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Abstract

The arginine vasopressin neuropeptide (AVP) has been repetitively implicated in autism
spectrum disorders (ASD), but yet the mechanisms linking AVP to ASD remain poorly
understood. We characterized social behaviors associated with the pathology in male mice of
the Shank3B*" mouse model of ASD and found a decrease not just in sociability (preference
for a conspecific over an object), but also in social aggression. We then investigated the lateral
septum (LS), a key region for the regulation of these two behaviors and found evidence for a
decrease in vasopressinergic neuromodulation from the bed nucleus of the stria terminalis
(BNST) to LS. Manipulating AVP™* neurons from the posterior BNST of wild type mice, we show
that release of AVP from the BNST to LS promotes sociability and social aggression.
Altogether, our results demonstrate that a decrease in septal vasopressinergic
neuromodulation leads to the social behavioral defects exhibited by Shank3B™ male mice. In
addition, we show that blocking the vasopressin receptor 1a (AVPR1a) in the lateral septum
of WT mice impairs sociability but not social aggression, while blocking of the vasopressin
receptor 1b (AVPR1b) prevents social aggression with no effect on sociability. This
segregation of action allowed us to selectively rescue sociability or social aggression in
Shank3B*" male mice through activation of AVPR1a or AVPR1b respectively. Overall, our
findings unravel a mechanism by which a single peptide release within the same region
facilitates two separate behaviors through distinct receptors and offer key insights for AVP

based translational applications in ASD patients.
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Resumen

El neuropéptido arginina vasopresina (AVP) ha sido repetidamente implicado en los
trastornos del espectro autista (TEA), pero aun se entienden poco los mecanismos que
vinculan la AVP con el TEA. Caracterizamos los comportamientos sociales asociados con la
patologia en ratones machos del modelo Shank3B*"de TEA y encontramos una disminucion
no solo en la sociabilidad (preferencia por un congénere en lugar de un objeto), sino también
en la agresion social. Luego investigamos el septo lateral (LS), una regién clave en la
regulacién de estos dos comportamientos y encontramos evidencia de una disminucion en la
neuromodulacion vasopresinérgica desde el nucleo de la estria terminal (BNST) hacia el LS.
Al manipular las neuronas AVP* del BNST posterior en ratones silvestres, demostramos que
la liberacion de AVP desde el BNST hacia el LS promueve la sociabilidad y la agresién social.
En conjunto, nuestros resultados demuestran que una disminucion en la neuromodulacion
vasopresinérgica septal conduce a los defectos de comportamiento social observados en
ratones macho Shank3B*". Ademas, mostramos que el bloqueo del receptor de vasopresina
1a (AVPR1a) en el septo lateral de ratones silvestres deteriora la sociabilidad pero no la
agresion social, mientras que el bloqueo del receptor de vasopresina 1b (AVPR1b) disminuye
la agresion social sin afectar la sociabilidad. Esta segregacion funcional nos permitio rescatar
selectivamente la sociabilidad o la agresion social en ratones machos Shank3B* mediante la
activacion de AVPR1a o AVPR1b respectivamente. En general, nuestros hallazgos revelan
un mecanismo por el cual la liberacion de un solo péptido en una misma region facilita dos
comportamientos distintos a través de receptores diferentes y ofrecen claves importantes

para aplicaciones traslacionales basadas en AVP en pacientes con TEA.
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Chapter 1 | Introduction

1.1 An overview of vasopressin and its synthesis in the brain

Vasopressin (AVP) is a hormone and neuropeptide that has been evolutionarily
conserved across species. In mammals, AVP functions both peripherally and centrally.
As a hormone released into the bloodstream from the posterior pituitary, it plays a key
role in maintaining water balance, regulating blood pressure and supporting circadian
homeostasis. In the brain, where it acts as a neuropeptide, AVP modulates a variety
of behaviors, including stress responsiveness, social bonding, aggression and

parental care’.

1.1.1 Structure, synthesis and secretion of AVP

In rodents, the mature AVP -comprising nine amino acid residues- is synthesized in
the cell bodies of magnocellular neurons, primarily located in the paraventricular and
supraoptic nuclei of the hypothalamus, as well as in extra-hypothalamic regions such
as the bed nucleus of the stria terminalis and amygdala. Upon synthesis, it is
encapsulated within membrane-bound neurosecretory granules, alongside the
glycopeptide vasopressin and its carrier protein, neurophysin, as depicted below?:

Arginine

Vesouiescki Neurophysin { |Glycoprotein|
e e e e
Putative
.23 signal
\ b ] 1 19/13 22 sla 105 107 175
Prepro-AVP-Np R R A e s
Vb a4 B e s e s (— COOH
| | LU I k2] I TATT
AVP-Np : b N
Gene ] ] y 'I'G]A ]
' ATG Intron | Intron 1l '
Capping Poly A
Site Site
EXON A EXON B EXON C

Figure 1. Schematic representation of the structural organization of the AVP gene and
ancillary proteins. (Figure adapted from Schmale H, Heinsohn S, Richter D. Structural
organization of the rat gene for the arginine vasopressin-neurophysin precursor. EMBO
J 1983;2(5):763-7).



Chapter 1 | Introduction
Impaired vasopressin neuromodulation promotes social behavior deficits in a mouse model of
Autism Spectrum Disorder
The cleavage occurs during the axonal transport in the pituitary stalk into the posterior
pituitary, in a classical neurosecretory pathway. Upon the stimulation for the secretion,
the peptide is released in the blood. In addition to this classical axonal release that
goes into the circulation, AVP can also be released in extracellular compartments of
the brain3. The concentration of AVP in this case is estimated to be 100 times higher
than the plasma concentration. The dendrites originating from the magnocellular cells
consist of the predominant source of AVP release in the brain*.

It's worth noting that the structure of AVP closely resembles another peptide, oxytocin
(OX), differing by only two amino acids. In addition to this structural similarity, the Avp
and Ox genes are located on the same chromosome, separated by 1500 genes®.

1.1.2 AVP synthesis in the brain

In the central nervous system (CNS), the primary sources of AVP synthesis are three
hypothalamic nuclei: the paraventricular nucleus (PVN), the supraoptic nucleus
(SON), and the suprachiasmatic nucleus (SCN). Within the PVN and SON, two distinct
populations of neurons, magnocellular and parvocellular, produce AVP and oxytocin
(OXT). Magnocellular neurons project to the posterior pituitary, releasing these
neuropeptides into the bloodstream to regulate peripheral functions such as water
balance and blood pressure. In contrast, parvocellular neurons project within the brain,
modulating neural circuits involved in stress response and social behaviors. Notably,
recent studies have revealed that some magnocellular neurons, particularly those
producing OXT, also send collateral projections to extrahypothalamic brain regions,
indicating a more complex role in central nervous system functions beyond their

traditional endocrine activities®-8.

Additionally, AVP synthesis occurs in other brain regions, including the nucleus
circularis, preoptic area, olfactory bulb, anterior hypothalamus, retina, medial

amygdala and bed nucleus of the stria terminalis®.

Bed nucleus of the stria terminalis

The bed nucleus of the stria terminalis (BNST) was first described as a gray matter
structure that surrounds the stria terminalis and that expands in its caudal and rostral

ends. The caudal portion is now recognized as part of the amygdala, while the rostral
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section, positioned ventrally to the lateral septum and dorsally to the hypothalamic
area, is delineated as the BNST' (Fig. 2).

Figure 2. Anatomical view of the BNST. a. Coronal section of the mouse brain with BNST
highlighted in purple and arrow indicating it in white. b. Sagittal section of the mouse brain
with BNST highlighted in purple and arrow indicating it in white. (Figure adapted from Allen
Brain Atlas).

This region connects to other limbic structures and is thought to play an important role
in the control of autonomic, neuroendocrine and behavioral responses. Some
hypothesize that the BNST acts as a relay center between these limbic cognitive
centers and the nuclei involved in the processing of reward, anxiety and stress. For
these reasons, the BNST seems to have a central role in the integration of
physiological and behavioral responses and connecting it to other structures of the

brain'12,

AVP expression in the BNST is sexually dimorphic manner, with males exhibiting a
greater number of AVP* cells and a higher quantity of peptide expression per cell
compared to females'®'4. These cells are also regulated by steroids as they express
the AVP peptide mainly in the presence of gonadal hormones's. The posterior part of
BNST stands out as the most sexually distinct sub-region of the mouse brain'®.17. It
receives rich inputs from the olfactory bulb, accessory olfactory bulb and medial
amygdala, while projecting outputs to the ventral tegmental area, hypothalamus and

lateral septum8-20,

Evidence points in the direction that the vasopressinergic cells in the BNST can be

involved in a variety of social behaviors, such as: social investigation, affiliative
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behaviors, competition, aggression, anxiety and social memory?'. Studies have
demonstrated that the number of AVP cells in the BNST positively correlates with
aggression in some species of rodents (California mice)??. Moreover, knockdown of
AVP* cells in the BNST seems to decrease male to male social investigation?3, while
lesioning of its posterior aspect markedly reduces male ano-genital sniffing of female

social targets and induces deficits in sexual behavior?4-2%.

Given these intricate connections, it's reasonable to infer that the posterior BNST plays

a crucial role in modulating instinctual sex-specific social behaviors, such as social

interaction, aggression, mating and parental care. However, the precise mechanisms

and neural circuits by which vasopressinergic BNST cells modulate social behaviors
are still unclear and should be investigated taking into consideration the sex of the

animals.

1.1.3 The target regions of vasopressinergic neuron projections

The outputs of BNST vasopressinergic cells were primarily investigated through
indirect studies that measured the loss of AVP innervation following gonadectomy or
BNST lesions. Axonal degeneration was found in the lateral septum, ventral pallidum,
horizontal diagonal band, lateral preoptic area, medial preoptic area, lateral habenula,
extended amygdala, medial amygdala, ventral tegmental area, dorsal raphe, lateral

hypothalamus and periaqueductal gray?’-28.

Lateral septum

The lateral septum (LS) is a broad region centralized in the brain surrounded by the
lateral ventricles. It can be subdivided in medial, lateral and triangular areas and is
mainly composed by GABAergic spiny neurons. Due to its location, the LS can be
considered an ideal center for integrating cortical signals and to regulate the activity
of other brain regions as the hypothalamic and midbrain nuclei that control motivated

behaviors?®.

The LS is richly innervated by vasopressinergic fibers and AVP receptors®®. Indirect
evidence indicates that the lateral septum receives steroid-dependent AVP signal,
likely from the BNST. In rats, castrated animals have less AVP fibers in LS"3 (Fig. 3).
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Figure 3. Transverse sections of the lateral septum of 26-day-old male rats, stained
specifically for the presence of vasopressin. a. Sham-operated rat. b. Neonatally castrated
rat. c. Neonatally castrated rat which received twice 1 mg testosterone propionate in the first
week of life. Arrows point at individual vasopressin fibers. (Figure adapted from De Vries et
al., 1983)

Similarly, to the BNST, the LS AVP innervation exhibits sexual dimorphism, with a
higher density of fibers in the LS of male rats compared to female rats3' (Fig. 4). This

dimorphism may be attributed to the steroid-dependent nature of the fibers innervation.

Figure 4. Transverse sections of the lateral
septum of the rat stained
immunocytochemically for the presence of
vasopressin. Note that the density of the
vasopressin fiber network (arrows) is higher in
the male (a) than in the female rat (b). (Figure
adapted from De Vries et al., 1981)

Lesions in the BNST, combined with tract tracing and AVP immunofluorescence, have
shown that the posterior BNST is responsible for the sexually dimorphic innervation of
the LS%2. However, direct evidence pinpointing the exact origin of vasopressinergic
projections to the LS in mice remained elusive. Recent studies employing Avp-Cre
mice and anterograde viral tracing have now confirmed that these projections originate
from the BNST and exhibit sexual dimorphism?! (Fig. 5).
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fe""es Figure 5. BNST AVP cell
: outputs in males and
female mice. Example of
merged images of the LS
that received BNST AVP cell

output fibers (green) and

presynaptic puncta (red)

labeled with GFP-2A-Synaptophysin-mRuby virus. (Figure adapted from Rigney et al., 2023)

These findings underscore the critical importance of considering sexual dimorphism in
research on social behavior. Moreover, given the LS role in promoting motivated
behaviors and its rich innervation with AVP, a peptide known to be involved in social
behaviors, it stands out as an ideal center for investigating the influences of peptide

release on social behavior.

1.2 AVP receptors

The AVP receptors are vasopressin receptor 1a (AVPR1a), vasopressin receptor 1b
(AVPR1b) and vasopressin receptor 2 (AVPR2). These receptors are G protein-
coupled that work by the interaction with trimeric G proteins. Each of the receptors
have a different tissue expression. In the human and rodent brain, AVP can bind to
three receptors: AVPR1a, AVPR1b and oxytocin receptor:.

The expression of the AVPR1a is pronounced within the murine LS. Global knockout
experiments of this receptor have demonstrated a reduction in social interaction3#,
while AVPR1a antagonistic infusion directly into the LS impaired social recognition®,
indicating a crucial role for AVPR1a in mediating social behaviors through its action in
the LS.

Likewise, AVPR1b contributes to the activation of the hypothalamo-pituitary-adrenal
axis and is found in the CA2 region of the hippocampus and the anterior region of the
amygdala, areas implicated in social behavior®s. The CA2 region expresses AVPR1b
in its terminals projecting into the dLS%”. Knockout of this receptor reduces aggressive
behavior®®, while AVPR1b antagonist infusion directly into the LS impairs
aggression®. Together, these findings underscore the significant roles of AVPR1a and
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AVPR1b in regulating various social behaviors through their respective actions in the
LS.

1.3 AVP function in the brain and behavior

Vasopressin serves as a neuropeptide intricately involved in diverse social behavioral
responses. Compelling evidence suggests that AVP has a significant role in regulating

sociability and antagonistic social behaviors, such as social aggression?”.

1.3.1 AVP and social interaction

The ability to interact socially and distinguish between familiar and unfamiliar
individuals is a fundamental skill essential for navigating social environments across
species. In studies involving rodents, the administration of arginine vasopressin (AVP)
via subcutaneous injections in male rats has been shown to prolong the duration of
social memory, enabling the retention of information from past social interactions.
Further investigations revealed that injecting AVP directly into the brain's ventricles
immediately after initial encounters with other animals enhanced social memory,
mirroring the effects observed with peripheral AVP administration*'. Conversely,
administering peripheral AVP antagonists impaired social recognition in intact male
rats, although no such effect was observed in castrated individuals, suggesting a role

for sex hormones in regulating social recognition*?.

Additionally, central administration of anti-AVP serum resulted in impaired social
recognition in male rats*®. These experiments collectively demonstrate that targeted
delivery of AVP, both by peripheral and central administration routes, influences
aspects of social interactions. However, an intriguing question remains: what is the

specific contribution of individual brain regions in promoting social interactions?

Recent studies have begun to unravel this question by exploring the involvement of
AVP-innervated regions on social behavior. In this scenario, AVP in the LS plays a
prominent role in regulating social recognition and social memory. Studies involving
AVPR1a knock-out mice reveal that re-expressing AVPR1a in the LS, and its
overexpression in WT, can normalize and enhance social memory*44, In rats, social
recognition impairment stemming from early life stress, correlates with a diminished

AVP release response in the LS*. Furthermore, male Brattleboro rats lacking AVP
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showed impaired social recognition, which was restored by micro dialysis of AVP into
the septum?*’. In other species like the prairie vole (Microtus ochrogaster), variations
in the density of AVP fibers in the septal region correspond to different types of
parental behavior and the use of AVPR1a antagonists promotes a reduction in

parental responsiveness®.

Other aspects of social behavior also appear to be mediated by the AVP peptide in
the LS. Monogamy, the practice of forming a long-term pair bond with a single mate,
holds social significance in various contexts and it can predict stability, parental care,
allocation of resources and social cohesion. Septal AVP has also been correlated with
monogamy in some species of animals. Monogamous mice (Peromyscus californicus)
have more AVP receptors in the LS when compared to polygamous mice (Peromyscus

maniculatus)*®.

In studies involving healthy adult human volunteers, AVP in the LS seems to play a
role in social recognition. The intranasal administration of AVP has been shown to
enhance the activity of this brain region during the observation photography of faces
in fMRI studies®. These findings underscore the significance of AVP in the LS

concerning social recognition processes in humans.

In addition to the LS, other brain regions seem to be involved in the modulation of
social behaviors through AVP action. In humans, fMRI studies suggest that AVP can
influence a circuitry involving the pre-frontal cortex (PFC) and amygdala during the
processing of emotions, particularly in facial recognition®'. Additionally, among
children diagnosed with Autism Spectrum Disorder (ASD), a condition known for
impairing social function, a negative functional connectivity between the amygdala and
supramarginal gyrus was observed alongside lower AVP plasma levels, specifically in
boys®2. This points to a sexual dimorphism in both vasopressin expression in the

human brain and the associated behaviors, mirroring observations made in rodents.

Cortical regions such as the PFC serve as centers for motivation, affiliation, empathy,
and social hierarchy, which are all crucial components in social interactions. Studies
have shown that prairie voles treated to exhibit social deficits exhibit reduced
expression of Avpria mRNA in the PFC, leading to decreased sociability>3>4.
Regarding subcortical regions, the BNST is linked to fear response and social anxiety
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in humans, particularly in reaction to unpredictability®®. In juvenile rats, BNSTAYP
neurons are implicated in the facilitation of social play®®. Additionally, a reduction in
AVP expression in the BNST, achieved through knock-down, is associated with

decreased exploration time toward a social stimulus in male subjects®’.

Given the compelling evidence for the role of AVP in modulating social behaviors, it
becomes essential to focus research efforts on specific brain regions where AVP
exerts its influence. The LS and the BNST emerge as two particularly relevant
structures. Both are richly innervated by AVP and are deeply involved in distinct but
complementary aspects of social interaction, such as social recognition, pair bonding,
stress reactivity, and social play. Investigating AVP signaling within these regions
offers a promising avenue for understanding the neural mechanisms underlying
complex social behaviors and their dysregulation in conditions such as social anxiety
or ASD.

1.3.2 AVP and social aggression

The modulation of aggressive behavior by AVP is conserved in different species. In
Zebrafish (Danio rerio), the levels of AVP in the brain is higher in animals winning after
an aggressive encounter®®. While sexually naive prairie voles typically exhibit minimal
territorial aggression, the exposure to AVP during early postnatal stages can elevate
aggression levels to a degree comparable to that observed in post-mated animals®®.
However, in ecological experiments performed in free-living ground squirrels
(Urocitellus richardsonii), AVP administration via osmotic minipump increased social
vocalization but decreased social aggression®.

Results from laboratory studies in rodents also present conflicting findings. For
instance, injections of AVP in the hypothalamus have been found to promote
aggression in hamsters®'. While research conducted on rats has shown that the
release of AVP in the lateral septum LS facilitates intermale aggression, whereas AVP
release in the BNST diminishes such behavior?.

Contrary to these findings, a study observed a denser AVP-immunoreactive (AVP-ir)
innervation in the LS and higher AVP-ir neural density in the BNST in male mice with
long attack latency compared to those with short latency®?. Similarly, a study in rats

found a negative correlation between LS AVP levels and intermale aggression®. It is
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important to notice that in both studies, aggressive and non-aggressive mice were
defined based on latency to attack rather than the display of aggressive behavior.

In contrast, Peromyscus californicus (California mouse) exhibits higher aggression
levels compared to Peromyscus leucopus (white-footed mouse), with a positive
correlation observed between aggression and AVP-ir in the BNST and LS®. In
addition, California mice newborns that receive more retrieval care from their fathers
tend to exhibit higher aggression levels in adulthood compared to those receiving less
care and these animals display increased AVP-ir fibers in the dorsal fiber tracts of the
BNST®®.

In mice, AVPR1b expression in the CA2 have been demonstrated to regulate social
aggression. Findings suggest that the hippocampal CA2 region plays a crucial role in
responding to male intruders with aggression. Furthermore, the AVPR1b receptor,
likely by regulating synaptic plasticity in the CA2 region, serves as an essential
mediator in this process®”. Moreover, AVPR1b is expressed at the pre-synaptic
terminals of CA2 pyramidal neurons where its activation facilitates the flow of
information from CA2 to LS to promote social aggression®.

Conversely, studies in mice have shown decreased aggression in animals treated with
AVP and OT, whereas the combination of OT and an intraperitoneal AVPR1a
antagonist increased aggression®, suggesting that AVPR1a may not play a significant
role in promoting aggressive behavior. Supporting this, experiments with AVPR1a
knockout (KO) mice revealed that the absence of this receptor does not impair
aggression®®. In contrast, AVPR1b appears to be crucial for the proper expression of
aggressive behavior. Mice lacking AVPR1b (Avpr1b™) display significant impairments
in aggression, including increased latency to attack and reduced attack frequency’®-
2. Furthermore, oral administration of an AVPR1b antagonist has been shown to

reduce aggressive behavior in hamsters’?.

As described previously, the vasopressinergic system within the LS and BNST is
sexually dysmorphic, with females presenting less BNST AVP* cells and less LSAYP
fiber innervation. For these reasons, the regulation of social behaviors modulated by
AVP might differ between sex. Studies focusing on investigating aggression in female
rats have demonstrated that enhanced OT release within the vLS, combined with a
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reduction in the release of AVP within the dLS may be promoting aggression in female
rats™. This suggests a negative correlation between LSAYP release and aggression in

females.

In humans, a positive correlation of cerebrospinal fluid (CSF) AVP concentration with
history of non-directed general aggression (e.g., property assaults and emotional
outbursts) and aggression towards individuals can be found’. Moreover, in men
intranasal administration of AVP is reported to heighten the emotional response to
neutral stimuli, leading to an increased perception of threat’®7””. Like findings in rodent
models, this observation suggests that AVP may enhance aggression, although it's
important to acknowledge that consensus is lacking among studies. For instance,
another study reported no differences in CSF AVP levels between violent offenders

and controls’®,

Taken together, these results highlight the conflicting findings regarding the
modulation of aggressive behavior by the AVP peptide. These discrepancies may be
attributed to the experimental specificity, such as whether AVP administration is
central or peripheral, as well as the species and the specific interactions with various
AVP receptors involved. Studies unraveling the contributions of specific
vasopressinergic brain circuits and their interaction with particular receptors are
necessary to elucidate these discrepancies in results. Despite these variations, a
consistent theme across studies is the prominent role of the LS and BNST as key hubs

in the regulation of AVP-mediated social behaviors, including aggression.

1.4 The role of AVP in pathologies that impair social functioning

Neuropeptides have recently gained attention as potential involvements in a variety of
conditions such as anxiety, depression, attentional hyperactive deficit disorders
(ADHD), substance abuse disorder, schizophrenia and autism spectrum disorder
(ASD). As social interactions are tightly regulated by several neuropeptides, including
arginine-vasopressin, several studies have linked AVP-mediated neuromodulation to
ASD79—81_
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1.4.1 Autism spectrum disorder (ASD)

ASD is described as a pervasive neurodevelopmental disorder, where the core
symptoms include deficits in social communication accompanied by anomalous
socioemotional responses in diverse contexts. Other relevant symptoms include

restrictive and repetitive patterns of behaviors®2.

Despite the deficits in social interaction, increased aggression is also often associated
with ASD. Studies have shown that children under the age of 6 with autism display
markedly higher levels of aggression than their non-autistic peers. However, as these
children mature, their aggression levels tend to normalize and become comparable to
those of their non-autistic counterparts®®. Additionally, other studies support the idea
that factors such as younger age, lower family income, and communication challenges
can contribute to aggression in male autistic individuals, with a noted sex difference®*.
In adults, a study found that aggression may diminish in severity over time®. Taken
together, these findings indicate that while aggression is often associated with ASD,
there is a consensus that these behaviors tend to be more pronounced in younger
children.

The prevalence of ASD, with a ratio of 4.3:1 for boys to girls, is on the rise and varies
between countries®87. Discrepancies in sex and geographic prevalence may arise
from differences in diagnostic criteria and potential misdiagnosis in women due to
variations in symptom presentation. The etiology of ASD remains elusive, with the
potential involvement of multiple causative factors, such as genetical, environmental

and stress vulnerability®.

Recently, research exploring the role of AVP in ASD has garnered significant interest.
In human studies, certain single-nucleotide polymorphisms (SNPs) of AVPR1b, such
as rs35369693 and rs28632197, have been linked to ASD®. While SNPs including
rs11174815, rs7294536, rs3759292, and rs10877969 of AVPR1a have also shown
associations with ASD®%-°1,

Low levels of AVP in cerebrospinal fluid (CSF) have been proposed as an early
biomarker of ASD in humans®2. Additionally, the blood level of AVP has been found to
correlate with the severity of certain symptoms®3°4. In peripheral blood mononuclear
cells, the expression of AVPR1a has shown a positive correlation with improvements
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in social and behavioral function in children with autism®. Moreover, maternal levels
of AVP have been associated with the symptoms of offspring, with lower levels
observed in mothers of children diagnosed with ASD®®.

Despite what is known from human studies, research conducted in animal models is
essential for thoroughly investigating the mechanisms underlying ASD and identifying

potential treatments.

Animal models for studying ASD

The animal models employed to investigate ASD can be classified into two distinct
categories: genetic and environmental. The first englobe mutation in the OTR, NLGN,
SRC homology 3 and multiple ankyrin repeat domains protein (SHANK), Contactin
Associated Protein 2 (CNTNAP2), Melanoma Antigen Gene Family Member L2
(MAGELZ2) and a zinc-finger transcription factor TSHZ3%-%°. The second category
involves drug-induced models, typically utilizing valproic acid (VPA), where
administration of VPA to pregnant mice can result in offspring exhibiting
neurodevelopmental and behavioral characteristics similar to ASD symptoms. In
addition, immunological models, which involve inducing maternal immune activation
(MIA) through the administration of polyribocytidylic acid (poly I:C) during embryonic
ages E 11.5-13.5'%,

Researchers utilize various behavioral tasks to identify symptoms associated with
ASD including deficits in sociability (preference for interacting with an object over a
conspecific), repetitive behaviors and restricted interests'®!. A variety of species are
used for this aim, including Drosophila melanogaster and zebrafish, but the frequent

most used are rodents102.103,

In rodents, AVP treatment has been shown to ameliorate social deficits in certain
mouse models. In the OTR-deficient mouse model, AVP acts on AVPR1a to improve
social deficits®’. Similarly, in the CNTAP2-deficient mouse model, where the CNTAP2
gene is implicated in ASD-like symptoms, AVP treatment mediated by OT receptors
has been found to improve social deficits'%*. Furthermore, in the MAGEL2 mouse
model, characterized by a deficiency in the MAGEL2 gene associated with ASD-like
symptoms and Prader-Willi Syndrome, deficits in the expression of AVP™ fibers in the

LS are correlated with impairments in social discrimination'.
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The Shank3B knockout mice are a validated model for studying ASD-related behaviors
and are widely utilized in autism research. These mice exhibit characteristics such as
atypical reciprocal social interactions and repetitive grooming'°¢. This mouse model is
created using gene targeting to delete the SHANKS3 gene, which encodes essential
proteins for the formation of core signalling complexes and plays a role in assembling
synaptic scaffolding proteins located in the post-synaptic density of excitatory
glutamatergic synapses'?”.

In humans, mutations in the SHANK3 gene have been linked to ASD'%, In Shank3
rats, impairments in long-term social recognition memory were mitigated by OX
administration, despite nearly normal endogenous levels of both OX and AVP10%110,
However, the AVP system in the Shank3 mouse line remains relatively unexplored.
These findings suggest that Shank3B mice offer a valuable avenue for investigating
the role of AVP modulation in ASD.

Treatments for ASD

Currently there is no cure or medication to directly treat ASD. Some medications are
used to treat associated symptoms such as anxiety and depression. Commonly
prescribed drugs include selective serotonin reuptake inhibitors (SSRIs), dopamine
and noradrenaline stimulant methylphenidate and antipsychotics. However, recent
strategies to the treat the core symptoms of the pathology envision to target
neuroinflammation, synaptic dysfunctions and central AVP, OT and serotonin

release’".

From the current used medications, SSRIs show promise in enhancing both eye
contact and mood, thereby decreasing the occurrence and severity of repetitive
behaviors''?. Conversely, Ritalin, a dopamine reuptake inhibitor, is utilized to treat
hyperactivity and lack of attention. This drug has been demonstrated to influence the
vasopressinergic system and to act via the AVPR1a'13.114,

Direct administration of AVP has been employed to alleviate symptoms associated
with ASD. In rat studies, maternal VPA injections, which induce social deficits, were
associated with decreased vasopressinergic serum levels. Intranasal AVP treatment
subsequently led to symptom improvement''®. In humans, a phase 2 randomized

clinical trial demonstrated that 4 weeks AVP intranasal administration in children aged
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6 to 13 years improved social abilities and responsiveness, with a decrease in
repetitive behaviors and anxiety. The most robust response was observed in patients
with high-plasma AVP levels, and this response was contingent upon the expression
pattern of the AVPR1a and OT receptors'®.

Given the potential for AVP to bind to oxytocin receptors, as previously mentioned, it's
noteworthy that various animal trials investigating OT treatment have indicated
favourable outcomes. In children, even a single intranasal administration of OT led to
enhanced nonverbal information-based judgments''”. While findings have been
inconsistent, a recent meta-analysis revealed moderate evidence suggesting that a
six-week OT treatment regimen could ameliorate reduced interest and repetitive
behaviors in children with ASD, with effects persisting for at least six months'"8,

Recently, there has been a surge in interest in AVP receptor antagonists, particularly
AVPR1a selective molecules. In a double-blinded crossover study conducted in 2017,
the intravenous infusion of a highly selective AVPR1a antagonist, RG7713, was shown
to improve social sensitivity and communication in adult men with high-functioning
ASD'9. Additionally, a double-blinded, placebo-controlled clinical trial involving 223
adult men with high-functioning ASD, utilizing another AVPR1a antagonist, the
RG7714 commercially known as Balovaptan, demonstrated improvements in
socialization and communication after three months of treatment. However, no
enhancements in social responsiveness were noted'?°. Subsequent phase 3 trials
involving high-functioning children and adults receiving six months of drug treatment

failed to show effectiveness in improving social communication'?'122,

In conclusion, there are conflicting findings regarding the efficacy of AVP treatments
for ASD, particularly concerning AVP antagonist drugs. These discrepancies
underscore the need for a more comprehensive understanding of the AVP brain
circuits implicated in ASD, as well as the receptor mechanisms through which this
neuropeptide influences behavior.

To address this, the main objective of this research is to investigate the role of AVP
release from the BNST to the LS in social behavior regulation, using the Shank3B*

male mouse model of ASD. Specifically, this study aims to:
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1. Determine whether impairments in AVP signaling from the BNST to LS contribute
to the social behavior deficits exhibited by the Shank3b*- mouse model of ASD.

2. Elucidate the receptor-specific mechanisms of AVP action within this circuit, with

the goal of identifying potential targets for novel therapeutic interventions.
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2.1 Ethical approval

All the experimental procedures were in conformity with the directive 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 Autonomous Community of Valencia, under the supervision of the Consejo
Superior de Investigaciones Cientificas and the Miguel Hernandez University
Committee for Animal use in Laboratory.

2.2 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, wild
type (WT) littermates were used as control group. Same age Balb/cByJ (Jackson
Laboratories, #001026) male mice 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.
2.3 Stereotaxic surgeries

Surgical procedure

Animals were anesthetized with isoflurane and placed in the stereotaxic apparatus. An
intramuscular injection of Carpofren was used as anti-inflammatory drug. Eyes were
covered with ophthalmic gel (Viscotears 2mg/g) to prevent corneal desiccation. 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 performed using the nano-inject Il (Drummond Scientific) with a rate
of 23 nl every 11 seconds with a 10 second delay between each. With the

heterozygous animals, both Cre and WT littermates were injected with the Cre-
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dependent viruses. The skin was 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.GCaMP6fWPRE.SV40
(Addgene, #100833-AAV1) was injected unilaterally in the posterior BNST of Avp-Cre
mice (injections coordinates accordingly to the Allen Brain Atlas: AP: +0.02 mm, 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: +0.24 mm, ML: +£0.50, DV: -3.30 from the cranium). These

coordinates were used for all subsequent LS injections.

For AVP* cell labelling 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, 200 nl of AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry
(Addgene, #44362-AAV8) was bilaterally injected in the posterior BNST of Avp-Cre
mice and WT littermates.

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

- For AVP biosensor recordings, 200nl of AAV9-hSyn-AVPO0.3 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 injected bilaterally in the posterior
BNST of Avp-Cre and WT littermates.

- For the Avp knock-down experiment, 200 nl of AAV2/9 GFP.U6.anti-Avp-shRNA or
AAV2/9 GFP.U6.scramble-shRNA (Vector Biolabs, #253437-shAAV) were injected
bilaterally in the BNST of C57BL6/J mice as experimental or control condition
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respectively. 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 Carpofren was used as anti-inflammatory drug. The above-
scalp tissue was sterilized and completely removed. VetbondTM (3M™ #7000002814)
was applied on the peripheries of the cut to hold the tissue. Two screws 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 pm core, black
ceramic ferrule, Neurophotometrics) 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 implant was placed
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 2.4 mm below the pedestal (Plastics One, #C315G
2-G11-SPC) was lowered slowly and kept in place using superglue. The skull was then
covered with dental cement (GC FujiCEM 2) and dummy cannulas (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 1.7 mm from the tip of the cannula guide was mounted.

2.4 Histology and immunohistochemistry

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

Immunohistochemistry

The slices were permeabilized for 2 hours in PBS with 0.5% Triton-X100 (79284,
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 hour then
incubated for 2 hours 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 30 minutes in PBS at RT) prior
to mounting the slice using fluoromount (Sigma-Aldrich).

c-Fos labelling

For c-Fos labelling, primary incubation was performed overnight at 4°C with 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 hours at room temperature.

Anti-vasopressin labelling

For vasopressin labelling primary incubation 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 labelling

For anti-VLGUT1 labelling 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 to Alexa 594 (#A11076) (1:500)

for 2 hours at room temperature.

RFP labelling

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

GFP labelling

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

2.5 In situ hybridization

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

fluoromount.

2.6 Drugs

For hM4D activation, i.p. administration of clozapine-N-oxide dihydrochloride (CNO,
HB6149 Hello Bio) dissolved in physiological saline (0.9% NaCl) at a dose of 3 mg
kg-1 in a volume of 10 ml kg—1, was used 30 minutes before the behavioral
experiments. |.p. injections of saline (0.9% naCl) were used 30 minutes 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, C57BL/6 mice were infused in the dorsal region
of middle of the septum with 1 yl of saline, 1 of the pl the antagonist of the vasopressin
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receptor 1b (AVPR1b) (1 mM SSR149415 solution), or 1 yl of the antagonist of the
vasopressin receptor 1a (AVPR1a) (SR49059 1 mM solution). Shank3B*- mice were
infused in the dorsal region of middle of the septum with 1 pl of saline, 1 pl of
Desmopressin, the agonist of the vasopressin receptor 1b (AVPR1b) (100 uM DDAVP
solution), or 1 yl of AVP together with the antagonist of AVPR1b SSR149415 (AVP 1
mM + SSR149415 2 uM solution) to selectively activate AVPR1a only.

All drugs came from Tocris. Drugs were infused at a rate of 0.2 pl per minute using a
programmable syringe pump (Chemyix Inc.) mounted with a 2 pl syringe (Hamilton
#88511). After infusion, animals were undisturbed for 5 minutes before the start of the
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 (Invitrogen, D1868) was used. A total of 1 pl was infused at a rate of

0.2 yl per minute. 60 minutes after infusion, animals were perfused.

2.7 Behavioral tests

All animals were housed preferentially with littermates (maximum of 5 per cage) at a
temperature of 24 C° in the Institute of Neuroscience animal facility with 12-hour daily

ilumination and food and water ad libitum.

Open arena test

Animals were placed in a white open arena (OA) (60cm x 60cm) and allowed to explore
freely the space for 10 minutes. 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 travelled by the animal.

Social interaction test

Animals were insolated in their home-cage and 2 minutes calcium recording sessions
were conducted in the empty home-cage. Subsequently, a stimulus mouse
(Balb/cBydJ) was introduced for another 2 minutes. Animals were allowed to freely
explore, and the frequency and amplitude of the calcium signal was quantified for both

conditions.
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Sociability test

Wire cup cages were placed diagonally in opposite corners of the OA. 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 OA for 5 minutes. 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 the OA containing two wire cups with one
male same-age unfamiliar mouse under each cup. The cups were placed diagonally
at opposite sides of the arena and the test mouse could freely explore for 5 minutes.
The test mouse was then single housed in a chamber for 30 minutes. 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 OA and could freely explore. The
automated software for tracking was used for quantifying the interaction time with both
animals under the cup. A discrimination index was 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 this week, animals were undisturbed, and the bedding of
their cage was not changed in order to preserve odors that can favor the development
of territoriality. An intruder male mouse (Balb/cByJ) was placed inside the cage and
the social interactions were recorded for 10 minutes. The software Any-Maze
(Stoelting) was used for manual assignment of the social behaviors displayed through
key pressing. The following social behaviors were quantified: social exploration
(facial and ano-genital sniffing), dominance (resident mouse rising onto its hindlimbs
to paw at the intruder’s head, as well as excessive grooming, chasing or mounting),
and attack (biting attack followed by fighting and tail rattling) (Fig. 6). For the c-Fos
experiments, the same protocol was followed but following completion of the test,
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animals were undisturbed for 60 minutes for the expression of the immediate-early

gene and then perfused as previously described.

b

Figure 4. Example frames showing the quantified behaviors during the resident-intruder test. a.
Social exploration. b. Zoom in of the social exploratory behavior. ¢. Dominance. d. Zoom in of the
dominance behavior. e. Attack / biting. f. Zoom in of the biting moment. (Figure modified from Leroy et
al., 2018).

2.8 Development of the GRABAvro.3 sensor

The development, optimization, and characterization strategy of the GRABavro3
followed the methodology of our previously developed GRAB sensors™. The
GRABAvro.3 was developed based on human AVPR2 and optimized by mutagenesis
screening of fluorescent protein, linker region and GPCR. Then GRABavro3 was

cloned into a pAAV vector and packaged into AAV virus for in vivo expression.

2.9 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
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(Open-Ephys). LEDs delivering two excitation wavelengths (470 nm for detection of
GCaMP&6f signal and 415 nm for a calcium-independent control) intercalated at 40 Hz
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 calcium signal (social exploration and biting).

2.10 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 yW (465nm) and 249.5 pW (405 nm) at the tip of the
patch-cord. Emitted light between 420 and 450 nm (with 405 nm excitation) and 500
and 540 nm (with 465 nm excitation) were collected through the FMC on separate
fiber-coupled Newport 2151 photo-receiver modules. The fluorescent signals were
collected in AC-low mode and converted to voltage via the formula V = PRG, where
Vis the collected voltage, P is the optical input power in watts, R is photodetector
responsivity in amps/watts (0.2 — 0.4), and G is the trans-impedance gain of the
amplifier. Raw signals and 405 nm excitation (isosbestic signal) were recorded using

Doric Neuroscience Studio software.

2.11 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 condition of silencing, light stimulation was supplied using the Cobolt-
Jive 561nm adjusted at 5mW and applied during all the testing time. In control
conditions, mice were subjected to the test with the patch cord connected but with no
light stimulation. The experimental and control condition were randomized between
batches of animals and performed 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.
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2. 12 Data analysis

Quantification of the density of cell bodies

In situ hybridization was used to label AVP and Avpria mRNA in the BNST and LS of
Shank3B*- and WT littermates, as previously described. Equivalent-sized images of
the anterior and posterior LS and BNST were acquired with an inverted confocal
microscope (SPEIl, 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

Immunohistochemistry for labelling vasopressin was performed accordingly to the
descriptions above. Equivalent-sized images of the anterior and posterior LS of
Shank3b*- and WT littermates were acquired with an epifluorescent 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 labelling was measured. Data was plotted as the total area of GFP pixels
labelled.

Quantification of density of VGLUT1 clusters

Immunohistochemistry for labelling VGLUT1 was performed accordingly to the
descriptions above. For both Shank3b*-and WT controls, equivalent-sized images of
the BNST were acquired (x63 magnification) with identical settings on a confocal
microscope (SPEIl, Leica). The images were then converted to 8-bit format using
Imaged. 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 ROls used to outline the AVP cells are associated with the number
of clusters to generate the VGLUT1 synapse density for each quantified cell.
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Quantification of c-fos* cells

The automated program SimpylCellCounter (Bal et al., 2020) 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
a binary thresholding and morphological functions from the open-source computer
vision library OpenComputerVision (OpenCV) to identify and quantify the cells based
on the shape and size. The size was defined as 5 and the circularity threshold as 0.8.
An output of the images with the quantified cells was generated and the cells on the
total area were plotted.

Fiber photometry and AVP biosensor data analysis

The Guppy software’” was used for fiber photometry and AVP biosensor data analysis.
The raw data and the behavioral timestamps were 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 nm control channel using a least squares polynomial fit of degree
1. The AF/F was calculated by subtracting the fitted control channel from the signal
channel and dividing by the fitted control channel using the formula: (470 nm — 415
nm)/415 nm. A peak enveloping Fourier transform was applied to the AF/F signal
across the entire trace to identify peaks in activity. The data was presented as the
deviation of the AF/F from its mean (z-score) using the formula: (AF/F — mean of AF/F/
Standard deviation of AF/F). The z-score of each interaction of interest were analyzed
during the sessions based on a time window of -3 to 3 seconds for the PSTH analysis.
For the sociability test, the interaction with the object only (empty cup) was used as
control condition. For the resident-intruder test, the pre-biting or pre-social interaction
transients were used as control condition from -3 to -1 seconds. The area under the
curve and the peak amplitude were 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 curve of each
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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
randomly selecting 70% data points as training set and evaluated the decoder
performance using the rest 30% as testing set. To correct 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 curve (AUC) of the receiver operating characteristic (ROC) curve.
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 10 minutes. Following this, a stimulus mouse (BALB/c, males, 7-11
weeks old) was introduced into the arena, and a 2 min 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).899 To facilitate this, the
body parts of both mice were tracked with DeeplLabCut (version 2.2.3)°! using a
custom-trained model. DeepOF analysis was then conducted based on the calculated
trajectories for each body part.8%% Finally, each frame was classified into specific

behaviors using DeepOF's pre-trained network.
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2.13 Statistics and Reproducibility

Statistical analyses and figure plotting were performed using Prism version 9
(GraphPad). No statistical methods were used to predetermine sample sizes, but
sample size was selected based on previous 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. When
multiple observations were done in the same mouse, 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 fiber optic implant placement, only animals
exhibiting proper viral expression and accurate fiber optic localization were included
in the analysis.
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Vasopressin (AVP) release in the lateral septum (LS) supports social

interactions in male mice

The involvement of vasopressin (AVP) in the regulation of social interactions has been
extensively studied, with a particular emphasis on social memory, the ability to
recognize and remember a conspecific*>~4". These investigations have examined both
peripheral and brain-specific mechanisms, consistently highlighting the relevance of

brain regions such as the lateral septum (LS) in this context.

In the present study, we focused on the role of AVP neuromodulation in sociability,
defined here as the preference to interact with a conspecific over an object, as well as
in social exploration (following, tail investigation and ano-genital sniffing) within the
home-cage setting. These behaviors, particularly within the framework of the resident-
intruder test, can be considered part of a continuum of territorial investigation that
precedes agonistic interactions. By examining AVP's involvement in both social
preference and social exploration, our findings aim to broaden the understanding of
how this neuropeptide modulates social behaviors beyond its well-established role in

social memory.

We found that AVP release from the bed nucleus of the stria terminalis (BNST) to LS
is involved in the facilitation of sociability. Using a circuit manipulation approach, we
silenced AVP* synaptic terminals in LS and demonstrated that these neurons are
necessary for the expression of social preference. While this finding indicates the
importance of AVP* neurons, it does not confirm that AVP itself is the sole mediator,
as these neurons may co-express other neurotransmitters. To address this limitation,
we employed a short-hairpin RNA (shRNA) strategy to knock-down Avp expression in
these cells, which resulted in impaired social preference.

Our results align with a recent study that used optogenetics to show that inhibiting
BNSTAYP cells reduces social investigation in males, but not in females'?3.
Interestingly, stimulating the same population increased social investigation in both
sexes'?. They also found that optogenetic stimulation of BNSTAYP projections to the
LS promoted social investigation and induced some anxiety-like behavior in males, but
not in females'?3, Contrary to their findings, we did not observe any changes in anxiety-
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like behavior when manipulating BNSTAYP cell activity. This discrepancy may be
explained by methodological differences, as we used the open field test to assess

anxiety, whereas they employed the elevated zero maze.

An important consideration in this context is the role of different AVP receptor subtypes
expressed in the murine brain. Prior studies have shown that knockdown of the
vasopressin receptor 1a (AVPR1a) impairs social interaction and disrupts social
recognition in some mouse lines®*3%. Additional work has demonstrated that AVPR1a
knockout mice show profound deficits in social recognition, which can be rescued by
re-expressing the AVPR1a specifically in the LS**. Building on these findings, we
tested whether pharmacological blockade of AVP receptors could differentially affect
sociability. Our results indicate that an antagonist of AVPR1a can decrease social
preference, whereas blockade of vasopressin receptor 1b (AVPR1b) had no significant
effect. These findings suggest a receptor-specific mechanism underlying AVP’s
modulation of social interactions. Together, our results emphasize the critical role of
the BNST-LS AVP circuit and AVPR1a signaling in promoting sociability and social
exploration, offering new insights into the neurobiological substrates of social

interactions.

AVP release in the LS facilitates social aggression in male mice

Beyond its involvement in non-aversive social interactions, AVP has also been
implicated in agonistic social behaviors, particularly social aggression. While findings
from peripheral AVP manipulations and interspecies comparisons are often
conflicting®®, experiments in laboratory rodents increasingly suggest a role for AVP
release in LS in the promotion of aggression®?6%, but the source of AVP to LS, as well
as a direct causal link to behavior, remained unclear. Some studies have reported a
negative correlation between AVP-immunoreactive innervation in the LS and bed
nucleus of the stria terminalis (BNST) and aggressive behavior in rodents®3.64,
However, it is important to note that these conclusions are primarily based on latency
to attack, rather than more comprehensive measures such as the proportion of
aggressive behavior or total number of attacks.
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In our hands, experimental manipulation of AVP release during the resident-intruder
test, a widely used assay for assessing territorial aggression in male mice,
demonstrated that AVP release from the BNST to LS does promote social aggression.
Through optogenetic and chemogenetic silencing, as well as targeted AVP knock-
down, we observed significant reductions in both aggression duration and the
proportion of aggressive behavior. Importantly, these effects were reversible under
control conditions, supporting the specificity of this circuit's role in modulating
aggression. Overall, our findings are consistent with these and other studies that
implicate the BNST in the regulation of social aggression'24125,

While we conceptualize the social exploratory behaviors observed in the resident-
intruder test as part of a continuum of territorial behaviors, with social investigation
often preceding dominance and attack, it is essential to distinguish between social
exploration and social aggression. Despite involving the same neuropeptide and brain
circuit, these behaviors are functionally distinct. This raises the question: how can AVP

modulate different behavioral outputs through the same projections?

Our hypothesis posited that differential modulation might occur via distinct AVP
receptor subtypes. Previous research has demonstrated that AVP facilitates social
aggression through AVPR1b-mediated potentiation of the CA2-to-LS synapse, and
that infusion of AVPR1b antagonists into the LS reduces aggressive behavior®.
Furthermore, AVPR1b knockout mice consistently exhibit decreased aggression’®-72,
while knockdown of AVPR1a appears to have no such effect®®. Our own findings
support this model: pharmacological activation of AVPR1b increases aggressive
behavior, while blockade of this receptor diminishes it. In contrast, manipulation of

AVPR1a had no observable impact on aggression.

Moreover, our fiber photometry recordings reveal an increase in AVP release during
aggressive behavior compared to social interaction. This elevation in AVP signalling
within the LS may reflect the need to engage distinct receptor populations, with
AVPR1a broadly distributed in the lateral and ventral regions, and AVPR1b more
localized to the dorsal LS. These findings also suggest that a higher threshold of AVP
release may be required to initiate aggression, whereas lower levels may be sufficient

to promote social interaction.
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These results highlight a receptor-specific mechanism through which AVP within the
BNST-LS circuit modulates social aggression, further distinguishing its role in agonistic

versus affiliative social interactions.

Reduced septal AVP release in an ASD male mouse model

Our results have demonstrated that the Shank3B*~ mouse model of ASD presents not
only the well-documented deficits in social interaction, but also decreased social
aggression. Using automated behavioral analysis, we showed that Shank3B*~ mice
do not display deficits in the most commonly measured form of social exploration in
the literature, nose-to-nose interactions, but instead exhibit impairments in other
socially exploratory behaviors that are often overlooked. Specifically, these mice
showed reduced following behavior, which can indicate motivation to interact or
explore the conspecific, and nose-to-tail investigation, a key feature of social

exploration in animals.

One technical reason that nose-to-nose interactions were not significantly affected
may be because the tracking software could not distinguish which animal initiates the
contact (i.e., the test mouse or the stimulus mouse), whereas following behavior and
nose-to-tail interactions can be clearly attributed to the behavior of the test mouse.
While humans often rely on face-to-face interaction, animals engage in a broader set
of exploratory behaviors, which should be seriously considered when studying social

interaction in animal models.

When examining AVP expression in the BNST and LS of Shank3B*" mice, we found
a significant reduction in the number of AVP? cells in the BNST, which was associated
with decreased AVP* fiber innervation in the anterior region of LS. Previous work using
another ASD mouse model, Magel2, has similarly shown deficits in AVP* fiber
innervation in the LS that correlate with impaired social discrimination, the ability to
differentiate between familiar and unfamiliar individuals'®. However, that study did not
investigate the role of the BNST in mediating this innervation deficit, nor did it assess
other aspects of social behavior such as sociability.

We hypothesized that the observed reduction in AVP?* cells in the BNST may be linked
to the Shank3 mutation, given that the Shank3 gene encodes essential proteins
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involved in the formation of core signaling complexes and the scaffolding of
postsynaptic densities at excitatory glutamatergic synapses'%’. To test this hypothesis,
we quantified the number of glutamatergic synaptic puncta surrounding AVP* cells in
the BNST of Shank3B*- x Avp-Cre mice, compared to wild-type controls, and found a
significant reduction in excitatory inputs. This reduction in excitatory drive could
potentially contribute to the loss or dysfunction of AVP* neurons in this region. Further

studies are required to confirm this mechanism.

To directly assess AVP activity in the LS during social exploration and aggression, we
used a novel AVP biosensor and observed a significant reduction in AVP signaling in
Shank3B*- mice compared to wild-type controls. Although the biosensor was injected
directly into the LS and could potentially detect AVP fibers from regions beyond the
BNST, our tracing experiments did not identify AVP* projections from the
paraventricular nucleus (PVN), a brain region known for its high density of
vasopressinergic neurons. Additionally, we did not observe a reduction in AVP™ cell
counts in the PVN of mutant mice, supporting the idea that the BNST is the primary

source of the affected AVP projections.

Altogether, these findings suggest that reduced excitatory input onto BNST AVP*
neurons in Shank3B*- mice may underlie a circuit-specific deficit in AVP signaling,
contributing to both impaired social exploration and diminished social aggression in
this ASD model.

New directions in vasopressin-based treatments

Previous studies in laboratory mice have demonstrated that AVP treatment can
ameliorate social deficits in certain ASD mouse models, either through direct activation
of AVP receptors or via cross-reactivity with oxytocin receptors (OXTR), which AVP is
also capable of binding®”-104,

Building upon our hypothesis that selective modulation of distinct AVP receptors in the
LS could differentially influence affiliative versus agonistic social behaviors, we
investigated whether it would be possible to rescue social interaction in Shank3B*-
mice without simultaneously increasing aggression, a symptom frequently associated

with ASD, especially in children8-8% We found that pharmacological infusion of an
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AVPR1a agonist into the LS successfully rescued sociability in Shank3B*- mice
without enhancing social aggression. In contrast, infusion of an AVPR1b agonist had
the opposite effect, increasing aggression without improving sociability.

These findings provide critical insight for future vasopressin-based therapeutic
approaches. Most ongoing or previous clinical trials have focused on the use of AVP
receptor antagonists, such as Balovaptan, to reduce AVP signaling. However, these
trials have consistently failed to pass Phase 3'"%-'22, suggesting a need to reevaluate
this strategy. Our findings shed some light on why this strategy has failed. On the other
hand, studies using intranasal AVP administration have reported improvements in
social functioning and responsiveness in children, particularly in individuals with
elevated plasma AVP levels''®. Based on our findings in mice, AVP administration
might also increase aggression which would constitute a highly undesirable side effect
for ASD patients. In conclusion, our results support a more targeted and receptor-
specific approach to AVP-based treatment strategies, aiming to selectively enhance
affiliative social behavior while minimizing the risk of promoting aggression in
individuals with ASD.

Limitations of the study and future directions

One major limitation of our study is its exclusive focus on male mice. Because AVP
expression in the BNST is sexually dimorphic and steroid-dependent, where males
exhibit a higher density of AVP* cells and greater AVP" fibre innervation in the LS
compared to females' 4, we focused on males to better characterize this pathway
under conditions of maximal AVP expression. However, this choice also limits the
generalizability of our findings across sexes. This dimorphism must be taken into
account when studying autism and developing pharmacological interventions in
humans, as both the prevalence and symptomatology of ASD differ significantly

between males and females-88,

Future research should aim to clarify the role of AVP and other neuropeptides in ASD-
related behaviors in females. For instance, while we demonstrated that AVP
modulates aggression in male mice, studies in female rats suggest a different
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relationship, where septal AVP is inversely correlated with aggression and oxytocin
may play a more dominant role”. While in female mice, optogenetic inhibition of AVP*
fibers in LS did not affect social investigation, suggesting that septal AVP release in
female mice do not facilitate social interactions to the same extent as in males'?,
Investigating these sex-dependent mechanisms is critical, as combining male and
female data without accounting for biological differences may obscure meaningful

findings and reduce statistical power.

Additionally, examining various ASD animal models can help address the
heterogeneity of symptoms observed in human populations. Different mouse models
often exhibit distinct profiles of social impairment, repetitive behaviors or cognitive
deficits. Understanding how neuropeptides like AVP contribute to these variations
could inform the development of more targeted treatments tailored to specific symptom

clusters within the autism spectrum.

Altogether, future studies that incorporate sex differences and model diversity will be

essential for advancing precision therapies that reflect the complexity of ASD.
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This thesis aimed to investigate how the neuropeptide vasopressin (AVP) modulates
social behaviors and how dysregulation of the vasopressinergic system in specific
brain circuits contributes to the social deficits observed in the Shank3B*~ male mouse
model of Autism Spectrum Disorder (ASD). The key findings of this work are as

follows:

1. Shank3B*- male mice exhibits not only the already established deficit in sociability,

but also a deficit in social aggression.

2. Shank3B*- male mice show a reduced number of AVP* cells in the bed nucleus of
the stria terminalis (BNST), a decrease in AVP™ fibers of the lateral septum (LS),
and a reduced AVPR1a expression in both the BNST and LS.

3. Chemogenetic silencing of AVP™ cells in the BNST of WT mice impairs both
sociability and social aggression, without affecting locomotion, anxiety-like

behavior or social memory.

4. AVP* axon terminals from the BNST are active during episodes of sociability and
social aggression, showing heightened activity during aggressive biting compared

to social exploration.

5. Silencing the BNST-LS projections in WT mice results in deficits in sociability and

social aggression.

6. Knockdown of AVP expression in the BNST of wild-type (WT) mice similarly leads

to reduced sociability and social aggression.

7. Shank3B*- male mice exhibit decreased AVP release in the LS during both social

exploration and social aggression.

8. Specific activation of AVPR1a in the LS of Shank3B*- males rescues sociability
without increasing aggression, whereas activation of AVPR1b enhances

aggression without rescuing sociability.
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Overall, these findings highlight the critical role a vasopressinergic release from the
BNST to LS in modulating both sociability and social aggression under normal and
pathological conditions. The results demonstrate that dysfunction in this circuit
contributes to the social impairments observed in the Shank3B*- model of ASD.
Moreover, this work reveals the potential for selective behavioral modulation via
different AVP receptor subtypes within the same circuit, offering promising avenues
for the development of targeted therapeutic strategies for ASD.
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Esta tesis tuvo como objetivo investigar cdmo el neuropéptido vasopresina (AVP)
modula los comportamientos sociales y como la desregulacion del sistema
vasopresinérgico en circuitos cerebrales especificos contribuye a los déficits sociales
observados ratones macho del modelo murino Shank3B*- del Trastorno del Espectro
Autista (TEA). Los principales resultados de este trabajo son los siguientes:

1. Los ratones macho Shank3B*- no solo presentan el déficit de sociabilidad

previamente descrito, sino también un déficit en agresion social.

2. Los ratones macho Shank3B*- muestran una reduccion en el nimero de células
AVP?* en el nucleo de la estria terminal (BNST), una disminucién de fibras AVP*
en el septo lateral (LS) y una menor expresion de AVPR1a tanto en el BNST como
en el LS.

3. El silenciamiento quimiogenético de las células AVP* en el BNST de ratones WT
afecta tanto la sociabilidad como la agresion social, sin alterar la locomocién, el

comportamiento tipo ansioso ni la memoria social.

4. Las terminales axoénicas AVP* provenientes del BNST estan activas durante
episodios de sociabilidad y agresion social, mostrando una mayor actividad

durante las mordidas agresivas en comparacion con la exploracion social.

5. El silenciamiento de las proyecciones BNST-LS en ratones WT provoca déficits en

sociabilidad y agresion social.

6. Lareduccion de la expresion de AVP en el BNST de ratones WT también conduce

a una disminucién de la sociabilidad y la agresion social.

7. Los ratones macho Shank3B*- presentan una menor liberacion de AVP en el LS

tanto durante la exploracion social como durante la agresion social.

8. La activacion especifica de AVPR1a en el LS de ratones Shank3B*- rescata la
sociabilidad sin aumentar la agresidon, mientras que la activacion de AVPR1b

incrementa la agresion sin rescatar la sociabilidad.

En conjunto, estos resultados destacan el papel fundamental de la liberacion
vasopresinérgica desde el BNST hacia el LS en la modulacion de la sociabilidad y la
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agresion social tanto en condiciones normales como patolégicas. Los datos
demuestran que la disfuncidn de este circuito contribuye a las alteraciones sociales
observadas en el modelo Shank3B*- de TEA. Ademas, este trabajo revela el potencial
de una modulacion conductual selectiva a través de diferentes subtipos de receptores
de AVP dentro del mismo circuito, lo que abre nuevas vias prometedoras para el

desarrollo de estrategias terapéuticas dirigidas para el TEA.
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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 AVPRI1b 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
ASD'™. Thus, variants in the adjacent AVP gene regions have been
associated with ASD diagnosis and endophenotypes®*°. In addition,
magnetic resonant imaging (MRI) revealed changes in structure and
functional connectivity in brain regions containing AVP’. Moreover,
AVP levels in the plasma of children with ASD or their mothers has been
associated with autistic symptoms®™%. AVP can bind to four distinct
receptors: AVP receptor 1a (AVPR1A), AVP receptor 1b (AVPRIB), AVP
receptor 2 (AVPR2), and the oxytocin receptor (OXTR). Among these,
AVPRIA, AVPRIB, and OXTR are primarily located in the central

nervous system and show a high degree of polymorphism in patients
with autism spectrum disorder (ASD)"™. In contrast, AVPR2 is pre-
dominantly expressed in the kidney®.

In rodent, subcutaneous administration of AVP in male rats
extended the duration of social memory?. Further investigations
showed that ventricular injections of AVP in male rats immediately
after initial encounters with stimulus animals enhanced social
memory?, similar to peripheral AVP administration. Stimulation of the
supraoptic nucleus and paraventricular nucleus in male rats led to AVP
release in the hypothalamus and facilitated social recognition®, similar
to direct infusion of AVP in LS*%. Conversely, peripheral AVP
antagonist injections impaired social recognition in intact male rats
but had no effect on castrated ones®, 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 rats”. Knocking out AVPRla
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impaired social recognition in male”® but not in female” mice,
although this effect was not seen in all AVPR1a-KO lines*°. Knocking out
AVPRI1b also leads to a deficit in social recognition and social memory
(including the Bruce effect) as well as decreased social aggression and
social motivation®. Finally, intracerebral administration of AVP in male
oxytocin receptor knockout mice lowers aggression and fully reverts
social and learning defects by acting on AVPRI1a receptors®. 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 aggression®. Autopsy and MRI studies
of ASD patients have identified developmental changes in the
septum’***, In rodents, LS is richly innervated by vasopressinergic
fibers and expresses AVP receptors®. Consequently, male Brattleboro
rats lacking AVP showed impaired social recognition, which can be
restored by micro-dialysis of AVP into LS*. While the source of septal
AVP remained unclear for a long time®*%, recent evidence suggests
AVP inputs to LS in mice originate from the bed nucleus of the stria
terminals (BNST) and promote social interactions®. In addition, our

previous results demonstrate that AVPRI1b activation in LS facilitates
social aggression in male mice*.

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 ASD*'. 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 Aupria mRNA expression in LS
and BNST of mutant mice. This decrease correlated with fewer exci-
tatory terminals impinging on BNSTAY neurons. Using calcium
recording of BNSTA'" 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
BNST*" 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). b Heatmap of the accumulated time around the empty or
social cup. ¢ Time spent interacting with the empty or social cup (9/8 mice. Paired t
test, WT: p=0.03; Paired t test, Shank3B”: p = 0.01). d Discrimination indexes for
social preference (9/8 mice. Unpaired ¢ test: p=0.003). e Schematic of resident-
intruder test (Created in BioRender. Leroy, F. (2025) https://BioRender.com/
inOmntf). f Example frames showing social exploration, dominance, and aggres-
sion. g Raster plots showing social exploration, dominance, and aggression.

h Proportions of mice exhibiting only social exploration, social dominance without
aggression or aggression (at least one biting attack) (11/13 mice. Chi-squared test:
X2(1) =4.06, p=0.04). i Social interaction duration (11/13 mice. Unpaired ¢ test:
p=0.02). j Social dominance duration (11/13 mice. Unpaired ¢ test: p=0.2).

k Latencies to attack (11/9 mice. Unpaired t test: p = 0.02). | 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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Fig. 2 | Vasopressinergic system from BNST (bed nucleus of stria terminalis) to
LS (lateral septum) is decreased in Shank3B” mice. a Aup-Cre mice injected
unilaterally with AAV2/1 syn.FLEX.GcaMP6f.WPRE.SV40 in BNST (Created in BioR-
ender. Leroy, F. (2025) https://BioRender.com/zzherfl). b Virally labeled AVP*
neurons in the BNST (left, scale: 400 um) and AVP* fibers in LS (right, scale: 600 pm;
zoom: 70 pm). ¢ Aup-Cre mice injected in LS with hEF1a.LSIL.GFP (Created in
BioRender. Leroy, F. (2025) https://BioRender.com/hljqlsw). d Retrogradely
labeled AVP* neurons in BNST (scale: 200 pm; zoom: 50 pm) and AVP” fibers in LS
(scale: 50 um). e, f In situ hybridization picture of Aup mRNA in BNST (scale:

300 pm; zoom: 30 pm) and cell number (3 mice/group, 3 observations/mouse.
Nested ¢ test: p=0.0001). g, h In situ hybridization picture of Aupria (scale:

200 pum; zoom: 50 pm) and cell number in WT and Shank3B* mice (3 mice/group, 3
observations/mouse. Nested ¢ test: p = 0.002). i, j Immunohistochemistry of AVP*
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fibers in anterior LS (scale: 400 pm) and quantification (10/11 mice/group. Unpaired
t test: p=0.002). k, I In situ hybridization for Avpria in LS (scale: 200 um; zoom:
25 um) and cell number (3 mice/group, 3 observations/mouse. Nested ¢ test:
p=0.05). m Aup-Cre x Shank3B” and WT mice injected in the BNST with AAV2/
9EF1a.DIO.hChR2(E123T/T159C).eYFP (Created in BioRender. Leroy, F. (2025)
https://BioRender.com/zzherfl). n BNST AVP* cells labeled for YFP and VGLUT1
(scale: 10 pm). @ VGLUTI clusters per ROI (4/6 mice, 7 observations/mouse. Nested
t test: p=0.0003). p VGLUTI clusters per ROI surface unit (4/6 mice, 7 observa-
tions/mouse. Nested t test: p = 0.003). @ Mean area of VGLUTI clusters (4/6 mice, 7
observations/mouse. Nested ¢ test: p = 0.02). For the entire figure, bar graphs show
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.

antagonists in LS of WT mice and demonstrated that activation of
AVPR1ain LS promotes sociability, while activation of AVPRIb is known
to support social aggression*’. 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

spectrum disorder (ASD), where sociability/social investigation deficits
are predominant**>, 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/] mouse of the same age and sex
(Fig. 1a). We measured the time the test mouse spent exploring each
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Fig. 3 | Silencing AVP+ neurons from the bed nucleus of the stria terminalis
(BNST) impairs sociability and social aggression. a Aup-Cre mice and WT litter-
mates injected bilaterally with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry in the BNST
(bed nucleus of stria terminalis) (Created in BioRender. Leroy, F. (2025) https://
BioRender.com/zzherfl). b Viral expression in the BNST of Aup-Cre mouse (scale
bar: 300 um). ¢ Experimental timeline. d Schematic of the sociability test (Created
in BioRender. Leroy, F. (2025) https://biorender.com/8v51vnv). e Interaction times
with empty or social cup in CNO condition (14/11 mice. Paired t test WT + CNO
group: p = 0.005; Paired t test Cre + CNO group: p = 0.02). f Discrimination indexes
for social preference in CNO condition (14/11 mice. Unpaired ¢ test: p < 0.0001).

g Interaction times with social and empty cups in saline condition (14/11 mice.
Paired ¢ test, WT +saline: p = 0.01; Paired ¢ test, Cre +saline: p = 0.01).

h Discrimination indexes for social preference in saline condition (14/11 mice.
Unpaired ¢ test: p = 0.4). i Schematic of the resident-intruder test (Created in
BioRender. Leroy, F. (2025) https://BioRender.com/inOmntf). j Proportions of mice
exhibiting only social exploration, social dominance without aggression, or
aggression in CNO and saline conditions (13/11 mice. Chi-square test: x2(2) =7.39,
p=0.02). k Attack durations in CNO condition (13/11 mice. Unpaired ¢ test:
p=0.03). 1 Attack durations in saline condition (13/11 mice. Unpaired ¢ test:
p=0.83). m Attack durations between saline and CNO conditions (13/11 mice.
Paired t test WT group: p =0.91; Paired ¢ test Cre: p = 0.02). 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, *** p<0.0001. Source data are provided as a Source Data file.

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 reported*.

Then, we tested the mutant mice for social aggression using the
resident-intruder test, a behavioral assay designed to assess terri-
torial intermale aggression*. 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 a male Balb/cBy mouse of the same age was
introduced into their home-cage. We chose to use Balb/cBy mouse
intruders for their low aggressivity** 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. 11, j). Regarding the aggressive behavior, while
all WT littermates escalated from social interaction to aggression
within the 10 min 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 2 min period in an
open arena containing a male Balb/cBy mouse of the same age (Sup-
plementary Fig. 1a). We measured the time mice 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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Fig. 4| AVP" axons from the bed nucleus of stria terminalis (BNST) to the lateral
septum (LS) are activated during sociability and social aggression. a Aup-Cre
mice injected bilaterally with AAV2/syn.FLEX.GcaMP6f.WPRE.SV40 in BNST with an
optical ferrule in LS (created in BioRender. Leroy, F. (2025) https://BioRender.com/
rj3w3d6). b Image of BNST and LS showing virally-labeled AVP* cells (scale:

600 pum) and optical ferrule tip (scale bars: 400 pm). ¢ Experimental timeline.

d Schematic of the social interaction test (Created in BioRender. Leroy, F. (2025)
https://BioRender.com/twqehea). e Frequencies of calcium transients before and
during social interaction (4 mice. Paired ¢ test: p = 0.4). f Amplitudes of the tran-
sients before and during social interaction (4 mice. Paired ¢ test: p=0.04).

g Schematic of sociability test. h Peri-stimulus time histograms (PSTH) during
interaction with each cup (6 mice) (Created in BioRender. Leroy, F. (2025) https://
BioRender.com/yy20hso). i Areas under the curve of the PSTH during interaction
with each cup (6 mice. Paired t test: p = 0.02). j Peak amplitudes of the PSTH during

interaction with each cup (6 mice. Paired t test: p = 0.07). k Schematic of the
resident-intruder test (Created in BioRender. Leroy, F. (2025) https://BioRender.
com/vyq5Ixl). I PSTH during social exploration and biting (6 mice). m Areas under
the curve of the PSTH before and during biting (6 mice. Paired ¢ test: p=0.01).

n Peak amplitudes of the PSTH before and during biting (6 mice. Paired ¢ test:
p=0.0003). o Areas under the curve of the PSTH during social exploration and
biting (6 mice. Paired ¢ test: p = 0.08). p Peak amplitudes of the PSTH during social
exploration and biting (6 mice. Paired t test: p = 0.02). q Performance of linear SVM
decoders classifying social vs. non-social transients (6 mice. One-sided Wilcoxon
signed-rank test: p = 0.02). For the entire figure, box plots show the median (central
line) and the full range (minimum to maximum) across animals. PSTH plotted as
mean *s.e.m. Each point represents one mouse. * p < 0.05, ** p < 0.01, ** p < 0.001.
Source data are provided as a Source Data file.

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 Aup-Cre mice with a Cre-dependent adeno-associated virus
(AVV) expressing GCaMPéf (Fig. 2a). Three weeks later, we perfused
the mice and observed GCaMPé6f" cells at the injection site and
GCaMPe6f" 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 Aup-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 amygdala®, we carefully
looked for GFP* cell bodies in these regions but could not find any.
Overall, these results indicate that the BNST provides the major source
of vasopressin to LS.

In order to investigate AVP release in LS in Shank3B" mice, and
since antibodies against AVP are known to poorly label AVP* cell bodies

in the BNST*’*%, we relied on in situ hybridizations to label Aup and
Avprla mRNAs in the BNST of Shank3B*” mice and WT littermates. We
found a decrease in the number of Avp* and Avpria® 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. 21, j and Supplementary Fig. 2a, b). Since AVP*
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 Aupria* cell bodies in LS
(Fig. 2k, I). 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* cells®®, 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 functioning®. As mutation of SHANK has been shown to lead
to a decrease in excitatory synapses in the anterior cingulate cortex*®
and the hippocampal region CA1", we hypothesized that fewer glu-
tamatergic synapses impinging onto BNSTAY cells in Shank3B"
mice may lead to a decrease in their density. We injected the BNST of
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optical ferrule tip (scale bar: 200 um). ¢ Experimental timeline. d Schematic of the
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social preference in the light-off condition (9 mice/group. Unpaired ¢ test: p=0.5).
i Social interaction time in light-off vs. light-on condition for Aup-Cre mice (9 mice.
Paired ¢ test: p=0.02). j Schematic of the resident-intruder test (Created in BioR-
ender. Leroy, F. (2025) https://BioRender.com/vyqSIxl). k Proportions of mice
showing only social exploration, social exploration and dominance without
aggression, or aggression (8/10 mice. Chi-square test: x2(2) = 7.51, p=0.02). I Social
exploration times in light-off and light-on conditions for Ayp-Cre mice (9 mice.
Paired ¢ test: p=0.002). m Number of attacks in light-on condition (8/10 mice.
Paired ¢ test: p=0.04). n Number of attacks in light-off condition (8/10 mice.
Unpaired ¢ test: p=0.5). o Attack durations between light-off and light-on (8/10
mice. Unpaired t test, light-off: p=0.6; light-on: p=0.06). For the entire figure,
bar graphs show mean + s.e.m. Each point is one mouse. * p <0.05, * p<0.01,

*** p<0.001, *** p<0.0001. Source data are provided as a Source Data file.

Avp-Cre x Shank3B"" mice and WT 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 VGLUTI to quantify gluta-
matergic inputs (Fig. 2n).

We observed a strong reduction in the number, density, and
size of VGLUTI' clusters apposed to the BNST*Y cells of
Shank3B" mice (Fig. 20-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 VGLUTI" clusters was unchanged (Supple-
mentary Fig. S3). In addition, VLGUTI 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 mm?) compared to the anterior BNST
(8.8 £1.0 cells per mm?, Supplementary Fig. 5a, b).

Silencing BNSTA'* neurons impairs sociability and social
aggression

What are the behavioral functions supported by BNST*'" 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 BNST*Y cells. Aup-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 30 min prior to the sociability test (Fig. 3a—d).
Unlike control littermates, Aup-Cre mice 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
BNSTAY cells impaired sociability/social exploration between male
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nalis (BNST) impairs sociability and social aggression. a WT mice bilaterally
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scramble-shRNA (Created in BioRender. Leroy, F. (2025) https://BioRender.com/
zzherfl). b Image of the BNST showing cells labeled with the virus (scale bar:

400 pm). Image of LS (lateral septum) with fibers anterogradely labeled with the virus
(scale bar: 200 pm). ¢ Experimental timeline. d Schematic of the sociability test
(Created in BioRender. Leroy, F. (2025) https://biorender.com/8v51vnv). e Interaction
times with empty and social cups (10 mice/group. Paired ¢ test, scramble: p = 0.001;
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mice/group. Unpaired ¢ test: p=0.0005). g Schematic of the resident-intruder

test (Created in BioRender. Leroy, F. (2025) https://BioRender.com/inOmntf).

h Proportions of mice exhibiting only social exploration, social dominance without
aggression, or aggression (at least one biting attack, 10 mice/group. Chi-squared test:
X?(2)=5.33, p=0.07). i Latencies to social explore during the resident-intruder test
(10 mice/group. Unpaired ¢ test: p = 0.005). j Social interaction duration (10 mice/
group. Unpaired ¢ test: p=0.02). k Attack durations (10 mice/group. Unpaired ¢ test:
p=0.03). I Number of tail rattles (10 mice/group. Unpaired ¢ test: p=0.07). 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.

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 Aup-Cre mice demonstrated aggression as opposed to
the majority of WT 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. 31-m).

To better delineate the role of BNSTAY cells, we also silenced
these cells during additional tests on similar cohorts of mice. First,
mice explored an open arena for 10 min in order to assess locomotor
activity and anxiety (Supplementary Fig. 6a). Aup-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 BNSTAY 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 30 min. 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)*. Both
groups exhibited social novelty preference, and total interaction
times during learning or recall were similar (Supplementary
Fig. 6e-i). Overall, BNSTA cells promote exploration and aggression
of other males but do not support locomotion, anxiety, or social
novelty preference.

BNST*' 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 Aup-Cre mice with a Cre-dependent
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Fig. 7 | Septal AVP release is reduced in Shank3B" mice during social
exploration and aggression. a WT and Shank3B" mice bilaterally injected with
AAV9hSyn.AVPO0.3 and implanted with an optical ferrule in the lateral septum (LS)
(Created in BioRender. Leroy, F. (2025) https://BioRender.com/j3posib). b Image of
trace of the optical ferrule tip in LS (scale bar: 400 pm). ¢ Experimental timeline.
d Schematic of the resident-intruder test (Created in BioRender. Leroy, F. (2025)
https://BioRender.com/vyq5IxI). e Peri-stimulus time histogram (PSTH) during
social exploration for WT and Shank3B*" mice (7 mice/group). f Areas under the
curve of the PSTH before and during social exploration for WT mice (7 mice. Paired
t test: p=0.009). g Peak amplitudes of the PSTH before and during social
exploration for WT mice (7 mice. Paired ttest: p=0.006). h Areas under curve for
Shank3B"" mice (7 mice. Paired t test: p = 0.07). i Peak amplitudes for Shank3B""
mice (7 mice. Paired ¢ test: p=0.9). j Areas under the curve during social explora-
tion WT vs. Shank3B” mice (7 mice/group. Unpaired t test: p = 0.001). k Peak

<

amplitudes during social exploration for WT vs. Shank3B* mice (7 mice/group.
Unpaired ¢ test: p=0.4). | Linear SVM decoder performance (7/5 mice. Wilcoxon
signed-rank test WT: p = 0.01; Shank3B": p = 0.91; WT vs. Shank3B": p=0.00).

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 ¢ test: p=0.03).

o Peak amplitudes during pre-biting vs biting for WT mice (6 mice. Paired ¢ test:
p=0.004). p Areas under curve for Shank3B" mice (4 mice. Paired t test: p=0.14).
q Peak amplitudes for Shank3B” mice (4 mice. Paired t test: p = 0.26). r Areas under
cthe urve during biting for WT vs. Shank3B” mice (6/4 mice. Unpaired t test:
p=0.002). s Peak amplitudes during biting (6/4 mice. Unpaired t test: p = 0.04). For
the entire figure, box plots show the median (central line) and the full range
(minimum to maximum) 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.

AAV expressing the calcium sensor GCaMP6f before implanting an
optical ferrule above the LS. (Fig. 4a—c). Two weeks after viral injection,
animals were subjected to a direct social interaction test, which con-
sisted in 2 min of baseline recording in the home-cage followed by

2 min of presentation of a novel mouse (Fig. 4d). We calculated the
frequency and amplitude of the GCaMPéf 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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was higher in the social condition, indicating that BNSTA' 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. 41). First, we
compared the peak amplitude and area under the curve during biting
to 3s 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 then asked if there was a difference between
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. 40,
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, BNSTAY fibers projecting to LS are active during
social interactions and aggression, with social aggression recruiting
the fibers more efficiently.

Silencing BNST*" 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 BNST of Aup-Cre mice
and WT littermates with a Cre-dependent AAV expressing an enhanced
mosquito homolog of the vertebrate encephalopsin (€OPN3) that can
suppress synaptic output through a brief illumination of the pre-
synaptic terminals*’. 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 Aup-Cre mice did not (Fig. Se, f). Without light, how-
ever, both groups exhibited social preference (Fig. 5g, h). When com-
paring light conditions for the same mice, Aup-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 Aup-Cre mice (Fig. 5k, 1). 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. 5Sm, 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. 50). Overall, these
results indicate that silencing BNST*'" pre-synaptic terminals to LS
impairs male to male sociability and intermale social aggression,
therefore recapitulating the chemogenetic silencing of BNST*'" cells

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

Genetic silencing of Aup expression in the BNST impairs socia-
bility and social aggression

We have demonstrated that BNSTAY" 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 Aup mMRNA
expression. We injected AAVs expressing a shRNA against Avp or
a scrambled shRNA as well as GFP in the BNST of C57BL6/] 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 results*’. 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 BNSTAY
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 Aup 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, I). Together, these results indicate that the release of AVP
from BNSTA'" 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.AVPO0.3 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 from WT mice 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. 71).

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-0). 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 AVPR1ain 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 the mouse model of ASD. Prior studies
have shown that septal AVPR1a and AVPR1b supports different social
behaviors™. Indeed, knocking out AVPR1a impairs social discrimina-
tion, which can be rescued by in-trans expression of AVPR1a in LS*. 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 aggression*°. In addi-
tion, infusion of the AVPR1b antagonist SSR149415 in dorsal LS abol-
ishes social aggression®’. First, to further characterize the effect of
blocking AVPR1a or 1b on sociability, we implanted C57BL6/] WT mice
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 AVPRIb 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 dichotomy of action of AVP in
LS whereby activation of AVRP1a promotes sociability with 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 behaviors®.

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 AVPRla 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 AVPRI1a in Shank3B*" mice rescued sociability, unlike acti-
vation of AVPRIb (Fig. 8d-f). In addition, drug infusion had no effect on
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 AVPRI1b in Shank3B" mice increased social aggression
unlike activation of AVPRla 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. 9¢), 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 sociability with no effect on 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 between male mice and therefore promote
sociability. The increase in social exploration led to an increase in

sociability when mice had the choice to explore an empty cup versus a
cup containing another male mouse. Our results are similar to a recent
study which utilized optogenetics to show that inhibiting BNST*' cells
reduces social investigation in male, but not in female mice, whereas
stimulating the same cells increased social investigation in both
sexes®. Further, they found that optogenetic stimulation of BNSTA"
cell inputs to LS increased social investigation and some anxiety-like
behavior in males but not in females®. Contrary to this study, we did
not observe a change in anxiety when manipulating the activity of
BNSTAY 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 rats™°, 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 virgin male mice with limited aggressive experience throughout
this study since these two factors are known to increase
aggression®”*, Overall, our findings are consistent with these and
other studies involving the BNST in social aggression®°. 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 AVP*’. 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 Avprlb-KO male mice revealed a decrease in EGR-1 expression in
the BNST, suggesting a lesser recruitment of the BNST in these mice
during aggression®. This observation remained puzzling since
AVPRIb is absent from the BNST®% Here, we propose that, because
the BNST receives inputs from LS, 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 AVPRIb. A
decrease in BNST activation may, in turn, decrease AVP release to LS.
Disruption of this AVPRI1b-dependent positive feedback loop
between LS and the BNST would contribute to Avprib-KO male mice
exhibiting less aggression®*. In normal conditions, this loop might be
responsible for the facilitation of aggression during repetitive
intruder presentation®, similar to the LS-ventral tegmental area loop
involving dopamine release in LS**%,

In this study, we focused on male mice given the sexual
dimorphism of the vasopressinergic projection from the BNST to
LS 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 BNSTAY inputs to LS. Con-
sequently, peripheral AVP antagonist injection impairs social recog-
nition in intact male rats but has no effect on castrated ones®®. 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 and medial amygdala also
express progesterone receptors, acting to suppress AVP expression in
these regions®. As a result, progesterone injection in male rats impairs
social recognition’®, which can be rescued by direct AVP infusion into
LS®. Finally, ablation of the pineal gland” or depletion of nor-
epinephrine from the olfactory bulb’ 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 males”. In addition, optogenetic inhibition in
female mice did not affect social investigation, and optogenetic sti-
mulation increased female investigation of males but not of females®,
suggesting that septal AVP release in female mice does not facilitate

social interactions to the same extent, confirming similar results in
female rats®**% 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 rats’. Similarly, blocking AVPRI1a in LS
increased social play behavior in males but decreased it in females’”*,
demonstrating opposite regulation of the same behavior in the same
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Fig. 8 | Activation of AVPRI1a or AVPRIb 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: 600 pm). ¢ Experimental timeline. After
cannula guide implantation, Shank3B"" mice were infused with either saline,
DDAVP, or AVP + SSR149415 before undergoing 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/irfmldl). e Interaction times with empty and social
cups (10 mice. Paired t test, saline condition: p = 0.8; Paired ¢ 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’s multiple comparisons test: F =4.35, p = 0.04. Tukey’s multiple 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 (9 mice. Chi-squared tests: Saline vs. DDAVP x2(2) = 7.07, p = 0.03; Saline
vs. AVP + SSR149415 x2(2) = 0.53, p = 0.8; DDAVP vs. AVP + SSR149415 x2(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.

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 adults”®, 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 Aup” cells in the BNST and Aupria® cells in LS. This
correlates with a decrease of VGLUT1" excitatory terminals impinging
on BNSTA'* 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 BNSTAY
neurons and consequently to their death. Interestingly, the decrease
was specific to BNST*" neurons and not general to the entire BNST,
suggesting that the SHANK3b mutation does not affect every excitatory
terminal to the same extent. We also found a decrease in Aupria® cells
in the BNST of the mutant mice. Given the 50 % overlap between Avp*
and Avprla’ 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 BNST*°. AVP
release from PVN to BNST might also dampen BNST* cell activity””. 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 LS. Mage[2-KO mice
exhibit impaired social novelty preference’, which can be rescued
using AVP infusion in LS or optogenetic stimulation’. In our study,
however, social novelty preference was not affected by chemogenetic
silencing of BNST*" 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 AVPRIb 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 ASD model without affecting social
aggression. Previous studies in humans have demonstrated the
potential for using AVP agonizts or AVPRIa antagonists to improve
social deficits in children®® or rescue social communications in
adults®* respectively, but without mechanism, these studies have
generated limited interest. Our results open the way to novel AVP-
based therapeutic approaches®, aiming at rescuing sociability deficits
in ASD patients without facilitating other undesirable behaviors such
as social aggression.

Methods
Further information and requests for reagents may be 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 Cientificas Committee for Animal use in
Laboratory.

Animals

8- to 16-week-old male C57BL6/) (Jackson Laboratories, #000664),
Auvp-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/cBy mice (Jackson
Laboratories, #001026) were used as intruders during the resident
intruder test, and C57BL6/) 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 2 mg/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 Il (Drummond Scientific) with a rate of
23 nl every 11 s with a10 s delay between each. The skin was 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: +0.02 mm, ML: +0.75,
DV: —-4.75 from the cranium). These coordinates were used for all
subsequent BNST injections.

* For retrograde tracing, 100nl of the herpes simplex virus
hEF1a.LSIL.GFP (Rachael Neve, Massachusetts General Hospital,
#RN406) was injected into the LS of Aup-Cre mice (coordinates:
AP: +0.24 mm, 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, AAV2/9EFla.-
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.-
DI0.hM4D(Gi)-mCherry (Addgene, #44362-AAV8) was bilaterally
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injected in the posterior BNST of Aup-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 Aup-Cre mice.

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

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

* For the Aup knock-down experiment, 200nl of AAV2/9
GFP.Ué6.anti-Avp-shRNA or AAV2/9 GFP.U6.scramble-shRNA (Vec-
tor Biolabs, #253437-shAAV) were injected bilaterally in the BNST
of C57BL6/) 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 (3 M™ #7000002814)
was applied on the peripheries of the cut to hold the tissue. Two screws
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 um 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 implant was placed 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: O, 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 2.4 mm below the pedestal (Plastics One, #C315G 2-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
1.7 mm from the tip of the cannula guide was mounted.

Histology and immunohistochemistry

Animals were anesthetized with isoflurane and intracardially perfused
with 10 mL of saline. The brains were quickly extracted and incubated
in 4% PFA overnight. The brains were washed for 1 h in PBS, and 50 um
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 1h, 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 30 min in PBS at RT) prior to mounting the slice using fluoromount
(Sigma-Aldrich).

c-fos labeling. For c-fos labeling, primary incubation was performed
overnight at 4 °C with 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 to Alexa 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 6s before being stored at 80°C. 20 um 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 Aup in Cl1 (#401391) and Avpria in C3
(#418061-C3). Protease IV was applied for 2 min, and TSA Vivid Dyes
520 was used to visualize Avp and 650 for Auprla 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 3 mg kg1 in a volume of 10 ml kg-1, was used
30 min before the behavioral experiments. Lp. injections of saline
(0.9% NaCl) were used 30 min 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 1l of saline, 1l of the AVPR1b antagonist
SSR149415 at 2 pM, or 1 pl of the AVPR1a antagonist SR49059. For the
guide cannula experiments on mutant mice, Shank3B” mice were
infused in LS with 1pl of saline, 1l of the AVPR1b agonist DDAVP at
100 pM solution, or 1l of AVP at 1 mM combined with together with
the antagonist of AVPR1b, SSR149415 at 2 uM to selectively activate
AVPRIa only. All drugs came from Tocris (Table 1). Drugs were infused
at a rate of 0.2 ul per minute using a programmable syringe pump
(Chemyix Inc.) mounted with a 2 ul 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 #A110M

RRID:AB_143157
Goat anti-guinea-pig IgG (H + L) secondary antibody, Alexa Fluor 594 Thermo-Fisher Scientific #A11076
conjugate RRID:AB 2534120
Goat Anti-chicken IgG (H + L) secondary antibody, Alexa Fluor 488 Conjugate ~ Thermo-Fisher Scientific #A11039

RRID:AB_142924

In situ hybridization probes

Avpin C1 ACD Bio #401391
Avpriain C3 ACD Bio #418061-C3
Chemicals, Peptides, and Recombinant Proteins

CNO Cayman Chemical #16882
SR49059 Tocris #2310
Desmopressin Tocris #3396
[Arg®]-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-shAAV>°®

AAV2/9 GFP.U6.scramble-shRNA Vector Biolabs &Y

AAV9-hSyn-AVP0O.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 2.3.0/1.53f

Python 3.10.2

MATLAB Mathworks 2024b

Guppy Lerner Lab® 1.1.4

SimpylCellCounter https://github.com/aneeshbal/ 2.0
SimpylCellCounter®’

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 1l was infused at a rate of 0.2 pl
per minute. 60 min after infusion, animals were perfused.

Behavioral tests

All animals were housed with littermates (maximum of 5 per cage) at a
temperature of 24 °C with 12 h daily illumination and food and water 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 cmx 60 cm) and allowed to explore freely the space for 10 min.
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 2 min calcium recording sessions were conducted in the empty
home-cage. Subsequently, a stimulus mouse (Balb/cByJ) was intro-
duced for another 2 min. 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 the open arena containing two wire cups with one male 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 5 min. The test mouse was then single-housed in a chamber
for 30 min. 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
time with both animals under the cup. A discrimination index was 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
this week, animals were undisturbed, and the bedding of their cage was
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-
tions were recorded for 10 min. The software Any-Maze (Stoelting) was
used for manual scoring of the social behaviors displayed. Similar to
our previous study*’, 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 or mounting) 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 publication®’. For the
c-fos experiments, the same protocol was followed, but following
completion of the test, animals were undisturbed for 60 min for the
expression of the immediate-early gene and then perfused as pre-
viously described.

Development of the GRABAypo 3 Sensor

The development, optimization, and characterization strategy of the
GRAB,ypo 5 followed the methodology of our previously developed
GRAB sensors®. The GRABaypo3 Was developed based on human
AVPR2 and optimized by mutagenesis screening of fluorescent pro-
tein, linker region, and GPCR. Then GRABAypo 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 for detection of GCaMP6f signal and 415 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 (405nm and 465nm) 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 pW (465 nm) and 249.5 pW (405 nm) at the tip of the
patch-cord. Emitted light between 420 and 450 nm (with 405nm
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-
low mode and converted to voltage via the formula V= PRG, where Vs
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 5 mW, and applied during all the testing time. In
control conditions, mice were 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 the density of cell bodies. In situ hybridization was
used to label AVP and Avprla 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. Inmunohistochem-
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 labeled®.

Quantification of density of VGLUT1 clusters. Immunohistochemistry
for labeling VGLUT1 was performed accordingly to the descriptions
above. For both Shank3b* and WT controls, equivalent-sized images of
the BNST were acquired (x63 magnification) 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 VGLUTL
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 VGLUTI synapse density for each quantified cell.

Quantification of c-fos+ cells. The automated program
SimpylCellCounter®” 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
software® was used for fiber photometry and AVP biosensor data
analysis. The raw data and the behavioral timestamps were 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 nm control channel using a least squares polynomial fit of degree 1.
The AF/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 AF/F signal across the entire trace to identify peaks
in activity. The data was presented as the deviation of the AF/F from its
mean (z-score) using the formula: (AF/F - mean of AF/F/ Standard
deviation of AF/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 amplitude were 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 27BURO0135 (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
10 min. Following this, a stimulus mouse (BALB/c, males, 7-11 weeks
old) was introduced into the arena, and a 2 min 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)**°°, To facilitate this, the body parts of both
mice were tracked with DeepLabCut (version 2.2.3)°' using a custom-
trained model. DeepOF analysis was then conducted based on the
calculated trajectories for each body part®°. 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. When multiple observations were done in the same mouse,
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 localization were 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-
I@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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