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Impaired vasopressin neuromodulation of
the lateral septum leads to social behavior
deficits in Shank3B+/- male mice

Maria Helena Bortolozzo-Gleich1, Guillaume Bouisset 1, Lan Geng2,3,
Antonia Ruiz Pino 1, Yuki Nomura 1, Shuting Han 4,5,6, Yulong Li 2,3 &
Félix Leroy 1

The neuropeptide arginine-vasopressin (AVP) has been repeatedly associated
with the autism spectrum disorder (ASD) but the underlying mechanisms
remain unclear. As Shank3B+/- male mice, a model of ASD, exhibit deficits in
sociability and social aggression, we focused on the lateral septum (LS), a brain
region involved in the regulation of motivated behaviors and observed
reduced AVP inputs from the bed nucleus of the stria terminalis (BNST) to LS.
Manipulating AVP release from the BNST to LS of wild-type male mice, we
found that AVP promotes both sociability and social aggression. Blocking the
vasopressin receptor 1a (AVPR1a) in LS impaired sociability, while blocking the
receptor 1b (AVPR1b) disrupted social aggression. Consequently, selective
activation of AVPR1a or AVPR1b rescued the respective behavioral deficits in
Shank3B+/- male mice. These findings reveal that AVP release in LS modulates
two distinct social behaviors via different receptors and highlight a possible
strategy to rescue sociability during ASD.

Impairment in social interactions is a hallmark of the autism spectrum
disorder (ASD). Typical social deficits include initiating interactions,
responding to the initiations of others, maintaining eye contact,
sharing enjoyment, reading the non-verbal cues of others, and taking
another person’s perspective. Social interactions are tightly regulated
by several neuropeptides, including arginine-vasopressin (AVP), and
studies have linked changes in vasopressinergic neuromodulation to
ASD1–4. Thus, variants in the adjacent AVP gene regions have been
associated with ASD diagnosis and endophenotypes3,5,6. In addition,
magnetic resonant imaging (MRI) revealed changes in structure and
functional connectivity in brain regions containing AVP7. Moreover,
AVP levels in theplasmaof childrenwithASDor theirmothershasbeen
associated with autistic symptoms8–12. AVP can bind to four distinct
receptors: AVP receptor 1a (AVPR1A), AVP receptor 1b (AVPR1B), AVP
receptor 2 (AVPR2), and the oxytocin receptor (OXTR). Among these,
AVPR1A, AVPR1B, and OXTR are primarily located in the central

nervous system and show a high degree of polymorphism in patients
with autism spectrum disorder (ASD)13–19. In contrast, AVPR2 is pre-
dominantly expressed in the kidney20.

In rodent, subcutaneous administration of AVP in male rats
extended the duration of social memory21. Further investigations
showed that ventricular injections of AVP in male rats immediately
after initial encounters with stimulus animals enhanced social
memory22, similar to peripheral AVP administration. Stimulation of the
supraoptic nucleus and paraventricular nucleus inmale rats led to AVP
release in the hypothalamus and facilitated social recognition23, similar
to direct infusion of AVP in LS24,25. Conversely, peripheral AVP
antagonist injections impaired social recognition in intact male rats
but had no effect on castrated ones26, suggesting that sex hormones
may indirectly influence social recognition through modulation of the
AVP system. Central administration of anti-AVP serum also resulted in
impaired social recognition in male rats27. Knocking out AVPR1a
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impaired social recognition in male28 but not in female29 mice,
although this effectwasnot seen in all AVPR1a-KO lines30. Knocking out
AVPR1b also leads to a deficit in social recognition and social memory
(including the Bruce effect) as well as decreased social aggression and
socialmotivation31. Finally, intracerebral administration of AVP inmale
oxytocin receptor knockout mice lowers aggression and fully reverts
social and learning defects by acting on AVPR1a receptors32. Despite
the extensive evidence that AVP facilitates social interactions, the
mechanisms by which defects in vasopressinergic neuromodulation
may lead to the social interaction deficits exhibited by ASD patients
and mouse models remain elusive.

The lateral septum (LS) is a key region of the limbic system that
supports many social and affiliative behaviors, including sociability,
social discrimination, and social aggression33. Autopsy andMRI studies
of ASD patients have identified developmental changes in the
septum3,34,35. In rodents, LS is richly innervated by vasopressinergic
fibers and expresses AVP receptors33. Consequently, male Brattleboro
rats lacking AVP showed impaired social recognition, which can be
restored by micro-dialysis of AVP into LS36. While the source of septal
AVP remained unclear for a long time37,38, recent evidence suggests
AVP inputs to LS in mice originate from the bed nucleus of the stria
terminals (BNST) and promote social interactions39. In addition, our

previous results demonstrate that AVPR1b activation in LS facilitates
social aggression in male mice40.

Here, we hypothesize that impairment of AVP release from the
BNST to LS leads to the social behavior deficits exhibited by Shank3B+/-

male mice, a mouse model of ASD41. We first show that sociability and
intermale social aggression are decreased in Shank3B+/- male mice.
Then, we confirmed that AVP+

fibers to LS originate from the BNST
before investigating vasopressinergic modulation of LS in Shank3B+/-

mice. We found a decrease in AVP+
fiber density in LS and AVP+ cell

bodies in BNST, as well as a decrease in Avpr1amRNA expression in LS
and BNST of mutant mice. This decrease correlated with fewer exci-
tatory terminals impinging on BNSTAVP neurons. Using calcium
recording of BNSTAVP neurons terminals in LS and a biosensor for AVP
in male WT mice, we probed the function of septal AVP release and
correlated the fibers activation and AVP release with sociability and
social aggression. We then used chemogenetic, terminal-specific
silencing and gene expression knockdown to demonstrate that
release of AVP from BNST to LS promotes sociability and social
aggression in male WT mice. Consistent with the lower density of
BNSTAVP neurons observed previously, AVP biosensor recordings in
male Shank3B+/- mice indicated a decrease in AVP release during
sociability and aggression. We then infused AVP receptor-specific
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Fig. 1 | Sociability and social aggression are impaired in Shank3B+/- mice.
a Schematic of the sociability test (Created in BioRender. Leroy, F. (2025) https://
biorender.com/8v51vnv).bHeatmapof the accumulated time around the empty or
social cup. c Time spent interacting with the empty or social cup (9/8mice. Paired t
test, WT: p =0.03; Paired t test, Shank3B+/-: p =0.01). d Discrimination indexes for
social preference (9/8 mice. Unpaired t test: p =0.003). e Schematic of resident-
intruder test (Created in BioRender. Leroy, F. (2025) https://BioRender.com/
in0mntf). f Example frames showing social exploration, dominance, and aggres-
sion. g Raster plots showing social exploration, dominance, and aggression.

h Proportions ofmice exhibiting only social exploration, social dominance without
aggression or aggression (at least one biting attack) (11/13 mice. Chi-squared test:
χ²(1) = 4.06, p =0.04). i Social interaction duration (11/13 mice. Unpaired t test:
p =0.02). j Social dominance duration (11/13 mice. Unpaired t test: p =0.2).
k Latencies to attack (11/9 mice. Unpaired t test: p =0.02). l Attack durations (11/13
mice. Unpaired ttest: p =0.005). For the entire figure, bar graphs represent mean ±
s.e.m. Each point is one mouse. * p <0.05, ** p <0.01, *** p <0.001. Source data are
provided as a Source Data file.
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antagonists in LS of WT mice and demonstrated that activation of
AVPR1a in LSpromotes sociability, while activation ofAVPR1b is known
to support social aggression40. Finally, we leveraged this functional
segregation and activated one or the other septal AVP receptor in
Shank3B+/- mice in order to rescue sociability or social aggression.

Results
Sociability and social aggression are impaired in Shank3B+/-mice
Prior studies have established that Shank3B+/- mice exhibit both
genetic and behavioral parallels to symptoms observed in autism

spectrumdisorder (ASD),where sociability/social investigationdeficits
are predominant41,42. However, the exploration of other potential
social behavior deficits was never particularly investigated, prompting
us to investigate whether Shank3B+/- mice also exhibit changes in
antagonistic behaviors, such as intermale social aggression. First, we
confirmed the sociability deficits in Shank3B+/- mice. Male Shank3B+/-

mice and WT littermates were introduced for 5min in an open arena
with two pencil cups in opposite corners. One pencil cup was empty
while the other one had a C57Bl6/J mouse of the same age and sex
(Fig. 1a). We measured the time the test mouse spent exploring each
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Fig. 2 | Vasopressinergic system from BNST (bed nucleus of stria terminalis) to
LS (lateral septum) is decreased in Shank3B+/- mice. a Avp-Cre mice injected
unilaterally with AAV2/1 syn.FLEX.GcaMP6f.WPRE.SV40 in BNST (Created in BioR-
ender. Leroy, F. (2025) https://BioRender.com/zzherf1). b Virally labeled AVP+

neurons in theBNST (left, scale: 400μm) andAVP+
fibers in LS (right, scale: 600μm;
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mean ± s.e.m.; each point is one observation. *p <0.05, **p <0.01, ***p <0.001.
Source data are provided as a Source Data file.
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pencil cup and found that while WT littermates exhibited a preference
for the social cup, Shank3B+/- male mice displayed sociability deficits
(Fig. 1b–d) as previously reported42.

Then, we tested the mutant mice for social aggression using the
resident-intruder test, a behavioral assay designed to assess terri-
torial intermale aggression43. Contrary to the sociability test, where
the test mouse exhibits a preference but cannot fight, this test allows
for direct interaction between two mice, where a wider range of
social behaviors can be displayed (exploration, dominance, and
aggression). Male Shank3B+/- mice and WT littermates were single-
housed for a week before amale Balb/cBymouse of the same age was
introduced into their home-cage. We chose to use Balb/cBy mouse
intruders for their low aggressivity44 in order to minimize the like-
lihood of attacks being initiated by the intruder (Fig. 1e). Typically,
introducing an unfamiliar mouse into the home cage of a singly-
housed resident prompted social exploration from the resident
mouse, usually followed by social dominance behavior (see “Meth-
ods”). In some cases, social dominance eventually escalated to social
aggression, defined as one or several biting bouts (Fig. 1f). These
male-to-male interactions can be viewed as territorial interactions.

Shank3B+/- mice showed a decrease in social exploration (similar to
the result of the sociability test) and a tendency for a decrease in
social dominance (Fig. 1I, j). Regarding the aggressive behavior, while
all WT littermates escalated from social interaction to aggression
within the 10min duration of the test, only two-third of the
Shank3B+/- mice displayed social aggression (Fig. 1g–j). This differ-
ence led to an increase latency to attack and decreased attack
duration (Fig. 1k, I). Overall, these results indicate that Shank3B+/-

mice display deficits in intermale social aggression in addition to
sociability deficits.

To further analyze the differences in social exploratory behavior
between WT littermates and mutant mice, we applied a supervised
annotation method on movies acquired during a 2min period in an
open arena containing a male Balb/cBy mouse of the same age (Sup-
plementary Fig. 1a). Wemeasured the timemice spent in nose-to-nose
and nose-to-tail interactions, as well as following a same-sex adult
conspecific (Supplementary Fig. S1b, c). The results indicated no sig-
nificant differences in nose-to-nose interactions, which can also be
initiated by the stimulus mouse. However, they revealed a significant
reduction in exploratory social behavior initiated by the test mouse in
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the mutant mice group (Supplementary Fig. 1d–f). There were no dif-
ferences in the distance traveled during the test that could explain
these findings (Supplementary Fig. 1g).

Vasopressinergic neuromodulation from the BNST to LS is dys-
regulated in Shank3B+/- mice
We decided to investigate AVP inputs to the septum and injected the
BNST of Avp-Cre mice with a Cre-dependent adeno-associated virus
(AVV) expressing GCaMP6f (Fig. 2a). Three weeks later, we perfused
the mice and observed GCaMP6f+ cells at the injection site and
GCaMP6f+ fibers in LS (Fig. 2b). As the injection site was unilateral, we
observed mostly ipsilateral projections. To confirm this BNST-LS AVP
projection, we injected a Cre-dependent monosynaptic retrograde
herpes simplex virus (HSV) expressing GFP in LS of Avp-Cre mice
(Fig. 2c) and observed retrogradely labeled GFP+ cell bodies in pos-
terior BNST as well as GFP+ axon fibers in LS (Fig. 2d). Since AVP is also
expressed in the hypothalamus and central amygdala38, we carefully
looked for GFP+ cell bodies in these regions but could not find any.
Overall, these results indicate that the BNSTprovides themajor source
of vasopressin to LS.

In order to investigate AVP release in LS in Shank3B+/- mice, and
sinceantibodies against AVP are known topoorly label AVP+ cell bodies

in the BNST37,38, we relied on in situ hybridizations to label Avp and
Avpr1amRNAs in the BNST of Shank3B+/- mice andWT littermates. We
found a decrease in the number of Avp+ and Avpr1a+ cell bodies in the
BNST of the mutant mice (Fig. 2e–h). Then, we used anti-AVP anti-
bodies to label fibers and found a reduction in AVP+ pixels in anterior
but not posterior LS (Fig. 2I, j and Supplementary Fig. 2a, b). SinceAVP+

fibers in LS originate from the BNST, we can assume that the decrease
in AVP+ in LS is due to a lower number of AVP+ cells in the BNST. Finally,
we also observed a decrease in the number of Avpr1a+ cell bodies in LS
(Fig. 2k, l). All together, these results indicate that the vasopressinergic
neuromodulation from BNST to LS is impaired in Shank3B+/- mice.
Importantly, we did not find any difference in AVP+ cell number in the
paraventricular nucleus of the hypothalamus, the region containing
the highest density of AVP+ cells38, suggesting that the dysregulation of
AVP release is not generalized (Supplementary Fig. 2c, d).

SHANK proteins are multidomain scaffold proteins of the post-
synaptic density of glutamatergic synapses and promote normal
synaptic functioning45. As mutation of SHANK has been shown to lead
to a decrease in excitatory synapses in the anterior cingulate cortex46

and the hippocampal region CA147, we hypothesized that fewer glu-
tamatergic synapses impinging onto BNSTAVP cells in Shank3B+/-

mice may lead to a decrease in their density. We injected the BNST of
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Avp-Cre x Shank3B+/- mice andWT controls with a Cre-dependent virus
expressing channelrhodopsin coupled to YFP to label AVP+ cells in this
region (Fig. 2m). After two weeks of viral expression, animals were
perfused, and slices containing the BNST were labeled for the pre-
synaptic vesicular glutamatergic transport VGLUT1 to quantify gluta-
matergic inputs (Fig. 2n).

We observed a strong reduction in the number, density, and
size of VGLUT1+ clusters apposed to the BNSTAVP cells of
Shank3B+/- mice (Fig. 2o–q), suggesting a reduced excitatory input
for these cells. We made sure that although the ratio of VGLUT1+

pixels differed (Supplementary Fig. 3a), the mean area of the
surface used to count VGLUT1+ clusters was unchanged (Supple-
mentary Fig. S3). In addition, VLGUT1 cluster density in the entire
BNST was not different between Shank3B+/- and WT littermates,
indicating that the decrease in glutamatergic inputs is not global
(Supplementary Fig. 3c, d).

To address whether the BSNT is involved in the social behavioral
deficits observed in Shank3B+/- mice, we looked for differences in the
expression of the immediate early gene c-fos following the resident-
intruder test. We performed the resident-intruder test in Shank3B+/-

mice and WT littermates. One hour later, we perfused the mice that
displayed at least one aggressive episode and labeled the LS and BNST

for c-fos (Supplementary Fig. 4a, b). We found a decrease in c-fos+ cells
in the posterior but not in the anterior BNST nor in anterior or pos-
terior LS (Supplementary Fig. 4c–f). In addition, in situ hybridization
showed that the posterior BNST contains a higher density of Avp+

cells (22.9 ± 3.4 cells per mm2) compared to the anterior BNST
(8.8 ± 1.0 cells per mm2, Supplementary Fig. 5a, b).

Silencing BNSTAVP neurons impairs sociability and social
aggression
What are the behavioral functions supported by BNSTAVP cells, and
could a defect in AVP release from the BNST to LS induce the social
behavioral deficits observed in Shank3B+/- mice? To address these
questions, we used chemogenetic to silence BNSTAVP cells. Avp-Cre
mice and WT littermates were injected in the BNST with a Cre-
dependent AAV expressing an inhibitory DREADD tagged with
mCherry. After 2 weeks, mice were injected intra-peritoneally with the
DREADD agonist CNO 30min prior to the sociability test (Fig. 3a–d).
Unlike control littermates, Avp-Cremice expressing iDREADD failed to
prefer the social cup (Fig. 3e, f). A week later, we injected the same
mice with saline and performed the same test. Here, both groups
exhibited a preference for the social cup (Fig. 3g, h). Overall, silencing
BNSTAVP cells impaired sociability/social exploration between male
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mice. Mice were then singled housed for a week and subjected to the
resident-intruder test following CNO injection (Fig. 3i). Only a small
proportion of Avp-Cre mice demonstrated aggression as opposed to
themajority ofWT littermates (Fig. 3j). In addition, the time they spent
attacking was decreased (Fig. 3k). A week later, the same mice were
injected with saline and subjected to the same test. Both groups
exhibited social aggression levels comparable to the WT littermates
injected with CNO (Fig. 3l–m).

To better delineate the role of BNSTAVP cells, we also silenced
these cells during additional tests on similar cohorts of mice. First,
mice explored an open arena for 10min in order to assess locomotor
activity and anxiety (Supplementary Fig. 6a). Avp-Cre mice and WT
littermates traveled the same distance and spent a similar amount of
time in the center vs. surrounds (Supplementary Fig. 6b–d), sug-
gesting that BNSTAVP cells do not regulate locomotion or anxiety.
Then, we tested the mice for social novelty preference. Mice were
introduced to an open arena containing 2 wire cups positioned

diagonally, each of which housed an unfamiliar, same-age mouse.
Animals could freely explore for 5min and were removed from the
open arena and individually placed in a cage for 30min. We then
replaced one of the now familiar animals under the wire cup with an
unfamiliar mouse. The test animals were reintroduced in the arena
and had the possibility to socially interact freely for 5min with the
familiar or novel stimulus mouse (Supplementary Fig. 6e)48. Both
groups exhibited social novelty preference, and total interaction
times during learning or recall were similar (Supplementary
Fig. 6e–i). Overall, BNSTAVP cells promote exploration and aggression
of other males but do not support locomotion, anxiety, or social
novelty preference.

BNSTAVP cell axonal projections to LS are activated during
sociability and social aggression
We then used fiber photometry to image the AVP+ terminals in LS. We
bilaterally injected the BNST of Avp-Cre mice with a Cre-dependent
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AAV expressing the calcium sensor GCaMP6f before implanting an
optical ferrule above the LS. (Fig. 4a–c). Twoweeks after viral injection,
animals were subjected to a direct social interaction test, which con-
sisted in 2min of baseline recording in the home-cage followed by

2min of presentation of a novel mouse (Fig. 4d). We calculated the
frequency and amplitude of the GCaMP6f fluorescent signal during
baseline and social presentation. No significant difference was
observed in the frequency of the signal, but the amplitude of the signal
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m PSTH during biting for WT vs. Shank3B+/- mice (6/4 mice/group). n Areas under
cthe urve before and during biting for WT mice (6 mice. Paired t test: p =0.03).
o Peak amplitudes during pre-biting vs biting for WT mice (6 mice. Paired t test:
p =0.004). p Areas under curve for Shank3B+/- mice (4mice. Paired t test: p =0.14).
q Peak amplitudes for Shank3B+/-mice (4mice. Paired t test: p =0.26). rAreas under
cthe urve during biting for WT vs. Shank3B+/- mice (6/4 mice. Unpaired t test:
p =0.002). s Peak amplitudes during biting (6/4mice. Unpaired t test: p =0.04). For
the entire figure, box plots show the median (central line) and the full range
(minimum tomaximum) across animals. Each point is one mouse. PSTH plotted as
mean ± s.e.m. *p <0.05, **p <0.01, ***p <0.001. Source data are provided as a
Source Data file.
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was higher in the social condition, indicating that BNSTAVP
fibers to LS

are activated during social encounters (Fig. 4e, f).
Three days after, we performed the sociability test while record-

ing terminal activity (Fig. 4g). We calculated the peri-stimulus time
histogram using the start of interaction either with the social or the
empty cup to synchronize traces and found that the area under the
curve of the calcium peak was larger when interacting with the social
cup (Fig. 4h–i). Similarly, the peak amplitude showed a tendency to be
larger when approaching the social cup (Fig. 4j). These results con-
firmed the previous results of the direct social interaction test.

After the sociability test, animals were isolated for a week before
recording the calcium activity during the resident-intruder test
(Fig. 4k). Here, we calculated the peri-stimulus time histogram using
the start of interaction or biting to synchronize traces (Fig. 4l). First, we
compared the peak amplitude and area under the curve during biting
to 3 s baseline before the biting. Both measures were significantly
higher during biting, indicating that the vasopressinergic fibers origi-
nating from the BNST in the LS are also active during an aggressive
encounter (Fig. 4m, n).We thenasked if therewasadifferencebetween
the magnitude of AVP+

fiber responses to social interactions or social
aggression. As mice usually explore the intruder during the initial
phase of the resident-intruder test, we calculated the peri-stimulus
time histogram aligned to the start of social interaction and compared
both responses. Peak amplitude of the response was higher during
biting than social interaction, but not the area under the curve (Fig. 4o,
p). We then employed a linear support vector machine (SVM) decoder
to classify social from non-social transients (see “Methods”). Decoder
performance was compared to a shuffled baseline where transient
labels were randomly permuted. The decoder performed better on
actual recordings compared to the shuffled distribution, indicating
that social and non-social transients contain distinct activity patterns
(Fig. 4q). Overall, BNSTAVP

fibers projecting to LS are active during
social interactions and aggression, with social aggression recruiting
the fibers more efficiently.

Silencing BNSTAVP cell projection to LS impairs sociability and
social aggression
To prove that this vasopressinergic projection from BNST to LS is
necessary to promote sociability and social aggression, we used an
optogenetic silencing approach.We injected the BNSTofAvp-Cremice
andWT littermates with a Cre-dependent AAV expressing an enhanced
mosquito homolog of the vertebrate encephalopsin (eOPN3) that can
suppress synaptic output through a brief illumination of the pre-
synaptic terminals49. We then implanted an optical ferrule above LS
(Fig. 5a, b). After 2 weeks of viral expression, we performed the
sociability test twice. Each test was performed 3 days apart with the
light on and off conditions counterbalanced for each mouse (Fig. 5c,
d). With the light on, WT littermates displayed a preference for the
social cup while Avp-Cre mice did not (Fig. 5e, f). Without light, how-
ever, both groups exhibited social preference (Fig. 5g, h). When com-
paring light conditions for the same mice, Avp-Cre mice displayed
reduced interaction with the social cup when the terminals were
inhibited (Fig. 5i). Animals were then single-housed for a week and
habituated to the patch cord in their home-cage before performing the
resident-intruder test with counterbalanced light conditions (Fig. 5c, j).
In line with results from the sociability test, turning on the light
decreased social exploration for Avp-Cre mice (Fig. 5k, l). We then
analyzed the social aggression exhibited by each group. Avp-Cre mice
displayed a decrease in the number of attack bout only when with the
light on (Fig. 5m, n). Finally, when comparing the same mice across
light conditions, Avp-Cre mice but not WT littermates displayed a
tendency toward a decrease in total attack time (Fig. 5o). Overall, these
results indicate that silencing BNSTAVP pre-synaptic terminals to LS
impairs male to male sociability and intermale social aggression,
therefore recapitulating the chemogenetic silencing of BNSTAVP cells

and demonstrating the importance of this projection in regulating
these social behaviors.

Genetic silencing of Avp expression in the BNST impairs socia-
bility and social aggression
We have demonstrated that BNSTAVP neurons projecting to LS
promote sociability and social aggression, but it is unclear whe-
ther this is mediated by AVP release. To address this question, we
used a short-hairpin RNA approach to silence Avp mRNA
expression. We injected AAVs expressing a shRNA against Avp or
a scrambled shRNA as well as GFP in the BNST of C57BL6/J WT
mice and observed cell bodies labeled in the BNST and fibers in LS
(Fig. 6a–c). Confirming the efficacity of our approach, AVP
labeling in LS following anti-Avp shRNA expression in the BNST
was decreased compared to control shRNA expression (Supple-
mentary Fig. 7), similar to previous results50. After 1 week of viral
expression (shRNAs under U6 promoter readily express within 1-2
days), mice performed the sociability test (Fig. 6d). While mice
that expressed the scrambled shRNA demonstrated normal social
preference, mice expressing the shRNA against Avp failed to
prefer the social cup, suggesting that AVP release from BNSTAVP

cells is necessary to support sociability (Fig. 6e, f). We subse-
quently single-housed animals for a week and subjected them to
the resident-intruder test (Fig. 6g). In line with the results of the
sociability test, mice expressing the shRNA against Avp exhibited
a higher latency to interact and less interaction time during the
resident-intruder test (Fig. 6h–j). Regarding aggressive behaviors,
5/10 control mice bit the intruder at least once during the test
while only 1/10 mice expressing the shRNA against Avp did so
(Fig. 6h). The attack duration was also decreased and there was a
tendency for the number of tail rattles to decrease as well
(Fig. 6k, l). Together, these results indicate that the release of AVP
from BNSTAVP cells promotes social aggression in addition to
sociability.

Septal AVP release is reduced in Shank3B+/- mice during social
exploration and aggression
Given the behavioral deficits exhibited by Shank3B+/- mice and reduced
density AVP+

fibers in their anterior LS, we sought to directly test whe-
ther septal AVP release during social interaction and social aggression
was decreased in mutants compared to WTs. To achieve this, we
leveraged a novel AVP biosensor called AVP0.3. Shank3B+/- and WT lit-
termate mice were injected with AAV9.hSyn.AVP0.3 into vLS (ventral
lateral septum) to turn every neuron near the injection site into an AVP
detector. Then, we implanted an optical ferrule above the injection site
(Fig. 7a–c). After recovery, mice were subjected to the resident-intruder
test while monitoring vasopressinergic events using fiber-photometry
(Fig. 7d). Aligning the fluorescent signals fromWTmice to the onset of
social interactions revealed an increase in both the area under the curve
and peak amplitude compared to baseline (Fig. 7f, g). Mutant mice, in
contrast, failed to exhibit increased activity during social interactions
(Fig. 7h, i). Then, we directly compared the area under the curve or peak
amplitude between WT and Shank3B+/- mice and observed that vaso-
pressinergic events were significantly larger in WT mice (Fig. 7j, k). We
then applied the same linear SVM decoder method as described pre-
viously to classify between social and non-social transients in WT and
mutant mice. In WT, decoder performance on our recordings was sig-
nificantly higher than the shuffled distribution, indicating distinct
activity patterns between social and non-social transients, consistent
with the calcium recordings results (Fig. 4q). In contrast, the decoder’s
performance was similar between the biosensor recordings from
mutant mice and the shuffled distribution. Furthermore, decoder per-
formance was lower in mutants compared to WT (Fig. 7l).

We also aligned the fluorescent signals to the biting onset and
found that WT mice exhibited an increase in peak amplitude and a
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higher area under the curve during biting compared to baseline
(Fig. 7m–o). In contrast, no significant changes were observed in
Shank3B+/- mice (Fig. 7p, q). As for social exploration, direct compar-
isons of the area under the curve or peak amplitude during biting
revealed that WT exhibited higher activity compared to mutants
(Fig. 7r, s). Overall, these findings indicate that AVP release is reduced
in Shank3B+/- mice during social exploration or aggression of another
male mouse.

Activation of AVPR1a and 1b rescues sociability and social
aggression respectively in Shank3B+/- mice
Since the release of AVP and subsequent activation of AVPR1a in LS are
decreased in Shank3B+/- mice, we sought to compensate for it by
infusing receptor-specific agonizts in LS in order to rescue the social
behavioral deficits exhibited by themousemodel of ASD. Prior studies
have shown that septal AVPR1a and AVPR1b supports different social
behaviors51. Indeed, knocking out AVPR1a impairs social discrimina-
tion, which can be rescued by in-trans expression of AVPR1a in LS52. On
the other hand, AVPR1b is expressed at the presynaptic terminals of
CA2 pyramidal neurons, where its activation facilitates the flow of
information from CA2 to LS to promote social aggression40. In addi-
tion, infusion of the AVPR1b antagonist SSR149415 in dorsal LS abol-
ishes social aggression40. First, to further characterize the effect of
blocking AVPR1a or 1b on sociability, we implanted C57BL6/J WTmice
with a cannula guide in LS and infused them with saline, SSR149415
(AVPR1b antagonist) or SR49059 (AVPR1a antagonist, Supplementary
Fig. 8a, b). Each mouse was infused with one of the drugs in rando-
mized order and subjected to 3 sessions of the sociability test (Sup-
plementary Fig. 8c). Blocking of AVPR1a abolished sociability while
blocking AVPR1b had no effect on it (Supplementary Fig. 8d, e). In
addition, drug infusion had no effect on total interaction time with
both cups and total distance traveled (Supplementary Fig. 8f, g).
Overall, these results suggest a complete dichotomyof actionofAVP in
LSwhereby activationofAVRP1apromotes sociabilitywith no effect on
social aggression, while activation of AVPR1b promotes social aggres-
sion with no effect on sociability. This is likely due to the organization
of LS in parallel pathways, allowing separate regulation of different
motivated behaviors53.

Then, we implanted Shank3B+/- mice with a cannula guide in LS
and infused them with saline, the AVPR1b agonist DDAVP, or a com-
bination of AVP and SSR149415 in order to activate AVPR1a while
blocking AVPR1b since there is no valid AVPR1a agonist (Fig. 8a, b).
First, each mouse was infused with one of the drugs in randomized
order and subjected to 3 sessions of the sociability test (Fig. 8c).
Activating AVPR1a in Shank3B+/- mice rescued sociability, unlike acti-
vationofAVPR1b (Fig. 8d–f). In addition, drug infusionhadnoeffecton
total interaction time with both cups and total distance traveled
(Supplementary Fig. 8a–c). Then, we isolated the mice for 1 week, and
each mouse was infused with one of the drugs in randomized order
and subjected to 3 sessions of the resident-intruder test (Fig. 8c, g).
Here, activating AVPR1b in Shank3B+/- mice increased social aggression
unlike activation of AVPR1a as indicated by the number of mice
showing attack (Fig. 8h) and the number of attack bouts (Fig. 8i).
Activation of AVPR1b also induced a tendency toward an increase in
tail rattling duration (Supplementary Fig. 9e), while activation of either
receptor induced a tendency toward an increase in dominance beha-
vior (Supplementary Fig. 9f).Overall, these results show that activation
of AVRP1a in Shank3B+/-mice rescues sociabilitywith no effecton social
aggression while activation of AVRP1b rescues social aggression with
no effect on sociability.

Discussion
First, our results demonstrate the importance of AVP release in LS to
facilitate social exploration betweenmalemice and therefore promote
sociability. The increase in social exploration led to an increase in

sociability whenmice had the choice to explore an empty cup versus a
cup containing anothermalemouse. Our results are similar to a recent
studywhich utilized optogenetics to show that inhibiting BNSTAVP cells
reduces social investigation in male, but not in female mice, whereas
stimulating the same cells increased social investigation in both
sexes39. Further, they found that optogenetic stimulation of BNSTAVP

cell inputs to LS increased social investigation and some anxiety-like
behavior in males but not in females39. Contrary to this study, we did
not observe a change in anxiety when manipulating the activity of
BNSTAVP cells. This difference may stem from experimental reasons
since we used the open arena test while they favored the elevated
zero maze.

In addition to promoting social exploration, our results also
demonstrate a function for AVP in promoting intermale social
aggression. Indeed, male to male social exploration usually precedes
social aggression, and both social interactions can be viewed as part
of a continuum of territorial interaction behaviors facilitated by AVP
release from the BSNT. Correlation between septal AVP release and
social aggression was previously documented in male rats54–56, but
the source of AVP release in LS, as well as a direct causal link,
remained missing. Despite a lack of evidence suggesting that vaso-
pressin may originate from other sources that the BNST, we
acknowledge that the AVP biosensor approach would respond to the
release of AVP from any source, not just the BNST. In addition, we
used virginmalemice with limited aggressive experience throughout
this study since these two factors are known to increase
aggression57,58. Overall, our findings are consistent with these and
other studies involving the BNST in social aggression59,60. In addition,
our previous study highlighted the role of presynaptic AVPR1b at the
CA2 to LS synapse to facilitate social aggression without further
investigating the source of AVP40. Now, we show that AVP is released
from the BNST to LS to facilitate social aggression through AVPR1b-
mediated potentiation of the CA2 to LS synapse. Interestingly,
examination of the intruder-evoked immediate early gene activation
in Avpr1b-KO male mice revealed a decrease in EGR-1 expression in
the BNST, suggesting a lesser recruitment of the BNST in these mice
during aggression61. This observation remained puzzling since
AVPR1b is absent from the BNST62. Here, we propose that, because
the BNST receives inputs from LS63, hypo-activation of the BNST in
Avpr1b-KO male mice likely stems from the decreased transmission
of CA2 inputs to LS in the absence of pre-synaptic AVPR1b. A
decrease in BNST activation may, in turn, decrease AVP release to LS.
Disruption of this AVPR1b-dependent positive feedback loop
between LS and the BNST would contribute to Avpr1b-KO male mice
exhibiting less aggression64. In normal conditions, this loop might be
responsible for the facilitation of aggression during repetitive
intruder presentation43, similar to the LS-ventral tegmental area loop
involving dopamine release in LS58,65.

In this study, we focused on male mice given the sexual
dimorphism of the vasopressinergic projection from the BNST to
LS66,67 and the numerous factors regulating the differentiation of these
cells. Thus, testosterone levels around P7 in rats determine the sexual
differentiation of AVP projections to LS, and without testosterone,
females and castrated males exhibit few BNSTAVP inputs to LS66. Con-
sequently, peripheral AVP antagonist injection impairs social recog-
nition in intactmale rats but has no effect on castrated ones68. The fact
that females and castrated males are able to perform social dis-
crimination suggests that other mechanisms can also support this
behavior. In addition, AVP+ cells in the BNST andmedial amygdala also
express progesterone receptors, acting to suppress AVP expression in
these regions69. As a result, progesterone injection inmale rats impairs
social recognition70, which can be rescued by direct AVP infusion into
LS25. Finally, ablation of the pineal gland71 or depletion of nor-
epinephrine from the olfactory bulb72 also blocks AVP-mediated social
recognition. Overall, these results suggest that AVP expression in the
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BNST is highly regulated in male rodents, particularly by reproductive
hormones.

Female mice exhibit about half AVP+ in BNST and less AVP+
fibers

in LS compared to males67. In addition, optogenetic inhibition in
female mice did not affect social investigation, and optogenetic sti-
mulation increased female investigation of males but not of females39,
suggesting that septal AVP release in female mice does not facilitate

social interactions to the same extent, confirming similar results in
female rats26,32. Septal AVP release might even have an opposite role in
female rodents since enhanced oxytocin release within the ventral LS,
combined with reduced AVP release within the dorsal LS, is required
for aggression in virgin female rats73. Similarly, blocking AVPR1a in LS
increased social play behavior in males but decreased it in females74,75,
demonstrating opposite regulation of the same behavior in the same
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study. Further studies on the mechanisms of AVP release in female
rodents are warranted to fully understand its function. Finally, AVPR1a
antagonist infusion in the amygdala of rats impair impairs maternal
memory but not the memory of other adults76, which suggests that
AVP release in different regions supports distinct types of social
memory/preferences. Overall, whether AVP expression in the BNST of
female rodents is subject to the same control remains to be explored.

Extending our findings to a pathological context, our results in
Shank3B+/- mice point to an impairment of AVP neuromodulation in LS
due to a decrease in Avp+ cells in the BNST and Avpr1a+ cells in LS. This
correlates with a decrease of VGLUT1+ excitatory terminals impinging
on BNSTAVP neurons. As SHANK3b is a presynaptic protein located on
excitatory terminals, we propose that the mutation carried by the
mutant mice led to a decrease in excitatory inputs received by BNSTAVP

neurons and consequently to their death. Interestingly, the decrease
was specific to BNSTAVP neurons and not general to the entire BNST,
suggesting that the SHANK3bmutation does not affect every excitatory
terminal to the same extent. We also found a decrease in Avpr1a+ cells
in the BNST of the mutant mice. Given the 50 % overlap between Avp+

and Avpr1a+ cells in the BNST (Supplementary Fig. 10a, b), we suppose
that autocrine activation of these cells provides a negative feedback
loop for AVP release. This may explain the negative correlation
between AVP release and social aggression observed in the BNST56. AVP
release from PVN to BNST might also dampen BNSTAVP cell activity77. A
previous study of Magel2-knockout male mice modeling the Prader-
Willi and Schaaf-Yang neurodevelopmental syndromes associated to
ASD also showed a decrease in AVP+

fibers in LS78. Magel2-KO mice
exhibit impaired social novelty preference79, which can be rescued
using AVP infusion in LS or optogenetic stimulation78. In our study,
however, social novelty preference was not affected by chemogenetic
silencing of BNSTAVP cells (Supplementary Fig. S6e–i). Whether dysre-
gulation of AVP inputs to LS is a common feature of ASD models and
whether social deficits exhibited by other ASD models can be rescued
by manipulating AVP signaling in LS remains to be explored.

Building on these findings, the discovery that AVPR1a promotes
sociability while AVPR1b facilitates social aggression demonstrates
how a single peptide release can facilitate separate behaviors via spe-
cific receptor activation. This segregation of action enabled us to
selectivity rescue sociability in our ASDmodel without affecting social
aggression. Previous studies in humans have demonstrated the
potential for using AVP agonizts or AVPR1a antagonists to improve
social deficits in children80 or rescue social communications in
adults81–83 respectively, but without mechanism, these studies have
generated limited interest. Our results open the way to novel AVP-
based therapeutic approaches84, aiming at rescuing sociability deficits
in ASD patients without facilitating other undesirable behaviors such
as social aggression.

Methods
Further information and requests for reagentsmaybe directed to Felix
Leroy (felxfel@aol.com).

Ethical approval
All the experimental procedures were in conformity with the direc-
tive 2010/63/EU of the European Parliament and of the Council, and
the RD 53/2013 Spanish regulation on the protection of animals use
for scientific purposes, approved by the government of the Auton-
omous Community of Valencia, under the supervision of the Consejo
Superior de Investigaciones Científicas Committee for Animal use in
Laboratory.

Animals
8- to 16-week-old male C57BL6/J (Jackson Laboratories, #000664),
Avp-Cre+/- mice (Jackson Laboratories, #023530) and Shank3B+/- mice
(Jackson Laboratories, #017688) were used as experimental subjects.
For experiments with mutant mice, the same age wild-type (WT) lit-
termates were used as the control group. Male Balb/cBymice (Jackson
Laboratories, #001026) were used as intruders during the resident
intruder test, and C57BL6/J male mice (Jackson Laboratories,
#000664) as stimulus mice during the social interaction tests.

Stereotaxic surgeries
Surgical procedure. Animals were anesthetized with isoflurane and
placed in the stereotaxic apparatus. An intramuscular injection of
Carprofen was used as an anti-inflammatory drug. Eyes were covered
with ophthalmic gel (Viscotears 2mg/g) to prevent corneal desicca-
tion. The hair of the head was removed, and the tissue was sterilized.
Following the opening of the head’s tissue, a small craniotomy was
performed above the target region, and a thin glass pipette was placed
on the desired depth to deliver the viral content. Injections were per-
formed using the nano-inject II (Drummond Scientific) with a rate of
23 nl every 11 swith a 10 sdelay between each. The skinwas then closed
with surgical glue, and animals rested in a recovery chamber until
restoration of normal locomotor activity.

Viral vectors. For anterograde tracing, 100 nL of AAV2/1 syn.-
FLEX.GCaMP6f.WPRE.SV40 (Addgene, #100833-AAV1) was injected
unilaterally in the posterior BNST of Avp-Cre mice (injection coordi-
nates accordingly to the Allen Brain Atlas: AP: +0.02mm, ML: ±0.75,
DV: −4.75 from the cranium). These coordinates were used for all
subsequent BNST injections.

• For retrograde tracing, 100 nl of the herpes simplex virus
hEF1a.LSIL.GFP (Rachael Neve, Massachusetts General Hospital,
#RN406) was injected into the LS of Avp-Cre mice (coordinates:
AP: +0.24mm, ML: ±0.50, DV: −3.30 from the cranium). These
coordinates were used for all subsequent LS injections.

• For AVP+ cell labeling in VGLUT1 experiments, AAV2/9EF1a.-
DIO.hChR2 (E123T/T159C).eYFP8 (Addgene, #35509) was injected
in the posterior BNST of Avp-Cre x Shank3B+/- and WT
controls mice.

• For chemogenetic experiment, 200nl of AAV2/8 hSyn.-
DIO.hM4D(Gi)-mCherry (Addgene, #44362-AAV8) was bilaterally

Fig. 8 | Activation of AVPR1a or AVPR1b in LS of Shank3B+/- mice rescues
sociability or social aggression respectively. a Shank3B+/- mice implanted in the
dorsal middle of the septum with a guide cannula guide for drug delivery (Created
in BioRender. Leroy, F. (2025) https://BioRender.com/ouq4aao). b Image showing
the mini-Ruby localization in LS (scale bar: 600μm). c Experimental timeline. After
cannula guide implantation, Shank3B+/- mice were infused with either saline,
DDAVP, or AVP+ SSR149415 beforeundergoing the sociability test. All animals were
tested 3 times for sociability, with the infusion given in randomized order. Fol-
lowing social isolation, animals underwent 3 resident-intruder tests following the
same infusions. d Schematic of the sociability test (Created in BioRender. Leroy, F.
(2025) https://BioRender.com/irfm1dl). e Interaction times with empty and social
cups (10mice. Paired t test, saline condition:p =0.8; Paired t test, DDAVP condition:
p = 1; Paired t test, AVP + SSR149415 condition: p =0.04). f Discrimination indexes

for social preference (10 mice). Repeated measures one-way ANOVA followed with
Tukey’smultiple comparisons test: F = 4.35, p =0.04. Tukey’smultiple comparisons
test: Saline vs. DDAVP p = 1; Saline vs. AVP + SSR149415 p =0.02; DDAVP vs. AVP +
SSR149415 p =0.09). g Schematic of the resident-intruder test (Created in BioR-
ender. Leroy, F. (2025) https://BioRender.com/mjn7ex8). h Proportions of mice
exhibiting only social exploration, social dominance without aggression or
aggression (9mice. Chi-squared tests: Saline vs. DDAVP χ²(2) = 7.07,p =0.03; Saline
vs. AVP+ SSR149415 χ²(2) = 0.53, p =0.8; DDAVP vs. AVP + SSR149415 χ²(2) = 4.5,
p =0.1). i Number of attacks (9 mice. Repeated measures one-way ANOVA: F (2,
8) = 3.07, p =0.1). For the entire figure, bar graphs represent mean± s.e.m. Each
point is one mouse. *p <0.05, **p <0.01 and ***p <0.001. Source data are provided
as a Source Data file.
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injected in the posterior BNST of Avp-Cre mice and WT
littermates.

• For fiber-photometry calcium recording, 100 nl of AAV2/1 syn.-
FLEX.GCaMP6f.WPRE.SV40 (Addgene, #100833-AAV1) was bilat-
erally injected in the posterior BNST of Avp-Cre mice.

• For AVP biosensor recordings, 200 nl of AAV9-hSyn-AVP0.3 was
unilaterally injected in LS of C57BL6/J.

• For optogenetic silencing experiments, 200 nl of AAV2/1 hSyn1-
DIO-eOPN3-mScarlet-WPRE (Addgene, #125713-AAV1) was injec-
ted bilaterally in the posterior BNST of Avp-Cre and WT
littermates.

• For the Avp knock-down experiment, 200nl of AAV2/9
GFP.U6.anti-Avp-shRNA or AAV2/9 GFP.U6.scramble-shRNA (Vec-
tor Biolabs, #253437-shAAV) were injected bilaterally in the BNST
of C57BL6/J mice as experimental or control condition respec-
tively. All viruses expressed for a minimum of 2 weeks before the
beginning of experiments, except for the shRNA-expressing AAVs,
that expressed for 1 week only.

Fiber optic implants. Animals were anesthetized with isoflurane and
placed in the stereotaxic apparatus. An intramuscular injection of
Carprofen was used as an anti-inflammatory drug. The scalp was
sterilized and completely removed. VetbondTM (3M™ #7000002814)
was applied on theperipheries of the cut to hold the tissue. Twoscrews
were placed on the back of the cranium to provide a sturdy foundation
for the implant. A craniotomy was performed above the target region,
and an optical ferrule (200 µm core, black ceramic ferrule, Neuro-
photometrics) was lowered until the desired depth. Superglue was
applied to hold the lens in position, and dental cement (GC FujiCEM 2)
was applied to cover the exposed skull and to maintain the optical
ferrule in place. For fiber-photometry calcium and vasopressin
recordings, the optical ferrule implantwasplaced in LS at the following
coordinates AP: + 0.24, ML: 0.5, DV: − 2.80 (from the cranium). For
optogenetics silencing of BNST terminals, the optical ferrule implant
was placed in LS at the following coordinates AP: + 0.24, ML: 0, DV:
− 2.80 (from the cranium). Animals remained undisturbed for a week
after the procedure.

Guide cannula implants. The mouse scalp was removed and scored
before a hole was drilled (AP: + 0.24, ML: ± 0.00). A cannula guide
extending 2.4mmbelow the pedestal (PlasticsOne, #C315G2-G11-SPC)
was lowered slowly and kept in place using superglue. The skull was
then covered with dental cement (GC FujiCEM 2), and dummy can-
nulas (Plastics One, #C315DC-SPC) were inserted into the guides. The
mice were returned to their home cages and left to recover for at least
3 days. Mice were immobilized by the experimenter, and the dummy
cannula was removed. A cannula (Plastics One, #C315I-SPC) projecting
1.7mm from the tip of the cannula guide was mounted.

Histology and immunohistochemistry
Animals were anesthetized with isoflurane and intracardially perfused
with 10mL of saline. The brains were quickly extracted and incubated
in 4% PFA overnight. The brains were washed for 1 h in PBS, and 50 µm
slices of the regions of interest were sliced using a Leica VT1000S
vibratome (Leica Biosystems).

Immunohistochemistry. The slices were permeabilized for 2 h in PBS
with 0.5% Triton-X100 (T9284, Sigma-Aldrich) before being incubated
overnight at 4 °C with primary antibodies diluted in PBS with 0.5%
Triton-X in PBS. The slices were washed in PBS for 1 h, then incubated
for 2 h or overnight at 4 °C with secondary antibodies from Thermo-
Fisher Scientific at a concentration of 1:500 diluted in PBS with 0.1%
Triton-X. Hoechst counterstain was applied (Hoechst 33342 at 1:1000
for 30min in PBS at RT) prior tomounting the slice using fluoromount
(Sigma-Aldrich).

c-fos labeling. For c-fos labeling, primary incubation was performed
overnight at 4 °Cwith anti-c-fos antibody (1:1000, Abcam, #ab190289).
Secondary incubation was performed with an anti-rabbit antibody
conjugated to Alexa 488 (#A11039) at a concentration of 1:500 for 2 h
at room temperature.

Anti-vasopressin labeling. For vasopressin labeling, primary incuba-
tion was performed overnight at 4 °C with anti-vasopressin antibody
(1:1000, Merck, #PC234L). Secondary incubation was performed with
an anti-rabbit antibody conjugated to Alexa 488 (#A11039) (1:500)
overnight.

Anti-VGLUT1 labeling. For anti-VGLUT1 labeling, primary incubation
was performed overnight at 4 °C with anti-VGLUT1 antibody (1:2000,
Millipore, #ab5905). Secondary incubation was performed with an
anti-guinea pig antibody conjugated toAlexa 594 (#A11076) (1:500) for
2 h at room temperature.

RFP labeling. For RFP labeling intensification of the signal, primary
incubation was performed overnight at 4 °C with rabbit anti-RFP
(1:500, Rockland Antibody, #600-401-379), and secondary incubation
was performed with anti-rabbit antibody conjugated to Alexa 568
(#A11011) (1:500) for 2 h at room temperature.

GFP labeling. For intensification of the GFP labeling, primary incuba-
tion was performed overnight at 4 °C with and chicken anti-GFP
(1:1000, Aves, #GFP-1020) antibodies. Secondary incubation was per-
formed with anti-chicken antibody conjugated to 488 (#A11039)
(1:500) overnight.

In situ hybridization
Animals were anesthetized using isoflurane and decapitated. The
brains were quickly extracted and immersed in cooled 2-methylbutane
for 6 s before being stored at 80 °C. 20 µm slices of the region of
interest were prepared using a Leica cryostat (CM3050 S, Leica Bio-
systems) and mounted on Superfrost Plus microscope slides (12-550-
15, FisherBrand). The slices were then processed following the RNA-
scope® Multiplex Fluorescent Detection Reagents v2 (CN:232110, ACD
Bio) with the probes for Avp in C1 (#401391) and Avpr1a in C3
(#418061-C3). Protease IV was applied for 2min, and TSA Vivid Dyes
520was used to visualize Avp and 650 for Avpr1a DAPI was applied for
30 s prior to mounting using fluoromount.

Drugs
For hM4D activation, i.p. administration of clozapine-N-oxide dihy-
drochloride (CNO, Hello Bio, HB6149) dissolved in physiological saline
(0.9% NaCl) at a dose of 3mg kg−1 in a volume of 10ml kg−1, was used
30min before the behavioral experiments. I.p. injections of saline
(0.9% NaCl) were used 30min before the behavioral experiments as a
control condition. All animals (control and ID) received i.p. CNO
injections and saline injections. Saline experiments were performed
with 3 days of interval for the sociability test and 1 week of interval for
the resident-intruder test to prevent heightened aggression resulting
from close repetitive exposure to an intruder in the home-cage.

For the guide cannula experiments on WT mice, C57BL/6 mice
were infused in LS with 1μl of saline, 1μl of the AVPR1b antagonist
SSR149415 at 2μM, or 1μl of the AVPR1a antagonist SR49059. For the
guide cannula experiments on mutant mice, Shank3B+/- mice were
infused in LS with 1μl of saline, 1μl of the AVPR1b agonist DDAVP at
100μM solution, or 1μl of AVP at 1mM combined with together with
the antagonist of AVPR1b, SSR149415 at 2μM to selectively activate
AVPR1a only. All drugs came from Tocris (Table 1). Drugs were infused
at a rate of 0.2μl per minute using a programmable syringe pump
(Chemyix Inc.) mounted with a 2 µl syringe (Hamilton #88511). After
infusion, animals were undisturbed for 5min before the start of the
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Table 1 | Reagents and resources information

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-c-fos antibody produced in rabbit Abcam #ab190289
RRID:AB_2737414

Anti-GFP antibody produced in chicken AVES Labs #GFP-1020
RRID:AB_10000240

Anti-vasopressin antibody produced in a rabbit Merck #PC234L
RRID:AB_565256

Anti-RFP antibody produced in a rabbit Rockland Antibody #600-401-379
RRID:AB_2209751

Anti-VGLUT1 antibody produced in a guinea pig Merck #ab5905
RRID:AB_2301751

Goat anti-rabbit IgG (H + L) secondary antibody, Alexa Fluor 488 conjugate Thermo-Fisher Scientific #A11039
RRID:AB_142924

Goat anti-rabbit IgG (H + L) secondary antibody, Alexa Fluor 568 conjugate Thermo-Fisher Scientific #A11011
RRID:AB_143157

Goat anti-guinea-pig IgG (H + L) secondary antibody, Alexa Fluor 594
conjugate

Thermo-Fisher Scientific #A11076
RRID:AB 2534120

Goat Anti-chicken IgG (H + L) secondary antibody, Alexa Fluor 488Conjugate Thermo-Fisher Scientific #A11039
RRID:AB_142924

In situ hybridization probes

Avp in C1 ACD Bio #401391

Avpr1a in C3 ACD Bio #418061-C3

Chemicals, Peptides, and Recombinant Proteins

CNO Cayman Chemical #16882

SR49059 Tocris #2310

Desmopressin Tocris #3396

[Arg8]-Vasopressin Tocris #2935

SSR149415 Tocris #6195

Experimental Models: Organisms/Strains

C57BL/6 J Mus musculus Jackson Laboratories RRID:IMSR_JAX:000664

Avp-Cre+/- Jackson Laboratories RRID:IMSR_JAX:023530

Shank3B+/- Jackson Laboratories RRID:IMSR_JAX:017688

Balb/cByJ Jackson Laboratories RRID:IMSR_JAX:001026

Recombinant DNA

HSV hEF1a.LSIL.GFP (HT) Massachusetts General Hospital #RN406

AAV2/1 syn.FLEX.GCaMP6f.WPRE.SV40 Addgene #100833-AAV1

AAV2/9EF1a.DIO.hChR2 (E123T/T159C).eYFP8 Addgene #35509-AAV9

AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry Addgene #44362-AAV8

AAV2/1 hSyn1-DIO-eOPN3-mScarlet-WPRE Addgene #125713-AAV1

AAV2/9 GFP.U6.anti-Avp-shRNA Vector Biolabs #253437-shAAV50

AAV2/9 GFP.U6.scramble-shRNA Vector Biolabs 50

AAV9-hSyn-AVP0.3 Yulong Li

Software

PRISM 8 Graphpad 8.4.1 (455)

Microsoft Office Word Microsoft 2019 16.56

Microsoft Office Excel Microsoft 2019

Adobe Illustrator Adobe 2023

Fiji GPL v2 2.3.0/1.53 f

Python 3.10.2

MATLAB Mathworks 2024b

Guppy Lerner Lab88 1.1.4

SimpylCellCounter https://github.com/aneeshbal/
SimpylCellCounter87

2.0

Leica Application Suite X Leica v3.7.4

ANY-maze Stoelting Co. 4.99

Bonsai Open Ephys 2.8.2

Doric Neuroscience Studio Doric 5.4.1.23
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experiment. Drugs were randomized per animal during the sessions,
and each session was performed with 3 days interval for the sociability
test, and 1 week of interval for the resident-intruder test. For checking
the guide cannula infusion localization in the brain, mini-Ruby (Invi-
trogen, D1868) was used. A total of 1μl was infused at a rate of 0.2μl
per minute. 60min after infusion, animals were perfused.

Behavioral tests
All animals were housed with littermates (maximum of 5 per cage) at a
temperature of 24 °Cwith 12 hdaily illuminationand food andwater ad
libitum. The light cycle was not inverted, and experiments were con-
ducted under dim light conditions.

Open arena test. Animals were placed in a white open arena (OA)
(60 cmx60 cm) and allowed to explore freely the space for 10min.
Automatic tracking software (Any-Maze 7, Stoelting) was used to
quantify the time spent in the center and surroundings, as well as the
total distance traveled by the animal.

Social interaction test. Animals were insolated in their home-cage,
and 2min calcium recording sessions were conducted in the empty
home-cage. Subsequently, a stimulus mouse (Balb/cByJ) was intro-
duced for another 2min. Animals were allowed to freely explore, and
the frequency and amplitude of the calcium signal was quantified for
both conditions.

Sociability test. Wire cup cages were placed diagonally in opposite
corners of the open arena. One of the cups was empty, and the other
had a male, same-aged, unfamiliar mouse under it. Test subjects were
allowed to freely explore the arena for 5min. The same automatic
tracking software described above was used to generate regions of
interest around the cups and to provide an output of the total time
spent interacting with both cups. A discrimination index was used to
calculate the interaction time with both cups: (time with social cup –

time with empty cup) / total interaction time.

Social novelty preference test. For the learning trial, mice were
placed in theopen arena containing twowire cupswith onemale same-
age unfamiliar mouse under each cup. The cups were placed diag-
onally at opposite sides of the arena, and the test mouse could freely
explore for 5min. The testmousewas then single-housed in a chamber
for 30min. For the recall trial, one of the animals under the wire cup
was replaced with a novel, unfamiliar mouse. The test mouse was then
placed again in the open arena and could freely explore. The auto-
mated software for tracking was used for quantifying the interaction
timewith both animals under the cup. A discrimination indexwas used
to calculate the interaction time with familiar and novel mouse for the
recall condition: (time with novel – time with familiar) / total
interaction time.

Resident-intruder test. Animals were single-housed in a cage with
food and water ad libitum for a week prior to the testing day. During
thisweek, animalswere undisturbed, and thebeddingof their cagewas
not changed in order to preserve odors that can favor the develop-
ment of territoriality. Test mice were virgin and did not receive any
sexual or aggressive experience during isolation. An intruder male
mouse (Balb/cBy) was placed inside the cage, and the social interac-
tionswere recorded for 10min. The softwareAny-Maze (Stoelting) was
used for manual scoring of the social behaviors displayed. Similar to
our previous study40, the following social behaviors were quantified:
social exploration (facial and ano-genital sniffing initiated by the
resident mouse), social dominance (resident mouse rising onto its
hindlimbs to scruff the intruder’s head, as well as excessive allo-
grooming, chasing ormounting) and attack (biting attack followed by
fighting and tail rattling). We show example pictures (Fig. 1f), and

example videos can be found in our previous publication40. For the
c-fos experiments, the same protocol was followed, but following
completion of the test, animals were undisturbed for 60min for the
expression of the immediate-early gene and then perfused as pre-
viously described.

Development of the GRABAVP0.3 sensor
The development, optimization, and characterization strategy of the
GRABAVP0.3 followed the methodology of our previously developed
GRAB sensors85. The GRABAVP0.3 was developed based on human
AVPR2 and optimized by mutagenesis screening of fluorescent pro-
tein, linker region, and GPCR. ThenGRABAVP0.3 was cloned into a pAAV
vector and packaged into an AAV virus for in vivo expression.

Fiber-photometry calcium recording data acquisition
Animals were habituated to the optical fiber patch cord for 1 day
before the test. The optical fiber patch cord was placed on top of the
mouse’s implant, and the sociability test and resident-intruder test
were performed as previously described while recording calcium
activity from vasopressinergic BNST terminals in LS. Data acquisition
was performed using the FP3002 system from Neurophotometrics
controlled via Bonsai (Open-Ephys). LEDs delivering two excitation
wavelengths (470 nm fordetection ofGCaMP6f signal and415 nm for a
calcium-independent control) intercalated at 40Hz throughout
recording sessions. Fluorescence emission was focused onto a CMOS
sensor for detection, with a region of interest drawn around the end of
the plug of the patch cord. A key press trigger was used in Bonsai to
save the timestamps of precise social interactions aligned to the cal-
cium signal (social exploration and biting).

Fiber-photometry vasopressin recording data acquisition
AVP biosensor data acquisition was conducted using a DORIC system
(Basic FMC). Two LEDs (405 nm and 465 nm) were coupled to a
fluorescence mini-cube (FMC) to deliver light into optical ferrules
permanently implanted above the dLS. Light was delivered at a final
intensity of 12 μW (465 nm) and 249.5μW (405 nm) at the tip of the
patch-cord. Emitted light between 420 and 450nm (with 405 nm
excitation) and 500 and 540 nm (with 465 nm excitation) were col-
lected through the FMC on separate fiber-coupled Newport 2151
photo-receiver modules. The fluorescent signals were collected in AC-
lowmode and converted to voltage via the formula V = PRG, whereV is
the collected voltage, P is the optical input power in watts, R is the
photodetector responsivity in amps/watts (0.2 – 0.4), and G is the
trans-impedance gain of the amplifier. Raw signals and 405 nm exci-
tation (isosbestic signal) were recorded using Doric Neuroscience
Studio software.

Optogenetic silencing
Animals were habituated to the optical fiber patch cord for 1 day
before the test. The optical fiber patch cord was placed on top of the
mouse’s implant, and the sociability test and resident-intruder test
were performed as previously described. In the experimental condi-
tion of silencing, light stimulation was supplied using the Cobolt-Jive
561 nm, adjusted at 5mW, and applied during all the testing time. In
control conditions,micewere subjected to the test with the patch cord
connected but with no light stimulation. The experimental and control
conditions were randomized between batches of animals and per-
formed with an interval of 3 days between the sociability test and
1 week between the resident-intruder test, to prevent heightened
aggression resulting from close repetitive exposure to an intruder in
the home-cage.

Data analysis
Quantification of thedensity of cell bodies. In situ hybridization was
used to label AVP and Avpr1a mRNA in the BNST and LS of Shank3B+/-
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and WT littermates, as previously described. Equivalent-sized ima-
ges of the anterior and posterior LS and BNST were acquired with an
inverted confocal microscope (SPEII, Leica) with identical settings.
The pictures were loaded in the software Fiji (Schneider et al., 2012)
and subjected to manual quantification using the cell counting
function.

Quantification of the density of axonal fibers. Immunohistochem-
istry for labeling vasopressin was performed accordingly to the
descriptions above. Equivalent-sized images of the anterior and pos-
terior LS of Shank3b+/- and WT littermates were acquired with an epi-
fluorescent microscope (Thunder, Leica). The settings for image
acquisition was the same for all samples. The pictures were loaded in
Fiji software and transformed in to an 8-bit image. A threshold was set
to cover all the white pixels of the image, which corresponded to the
GFP signal. A selection of the white pixels was then generated, and the
area corresponding to the GFP labeling was measured. Data was
plotted as the total area of GFP pixels labeled86.

Quantificationof density ofVGLUT1 clusters. Immunohistochemistry
for labeling VGLUT1 was performed accordingly to the descriptions
above. For both Shank3b+/- andWT controls, equivalent-sized images of
the BNSTwere acquired (x63magnification) with identical settings on a
confocal microscope (SPEII, Leica). The images were then converted to
8-bit format using ImageJ. A threshold was uniformly applied to all
images to enhance the detection and count the different VGLUT1
clusters present on the soma and fibers of AVP cells. Finally, the ROIs
used to outline the AVP cells are associated with the number of clusters
to generate the VGLUT1 synapse density for each quantified cell.

Quantification of c-fos + cells. The automated program
SimpylCellCounter87 was used for the quantification of c-fos+ cells.
Equivalent-sized images from anterior and posterior BNST and LS
of Shank3B+/- and WT littermates were acquired with identical
settings in the Thunder microscope (Leica) were loaded in the
program. The software utilized binary thresholding and morpho-
logical functions from the open-source computer vision library
OpenComputerVision (OpenCV) to identify and quantify the cells
based on shape and size. The size was defined as 5, and the cir-
cularity threshold as 0.8. An output of the images with the quan-
tified cells was generated, and the cells on the total area were
plotted.

Fiber photometry and AVP biosensor data analysis. The Guppy
software88 was used for fiber photometry and AVP biosensor data
analysis. The rawdata and the behavioral timestampswere loaded, and
the first seconds of recording were removed for artifact correction. A
subtraction of the background fluorescence was calculated using a
time-fitted running average of the 470 nm channel relative to the
415 nmcontrol channel using a least squares polynomialfit of degree 1.
TheΔF/F was calculated by subtracting the fitted control channel from
the signal channel and dividing by the fitted control channel using the
formula: (470–415 nm)/415 nm. A peak enveloping Fourier transform
was applied to the ΔF/F signal across the entire trace to identify peaks
in activity. The data was presented as the deviation of theΔF/F from its
mean (z-score) using the formula: (ΔF/F – mean of ΔF/F/ Standard
deviation of ΔF/F). The z-score of each interaction of interest were
analyzed during the sessions based on a time window of − 3 to 3 s for
the PSTH analysis. For the sociability test, the interaction with the
object only (empty cup) was used as a control condition. For the
resident-intruder test, the pre-biting or pre-social interaction tran-
sients were used as a control condition from − 3 to − 1 seconds. The
area under the curve and the peak amplitudewere plotted accordingly
to these time windows.

Decoder analysis. Fiber photometry recordings of calcium or AVP
biosensor signal were used to discriminate between non-social and
social transients. In each session, we detected the transients and
computed the peak amplitude and the area under the curve of
each transient. To discriminate whether the recording came from a
non-social or social condition, we trained linear support vector
machine (SVM) decoders, using both peak amplitude and transient
strength of all detected transients. We trained decoders by ran-
domly selecting 70% data points as a training set and evaluated the
decoder performance using the rest 30% as a testing set. To cor-
rect for class imbalance, as a standard procedure, we implemented
a cost for misclassification that is inversely proportional to the
number of samples in each class. This random sampling procedure
was repeated 20 times to avoid sampling bias, and the results were
averaged across repeats for each session. To generate a baseline
distribution, we shuffled the labels (non-social vs social condition)
of the data points and trained decoders as above. This shuffling
procedure was repeated 1000 times. Decoder performance was
evaluated as the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve. A statistical test (one-sided
Wilcoxon signed-rank test) was performed to compare the AUC
between the real data and the top 95% quantile of the shuffled
distribution. For the biosensor data, we performed the decoder
analysis to discriminate between social and non-social transients
in WT and Shank3B+/- mice, using the same procedure as
described above.

Supervised annotation in DeepOF analysis. Videos of WT or
Shank3B+/- mice freely interacting in an open arena with a stimulus
mouse were captured using a DMK 27BUR0135 (The IMAGING
SOURCE) camera, positioned 130 cm above the arena for a top-down
perspective. The recordings were acquired with Bonsai-RX software.
Initially, the test mouse was allowed to explore the arena freely for
10min. Following this, a stimulus mouse (BALB/c, males, 7–11 weeks
old) was introduced into the arena, and a 2min interaction period
was recorded and saved for subsequent analysis. The interactions
between the test and stimulus mice were analyzed using DeepOF
software (version 0.7.2)89,90. To facilitate this, the body parts of both
mice were tracked with DeepLabCut (version 2.2.3)91 using a custom-
trained model. DeepOF analysis was then conducted based on the
calculated trajectories for each body part89,90. Finally, each frame
was classified into specific behaviors using DeepOF’s pre-trained
network.

Statistics and reproducibility
Statistical analyses and figure plotting were performed using Prism
version 9 (GraphPad). No statistical methods were used to pre-
determine sample sizes, but sample size was selected based on pre-
vious experience and on estimation from related studies. Unless
specified otherwise, bar graphs represent mean ± s.e.m. Sample sizes
and statistical tests are reported in the figure legends. * indicates
p <0.05, ** indicates p < 0.01, *** indicates p <0.001 and **** indicates
p <0.0001.Whenmultiple observationswere done in the samemouse,
nested statistical tests were used to take into account the lower degree
of freedom. Experiments using viral injections for anterograde and
retrograde tracing were independently repeated a minimum of three
times, producing similar outcomes. For experiments involving viral
expression or optical ferrule implant, only animals exhibiting proper
viral expression and accurate optical ferrule localizationwere included
in the analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The data generated in this study are provided in the Source Data file.
Request for raw data files should be directed to Felix Leroy (felxfe-
l@aol.com). Source data are provided in this paper.

Code availability
The code used to create the classifiers analysis of the fiber-photometry
data is available at https://github.com/hanshuting/AVP_decoder_
manuscript. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon
request.
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