti-Adenylate Cyclase 3, use 1:500 for WB Thermo Fisher Scientific Cat#PA5-35382; RRID: AB_2552692

Mouse Anti-beta Actin (clone 7D2C10), use 1:1, 500 for WB Proteintech Cat#60009-1-lg; RRID: AB_2687938

Mouse Anti-GAPDH Antibody (clone 1E6D9),

use 1:1, 000 for WB

Proteintech Cat#60004-1-lg; RRID: AB_2107436

Goat Anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 594, use 1:500

Thermo Scientific Cat#A-21206; RRID: AB_2535792

Donkey Anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 647, use 1:1, 000

Thermo Scientific Cat#A-31573; RRID: AB_2536183

Donkey Anti-Goat IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 546, use 1:1, 000

Thermo Scientific Cat#A-11056; RRID: AB_142628

Anti-Rabbit IgG (H + L) Antibody, DyLight� 800-Labeled SeraCare KPL Cat#5230-0412; RRID: AB_2753123

Anti-Mouse IgG (H + L) Antibody, RbSA, Human Serum

Adsorbed, DyLight� 800-Labeled

SeraCare KPL Cat#5230-0416

Bacterial and virus strains

pAAV2/9-pMecp2-spCas9 Hanbio, Shanghai China N/A

pAAV2/9-U6-AC3 sgRNA-pSyn2-mCherry Hanbio, Shanghai China N/A

pAAV2/9-negative control sgRNA Hanbio, Shanghai China N/A

pAAV2/9-U6-miR-200b/a sgRNAs-pCMV-GFP Hanbio, Shanghai China N/A

pAAV2/9-U6-AC3 shRNA- pCMV-ZsGreen Hanbio, Shanghai China N/A

pAAV2/9-U6- negative control shRNA- pCMV-ZsGreen Hanbio, Shanghai China N/A

Chemicals, peptides, and recombinant proteins

ZnSO4 Sigma-Aldrich Cat#307491

NMDA Sigma-Aldrich Cat#M3262

NMLA Ark Pharm Cat#4226-18-0

Citral Sigma-Aldrich Cat#C83007

Propyl propionate Sigma-Aldrich Cat#112267

2- heptanone Sigma-Aldrich Cat#537683

Paraformaldehyde Sigma-Aldrich Cat#158127

EGTA Sangon Biotech Cat#A600077

Sucrose Sangon Biotech Cat#A610498

Tissue-Tek O.C.T. Compound SAKURA Cat#4583

Triton X-100 Sigma-Aldrich Cat#T8787

Chemicals, peptides, and recombinant proteins

DAPI Sigma Cat#D9542

Critical commercial assays

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat#89900

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

Zhenshan Wang (zswang@hbu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

All operating procedures and handling methods involving experimental mice were performed in

accordance with the ‘‘Guiding Opinions on the Treatment of Laboratory Animals’’ issued by the Ministry

of Science and Technology of the People’s Republic of China and approved by the Animal Ethics and

Care Committee of Hebei University (approval no.: IACUC-2017013). AC3+/+ and AC3�/� mice were pro-

duced by crossing AC3+/� mice, and the genotypes were determined by PCR. Unless indicated, all the

mice used in this study were either 12- to 24-week-old males or one- to 2-day-old newborn pups (not distin-

guish the sex). All the mice were housed in an SPF animal house (constant temperature of 22–25�C, relative
humidity of 40–70%) at the Animal Experiment Center of Hebei University, maintained on a 12-h light/dark

cycle and provided food and water ad libitum.

METHOD DETAILS

AAV vector packaging

The spCas9 and sgRNA expression plasmids were separately packaged into two AAVs. For the spCas9

AAV, the Mecp2 promoter and spCas9 coding region sequence (CDS) were ligated and cloned into

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mir-X� miRNA First Strand Synthesis Kit Clontech Cat#638315

NovaTM SYBR Green PCR Master Green mix QIAGEN Cat#208052

Experimental models: Organisms/strains

Mouse: AC3+/� mice Storm Lab N/A

Oligonucleotides

AC3 guide RNA GTCCAATTCCAGCCACGGCG N/A

MiR-200b/a cluster F0 guide RNA GGAAGTTCCCCGGTCGCAGG AGG N/A

MiR-200b/a cluster R0 guide RNA GCCTGTCTTCGGCGAATGGT GGG N/A

AC3 siRNA GCAGATATTGTGGGCTTTA N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software Inc https://www.graphpad.com/

scientificsoftware/prism/

Others

Immobilon-PSQ Transfer Membranes Merck Millipore Cat#IPVH00010

Nonfat Dry Milk Cell Signaling Technology Cat#9999S

Normal Donkey Serum Solarbio Cat#SL050
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the AAV2/9 vector to generate AAV-pMecp2-NLS-spCAS9-NLS-spA. For the sgRNA AAV, AC3 sgRNA,

miR-200b/a sgRNAs, or NC sgRNA in series with the U6 promoter and ligated with syn2-mCherry or

CMV-GFP were cloned into AAV2/9 to generate AAV-U6-AC3/NC sgRNA-pSyn2-mCherry or AAV-U6-

miR200b/a/NC sgRNAs-pCMV-GFP. The sgRNA sequences were as follows: AC3 sgRNA (50-GTCCAATTC

CAGCCACGGCG-30); miR-200b/a F0 sgRNA (50-GGAAGTTCCCCGGTCGCAGG-30); and miR-200b/a R0

sgRNA (50-GCCTGTCTTCGGCGAATGGT-30).

For the construction of AAV vectors to express shAC3 in the brain, the target sequence 50-GCAGA

TATTGTGGGCTTTA-30 against mouse AC3 and the U6 promoter sequence were inserted into the AAV-

pCMV-ZsGreen vector. AAV packaging was performed by Hanbio (Shanghai, China). The titers of the viral

particles were determined by quantitative PCR.

Nasal perfusion of 5% ZnSO4 or AAV

For the 5% ZnSO4-treatedmice and 0.9%NaCl-treatedmice, WTmale C57BL/6Nmice aged 3months were

lightly anesthetized with isoflurane, and each nostril was perfused with 20 mL of 5% ZnSO4 (ZnSO4 diluted in

saline, Sigma, Cat # 307491) or 20 mL of 0.9% NaCl (control mice).

For MOE-specific AC3-KD, miR-200b/a-KD, and control mice, WT male C57BL/6N mice aged 3 months

were lightly anesthetized with isoflurane, and each nostril was perfused with 3 mL of a 1:1 AAV mixture

[1.131012 Vg/mL SpCas9 AAV+ 1.231012 Vg/mL sgRNA AAV] diluted in 17 mL of saline. Nasal perfusion

was performed using a 0.5–10 mL pipette to perfuse the working solution into each nostril.

Stereotactic injection of NMDA/NMLA and AAV

For ablation of the AON and VMH, WT male C57BL/6N mice aged 3 months were lightly anesthetized with

isoflurane, and 120 nL of NMDA (Sigma, Cat #M3262, 20mg/mL PBS) or NMLA (Ark Pharm, Cat # 4226-18-0,

20 mg/mL PBS) was injected into the dorsal AON (AONd; AP: +2.68 mm, ML: G 1.0 mm, DV: �3.2 mm),

lateral AON (AONl; AP: +2.68 mm, ML: G 1.3 mm, DV: �3.43 mm), and VMH (AP: �1.58 mm, ML: G

0.5 mm, DV:�5.6 mm) using a stereotaxic injectionmethod. After the operation, the incisions were sutured,

and behavioral experiments were started after 4 days of recovery.

For the KD of AC3 expression in the AON and VMH, WT male C57BL/6N mice aged 3 months were lightly

anesthetized with isoflurane, and AAV-AC3 shRNA (3.531012 Vg/mL) or AAV-NC shRNA (3.731012 Vg/mL)

in a volume of 300 nL was injected into the AONd, AONl and VMH nuclei using a stereotaxic approach.

Behavioral experiments were performed 4 weeks after injection.

Behavioral assays

Before the behavioral test, the mice were placed in a single cage in the experimental environment for

one week for habituation, and the experimenter handled the mice regularly every day to familiarize the

mice with the experimenter. The experimenter was unaware of the genotypes of the mice on the day of

the experiment. For each assay, the mice were habituated to the testing room for at least 0.5 h, and the

behavioral assays were then performed.

Spontaneous locomotor activity test

The spontaneous locomotor activity of the experimental mice was tested by the open field test using the

Opto-Varimetrix-3 sensing system (Columbus Instruments). A single mouse was placed in the open field

apparatus, and the total distance traveled over a 15-min period was recorded. After each mouse was

tested, the open field apparatus was wiped with a cotton ball dipped in 10% alcohol to ensure that residual

urine did not affect the next experimental mouse.

Odorant habituation/dishabituation assay

The olfactory detection ability of the mice was tested by the odorant habituation/dishabituation assay. The

odorants that were used weremalemouse urine (1:50 dilution in water), femalemouse urine (1:50 dilution in

water), propyl propionate (50 mM), and citral (50 mM), which were prepared in ddH2O (ready to use). The

odorant solutions were dispensed (200 mL each), and ddH2O was used as a negative control. In the exper-

iment, a cotton swab dipped in ddH2O was placed in the cage 30 min before the experiment to familiarize

the mice with the experimental setup. After habituation to the experimental setup, a cotton swab was
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dipped in ddH2O and placed in the cage, and the number of times the mice sniffed the ddH2O-containing

swab over a 2-min period was recorded. Swabs were then dipped in the other odorants and placed in the

cage, and the number of times the mice sniffed the odorants over a 2-min period was recorded. The assay

with each odorant and H2O was repeated twice. A ratio of the number of sniffs the test mice took when the

cotton swab with odorant was first introduced to the number of sniffs recorded when the cotton swab with

H2O was first introduced was used for the analysis.

Resident/intruder experiment

The resident/intruder experiment was used to test the male aggression behavior of the experimental mice.

The experimental mice were housed individually in cages for approximately 10 days before the start of the

experiment, and themouse cage bedding was not changed for approximately 4 days before the start of the

experiment. Ten days later, an unfamiliar WT adult male virgin mouse (defined as the invasive mouse) was

placed in the cage of the experimental mouse, at which time the experimental mouse exhibited aggressive

behaviors toward the invasive mouse (aggressive behaviors included wrestling/rolling, biting and chasing),

and the frequency and duration of the aggressive behavior exhibited by the experimental mouse toward

the invasive mouse were recorded over a 15-min period.

Male mating behavior test

After the male aggression experiment, the experimental mice were housed alone for another two days,

and during this period, the mice were given sufficient water and food. Unfamiliar WT adult female mice

were placed in the resident mouse cages, and the male mating behavior of the experimental mice was

monitored over a 15-min period. The frequency and duration of mating were recorded.

Infanticidal behavior test

The infanticidal behavior test was started after the mice were housed alone for 2 days. The mice

were removed from their cages, and three 1- to 2-day-old pups were placed in three different corners of

the cage. The mice were then placed in the cage with their backs to the pups, the time to approach the

pups was recorded, and the time that elapsed before the experimental mice started to commit infanticide

was recorded as the infanticide latency period. When the males attacked the pups, the pups were imme-

diately rescued, and the experiments were stopped. The duration of the test was 5 min. If no infanticidal

behavior was observed during the 5-min period, the male mouse was defined as a noninfanticidal mouse.

Urine preference assay

Urine was collected from male and female mice of the same genotype. The male and female urine (10 mL)

was dropped onto two pieces of filter paper, respectively, and then the two pieces were placed on the

opposite sides of the test cage. The test mice were then placed in the cage and allowed a free choice be-

tween male and female urine. The investigation time of the male and female urine by the test mice was

recorded over a 5-min period.

RNA isolation and qPCR analyses

Total RNA was extracted using the TRIzol method, and first-strand cDNA was synthesized using a Mir-X

miRNA First-Strand Synthesis Kit (Clontech, Cat # 638315). The expression of miRNAs was assessed with

NovaTM SYBR PCR Master Green mix (Qiagen; Cat # 208052), and the analysis was performed using the

2-^^Ct method. All qPCR data were normalized to the expression of U6 (n = 4 mice per group).

Tissue processing and IF

To obtain frozen MOE sections, the mice were anesthetized with isoflurane and perfused with 4% parafor-

maldehyde (PFA in PBS, pH 7.4). Subsequently, the MOE was dissected, fixed in 4% PFA for 2 days and then

decalcified for at least 1 week in 10% EGTA (in PBS). The decalcified MOE tissue was dehydrated in 30%

sucrose for 3 days. The dehydrated MOE tissues were embedded in optimal cutting temperature (OCT)

medium (Sakura) and cryosectioned at a thickness of 10 mm.

To obtain frozen brain sections, the brains of mice were removed after perfusion with 4% PFA. The brain

tissue was fixed in 4% PFA solution for 12–16 h at 4�C and then placed in 30% sucrose for two days until

it was completely dehydrated. The brain tissue was subsequently embedded in OCT medium and cut

into 40 mm-thick sections using a cryostat (Leica).
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For IF, MOE or brain tissue sections were fixed with 4% PFA for 20 min, permeabilized with 0.5% Triton

X-100 (with PBS) for 30 min, blocked with 5% donkey serum (0.05 M glycine, 5% donkey serum, 5% BSA,

and 0.2% Triton X-100) for 3 h at room temperature (RT) and then incubated with primary antibody solution

at 4�C for 16 h. The following primary antibodies were used: OMP (1:500; Wako; Cat # 019-22291), AC3

(1:1,000; Novus; Cat # NBP1-92683), Tuj1 (1:500; Abcam; Cat # ab18207), and NeuN (1:500; Abcam; Cat#

ab177487). After incubation with the primary antibody, the sections were subjected to three to four

15-min washes with PBS. The sections were then incubated with secondary antibodies (Alexa 546- or

647-conjugated; 1:1000; Thermo Scientific) for 1–2 h at RT and stained with DAPI (Sigma; Cat # D9542)

for 20 min away from light and washed with PBS after each step. The slices were sealed with an anti-quench-

ing sealing agent and observed under an Olympus FLUOVIEW FV3000 confocal microscope. All IF images

were acquired under the same conditions and processed identically. ImageJ software and FV10-ASW 4.2

Viewer (Olympus) software was used to process the images.

C-Fos IF

For c-Fos expression analysis, the mice were housed in a single cage for 2 days before the test to return

their c-Fos to the baseline level. An equal volume of 2-heptanone (0.1 mg/mL), female urine, or water

was evenly spread on the nose of the male test mice. The mice were sacrificed 2 h later for c-Fos IF analysis.

The sections were preincubated for 2 h in 10% goat serum (10% goat serum, 3% BSA, and 0.25% Triton

X-100) at RT and then incubated for 48 h with an anti-c-Fos antibody (1:500; Cell Signaling Technology;

Cat # 2250) at 4�C. The sections were then incubated with secondary antibodies (Alexa 594-conjugated;

1:500; Thermo Scientific) for 2 h at RT and stained with DAPI. Washes with 1x PBS/0.1% Triton X-100

(PBST) were performed after each step. The slices were observed under an Olympus BX53 fluorescence mi-

croscope. To determine the number of c-Fos-positive cells throughout the mitral and granular cell layers of

the AOB and MOB, 3 sections were selected from each mouse for averaging.

WB analysis

Total protein (from MOE, AON, and hypothalamic tissues) was extracted using RIPA lysis buffer, and the

concentration was measured by the BCAmethod. Equal amounts of protein were separated by sodium do-

decyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to polyvinylidene difluoride

(PVDF) membranes (Millipore). The PVDFmembranes were blocked at RT for 2 h (5% nonfat dry milk in TBS),

incubated with AC3 primary antibody (1:500; Invitrogen; Cat # PA5-35382) at 4�C for more than 24 h, sub-

jected to four 5-min washes with PBST, incubated with secondary antibody (conjugated to 680- or 800-nm

fluorophores, SeraCare KPL, 1:10,000 in TBST buffer) for 2 h at RT, imaged with Odyssey software (Li-Cor).

The grayscale value of the target protein was quantified using Odyssey software (Li-Cor), and the relative

expression level of the protein was calculated as the grayscale value of the target protein relative to the

grayscale value of the control protein. Actin or GAPDH was used as a loading control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

The statistical analysis was conducted with GraphPad Prism 7 software. Student’s t test was used to analyze

differences between two treatment groups. The data are shown as the means G standard errors of the

mean (SEMs). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 were considered to indicate statistical

significance. Statistical information for each experiment can be found in the figures and corresponding

figure legend.
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