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Abstract 
 

Background 
Responding to social signals by expressing the correct behavior is not only challenged in 
autism, but also in diseases with high prevalence of autism, like Prader-Willi Syndrome (PWS). 
Clinical evidence suggests aberrant pro-social behavior in patients can be regulated by 
intranasal oxytocin (OXT) or vasopressin (AVP). However, what neuronal mechanisms 
underlie impaired behavioral responses in a socially-aversive context, and how can they be 
corrected, remains largely unknown. 
Methods  

Using the Magel2 knocked-out (KO) mouse model of PWS (crossed with CRE-dependent 
transgenic lines), we devised optogenetic, physiological and pharmacological strategies in a 
social-fear-conditioning paradigm. Pathway specific roles of OXT and AVP signaling were 
investigated converging on the lateral septum (LS), a region which receives dense 
hypothalamic inputs.  
Results  

OXT and AVP signaling promoted inhibitory synaptic transmission in the LS, which failure in 
Magel2KO mice disinhibited somatostatin (SST) neurons and disrupted social-fear extinction. 
The source of OXT and AVP deficits mapped specifically in the supraoptic nucleusàLS 
pathway of Magel2KO mice disrupting social-fear extinction, which could be corrected by 
optogenetic or pharmacological inhibition of SST-neurons in the LS. Interestingly, LS SST-
neurons also gated the expression of aggressive behavior, possibly as part of functional units 
operating beyond local septal circuits.  
Conclusions 

SST cells in the LS play a crucial role in integration and expression of disrupted neuropeptide 
signals in autism, thereby altering the balance in expression of safety versus fear. Our results 
uncover novel mechanisms underlying dysfunction in a socially-aversive context, and provides 
a new framework for future treatments in autism-spectrum disorders.   
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Introduction  
 
A key tenet of survival involves expressing context-appropriate behaviors, failing which gives 
rise to the symptomatology observed across many disease states. For instance, social deficits 
are well recorded across the autism spectrum disorders (ASD), including in subjects reporting 
deficiency of the MAGEL2 gene and diagnosed with Prader-Willi syndrome (PWS) (1). PWS 
is a syndromic ASD (5-20% of cases) given its known clinical association with MAGEL2 (2), 
and rare genetic disorder (1/10,000 - 1/25,000) that can be caused by a paternal deletion of the 
15q11.2-q13 region containing the MAGEL2 gene (65-75% of cases), maternal uniparental 
disomy (20-30% of cases), or an imprinting defect (1-3% of cases) (3). Mutated mice carrying 
only a single paternal copy of the Magel2 gene - maternal copy being silent due to maternal 
imprinting (4)- exhibit a range of deficits including suckling deficiency as well as social 
impairments (5,6). While Magel2KO as a model of ASD may be underlined by the rarity of the 
disease, it is striking to note that the prevalence rate of MAGEL2-related ASD in PWS (25-
84%) is well above the 1.5% reported in the general population (4,7). Syndromic autism as in 
PWS is also known to manifest in more severe ways than idiopathic ASD (8). Magel2KO mice 
thus sit at the interface of both ASD and PWS, recapitulating disease phenotypes in mouse and 
rat models (9). Studying Magel2KO mice in particular also adds the advantageous access to a 
genetic toolbox for investigating functional changes at cellular and circuit levels. 

Aberrant social behaviour, as reported in Magel2KO mice, is expressed either as reduced pro-
social behaviour or increased aggression. PWS patients show deficient social responses in 
positive contexts (1,10) as well as enhanced aggressiveness (11,12) and temper outbursts (13–
16). Interestingly, two molecular players that are known to regulate pro-social and agonistic 
behaviors across species – oxytocin (OXT) and vasopressin (AVP) (17,18) – were found to be 
deficient in MAGEL2-deficient patient-derived cell lines (19). Furthermore, decreased levels 
of AVP and its pro-hormone convertase has been reported in the post-mortem hypothalamus 
of PWS patients (20). Some promising clinical trials with OXT report improved social behavior 
and trust in PWS (10). Intranasal AVP has also been found to be clinically effective in 
correcting social deficits in autism (21). Yet, variations in the therapeutic windows, the genetic 
heterogeneity between patients and the misunderstanding about the neuromodulatory effects of 
OXT and AVP on pro-social and agonistic behaviors could explain the inconsistent benefits in 
replicate studies (22–24). While this implies a crucial role of these hypothalamic neuropeptides 
in correcting pro-social deficits, their therapeutic role in treating aversive social experiences 
remains unexplored in PWS.  

Impaired pro-social behavior has also been consistently reported in animal models of Magel2-
deficiency (5,9), and linked to a post-natal mosaic expression of OXT-receptor (25,26). 
Intervention with OXT and AVP also corrects pro-social deficits in Magel2KO mice (5,27). In 
wild-type (WT) animals, a role of OXT and AVP in social-fear and aggression has been 
revealed within the lateral septum (LS) (28–30) - a brain region where Magel2 expression 
begins in utero (31). Receiving dense modulatory inputs of hypothalamic OXT and AVP 
neurons (30), studies report enhanced aggression arising from loss of neuropeptidergic support 
in the LS of WT animals (29,30). Still, it remains to be understood how OXT and AVP 
influence the function of LS neurons to regulate aggression in the syndromic autism of PWS.  
 
To address this gap-in-knowledge, the present study in Magel2KO mice explores neuronal 
mechanisms within the LS using electrophysiological, optogenetic and pharmacological 
strategies, in a social-fear-conditioning paradigm (SFC) (32). While we have previously 
demonstrated neuropeptide-mediated reversal of pro-social deficits in this model (27), we now 
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elucidate a novel framework which could be targeted for future therapeutic interventions, 
particularly to combat dysfunctional responses in an aversive context.  
 
Methods 
See Supplemental Methods and Materials for details. 
Experiments were performed according to the Directive by the Council of the European 
Communities (86/609/EEC) following guidelines from French Ministry of research and ethics 
committee for the care and use of laboratory animals (approved protocols APAFIS-5133, 8940, 
11468). All efforts were made to minimize animal suffering and reduce their number. All 
procedures were performed between 8:00 and 15:00-hr according to the ARRIVE guidelines. 
 
Animals. Age/weight-matched mice were group-housed under standard pathogen-free 
laboratory conditions (12/12 light/dark cycle, 22°C, 60% humidity, food and water ad libitum). 
Oxt-Cre (Oxttm1.1(CRE)Dolsn/J), Avp-Cre (Avptm1.1(cre)Hze/J), Sst-Cre (Cg-Ssttm2.1(cre)Zjh/MwarJ)) 
from Jackson labs and Magel2KO mice (Magel2tm1.1Mus/J) were maintained under above  
conditions. Magel2 gene is paternally (p) expressed and maternally (m) imprinted such that 
heterozygotes can be knockouts when the null allele is paternal (-p). All experiments were 
performed with heterozygote Magel2+m/-p mice as KO which show behavioural deficits as 
pups and parenting deficits as adults (25,33), and Magel2+m/+p mice as WT. Bodyweight was 
similar from weaning to sacrifice between WT and KO groups (Figure S1),  with only an effect 
of age (F(12, 55) = 34,68) but not genotype (F(1, 13) = 0,002364). All lines were maintained for 
more than 10 generations in C57BL6 background, which has low levels of innate aggression 
(34,35). Although sexual dimorphism in septal neuropeptides systems requires gender-specific 
studies (30), here we used the social-fear paradigm in males, which had previously been 
mechanistically explored only in females (29,30). 
 
Stereotaxy. AAV1 EF1a::DIO-eNpHR3.0-eYFP;WPRE::hGH, EF1a::DIO-ChR2-
eYFP;WPRE::hGH or EF1a::DIO-eYFP;WPRE::hGH (500nL, UPENN, USA) were used in 
this study. 6 weeks-old Oxt-CRE, Avp-CRE or double transgenics with Magel2KO were 
injected in PVN (AP -0.9mm, ML +/-0.2mm, DV 4.5mm) or SON (AP -5.6mm, ML +/-
1.13mm, DV -5.45mm). Sst-CRE mice were injected in LS (AP +0.3mm, ML +/-0.3mm, DV 
-2.5mm). Bilateral fibers (Doric lenses, 0.53NA) were implanted at the same coordinates and 
verified postmortem. See supplemental methods for stimulation details, recombination 
efficiency. 
 
Intracerebral infusions. See supplemental methods. 
 
Social-fear conditioning. A week before testing, males (3-4 months old) were habituated to 
the experimenter and isolated (cage 27x22x14cm). The conditioning arena was a transparent 
Plexiglas chamber (22x30x44cm) with an electric grid floor, cleaned with detergent. Following 
habituation to the arena, the conditioned mouse received footshocks (0.6 mA, 2s) upon each 
social contact with an unfamiliar stimulus mouse. A single foot-shock was given upon each 
social contact (≤5 footshocks in total), and conditioned mice were returned to their homecage 
when no further social contact was made in the 3 min after the last shock (32). See supplemental 
methods for average number of footshocks/group. 
 
Social-fear extinction. On day 2, mice were presented with the stimulus box containing objects 
(3-times) or distinct unfamiliar conspecifics (6-times) in their homecage for 3 min each, with 
a 3 min inter-stimulus-interval. Successful discrimination was defined as exploring the sixth 
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unfamiliar mouse ≥ 20% more time than the first. On day 3, mice were exposed once to a new 
stimulus mouse to assess fear extinction memory.  
 
Aggression. As shown in supplemental video-1, aggressive behaviours were marked by 
repeated attacks towards and biting of the stimulus mice through the grid of the stimulus box. 
Total duration, number of attacks and latency of first attack were scored during extinction.  
 
Patch clamp. Acute slices were prepared and maintained as previously described (27), and LS 
neurons were visualized and randomly recorded from the dorsolateral septum (Figure S2) using 
Normarsky contrast microscopy. TGOT (0.1μM)/AVP (1μM) were bath-applied (2 min) and 
washed with ACSF (minimum 20 min) to return to baseline activity. AMPAR-antagonist 
CNQX (1 μM)/ GABAA-R-antagonist GABAzine (1μM) was bath-applied during the entire 
period with TGOT/AVP to test for glutamate-mediated and GABA-mediated currents. The 
sodium channel blocker TTX (0.3µM) was bath-applied during the entire period with 
TGOT/AVP to test for spontaneous network activity on synaptic transmission. Data was 
acquired at 10 kHz sampling rate through and processed with Clampfitv9 (Molecular Devices). 
See supplemental methods and Figure S3 for opsin activity verification.  
 
Histology. See supplemental methods. 
 
Statistics. Data presented as means±SEM were analyzed with Prism 9 (GraphPad, La Jolla, 
CA). Normally distributed data (Shapiro-Wilk and Kolmogorov-Smirnov tests) were tested 
with parametric two-sided t-test for pairwise and ANOVA for multiple comparisons. 
Otherwise, non-parametric Mann-Whitney and Wilcoxon tests were used for two-sided 
unpaired and paired comparisons, respectively. Differential proportions were determined with 
Chi2. N and statistical tests are indicated in figures and legends. Significance reported as 
follows: *p<0.05, **p<0.001, ***p<0.0001. 
 
 
Results 
 
Magel2KO mice show impaired extinction of a social-fear memory 
 
To explore the social aversive circuitry involving OXT and AVP networks, Magel2WT and 
Magel2KO mice were trained to fear social contacts with unknown conspecifics (same sex and 
age) by using electrical footshocks (SFC+) (Figure 1A). There was no effect of genotype on 
the reactivity to the strength and duration of shocks (Figure S4). Twenty-four hours later, this 
was followed by re-exposure to unknown mice over 6 trials in absence of footshocks in its 
homecage (Figure 1A). SFC+ subjects explored the new conspecific less in the earlier trials 
(Stimulus-mouse 1), although improving later (Stimulus-mouse 6) (Figure 1B).  Quantitatively, 
WT SFC+ subjects showed a gradual extinction of social-fear (Figure 1D), with social 
exploration comparable to unconditioned SFC- mice by trial 6 (Figure 1C). In contrast, SFC+ 
Magel2KO mice failed to fully extinguish the acquired fear (Figure 1D). Both groups showed 
no fear to objects (Figure 1E,F) implying the fear memory was social-specific. Moreover, a 
significantly less proportion of Magel2KO mice failed to successfully discriminate stimulus 
mice between the first and last trials (Figure 1G), and memory deficits persisted when recall 
was tested with an unfamiliar conspecific on day 3 (Figure 1H). Both learning (Figure 1I) and 
number of footshocks delivered during conditioning (~2 in 3 min) were similar across groups. 
Together, these results indicate that Magel2KO mice have difficulties in social-fear extinction, 
and thus fail to discriminate between social-fear and safety.  
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Impaired social circuitry in Magel2KO mice 
 
To investigate the neural networks underlying behavioral deficits in Magel2KO mice, we 
counterstained Fos-labeled neurons with neurophysin antibodies in SFC+ and SFC- mice 
(Figure 2A). In WT mice, differential expression of c-Fos in the AVP and OXT neurons of the 
paraventricular nuclei (PVN) was more pronounced during conditioning than extinction. By 
contrast, it was the AVP and OXT neurons of the supraoptic nuclei (SON) that were 
prominently engaged during extinction (Figure 2B,C). Given that Magel2KO mice showed 
deficits of extinction rather than acquisition, we analyzed the expression of c-Fos in both nuclei 
on day 2. Interestingly, engagement of these cells was significantly attenuated in Magel2KO 
mice (Figure 2B,C). Thus, while both peptidergic neuron types are required for social-fear 
extinction learning, preferential activation of the SON is robustly hampered in Magel2KO 
mice.  
 
Next, we backcrossed Magel2KO mice with either Avp-CRE or Oxt-CRE animals to 
understand the functional consequence of this loss. Adeno-associated viruses (AAV) to express 
CRE-dependent transgenes were bilaterally injected in either hypothalamic nuclei of Avp-CRE 
and Oxt-CRE mice. Optic fibers were implanted in LS, which receives heavy hypothalamic 
projections (Figure 3A) involved in both pro-social and agonistic behaviors (36). Robust 
recombination was detected in both PVN (Figure 3B) and SON (Figure 3E), with axonal 
projections detected in LS (Figure 3A). In WT mice, stimulation of NpHR3 in the 
vasopressinergic PVNàLS fibers (Figure 3C) or the oxytocinergic PVNàLS fibers (Figure 
3D) with continuous yellow light had no effect on social-fear extinction. In contrast, silencing 
SONàLS fibers of AVP (Figure 3F) or OXT neurons (Figure 3G) with NpHR3 in WT subjects 
impaired social-fear extinction, agreeing with the Fos-mapping data. Such inhibition of SON-
fibers also promoted aggressive behaviors, marked by greater amount of time spent in biting/ 
repeatedly attacking the stimulus mice (Figure 3H), higher number of such attacks (Figure 
S5A) and a reduced latency for the first attack (Figure S6A). Neither WT nor Magel2KO mice 
were aggressive at baseline (WT 1.9 ±0.9s, KO 0.3 ±0.2s). 
 
Lastly, to confront the loss of peptides in the LS of Magel2KO mice, we expressed ChR2-eYFP 
(or eYFP as control) in the PVN (Figure 3J) or SON (Figure 3M), and optogenetically activated 
either projection in LS with pulsed blue light. Activating OXT (Figure 3K) or AVP fibers 
(Figure 3L) from PVNàLS had no effect on extinction in SFC+ subjects. In contrast, 
optogenetic activation of the AVP (Figure 3N) or OXT (Figure 3O) fibers from the SON 
promoted extinction learning in conditioned Magel2KO mice. Taken together, the gain- and 
loss-of-function experiments determined that both peptides secreted from the SON contribute 
to the expression of social safety by facilitating social discrimination in an aversive context 
(Figure 3I). 
  
AVP and OXT promote inhibitory synaptic transmission in the LS 
 
To understand how Magel2 loss impacts downstream effects of hypothalamic neuropeptides in 
LS, we recorded synaptic events in LS in response to AVP and TGOT, a selective OXTR-
agonist (Figure 4). Whole-cell patch clamp unveiled two major types of synaptic transmission 
- bursting events (40%, duration: 3-39s, frequency: 4.2 Hz), interspaced by silences (60%, 
duration: 2-82s) (Figure 4A). We fixed the intracellular chloride concentration to set the 
inversion potential ECl at -45 mV and recorded at -80 mV. Depolarization steps transformed 
most inward currents into outward currents at ECl= -45 mV, suggesting that synaptic events 
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must be inhibitory (Figure 4B). Indeed, GABA-A antagonist GABAzine blocked these events 
in a significant population of cells (type-1), while some cells remained partially affected (type-
2), suggesting the possibility of excitatory events (Figure 4C). To distinguish between the 
inversion potential of glutamatergic currents ENa/K and GABAergic currents ECl, we artificially 
set ECl at -80 mV, ENa/K at 0 mV, and recorded at -45 mV the frequency of inward excitatory 
synaptic currents (EPSC) and outward inhibitory synaptic currents (IPSC). As expected, type-
1 cells responded very little to bath application of glutamate receptors antagonist CNQX, 
suggesting paucity of excitatory inputs, while the frequency was increased in type-2 cells - 
indicating the presence of excitatory inputs (Figure 4D). Proportionally, 2/3 of all events in the 
type-1 cells were GABA-ergic (Figure 4E). Next, bath application of AVP and TGOT modified 
IPSC frequency in type-1 (Figure 4F,G), but not in type-2 cells (Figure 4H). GABAzine and 
Na+-channel blocker TTX blocked these effects (Figure 4I), indicating that both peptides 
promote inhibitory synaptic transmission in local networks. Contrastingly, AVP and TGOT 
had no effect on excitatory post-synaptic currents (EPSC) in the type-1 cells (Figure 4J), and 
only AVP stimulated EPSC in the type-2 cells (Figure 4K). Finally, application of AVP and 
TGOT triggered typical IPSC and EPSC responses in slices of Magel2KO mice, except that 
Magel2KO mice lacked a majority of cells with the type-1 profile. This indicates an over-
representation of type-2 cells in the LS of Magel2KO as compared to WT-controls (Figure 4L). 
 
SST-neurons in the LS of Magel2KO mice are disinhibited 
 
To identify the type-1 cells misrepresented in Magel2KO LS, we injected a fluorescent tracer 
into the patch pipette and counterstained with several protein markers. A majority of type-1 
cells stained for somatostatin (SST) (Figure 5A,B). Next, we examined co-expression of 
specific receptors for AVP (AVPR) and OXT (OXTR). We recently developed a fluorescent 
peptide to detect AVPR binding sites, when OXTR are blocked with a specific competitive 
ligand (27) (Figure 5C). This fluorescent peptide marked SST-neurons (Figure 5D) but only 
1/3 of them (Figure 5E). In contrast, 2/3 of SST-neurons in the LS co-labeled with OXTR 
binding sites when AVPRs were blocked with a specific competitive ligand (Figure 5F,G). 
Could these SST cells be engaged during social-fear extinction? Indeed, a significantly higher 
proportion of SST-neurons were fos-activated in Magel2KO mice during recall (Figure 5H,I), 
suggesting their over-activation due to lack of inhibition by neuropeptide signaling. 
 
How would these SST-neurons regulate fear extinction and aggression in Magel2KO mice? 
We injected AAV virus in LS of SST-CRE mice crossed with Magel2KO to express DIO-
NpHR3-eYFP or DIO-eYFP as control (Figure 6A). Consistent with fos-mapping, optogenetic 
silencing of LS SST-neurons with continuous yellow light promoted social-fear extinction as 
compared to eYFP controls (Figure 6B). This improved discrimination in a majority of 
Magel2KO mice (Figure 6C) without triggering aggression (Figure 6D, Figure S5B, Figure 
S6B). Conversely, we tested if SST neuron activation was sufficient to trigger an extinction 
deficit, by injecting DIO-ChR2-eYFP in the LS of WT animals. Indeed, pulsed-blue light 
activation of SST-neurons significantly impaired social-fear extinction in WT (Figure 6F), with 
a significant proportion failing to discriminate (Figure 6G) and expressing aggression (Figure 
6H, Figure S5C, Figure S6C). In sum, these approaches imply an overactivation of LS SST-
neurons, thus impairing social-fear extinction and triggering aggressive behaviors.  
 
SSTR in LS control social-fear extinction but not aggression 
 
Despite an over engagement of LS SST-positive type-1 neurons, Magel2KO mice are not 
aggressive at baseline – indicating that distinct local or long-distance SST circuitries in the 
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septum may be regulating social-fear extinction vs. aggression (36). To distinguish between 
these two possibilities, we pharmacologically targeted SST receptors (SSTR) within the LS. 
Injection of fluorescent beads through implanted bilateral cannulas validated local diffusion 
(Figure 7A). Next, intra-LS injection of pan-SSTR antagonist cyclosomatostatin during 
extinction learning improved social exploration (Figure 7B) and discrimination (Figure 7C) in 
Magel2KO mice as compared to NaCl-injected KO-controls, without affecting aggression 
(Figure 7D and S5D, S6D). By contrast, injecting SSTR peptide agonist SST14 in the LS of 
Magel2WT mice during extinction not only impaired extinction (Figure 7E) but also 
discrimination (Figure 7F), with a non-significant trend for aggressive behaviour (Mann-
Whitney test p=0.06) (Figure 7G and S5E, S6E). Such pharmacological overactivation suggests 
local SSTR signaling in LS selectively regulates social-fear extinction, while recapitulating 
mutant deficits in WT mice.   
 
 
 
Discussion 
 
The present study examined neuronal mechanisms of aberrant social-fear in a mouse model of 
PWS. We first report that Magel2KO mice failed to extinguish a previously acquired social-
fear memory. This lies in agreement with clinical studies reporting social-fear in Magel2-
deficient patients (37) and elevated distress to social but not non-social cues in autistic toddlers 
(38). This possibly arises from an inability to recognize negative emotions (39), and could 
underlie comorbid social anxiety seen in many autistic subjects, including PWS patients (40–
42). In Magel2KO animals, deficits in pro-social behavior have been well-reported (9,27,43), 
although non-social-fear memory was found to be unaffected (9,44).  We report for the first 
time that Magel2KO animals had difficulties to extinguish fear memories in a social context.  
 
To improve social behavior in autism, intranasal OXT has been found to enhance orientation 
towards affective images (45) and increase social salience (46) in autistic subjects. Recently, 
intranasal AVP has also been found to improve social behavior in autism (21). We have 
recently demonstrated that in Magel2KO mice, a lack of AVP from BNST failed to inhibit LS 
SST-neurons, impairing within-session discrimination of a novel juvenile mouse (27). Intra-
septal AVP-injections as well as stimulation of vasopressinergic BNSTàLS fibers prevented 
this. Additionally, we noticed no aggression, supporting a pivotal role of septal AVP in social 
behaviour unrelated to social memory or aggression. Furthermore, hypothalamic OXT cells in 
Magel2KO mice show reduced spiking frequency of EPSCs and increased NMDA/AMPA 
ratio, indicating a weakened neuropeptidergic system (47). Consistent with these findings, we 
not only observed reduced OXT/AVP engagement in the present study, but also found a 
strikingly preferential weakening of SONàLS pathway in extinction-resistant Magel2KO 
mice. Previous studies in lactating female rats report that SONàLS OXT release prevents 
social-fear, while in virgins, lack of OXT in LS disrupts social-fear extinction (29) similar to 
our observations in males. An intra-LS circuit also modulates aggression in female rats, 
wherein increased OXT in ventral-LS and low AVP in the dorsal-LS promotes aggression by 
suppressing putative SST-neurons (30). While we observed enhanced aggression with both low 
AVP and OXT that impinged on SST-neurons of male mice, how neuropeptide crosstalk within 
LS might influence this remains to be seen in males. 
 
Downstream of neuropeptide signaling, we identified hyperactivated OXT-receptor expressing 
SST-neurons in the LS of mutant mice, which poorly regulated fear extinction. Not just 
neuropeptide loss, even OXT receptors are dysregulated post-natally in Magel2KO animals 
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(25), which are key to social learning in both rewarding and aversive contexts (48). Central 
amygdala OXT is involved in discrimination of conspecifics’ emotional states (49), while 
blocking OXTR in LS prevents social-fear extinction, and  intra-LS OXT infusion facilitates 
the same (50) - in agreement with our findings in Magel2KO. We add that this acts via SST-
neurons, which in the prefrontal cortex are significantly activated during expression of social-
fear (51), and in the central amygdala promote passive defensive behaviours following fear 
learning (52). Within the LS, activity of foot-shock responsive SST-neurons correlates with 
non-freezing bouts during contextual fear recall, such that silencing them increases freezing 
(53). In light of our observations, we infer that LS SST-neurons might regulate a change of 
behavioural state, maintaining the balance between expression of fear extinction and 
aggression.  
 
It is tempting to speculate the above mutually-exclusive behaviours are perhaps regulated by 
discrete ‘functional units’ in the LS, wherein interacting septal neurons work in tandem as a 
unit to express one behavior or the other (36). Based on our observations, we propose a model 
with septal SST-neurons forming half of such a putative functional unit, regulating social-fear 
while gating aggression (Figure 8). Selectively AVP-responsive type-2 neurons that we 
characterized may form the other half, controlling aggression-circuits and gating extinction. At 
baseline in WT, type-2 cells would inhibit SST-neurons, rendering them unresponsive to OXT, 
while maintaining inhibitory control over aggression circuits, thereby facilitating extinction 
without affecting aggression. Arresting OXT-release with halorhodopsin allows SST-neurons 
to exert stronger inhibition over type-2 neurons - leading to impaired extinction and high 
aggression. By contrast, preventing AVP-release would weaken the inhibitory control of type-
2 over SST-neurons, leading to the same outcome. This aligns with previous reports suggesting 
that a lack of neuropeptide support in the LS triggers aggressive behaviours (28,54,55). 
Conversely, optogenetic stimulation of SST-neurons in WT mice would allow it to exert a 
stronger inhibition on type-2 cells, and so social-fear extinction would be impaired and 
aggression circuits disinhibited and expressed– as we observe.  
 
In Magel2KO mice, on the other hand, a global lack of neuropeptide signaling means that SST 
and type-2 cells would both be strengthened, thus inhibiting each other as well as preventing 
expression of both social-fear extinction and aggression – explaining the lack of aggression 
seen at baseline in Magel2KO mice. Tilting the balance of this functional unit in Magel2KO 
mice by opto-silencing the SST cells would only disinhibit and facilitate fear extinction, 
sparing aggression. Pharmacological manipulations with SST agonism/antagonism in this 
study argue in favor of such a local functional unit in the septum specifically governing fear 
extinction. Beyond local SSTR-mediated signaling, aggression could be regulated by 
ventromedial hypothalamus-projecting neurons in the LS, perhaps forming the downstream 
targets of other half of the proposed functional unit (36,56).  
 
While increased activity of LS SST-neurons has been typically involved with fear and anxiety 
(53), blunted function of deep-seated Drd3+ septal neurons in stress-exposed mice impair 
social interaction (36,57). Septal dopamine release is involved in aggression too (58) – 
suggesting that Drd3+ neurons may form the other half of the putative functional unit. 
Interestingly, increased activity of neurotensin+ (59), Crfr2+ (60) and vGAT+ (61) cells in the 
LS also favour aversive behavioural outcomes. Could the modulatory effects of social 
neuropeptides like AVP and OXT then be mediated by an overlapping subset of cells? It seems 
unlikely, given that in the LS, we have previously demonstrated a predominant neuropeptide 
binding to SST-neurons (27). Hence despite a functional heterogeneity in the septum, we 
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believe that non-overlapping SST-neurons in the LS principally govern the selective behavioral 
outcomes observed at the intersection of Magel2-deficiency and social-fear. 
 
In sum, we unravel a pivotal role of septal SST-neurons to regulate the balance between social-
fear and aggression in Magel2KO mice, located downstream of a pathway-specific loss in 
neuropeptide control. This not only proposes somatostatin as a novel target in PWS, but also 
provides a new framework to consider its integrative role in combination with existing 
neuropeptide therapies, in the treatment of neurodevelopmental and intellectual disabilities.    
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Figures 
 

 
 
Figure 1. Magel2KO mice exhibit social-fear extinction deficits 
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(A) Social-fear conditioning (SFC) on day 1 is followed by extinction learning protocol in 
homecage, 24 hours later, on day 2. 
(B) Heatmaps of the time exploring stimulus mice in homecage during extinction trial 1 and 6 
on day 2. The dashed circle represents the stimulus box holding the stimulus mice. 
(C) Time exploring stimulus mice on day 2 if no electric footshock was applied on day 1 (SFC-
). Bold lines indicate means±SEM, light lines individual subjects (N). Two-way ANOVA: 
Effect of trials x genotype F(5,50)=7 p<0.0001, effect of genotype F(1,10)=0.1 p=0.7, effect of 
trials F(5,50)=2 p=0.12. 
(D) Time exploring stimulus mice on day 2 if at least one footshock was applied when 
exploring the stimulus mouse on day 1 (SFC+). Two-way ANOVA: Effect of trials x genotype 
F(5,115)=5.1 p=0.0003, effect of genotype F(1,23)=13.9 p=0.001, effect of trials F(2.7,62)=28.5 
p<0.0001. Bold lines indicate means±SEM, light lines individual subjects (N). 
(E) Time exploring stimulus objects on day 2 of the SFC- group. Bold lines indicate 
means±SEM, light lines individual subjects (N). Two-way ANOVA: Effect of trials x genotype 
F(2,24)=2.8 p=0.17, effect of genotype F(1,12)=0.005 p=0.08, effect of trials F(2,24)=0.15 p=0.08. 
(F) Time exploring stimulus objects on day 2 of the SFC+ group. Bold lines indicate 
means±SEM, light lines individual subjects (N). Two-way ANOVA: Effect of trials x genotype 
F(2,42)=0.8 p=0.4, effect of genotype F(1,21)=0.3 p=0.5, effect of trials F(2,42)=4.3 p=0.02. 
(G) Proportion of mice discriminating between the stimulus mice by ≥ 20% of exploration time 
(Chi2 p<0.0001). 
(H) Time exploring a novel stimulus mouse on day 3, to test recall of extinction memory 
(means±SEM). Two-way ANOVA: Effect of SFC x genotype F(1,32)=4.2 p=0.04, effect of 
genotype F(1,32)=0.32 p=0.5, effect of SFC F(1,32)=14.1 p=0.0007. Post-hoc Tukey’s test, * 
p=0.001.  
(I) Time of freezing immediately post-conditioning (means±SEM). Two-way ANOVA: Effect 
of SFC x genotype F(1,31)=0.2 p=0.6, effect of genotype F(1,31)=0.7 p=0.4, effect of SFC 
F(1,31)=83.4 p<0.0001. Post-hoc Tukey’s test, *** p<0.0001.  
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Figure 2. Differential activation of hypothalamic neurons during the acquisition and 
extinction of SFC, and in Magel2KO mice 
(A) Co-staining with c-Fos and neurophysin antibodies in brain sections harvested 60 min after 
extinction in Magel2WT mice. 
(B) Number of Fos-activated AVP neurons engaged by behavior. Data are means±SEM in N≥4 
mice/group. Comparison between groups with Mann-Whitney test as indicted.  
(C) Number of Fos-activated OXT neurons engaged by behavior. Data are means±SEM in N≥4 
mice/group. Comparison between groups with Mann-Whitney test as indicted. 
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Figure 3. Pathway-specific control of social-fear extinction impaired in Magel2KO mice 
(A) Hypothalomo-septal pathways. Coronal sections showing projections in the LS from 
neurons targeted with AAV encoding CRE-dependent eYFP in Avp-CRE and Oxt-CRE mice. 
(B) Specificity of transgene expression in Avp-CRE and Oxt-CRE mice. Scale=40 µm. 
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(C) Optogenetic inhibition of the PVNàLS pathway in AVP neurons had no effect. Arrows 
mark the onset of laser stimulation. Bold lines are means±SEM, light lines individual subjects 
(N). Two-way ANOVA: effect of trials F(2.6,29)=16.5 p<0.0001 post-hoc Sidak test. 
(D) Optogenetic inhibition of the PVNàLS pathway in OXT neurons had no effect. Two-way 
ANOVA: effect of trials F(2.4,26)=11.3 p=0.0001. Post-hoc analysis with Dunnett test. 
(E) Specificity of transgene expression in Avp-CRE and Oxt-CRE mice. Scale=40 µm. 
(F) Optogenetic inhibition of the SONàLS pathway in AVP neurons impaired SFC extinction. 
Two-way ANOVA: effect of NpHR F(1,11)=27.1 p=0.0003; trials x NpHR F(5,55)=4.7 p=0.0012 
post-hoc Sidak test. 
(G) Optogenetic inhibition of the SONàLS pathway in OXT neurons impaired SFC extinction. 
Two-way ANOVA: effect of NpHR F(1,12)=10.5 p=0.007; trials x NpHR F(5,60)=7.1 p<0.0001 
post-hoc Sidak test. 
(H) Cumulated time of attacks on the 6 stimulus mice (means±SEM, N mice as indicated). 
Comparison between groups with Mann Whitney test: YFP vs NpHR in SON OXT neurons   
p=0.0012 and in SON AVP neurons p=0.0013. 
(I) Model: loss of OXT in the SONàLS pathway prevented social-fear extinction and 
promoted aggressive behavior. Loss of AVP in this pathway did not completely overlap with 
that of OXT. 
(J) Specificity of transgene expression in Magel2KO crossed with Avp-CRE and Oxt-CRE 
mice. Scale=40 µm. 
(K) Optogenetic activation of the PVNàLS pathway in AVP neurons had no effect. Two-way 
ANOVA: effect of trials F(2.8,39.9)=4.9 p=0.006 post-hoc Sidak test. 
(L) Optogenetic activation of the PVNàLS pathway in OXT neurons had no effect. Two-way 
ANOVA: effect of trials F(3.1,31.5)=3.7 p=0.018 post-hoc Sidak test. 
(M) Specificity of transgene expression in Magel2KO crossed with Avp-CRE or Oxt-CRE 
mice. Scale=10 µm. 
(N) Optogenetic activation of the SONàLS pathway in AVP neurons promoted SFC 
extinction in Magel2KO mice. Two-way ANOVA: effect of ChR2 F(1,11)=8.8 p=0.01 post-hoc 
Sidak test. 
(O) Optogenetic activation of the PVNàLS pathways in OXT neurons promoted SFC 
extinction in Magel2KO mice. Two-way ANOVA: effect of ChR2 F(1,10)=37.65 p=0.003 post-
hoc Sidak test. 
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Figure 4. Modulation of inhibitory synaptic transmission by TGOT and AVP is impaired 
in the LS of Magel2KO mice 
(A) Synaptic events recorded at -80 mV with patch clamp in slices of LS show bursting activity. 
(B) Depolarization steps suppressed a majority of synaptic events when reaching the inversion 
potential of GABAergic currents set at ECl=-45 mV. 
(C) GABAzine (0.3 µM) distinguished two types of responses: the near full inhibition (73±5% 
N=12, type-1) and the partial (41±12% N=5, type-2).  Type-1 is the most represented with 70% 
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of all cells recorded in the LS (N=61). Means±SEM, two-way ANOVA: effect of GABAzine 
F(30,666)=9 p<0.0001; GABAzine x cell type F(30,666)=1.77 p=0.008 post-hoc Sidak test. 
(D) Bursting synaptic events are still observed after inhibition of glutamatergic currents with 
CNQX (1 µM). Means±SEM, two-way ANOVA: difference between cell types F(1,216)=13.3 
p=0.0003. 
(E) Proportion of excitatory currents is higher than inhibitory currents in the type-2 cells unlike 
in the type-1 cells. 
(F) Modulation of synaptic events in type-1 cells by 1 µM AVP and 0.1 µM TGOT for 2 min. 
(G) Frequency of IPSC in type-2 cells modulated by AVP and TGOT (Means±SEM). Kruskal 
Wallis test comparing before and after stimulation p=0.0004 for TGOT and p=0.03 for AVP. 
(H) No effect of AVP and TGOT on the frequency of IPSC in type-1 cells (Means±SEM). 
(I) TTX (0.3 µM) and GABAzine (0.3 µM) blocked AVP response and TGOT response in 
type-1 cells (Means±SEM, paired t-test p<0.03). 
(J) No effect of AVP and TGOT on the frequency of EPSC in type-1 cells (Means±SEM). 
(K) Effect of AVP on the frequency of EPSC in type-2 cells (Means±SEM). Kruskal Wallis 
test comparing before and after stimulation p=0.012. 
(L) Less type-1 than type-2 cells in Magel2KO mice (N=52 cells) compared to Magel2WT 
controls (N=60 cells). Chi2 p<0.0001. 
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Figure 5. LS neurons modulated by TGOT and AVP are somatostatinergic, and more 
engaged by social-fear extinction in Magel2KO mice than in WT controls 
(A) Infusion of Cadaverine dye in the patch pipette labeled type-1 cells counterstained with 
somatostatin (SST) antibodies. Scale=25µm. 
(B) Proportion of type-1 cells (N=16) with SST marker. Scale=200µm. 
(C) Binding specificity of the fluorescent peptide: 50 µM d[Lys(Alexa-647)8]VP without (total 
binding) or with 100 µM Manning compound (non-specific). OXTR binding sites marked with 
10 µM d[Lys(Alexa-647)8]VP when AVPR were saturated with 5 µM of the competitive ligand 
Manning compound. AVPR binding sites marked with 50 µM d[Lys(Alexa-647)8]VP when 
OXTR were saturated with 5 µM of the competitive ligand TGOT. 
(D) AVPR binding counter-stained with SST antibodies in dLS. Scale=25µm. 
(E) A minority of SST-neurons in dLS (N=203) co-express AVPR binding sites. 
(F) OXTR binding counter-stained with SST antibodies in dLS. Scale=25µm. 
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(G) A majority of SST-neurons in dLS (N=265) co-express OXTR binding sites. 
(H) Co-staining with c-Fos and SST antibodies in dLS of Magel2KO mice and WT-controls 
sacrificed 1h after social-fear extinction. 
(I) Proportion of SST-neurons co-labeled with c-Fos in LS. Data are means±SEM in N=6 
mice/group. Mann-Whitney test p<0.05. 
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Figure 6. Inhibition of SST-neurons in LS ameliorates social-fear extinction deficits of 
Magel2KO mice whereas hyperactivation causes aggression  
(A) Expression of CRE-dependent transgene in LS of Magel2KO crossed with Sst-CRE mice. 
(B) Optogenetic inhibition of LS SST-neurons prevented social-fear extinction deficits in 
Magel2KO mice. Arrows mark the onset of continuous yellow light stimulation. Bold lines are 
means±SEM, light lines individual subjects (N). Two-way ANOVA: Effect of NpHR3 versus 
YFP F(1,19)=17.2 p=0.0005; interaction of time x NpHR3 F(4,76)=9.6 p<0.0001 post-hoc Sidak 
test. 
(C) Discrimination between stimulus mice during extinction increased in NpHR3 KO group 
compared to YFP KO-controls (Chi2 p=0.01). 
(D) Cumulated time of attacks on the 6 stimulus mice was not affected by silencing of LS SST-
neurons in Magel2KO mice (means±SEM). 
(E) Expression of CRE-dependent transgene in LS of Magel2WT crossed with Sst-CRE mice. 
(F) Optogenetic activation of LS SST-neurons impaired social-fear extinction in WT-controls. 
Arrows mark the onset of pulsed blue light stimulation. Bold lines are means±SEM, light lines 
individual subjects (N). Two-way ANOVA: Effect of ChR2 versus YFP F(1,12)=14.6 p=0.002; 
interaction of trials x ChR2 F(5,59)=5.1 p=0.0006 post-hoc Sidak test. 
(G) Discrimination between stimulus mice during extinction increased in ChR2 group 
compared to YFP WT-controls (Chi2 p<0.05). 
(H) Cumulated time of attacks on the 6 stimulus mice increased with optogenetic stimulation 
of LS SST-neurons (means±SEM). Mann Whitney test comparing ChR2 and YFP groups 
p=0.0087. 
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Figure 7. SSTR in LS are required for social-fear extinction but not aggression 
(A) Diffusion area in dLS of a fluorescent tracer injected through a cannula. 
(B) Injection of the SSTR pan-antagonist cyclosomatostatin (2 µg/side (62,63)) in LS improved 
social-fear extinction deficits of Magel2KO mice. Arrows indicate the onset of injection. Bold 
lines are means±SEM, light line individual subjects (N). Two-way ANOVA: time x SSTR 
antagonism F(4,55)=2.7 p=0.03 post-hoc Sidak test.  
(C) Discrimination between stimulus mice during extinction increased with cyclosomatostatin 
compared to NaCl-injected KO-controls (Chi2 p=0.001). 
(D) Cumulated time of attacks on the 6 stimulus mice not affected by cyclosomatostatin in LS 
(means±SEM). Mann Whitney test comparing antagonist and vehicle groups p=0.3. 
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(E) Injection of the SSTR agonist SST14 (1 ng/side, (64,65)) in LS impaired social-fear 
extinction of Magel2WT mice. Arrows indicate the onset of injection. Bold lines are 
means±SEM, light line individual subjects (N). Two-way ANOVA: time x SST F(4,50)=4 
p=0.006 post-hoc Sidak test. 
(F) Discrimination between stimulus mice decreased with SST14 compared to NaCl-injected 
WT-controls (Chi2 p=0.002). 
(G) Cumulated time of attacks on the 6 stimulus mice not affected by SST14 in LS 
(means±SEM). Mann Whitney test comparing SST14 and NaCl groups p=0.06 (non-significant 
trend). 
 

 
Figure 8. A proposed ‘functional unit’ in LS consisting of SST-neurons, which regulates 
the balance between social-fear extinction and social aggression in Magel2KO mice.  
In WT mice, inhibition of SST cells by OXT (type-1 cells) and by AVP-responsive type-2 cells 
(together forming the functional unit) disinhibits social-fear extinction circuits, while 
suppressing aggression (Top, left). Activating SST cells with channelrhodopsin suppresses fear 
extinction, while simultaneously disinhibiting aggression circuits (Top, right). Weakening of 
OXT and AVP inputs from supraoptic nucleus in Magel2KO mice strengthens activity of both 
sub-units and therefore bolsters inhibitory effects of the functional unit as a whole. As a result, 
social-fear extinction and aggression are both suppressed (Bottom, left). Reversing this by 
selectively inhibiting SST cells with halorhodopsin disinhibits and enables social-fear 
extinction, while in the other arm of the unit aggression still remains inhibited (Bottom, right).  


