
Soya et al., Sci. Adv. 11, eadn1335 (2025)     15 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 11

N E U R O S C I E N C E

Central amygdala NPBWR1 neurons facilitate social 
novelty seeking and new social interactions
Shingo Soya1,2, Koji Toda3, Katsuyasu Sakurai1, Yoan Cherasse1, Yuki C. Saito1, Manabu Abe4,  
Kenji Sakimura4, Takeshi Sakurai1,2*

The formation of new social interactions is vital for social animals, but the underlying neural mechanisms remain 
poorly understood. We identified CeANpbwr1 neurons, a population in central amygdala expressing neuropeptide 
B/W receptor-1 (NPBWR1), that play a critical role in these interactions. CeANpbwr1 neurons were activated during 
encounters with unfamiliar, but not with familiar, mice. Manipulations of CeANpbwr1 neurons showed that their 
excitation is essential for maintaining physical interactions with novel conspecifics. Activation of CeANpbwr1 neu-
rons alleviated social deficits induced by chronic social defeat stress, suggesting therapeutic potential. Converse-
ly, overexpression of human NPBWR1 in CeANpbwr1 neurons reduced activity of these neurons and impaired social 
interactions with unfamiliar mice. This effect was absent in a polymorphic variant of the human NPBWR1 gene 
(404A>T). These findings highlight how CeANpbwr1 neurons promote social novelty seeking and reveal a complex 
interplay between NPBWR1 genetic variations and social behavior.

INTRODUCTION
The preference for social novelty is a common trait among mam-
malian species, implying an innate inclination to actively seek and 
establish new social interactions with unfamiliar individuals within 
their societies (1, 2). Conversely, sociability deficits when interact-
ing with new individuals are frequently observed in psychiatric con-
ditions such as depression and autism (3, 4). A similar phenotype is 
also evident in mouse models of these disorders (5, 6), suggesting 
that the underlying mechanisms influencing social novelty prefer-
ence may have common evolutionary origins.

While the neural correlates governing this function have not yet 
been identified, considering the function of the amygdala in assessing 
the emotional significance (7, 8), salience (9), and valence (10–12) of 
the environmental stimuli, it is plausible that this structure also plays 
a role in processing the social novelty preference. We previously re-
ported social and behavioral abnormalities in mice lacking neuropep-
tide B/W receptor 1 (NPBWR1), a receptor for neuropeptides B and 
W. These mice demonstrate impulsive interactions with unfamiliar 
mice, characterized by more intense approaches, prolonged contact, 
and extended chasing durations. Npbwr1 is predominantly expressed 
in the lateral division of the central amygdala (CeA). These data sug-
gest that NPBWR1 plays a critical role in regulating social behavior in 
the amygdala. This led us to investigate the role of Npbwr1-expressing 
neurons in social novelty preference. Previous research suggested that 
the amygdala likely plays a central role in this function, as evidenced 
by studies showing an impaired personal space response to new indi-
viduals in humans with bilateral amygdala lesions (13).

The CeA was previously recognized as a relay nucleus connecting 
the basolateral amygdala (BLA) to the brainstem. Recent studies have 
revealed intricate circuit mechanisms within the CeA, highlighting its 
involvement in defense responses and risk management and revealing 

more nuanced roles for this structure (14–17). In particular, we inves-
tigated the role of Npbwr1-expressing neurons within the CeA, which 
constitute a subpopulation of GABAergic neurons (CeANpbwr1) (18).

We previously found a connection between a single-nucleotide 
polymorphism (SNP, 404A>T) in the human NPBWR1 gene, result-
ing in an amino acid change (Y135F), and altered emotional respons-
es to human facial stimuli (19). This additional evidence further 
supports the hypothesis that CeANpbwr1 neurons play a pivotal role in 
regulating behavior during social engagement, especially in the con-
text of a preference for social novelty.

Here, we report that a distinct neural circuit consisting of CeANpbwr1 
neurons plays a critical role in regulating social novelty preference. 
These neurons were activated to maintain a close physical distance by 
inhibiting neurons in the brainstem that triggered escape behavior 
when mice made physical contact with stranger mice but not with 
familiar mice. By manipulating CeANpbwr1 neurons in both direc-
tions, we observed a significant alteration in social novelty preference. 
Furthermore, we found that the activation of CeANpbwr1 neurons re-
versed sociability deficits induced by chronic social defeat stress (CSDS) 
in mice. In addition, we provided evidence that an SNP (404A>T) in 
the human NPBWR1 gene affects the activity of CeANpbwr1 neurons, 
thereby influencing the modulation of social novelty preference in 
mice, raising the intriguing possibility that the SNP may also influ-
ence social and behavioral characteristics in humans.

RESULTS
CeANpbwr1 neurons respond differently to unfamiliar and 
familiar mice
Npbwr1-deficient mice exhibit abnormal behavior when interacting 
with novel conspecifics, suggesting that NPBWR1 plays a role in regu-
lating social behavior (2). This study also provides insight into the func-
tion of CeANpbwr1 neurons in social novelty preference. To test this 
hypothesis, we examined how the activity of CeANpbwr1 neurons is altered 
in response to social interactions. To specifically manipulate CeANpbwr1 
neurons and monitor their activity, we generated mice in which codon-
improved Cre recombinase (iCre) was knocked-in into the Npbwr1 al-
lele (Npbwr1+/Cre mice) (Fig. 1A and fig. S1). Homozygous Npbwr1Cre/Cre 
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Fig. 1. Responsiveness of CeANpbwr1 neurons to social novelty. (A) Distribution of Cre-expressing neurons in Npbwr1+/Cre; Ai9 mice visualized by tdTomato. Scale bar, 
100 μm. (B) In situ hybridization in CeA. Panels show mRNA localizations for Npbwr1 (magenta), Pkcδ (protein kinase delta, cyan), and Som (somatostatin, yellow). Scale 
bar, 50 μm. (C) Left: A drawing of AAV injection and optic fiber placement. Right: Representative image of jGCaMP7c and mCherry in CeA. Scale bars, 100 μm (left) and 200 μm 
(right). (D) Illustration of behavioral test of social interaction combined with fiber photometry and Bonsai. (E) Activity heat plot of jGCaMP7c signal from CeANpbwr1 neurons 
in 2-s time windows before and after contact with a male stranger mouse (top) and a male cage mate (bottom). (F) Trial-averaged dF/F Ca2+ time course of CeANpbwr1 
neurons. Dotted lines show physical distance between mice. (G) Averaged peak dF/F Ca2+ and area under the curve (AUC) of (F). (H) Activity heat plot of jGCaMP7c signal from 
CeANpbwr1 neurons 2 s before and after leaving with a male stranger mouse (top) and a male cage mate (bottom). (I) Trial-averaged dF/F Ca2+ time course of CeANpbwr1 
neurons. (J) Average peak dF/F Ca2+ and AUC. (K) Correlation between peak dF/F in CeANpbwr1 neurons and social distance between test animals and male strangers. 
(L) Correlation between peak dF/F in CeANpbwr1 neurons and social distance between test animals and male cage mate. Different colors correspond to each individual 
mouse. Spearman rank correlation. Data are from the Npbwr1+/Cre mice expressing jGCaMP7c in CeANpbwr1 neurons. (n = 5, versus male stranger, 32 events for contact, 
23 events for leaving; n = 4, versus male cage mate, 31 events for contact, 26 events for leaving). For the entire figure, bar graphs represent means ± SEM. ++P < 0.01, +++P < 0.001, *P < 0.05, 
**P < 0.01, and ***P < 0.001. WT, wild type; PMT, photomultiplier tube; a.u., arbitrary units.
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mice, which lacked the expression of Npbwr1, exhibited behavioral ab-
normalities characterized by increased physical interactions and de-
creased interindividual distance from novel conspecifics, consistent with 
our previous study (fig. S2) (18). Investigating the molecular identities of 
CeANpbwr1 neurons by in situ hybridization showed that CeANpbwr1 neu-
rons were mostly GABAergic (Vgat; 94.6%), and many of them were 
colocalized with Tac2 (tachykinin; 87.2%), Nts (neurotensin; 83.8%), 
Pkcδ (protein kinase C delta; 58.6%), and Som (somatostatin; 37.4%) (Fig. 
1B and fig. S3), indicating that Npbwr1 defines a distinct cellular popula-
tion in the lateral part of the CeA (20).

To monitor the activity of CeANpbwr1 neurons, we injected a Cre-
dependent AAV (adeno-associated virus) vector carrying jGCaMP7c 
into the CeA of Npbwr1+/Cre mice (Fig. 1C) and observed fluorescence 
signals through an optical fiber implanted in the CeA. Social inter-
actions were simultaneously analyzed using an automated program 
[Bonsai (21)] that tracked the physical distance between mice (Fig. 1D). 
The activity of CeANpbwr1 neurons increased immediately after the so-
cial distance reached zero in male stranger mice (Fig. 1, E and F). In 
stark contrast, the activity of CeANpbwr1 neurons did not change when 
the experimental mice faced familiar mice (male cage mates) (Fig. 1, 
E and F). Likewise, the responses of CeANpbwr1 neurons decreased when 
the experimental mice were leaving the stranger mice but not when 
leaving the cage-mate mice (Fig. 1, H and I). The same tendency was 
observed when experimental mice faced female strangers (fig. S4, B to 
D). The activity of these neurons decreased when mice faced an object 
(toy mouse) (fig. S4, E to G). We found a significant negative correla-
tion between the fluorescence level of CeANpbwr1 neurons and physical 

distance to strangers but not to cage mates or toy mice (Fig. 1 and fig. 
S4). Furthermore, repeated exposure to male stranger mice gradually 
reduced the fluorescence response of CeANpbwr1 neurons (fig. S5). 
These results suggested that the activity levels of CeANpbwr1 neurons 
differed between novel and familiar individuals.

To elucidate the potential mechanisms underlying the differential 
activation of CeANpbwr1 neurons in response to novel and familiar mice, 
we conducted retrograde tracing using a modified rabies virus (SAD-
dG–GFP) (fig. S6). Our findings revealed that neurons synapsing di-
rectly onto CeANpbwr1 neurons are distributed across various brain 
regions, as identified by this method. Notably, the primary input re-
gions include the posterior BLA (pBLA), amygdalo-piriform transi-
tion area (AmPir), and ventral CA1 (vCA1). These results suggest that 
neurons in these regions modulate the activity of CeANpbwr1 neurons in 
a manner dependent on whether the contacts are novel or familiar.

Manipulation of CeANpbwr1 neurons alters preference for 
social novelty
To understand the physiological significance of CeANpbwr1 neuron acti-
vation upon contact with novel conspecifics (Fig. 1, F and G), we con-
ducted chemogenetic manipulations of CeANpbwr1 neurons to investigate 
how alterations in their activity influenced social behavior. Initially, 
we examined the effect of excitatory chemogenetic manipulation of 
CeANpbwr1 neurons on social behavior to understand the consequences 
of their activation, using a three-chamber social test (Fig. 2A). We 
injected a Cre-dependent AAV harboring hM3Dq-mCherry into 
the CeA of Npbwr1+/Cre mice (Fig. 2B). Intraperitoneal injection of 

Fig. 2. Manipulation of CeANpbwr1 neurons affects social novelty preference. (A) Experimental protocol. (B) Illustration showing AAV injection and immunohisto-
chemical analysis showing hM3Dq-mCherry with c-Fos expression in the CeA after CNO administration. Scale bar, 100 μm. (C) Left: Heatmaps show the density of time 
spent in three-chamber. Right: Time spent in the social zone after CNO injection (hM3Dq) and total time spent in the social zone. Each dot is one mouse. (D) Preference 
index. Each dot is one mouse. (E) Total distance traveled of mice in (C). hM3Dq (vehicle): n = 7, hM3Dq (CNO): n = 8, mCherry (CNO): n = 7. (F) A schematic drawing of AAV 
injection and immunohistochemical analysis showing hM4Di-mCherry expression in the CeA. Scale bar, 100 μm. (G) Left: Heatmaps show the density of time spent in 
three-chamber. Right: Time spent in the social zone after CNO injection (hM4Di) and total time spent in the social zone. Each dot is one mouse. (H) Preference index. Ve-
hicle: n = 7, CNO: n = 8. Each dot is one mouse. (I) Total distance traveled of mice in (G). (J) An illustration of a three-chamber social test with a male stranger and a cage 
mate. (K) Time spent in the social zone with a male stranger and total time. Each dot is one mouse. (L) Time in a social zone with a male stranger and total time. Each dot 
is one mouse. (M) Preference index. hM4Di (vehicle): n = 7, hM4Di (CNO: n = 6), mCherry (CNO: n = 7). (N) Total distance traveled of mice in (L). For the entire figure, bar 
graphs represent means ± SEM. +P < 0.05, +++P < 0.001, *P < 0.05, **P < 0.01, and ***P < 0.001.
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clozapine N-oxide (CNO) into mice expressing hM3Dq-mCherry in 
CeANpbwr1 neurons, which increased c-Fos expression in mCherry-
expressing neurons (Fig. 2B), resulted in a significant increase in the 
time spent in the social zone in the three-chamber test using unfamil-
iar mice, without changing the total distance traveled (Fig. 2, C to E). 
This indicates that excitation of CeANpbwr1 neurons leads to an in-
crease in social interactions with novel conspecifics. This finding is 
consistent with the idea that NPBWR1, a Gi-coupled inhibitory re-
ceptor, inhibits physical contact in novel mice (18), and this effect is 
assumed to be mediated by the inhibition of CeANpbwr1 neurons. No-
tably, we performed an elevated plus maze test combined with phar-
macogenetic excitation of CeANpbwr1 neurons using Cre-dependent 
AAV expressing hM3Dq (fig. S7). This experiment demonstrated that 
excitatory manipulation of these neurons did not affect anxiety in 
mice, suggesting that CeANpbwr1 neurons are more likely to specifi-
cally alleviate social anxiety than induce a general anxiolytic effect.

Subsequently, we examined the effect of the chemogenetic inhi-
bition of CeANpbwr1 neurons, which might mimic the function of 
NPBWR1 (Fig. 2F). Inhibition of CeANpbwr1 neurons by activat-
ing hM4Di resulted in a decrease in the time spent in the social zone 
compared to saline-injected control groups, without changing the 
total distance traveled (Fig. 2, G to I). These results suggest that ac-
tivation of CeANpbwr1 neurons upon encountering novel conspecif-
ics facilitates social contact with opponents and that NPBWR1 serves 
as a negative regulator of this function.

Next, we evaluated social novelty preference using a three-chamber 
test with a cage mate and a stranger (Fig. 2J). Inhibition of CeANpbwr1 
neurons showed a significant decrease in the time spent in the zone 
with a stranger but an increased tendency with a cage mate (Fig. 2, K 
to M), without changing the total distance traveled (Fig. 2N).

Overall, these results indicate that CeANpbwr1 neurons increase 
activity upon physical contact with strangers, and enhance social 
novelty preference. This mechanism may be essential for interacting 
with novel social individuals. Without this function, mice may not 
be able to make appropriate contact with strangers.

CeANpbwr1 neurons act on a brain stem region to promote 
physical contact with strangers
Through virus-mediated tracing using a Cre-dependent AAV carry-
ing an anterograde tracer, tdTomato-T2A-synaptophysin-GFP (22), 
we observed that CeANpbwr1 neurons sent abundant axonal projec-
tions to the microcellular tegmentum (MiTg), lateral and medial parts 
of the parabrachial nucleus, lateral part of the substantia nigra pars 
lateralis (SNL), and nucleus solitarius (NTS) (Fig. 3, A and B). Nota-
bly, the axonal projections to the MiTg by CeANpbwr1 neurons 
were particularly extensive, prompting us to investigate the functions 
of these projections (Fig. 3C). After expressing ChR2 in CeANpbwr1 
neurons by injecting Cre-dependent AAV into the CeA, we implanted 
optic fibers in the MiTg to perform excitatory manipulations (Fig. 3C). 
Excitation of CeANpbwr1 fibers in the MiTg mice robustly increased 

Fig. 3. CeANpbwr1 neurons act on MiTg to change the social distance and behavior. (A) Experimental protocol for anterograde tracing. Bottom shows the expression of 
synaptophysin-GFP and tdTomato in the CeA. Bottom right shows a high-power view of the dotted rectangle region. Scale bar, 100 μm. (B) Expression of tdTomato and 
synaptophysin-GFP in the SNL, MiTg, LPBS (lateral parabrachial nucleus), MPB (medial parabrachial nucleus), and NTS (nucleus tractus solitarius). Scale bars,100 μm. Bar 
graph shows density of synaptophysin in designated brain regions. (C) Protocol for optogenetic excitation. Scale bars, 100 μm. (D) Left: Time spent in the social zone with 
optogenetic stimulation of CeA Npbwr1 fibers in the MiTg. Right: Average time spent in the social zone. EYFP: n = 4; ChR2: n = 6. (E) Total distance during the three-chamber 
test with optogenetic stimulation. (F) Protocol for optogenetic inhibition. (G) Left: Time spent in the social zone with constant stimulation (EYFP: n = 6; eNpHR3.0: n = 4). 
Right: Average time in the social zone. (H) Total distance during the three-chamber test with optogenetic inhibition. (I) Experimental design for social contact-triggered 
feedback manipulation. (J) Left: Change in social distance (EYFP: n = 6; eNpHR3.0: n = 8). Right: Average change in total social distance. Values are represented as means ± 
SEM. (K) Optogenetic activation of vGLUT2 expressing neurons in MiTg induces fear-related response. Cre-dependent AAV driving ChR2-EYFP or EYFP was injected into 
the MiTg (vGLUT2+/IRES-Cre). (L) Optogenetic excitation of vGLUT2-positive neurons in the MiTg. (M) Average maximum speed during the test session. Data are from 
vGLUT2+/IRES-Cre mice (ChR2: n = 4; EYFP: n = 4). Bar and line graphs represent mean ± SEM. +P < 0.05, ++P < 0.01, *P < 0.05, **P < 0.01, and ***P < 0.001.
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the time spent in the social zone without changing the total distance 
traveled during the test (Fig. 3, D and E). Likewise, optogenetic in-
hibition of CeANpbwr1 fibers in MiTg decreased the time spent in the 
social zone without changing the total distance traveled during the 
test (Fig. 3, F to H).

To investigate whether the increased activity of CeANpbwr1 fibers in 
the MiTg is essential for maintaining physical contact during social 
interactions, we developed a system using Bonsai (Fig. 3I) (21), which 
inhibits CeANpbwr1 fibers in the MiTg at the time of physical contact, 
leading to an increase in social distance from unfamiliar mice. These 
observations suggest that CeANpbwr1 neurons, at least partially, medi-
ate increased sociability with unfamiliar mice by acting on the MiTg 
(Fig. 3J) and that their activity is necessary for sustaining physical 
contact with novel conspecifics. Furthermore, optogenetic excitation of 
excitatory MiTg neurons elicited a flight-like aversive response (Fig. 3, 
K to M). In summary, because CeANpbwr1 neurons are GABAergic 

(18), they are activated upon recognizing novel conspecifics and in-
hibit MiTg neurons to mitigate risk management behavior when con-
tacting unfamiliar individuals.

Excitation of CeANpbwr1 neurons restores sociability deficits
Next, since CeANpbwr1 neurons increases sociability, we examined 
whether their activation of CeANpbwr1 neurons could effectively al-
leviate sociability impairments induced by CSDS (23). We first ex-
pressed hM3Dq-mCherry in the CeANpbwr1 neurons of Npbwr1+/Cre 
mice. We then exposed them to a 10-min session of CSDS per day, 
consisting of encounters with CD-1 mice acting as aggressors, re-
peated over 7 days. Last, we conducted the social interaction test 
(SIT) to evaluate the effects of CSDS and select susceptible (SUS) 
mice. Subsequently, we performed a three-chamber social test and a 
social test (Fig. 4A). SUS mice showed decreased sociability with the 
novel CD-1 mice in the SIT; however, this tendency was not observed 

Fig. 4. Chemogenetic activation of CeANpbwr1 neurons alters social behavior following CSDS. (A) Experimental schedule for DREADD experiments with CSDS. 
(B) Time spent in a zone with or without target (CD-1) (control: n = 6; SUS: n = 17; RES = 7). (C) Social interaction ratio (SI ratio) following CSDS. (D) Left: Time in the social 
zone in a three-chamber social test following chemogenetic activation of CeANpbwr1 neurons. Right: Average time in the social zone. Vehicle: n = 6; CNO: n = 7; control = 6. 
(E) Heatmaps showing the time spent in the three-chamber social chamber. (F) Preference index is evaluated by calculating time spent in social and empty zones. 
(G) Total distance during the three-chamber test. (H) Left: Social distance change following chemogenetic activation. Right: Average social distance. (I) Left: Social interac-
tion time. Right: Average social interaction time. For the entire figure, values are represented as means ± SEM. ++P < 0.01, two-way ANOVA with Sidak's multiple com-
parisons test; *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA with Sidak’s multiple comparisons test. Each dot is one mouse.
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in resilient (RES) mice (Fig. 4, B and C). Sociability deficits with the 
novel C57B6J mice were also observed, which is consistent with a pre-
vious study (24). Mice expressing hM3Dq-mCherry in CeANpbwr1 
neurons after saline injection showed the same tendency (Fig. 4D). 
However, CNO administration in these mice markedly increased 
the time spent in the social zone with a novel conspecific to a level 
similar to that of the control group (Fig. 4, D to F). The total distance 
traveled did not differ between the groups (Fig. 4G). Social distance 
with a novel conspecific also decreased, but social interaction time 
did not change in the CNO injection group compared to the saline 
group (Fig. 4, H and I). These results suggest that the activation 
of CeANpbwr1 neurons resulted in recovery from sociability deficits in-
duced by CSDS, indicating that CeANpbwr1 neurons could serve as a 
target for new therapeutics against sociability deficits.

NPBWR1 modulates the activity of CeANpbwr1 neurons to 
regulate social behavior
To understand how NPBWR1 affects the function of CeANpbwr1 
neurons, we examined the activity of these neurons in Npbwr1Cre/Cre 
mice, which lack endogenous Npbwr1 expression, with or without 
exogenous rescue of human NPBWR1 expression. Since human 
NPBWR1 has a frequent SNP (404A>T, Y135F) in the coding region, 
which affects receptor functions due to reduced coupling with the Gi 
subclass of G proteins (19), we used both the wild-type NPBWR1(135Y) 
and the variant NPBWR1(135F) in this experiment. We injected 
AAV-DIO-jRGECO1a and Cre-dependent AAV carrying human 
NPBWR1(135Y)-EYFP or NPBWR1(135F)-EYFP. Red fluorescent sig-
nals were obtained from the optic fibers implanted in the CeA 
while monitoring the distance between the two mice (Fig. 5A). The 

activity of CeANpbwr1 neurons expressing NPBWR1(135F) increased 
when the mice contacted novel conspecifics, displaying a pattern similar 
to that of the control group (Npbwr1Cre/Cre) (Fig. 5, B and C). However, 
this change was significantly small in mice expressing NPBWR1(135Y). 
A similar change in differential activity was observed in female mice 
(fig. S8, B and C). Conversely, the activity of CeANpbwr1 neurons express-
ing either NPBWR1(135F) or (135Y) showed no remarkable change 
when the mice started contacting cage mates (Fig. 5, D and E) or toy 
mice (fig. S8, D and E). NPBWR1(135Y) overexpression might block 
the increase in CeANpbwr1 neuron’s activity upon contacting strangers, 
presumably responding to endogenous ligands, NPB, and/or NPW.

Next, we examined how the expression of NPBWR1(135Y) or 
NPBWR1(135F) affects social behavior of Npbwr1Cre/Cre mice (Fig. 
6A). Npbwr1Cre/Cre mice, which lack Npbwr1 expression, stayed for a 
longer time in the social zone in the three-chamber social test than 
Npbwr1+/Cre mice, showing that the lack of NPBWR1 increased so-
cial contact with strangers (fig. S2, B and C). Exogenous expression 
of NPBWR1(135Y), but not NPBWR1(135F), decreased time in the 
social zone in the three-chamber social test (Fig. 6B). The tendency 
of Npbwr1Cre/Cre mice to go into the social zone more compared to 
the empty zone was abolished by NPBWR1(135Y) expression in 
CeANpbwr1 neurons (Fig. 6C). The total distance traveled during the 
three-chamber test did not change (Fig. 6D). NPBWR1(135Y) ex-
pression also increased the social distance and decreased the num-
ber of contacts with male stranger conspecifics (Fig. 6, E and F). 
Thus, we concluded that the expression of NPBWR1(135Y) decreas-
es the tendency to approach novel conspecifics when expressed in 
CeANpbwr1 neurons, and the SNP(Y135F) abolished this effect. To 
further support this, microinjection of NPB into the CeA decreased 

Fig. 5. NPBWR1 affects the activity of CeANpbwr1 neurons. (A) Top: A schematic drawing of AAV and optic fiber implantation. The cartoon shows the localization of SNP 
in the structure of human NPBWR1. Bottom: Representative jRGECO1a and NPBWR1(135F) (left) and NPBWR1(135Y) (right) expression. Scale bars, 100 μm. (B) Left: Activ-
ity heat plot of CeANpbwr1 neurons with 135F (top) or 135Y (bottom) 2-s time windows before and after contact with a male stranger WT mouse. Right: Trial-averaged dF/F 
Ca2+ time course of CeANpbwr1neurons with NPBWR1(135F) or NPBWR1(135Y) and control (Npbwr1Cre/+ and Npbwr1Cre/Cre). (C) Left: Averaged peak dF/F Ca2+ 2 s before and 
after contact with a male stranger. Right: The average AUC. Data are from the Npbwr1Cre/Cre mice expressing jRGECO1a (n = 4, versus male stranger, 135F, 23 events; 135Y, 
28 events) and jGCaMP7c [n = 4, versus male stranger, control (homo), 31 events; control (het), 32 events] in CeANpbwr1neurons. (D) Left: Activity heat plot of CeANpbwr1 
neurons with NPBWR1(135F) (top) or NPBWR1(135Y) (bottom) for 2 s before and after contact with a male cage mate. Right: Trial-averaged dF/F Ca2+ time course of CeANpbwr1 
neurons with 135F or 135Y and control (Npbwr1Cre/+ and Npbwr1Cre/Cre). (E) Left: Averaged peak dF/F Ca2+ in 2 s before and after contact with a male cage mate. Right: The 
average AUC. Data are from the Npbwr1Cre/Cre mice expressing jRGECO1a (n = 4, versus cage mate, 135F, 37 events; 135Y, 34 events) and jGCaMP7c [n = 4, versus male 
stranger, control (homo), 31 events; control (het), 32 events] in CeANpbwr1neurons. Values are represented as means ± SEM. +P < 0.05, +++P < 0.001, *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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the time spent in the social zone and locomotor activity (fig. S9). 
These results suggest that the NPB/W-NPBWR1 system is a negative 
regulator of sociability, acting as an inhibitory mechanism for CeANpbwr1 
neurons, which increases social novelty preference, and that the 
SNP(Y135F) in human NPBWR1 affects this function.

DISCUSSION
Creating new social interactions is essential for social animals; how-
ever, it concurrently presents inherent risks. Comprehension of the 
mechanisms governing the attainment of equilibrium between these 
dual facets, thereby enabling the enactment of suitable social behav-
ior, remains limited. Disruption of this intricate mechanism may con-
ceivably precipitate conditions such as sociophobia, as documented in 
previous studies (25, 26). In addition, an excessive propensity toward 
familiarity can exacerbate social predicaments. These observations 
provide an understanding of the mechanisms by which novel social 
preferences are important in an era marked by a highly complex hu-
man society.

In our previous study, we observed that Npbwr1−/− mice dis-
played abnormal social behavior (18). These behaviors include im-
pulsive interactions with unfamiliar mice, intensified approaches, 
extended periods of contact, and longer chasing durations. These 
findings highlight the importance of further investigation into the 
role of Npbwr1-expressing neurons in the preference for social 
novelty.

We demonstrated that CeANpbwr1 neurons play a key role in regu-
lating social novelty preference. Physical contact and withdrawal from 
social novelty increased and decreased the activity of CeANpbwr1 
neurons, respectively. CeANpbwr1 neurons act on MiTg neurons to 
decrease social fear/anxiety-related behaviors and maintain phys-
ical contact. No change in the activity of CeANpbwr1 neurons was 

observed upon encountering familiar mice (cage mates) (Fig. 1, E 
and F). This suggests that CeANpbwr1 neurons exhibit different activ-
ity patterns, depending on whether the contacts are familiar or un-
familiar. Such differential regulation may be necessary for mice to 
manage novel social contacts that are associated with notable levels 
of anxiety.

CeANpbwr1 neurons show increased activity immediately after 
physical contact with novel conspecifics. This suggests that these 
neurons respond to signals such as tactile information or nonvola-
tile pheromone signals. However, further research is needed to iden-
tify the molecular mechanism that determines whether an opponent 
is familiar or a stranger.

This study primarily focused on male mice interacting with un-
familiar male conspecifics and objects. However, as shown in fig. S4, 
the activation of CeANpbwr1 neurons was consistent during interac-
tions with both male and female unfamiliar mice. This suggests that 
the role of these neurons in processing social recognition may be 
conserved across encounters with both sexes and that CeANpbwr1 
neurons likely contribute similarly to responses involving unfamil-
iar female conspecifics. While our data did not include direct obser-
vations of female mice, further studies incorporating female-specific 
data, including female-female interactions, will be valuable to ex-
tend our findings to female social interactions.

The CeA acts as a hub, gating and modulating information from 
various inputs, which regulate appetitive and aversive motivated be-
haviors (9, 10, 27, 28). Different modalities of social information al-
tered the activity of CeANpbwr1 neurons (Fig. 1 and fig. S4), suggesting 
that these neurons receive diverse inputs. Neurons that made direct 
synaptic contact with CeANpbwr1 neurons were found in various brain 
regions (fig. S6). The pBLA, AmPir, and vCA1 comprised the primary 
input regions of CeANpbwr1 neurons (fig. S9, C and D), suggesting that 
these input neurons play a role in differentially regulating CeANpbwr1 

Fig. 6. NPBWR1 alters social distance and behavior. (A) Top: Rescue expression of NPBWR1(135F) or NPBWR1(135Y) in CeANpbwr1 neurons in Npbwr1Cre/Cre mice for per-
forming the three-chamber social test and SIT. Bottom: Expression of NPBWR1(135Y) (left) and NPBWR1(135F) (right). Scale bar, 100 μm. (B) Left: Time in the social zone in 
the three-chamber social test. Right: Average time in the social zone. (C) Heatmap shows the change of trajectory in the three-chamber test. Right: Preference index be-
tween NPBWR1(135Y)- and NPBWR1(135F)-expressing groups. Data are from the Npbwr1Cre/Cre mice (control, n = 6) and Npbwr1Cre/Cre mice expressing NPBWR1 (135Y, 
n = 4) and NPBWR1 (135F, n = 7). (D) Total distance during the three-chamber test in (B). (E) Change of social distance. (F) Interaction time. Data are from the Npbwr1Cre/Cre 
mice (control, n = 8) and Npbwr1Cre/Cre mice expressing NPBWR1 (135Y, n = 8) and NPBWR1 (135F, n = 8). For the entire figure, values are represented as means ± SEM.  
+P < 0.05, +++P < 0.001, two-way ANOVA with Sidak's multiple comparisons test; *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA with Sidak's multiple compari-
sons test.
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neurons depending on whether the contacts are novel or familiar. 
Given that AmPir and vCA1 have been implicated in odor-induced 
hormonal fear responses and social memory (29–32), these regions 
could be candidates that regulate CeANpbwr1 neurons. In addition, 
given that tyrosine hydroxylase–positive neurons in the dorsal raphe 
express NPW and send abundant projections to the CeA, this input 
could be involved in regulating CeANpbwr1 neuron activity (33).

Various gene markers have been identified in CeA neurons, indi-
cating the functional diversity of the CeA (27, 34). The expression of 
Pkcδ and Som suggests that CeANpbwr1 neurons could function as a 
part of the mutual disinhibitory circuit in the CeA, regulating fear 
behavior (14, 15). Future studies are needed to uncover the func-
tional overlap between CeANpbwr1 neurons and Tac2/Nts expressing 
CeA neurons, which have been reported to be involved both in fear 
and anxiety behaviors and sleep regulation (35, 36).

We also showed that NPBWR1, a Gi protein–coupled inhibitory 
receptor, is a negative regulator of this pathway (Figs. 5 and 6). The 
SNP (404A>T) in NPBWR1 showed functional impairment as a Gi 
protein–coupled receptor and correlated with differential emotional 
valence in human face recognition (19). Differential calcium dy-
namics of CeANpbwr1 neurons overexpressing NPBWR1(135F) or 
(135Y) in NPBWR1Cre/Cre mice encountering unfamiliar mice (Fig. 
5, B and C) further suggested that the SNP (404A>T) decreases re-
ceptor function. We also found that NPBWR1(135F) or (135Y) ex-
pression in CeANpbwr1 neurons in Npbwr1-deficient Npbwr1Cre/Cre 
mice differentially alter social behavior (Fig. 6). This finding sug-
gests the intriguing possibility that the SNP in human NPBWR1 
could be a contributing factor in determining individual differences 
in social behavior toward strangers.

Our findings suggested that activating CeANpbwr1 neurons can 
rescue social interaction deficits observed after CSDS (Fig. 4). Nota-
bly, the lack of social interaction in these models may not necessar-
ily be due to the direct dysfunction of CeANpbwr1 neurons. As previously 
reported, social behavior deficits after CSDS may stem more from 
trauma-mediated avoidance than from impaired social recognition. 
While our study focused on demonstrating the efficacy of CeANpbwr1 
neuronal activation in improving social behavior, the underlying 
mechanisms responsible for these changes remain unclear. Further 
research is required to elucidate how CeANpbwr1 neurons interact 
with broader neural circuits involved in social behavior, as well as 
how CSDS affects signaling. Future studies should investigate these 
mechanisms in greater detail, including the potential development 
of interventions targeting CeANpbwr1 neuronal control systems to 
mitigate social deficits.

The NPB/W-NPBWR1 system potentially assumes the role of a 
negative regulatory entity within this pathway, contributing to the pres-
ervation of appropriate interindividual distancing from unfamiliar in-
dividuals, thereby respecting the boundaries of the personal space of 
others. NPB injection into the CeA decreased sociability toward unfa-
miliar individuals (fig. S9). An SNP (404A>T) found in the human 
NPBWR1 gene also affects the function of this mechanism (Fig. 6), rais-
ing the intriguing possibility that this SNP influences social-behavioral 
characteristics in humans (19). This is supported by previous reports 
showing that this SNP correlates with psychological differences in hu-
mans when presented with the various emotional faces of others (19). 
Furthermore, humans have the NPB/W receptor subtype NPBWR2, 
which is absent in rodents, suggesting that this receptor may have 
evolved to handle the complex social interactions observed in human 
society. If agonists or antagonists of NPBWRs are developed, then they 

can influence human behavioral tendencies toward others and social 
behavior. These pharmacotherapeutics may be beneficial for treating 
social phobia and disinhibiting social engagement disorders (37).

MATERIALS AND METHODS
Animals
All animal experiments were performed at the International Insti-
tute for Integrative Sleep Medicine (IIIS), Tsukuba University, ac-
cording to the guidelines for animal experiments. The experiments 
were approved by the Animal Experiment Committee (24-065) and 
were in accordance with the National Institutes of Health guidelines. 
Mice were given food and water ad libitum and maintained at 23°C, 
relative humidity of 50%, with a 12-hour light/12-hour dark cycle. 
Adult male mice (10 to 14 weeks old) were used in all experimental 
procedures except for 16- to 24-month-old male CD-1(ICR) mice 
(sexually experienced retired breeders; the Jackson Laboratory). All 
mice used in this study, including wild-type [C57BL/6J male mice 
(ID# 000664 from Charles River)] and transgenic mice, were bred at 
the IIIS, except for male CD-1(ICR) mice. The experimental mice 
were cohoused with male wild-type mice as cage mates. Group-
housed male wild-type mice were used for all behavioral tests, and 
female wild-type mice were used as strangers for fiber photometry 
experiments. Npbwr1+/Cre mice were generated by homologous re-
combination of C57/BL6N embryonic stem cells, followed by the 
implantation of eight–cell stage embryos (fig. S1).

Viruses
AAVs were produced using a triple-transfection helper-free meth-
od, as described previously (38). The final purified viruses were 
stored at −80°C. Titers of recombinant AAV vectors were determined 
by quantitative polymerase chain reaction: AAV10-EF1α-DIO-hM3Dq- 
mCherry; AAV10-EF1α-DIO-hM4Di-mCherry; 1.90 ×  1012, AAV10-
EF1α-DIO-TVA-mCherry; 4 × 1013, AAV10-CAG-DIO-RG; 3.9 × 1013, 
AAV10-EF1α-DIO-ChR2-EYFP; 3.7 × 1013, AAV10-EF1α-DIO-EYFP; 
5.82  ×  1013, AAV10-hsyn-DIO-mCherry; 2.6  ×  1013, AAV10-hsyn-
DIO-jGCaMP7c; 5.03 × 1013, AAV10-hsyn-DIO-GCaMP6s; 4.2 × 1013, 
AAV2/9-hsyn-DIO-tdTomato-T2A-synaptophysin-EGFP; 2.5  ×  1013, 
AAV2-EF1α-DIO-NPBWR1(135F)-EYFP; 1.82  ×  1013, AAV2-EF1α-
DIO-NPBWR1(135Y)-EYFP; 7.04 × 1012 genome copies/ml. We 
made SAD△G-GFP (EnvA) by transfecting these plasmids in B7GG 
cells, followed by pseudotyping in BHK-RGCD-EnvA cells and ul-
tracentrifugation (39); 4.2 × 1013 infectious units/ml.

Surgery
For the injection of AAV vectors, male Npbwr1Cre/Cre or Npbwr1+/Cre 
mice (10 to 12 weeks old) were anesthetized with isoflurane (Pfizer) 
and positioned in a stereotaxic frame (David Kopf Instruments). 
For fiber photometry, we injected AAV10-hsyn-DIO-jGCaMP7c, 
AAV10-hsyn-DIO-GCaMP6s, AAV2/9-hsyn-DIO-jRGECO1a, AAV10-
EF1α-mCherry, AAV10-EF1α-NPBWR1(135F)-EYFP, and AAV10-
EF1α-NPBWR1(135Y)-EYFP into the CeA [anterior-posterior (AP), 
−1.48 mm; medial-lateral (ML), +3.05; dorso-ventral (DV), −4.45 mm 
from the bregma; 0.3 to 0.4 μl]. Optical fiber was implanted above 
the CeA [(AP), −1.48 mm; (ML), +3.05; (DV), −4.38]. For chemo-
genetic manipulation, we injected AAV10-EF1α-DIO-hM3q-mCherry 
and AAV10-EF1α-DIO-hM4Di-mCherry into the CeA. For anterograde 
tracing, we injected AAV2/9-hsyn-DIO-tdTomato-T2A-synaptophysin-
EGFP into the CeA.



Soya et al., Sci. Adv. 11, eadn1335 (2025)     15 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 11

For retrograde tracing, we injected AAV10-EF1α-DIO-TVA-mCherry, 
AAV10-EF1α-DIO-RG, and SADΔG-GFP into the CeA. For optogen-
tic manipulation, we injected AAV10-EF1α-DIO-ChR2-EYFP and 
AAV10-EF1α-DIO-eNpHR3.0-EYFP into the CeA. Then, optical fi-
bers were implanted above MiTg (AP, −4.2 mm; ML, ±1.8 mm; DV, 
−3.23 mm). Behavioral experiments were performed 2 to 3 weeks 
after virus injection. For microinjection into the CeA, cannulae were 
implanted bilaterally above the CeA. Behavioral experiments were 
performed 1 week after implantation.

Drug administration
CNO (Abcam, ab141704) was dissolved in saline at a dose of 100 μg/
ml and frozen at −20°C. CNO was administered intraperitoneally at 
a dose of 5 mg/kg. NPB (NPB-29, rat, 4459-v, Peptide Institute) was 
injected at a dose of 10 nM into the CeA. NPB was diluted in ddH2O 
(double-distilled water) up to 1 μM and then diluted with artificial 
cerebrospinal fluid (R&D Systems), which also used as a control.

Behavior tests
All behavioral tests were performed under dim light conditions (<15 lx) 
using two- and three-compartment arenas with a charge-coupled 
device (CCD) video camera to record social distance and behavior. 
The experimental mice were cohoused with male wild-type mice 
after surgery.

Three-chamber social test
For the three-chamber social test, mice were habituated to a three-
compartment experimental arena (40 cm by 52 cm by 25 cm, acryl-
ic glass), which was divided into three rooms (center: 40 cm by 
12 cm by 25 cm, left and right: 40 cm by 20 cm by 25 cm) with 
two empty cylindrical cages inside with removable doors (fig. S2A). 
To evaluate sociability, the mice were placed in the center of the 
arena, separated by two doors for 5 min, after habituation without 
these doors for 20 min. A male stranger mouse (C57/BL6J, 10 to 
14 weeks old) was placed in one of the cylindrical cages. A different 
stranger male mouse was used for each session. After 3 min, the 
doors were removed for 20 min to record social behavior. To evalu-
ate social novelty preference, we placed a male stranger mouse 
and a cage-mate mouse in each cylindrical cage for 10 min after 
habituation without these mice. Notably, the stranger mice used in 
both tests were of the same sex and age as the test mice. The prefer-
ence index (%) was calculated as the time spent exploring strangers 
subtracted from the time spent exploring empty or cage mates, di-
vided by the total time spent with both subjects. The behavior of 
the mice was recorded with a CCD video camera, and the time 
spent around the cylindrical cages was analyzed using SMART 3.0 
(Panlab) software.

Social interaction test
The experimental mice and male stranger wild-type mice (C57/
BL6J, 10 to 14 weeks old) were placed in a two-compartment ex-
perimental arena (40 cm by 40 cm by 25 cm, acrylic glass) divided 
into two rooms (left and right; 40 cm by 20 cm by 25 cm), with a 
door in the middle (fig. S2F). After 5 min of habituation, the door 
was opened for 5 min to analyze the social distancing and behavior. 
A different stranger male mouse was used for each session. The be-
havior of the mice was recorded with a CCD video camera, and so-
cial behavior and distance were analyzed using Bonsai software running 
a Python-based custom-made algorithm (21, 40).

Elevated plus maze
An experimental mouse was placed in the center zone of an elevated 
plus maze apparatus (both open and closed arms were 40 cm in 
length). A 5-min video recording was conducted immediately after 
placing the mouse in the center. The behavior of the mice was ana-
lyzed using an automated software (SMART 3.0, Panlab).

Chronic social defeat stress
CSDS was performed as previously described (23). A single experi-
mental mouse was exposed to a different CD-1 aggressor mouse for 
10 min each day for seven consecutive days. The severity of aggres-
sive attacks in CD-1 mice was screened before the CSDS procedure 
to maintain the homogeneity of aggression of CD-1 mice. After each 
10-min contact, a group-housed experimental mouse was moved to 
a different cage where a single CD-1 mouse stayed. As a control, 
group-housed Npbwr1+/Cre mice were exposed to a different home 
cage than the C57BL6J mice. On day 8, defeated and control animals 
were subjected to a SIT, with or without CD-1. The social interaction 
ratio was calculated as the time spent exploring the CD-1 mice di-
vided by the time spent exploring the empty cage. Only SUS animals 
scoring <1, as evaluated by the SIT, were used for further behavior-
al analysis.

Optogenetic manipulation
We used a 473- or 532-nm laser (Shanghai Laser & Optics Century 
Co. Ltd.) connected to patch cords [200-μm diameter; numerical 
aperture (NA): 0.22, 1.0 m long; Doric Lenses], a rotary joint (Doric 
Lenses), and a ferule-attached optic cannula (200-μm diameter; NA: 
0.5, 6 mm long; Kyocera). The laser intensity was calibrated from 
5 mW at the fiber tip using a power meter (Coherent Corp) and 
estimated using a light transmission calculator (https://web.stanford.
edu/group/dlab/cgi-bin/graph/chart.php) before initiating the be-
havioral experiments.

For the excitation of MiTg-projecting CeANpbwr1 neurons, we re-
peatedly performed 2 s of photostimulation at 28-s intervals for 20 min 
in the three-chamber test. To inhibit these neurons, we repeatedly 
performed 5-s photostimulation at 25-s intervals for 20 min in the 
three-chamber test. During preliminary experiments, we found that 
the stimulation parameters used were sufficient to produce the de-
sired effects and avoid the risks of tissue damage and photobleaching 
of opsin during the experimental period.

For the social distance–dependent feedback inhibition of MiTg-
projecting CeANpbwr1neurons, we combined Bonsai with Arduino 
(Arduino Uno, Arduino) to transform social contact information 
(social distance is zero) into TTL signals. A 532-nm laser was con-
trolled by TTL signals to stimulate constantly only when the social 
distance became zero.

Immunohistochemistry
Mice were anesthetized with sodium pentobarbital and then fixed by 
intracardiac perfusion with 4% paraformaldehyde. Then, the brains 
were postfixed for 24 hours in the same fixative and cryoprotected by 
immersion in 30% sucrose for 2 days. Brain sections of 40-μm thick-
ness were cut with a cryostat. Sections were incubated with 1% Triton 
X-100 in phosphate-buffered saline (PBS) for 1 hour, and then incu-
bated and blocked with 10% bovine serum albumin (Blocking One, 
Nacalai Tesque) and 0.3% Triton X-100 in PBS for 1 hour. Then, slices 
were incubated with the designated primary antibodies in PBS over-
night at 4°C. The slices were washed with PBS containing 0.25% Triton 

https://web.stanford.edu/group/dlab/cgi-bin/graph/chart.php
https://web.stanford.edu/group/dlab/cgi-bin/graph/chart.php
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X-100 and 3% bovine serum albumin. Then, slices were incubated 
with the designated primary antibodies in PBS overnight at 4°C. Rabbit 
polyclonal antibodies against rat anti-cFos (1:5000; Ab-5, Millipore), 
mouse anti-tyrosine hydroxylase (1:2500; F-11, Santa Cruz), and goat 
anti-GFP (1:1000; Molecular Probes) were used. Then, slices were 
washed with PBS three times, followed by incubation with the desig-
nated secondary antibodies in PBS for 2.5 hours. Secondary antibodies 
used in this study were Alexa Fluor 594–conjugated donkey anti-
rabbit, 594-conjugated donkey anti-mouse, 488-conjugated donkey 
anti-mouse, and 488-conjugated donkey anti-rabbit (1:1000; Molecu-
lar Probes, Eugene, OR). The slices were washed three times in PBS, 
mounted on subbed slides, air-dried, and covered with coverslips us-
ing a reagent (Fluor Save, Calbiochem). The brain sections were ob-
served using a confocal laser microscope (SP8, Leica) and a microscope 
(Axio Zoom V16, Zeiss).

In situ hybridization
Fluorescence in situ hybridization was performed using an RNAscope 
Fluorescent Multiplex Kit (Advanced Cell Diagnostics) with the fol-
lowing probes: Probe-Mm-CRH-316091-C2, Mm-Npbwr1–840781-C1, 
Mm-NTS-420441-C2, Mm-PRKCD-441791-C2, Mm-SST-404631-C3, 
and Mm-Tac2–446391-C3.

Mice were perfused and fixed using the same procedure as de-
scribed in the “Immunohistochemistry” section except using di-
ethyl pyrocarbonate–treated PBS and 4% paraformaldehyde. Brains 
were sectioned coronally into sections (20 μm) with a cryostat 
(Leica) and mounted on slides (Superfrost Plus Microscope Slides, 
Fisherbrand).

Retrograde tracing
For retrograde tracing, we injected viruses as shown below into the 
CeA of Npbwr1+/Cre mice. First, a cocktail of AAV10-DIO-TVA-
mCherry with AAV10-DIO-RG (1:2) was delivered unilaterally to ex-
press TVA-mCherry and rabies glycoprotein in CeANpbwr1 neurons 
(AP, −1.48 mm; ML, 3.05 mm; DV, 4.45 mm from the bregma). Two 
weeks later, SADΔG-GFP (EnvA) was injected at the same location. 
Six days later, mice were perfused and treated according to the pro-
cedure described in the “Immunohistochemistry” section. Starter 
(GFP and mCherry double positive) and input neurons (GFP posi-
tive) were observed in whole-brain sections using laser microscopes 
(Axiozoom.V16, Zeiss; TCS SP8, Leica).

Anterograde tracing
For anterograde tracing, we injected AAV2/9-hsyn-DIO-tdTomato-
T2A-synaptophysin-EGFP into the CeA of Npbwr1+/Cre mice. CeANpbwr1 
neurons (mCherry-positive) and their presynaptic synaptophysin sig-
nals (GFP) were observed in specific brain regions using a confocal 
laser microscope (TCS SP8, Leica). We quantified the GFP-positive 
synaptophysin density in each brain area [SNL, MiTg, lateral parabra-
chial nucleus (LPBS), superior part of the lateral parabrachial nucleus, 
medial parabrachial nucleus (MPB), and nucleus of the solitary tract 
(NTS)] using ImageJ software (41). A boxed area (150 μm by 150 μm) 
for the GFP channel of each brain region was cropped, converted to 
an eight-bit image, and binarized by thresholding. The threshold val-
ue for capturing synaptophysin signals in the medial prefrontal cortex 
of each mouse was manually determined. The threshold value was 
kept constant for all brain sections. The area fraction above the thresh-
old was measured in each region, and the synaptophysin density in 
each region was calculated for each mouse.

Fiber photometry
We used a fiber photometry setup including a 465-nm light-emitting 
diode (LED) (CLED 465 nm, Doric Lenses) and a 560-nm LED 
(CLED 560 nm, Doric Lenses) for fluorophore excitation. Both 
LEDs were modulated at 1.2 kHz (465 and 560 nm) and controlled 
by a fiber photometry console (Doric Lenses) via an LED driver 
(Doric Lenses). The emission signal from the 465 nm excitation was 
collected via a patch cable (Thorlabs) connected to photodetectors 
(four-port fluorescence mini cube, Doric Lenses). The LED power 
was adjusted at the tip of the optical fiber to around 30 to 50 μW. A 
ferrule patch cord was connected to the ferrule fiber implanted in 
the subject mouse using a zirconia split sleeve (Kyocera). Record-
ings were initiated using Doric Neuroscience Studio (Doric Lenses) 
to control the photometry setup and camera (behavioral tracking 
camera, Doric Lenses). Signals were recorded in the lock-in demod-
ulation mode at a sampling rate of 12.0 k/s decimated by a factor of 
100 and saved as a comma-separated csv file (42). mCherry fluores-
cence intensity was used as an internal control to correct for varia-
tions in fluorescence levels. The values of fluorescence change (dF/F) 
were derived by calculating (Ft  −  F0)/F0, where F0 is the baseline 
fluorescence signal calculated with the least mean square fit of 
the whole data series in each session. dF/F values are presented as 
means ± SEM.

Statistical analysis
All results are expressed as means ± SEM. Differences between indi-
viduals were analyzed using Spearman’s rank correlation, two-tailed 
Student’s t test, or one-way and two-way, analysis of variance (ANOVA), 
followed by Sidak’s post hoc comparison analysis.
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