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Abstract 

Introduction  
Exposure to social trauma may alter engagement with both fear-related and unrelated social 
stimuli long after. Intriguingly, how simultaneous discrimination of social fear and safety is 
affected in neurodevelopmental conditions remains underexplored. The role of the 
neuropeptide oxytocin is established in social behaviors, and yet unexplored during such a 
challenge post-social trauma.   

Methods  
Using Magel2 knockout mice, an animal model of Prader Willi Syndrome (PWS) and Schaaf-
Yang Syndrome (SYS), we tested memory of social fear and safety after a modified social 
fear conditioning task. Additionally, we tracked the activity of oxytocin neurons in the 
supraoptic (SON) and paraventricular (PVN) nuclei of the hypothalamus by fibre photometry, 
as animals were simultaneously presented with a choice between a fear and safe social cue 
during recall.  
Results  
Male Magel2 KO mice trained to fear females with electrical footshocks avoided both 
unfamiliar females and males during recalls, lasting even a week post-conditioning. On the 
contrary, trained Magel2 WT avoided only females during recalls, lasting days rather than a 
week post-conditioning. Inability to overcome social fear and avoidance of social safety in 
Magel2 KO mice were associated with reduced engagement of oxytocin neurons in the SON, 
but not the PVN.  

Conclusion  
In a preclinical model of PWS/SYS, we demonstrated region-specific deficit in oxytocin 
neuron activity associated with behavioral generalization of social fear to social safety. 
Insights from this study add to our understanding of oxytocin action in the brain at the 
intersection of social trauma and PWS/SYS. 
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Introduction 
Our day-to-day social interactions are complex, requiring discrimination of not only 
information about the interacting conspecific (age, sex, social status, and so on) but each 
encounter may also carry a different implicit valence (threat versus mate). Furthermore, several 
social cues may be present at the same instant (degree of familiarity versus novelty), making 
such discrimination even more challenging. While neurotypical individuals can appropriately 
respond to such situations, responses to implicit and explicit social cues are severely 
compromised in many neurodevelopmental diseases associated with a high penetrance of 
autism spectrum disorders like the Prader-Willi syndrome (PWS) and Schaaf-Yang syndrome 
(SYS). PWS has been genetically attributed to a lack of expression of 15q11.2-q13 region - 
containing MAGEL2 gene - due to paternal deletion or imprinting, or maternal uniparental 
disomy (1). MAGEL2 deficiency is also associated with other disorders like Schaaf-Yang 
syndrome (SYS), which is linked to >75% risk of developing comorbid autistic spectrum 
disorders (2). Apart from well-documented developmental deficits, PWS and SYS patients also 
show a high comorbidity with autism symptoms (3,4) including decreased social 
responsiveness in non-threatening contexts (5), increased temper outbursts (6–8) and social fear 
(9). Recent publications have established a link between ASD and PWS/SYS, such that ASD-
prevalence in MAGEL2-related diseases (25%-84%, varying due to age and ethnic background) 
sits significantly high above the prevalence in general population (~1.5%) (1,3,4,10). Such a 
high overlap of ASD related to MAGEL2 deficiency makes its mouse and rat models bridge the 
gap between ASD and PWS/SYS (11). Remarkably, most of these clinical symptoms are well-
replicated in Magel2 knockout (KO) mice, which report impaired response to social novelty 
following social habituation (12,13) as well as high social fear that is difficult to extinguish 
(14).  
 
It is interesting to note that MAGEL2-deficient patient-derived cell lines express deficient levels 
of the social neuropeptide oxytocin (OXT) and vasopressin (AVP) (15). Indeed, clinically 
supplementing OXT by intranasal delivery significantly improves social trust in PWS subjects 
(16). In Magel2 KO mice too, OXT treatment early in life prevents social interaction deficits 
later (12), while AVP can also correct impaired responses to social-novelty in Magel2 KO 
adults (13). Remarkably, recruitment of the specific source of OXT and AVP in the brain may 
be cued to behavioral experience. For instance, OXT neurons in the supraoptic nucleus (SON), 
but not in the paraventricular nucleus (PVN), are specifically activated during social fear 
extinction (14). While we have recently reported that impairment in the SON-lateral septum 
OXT pathway underlies social fear extinction deficits in Magel2 KO (14), how the SON 
neurons themselves respond during social fear recall remains unexplored. Intriguingly, common 
social assays in rodents test response towards a single social cue at one instant. Everyday 
interactions are complicated by the multiplicity of social cues converging at once, and therefore 
how Magel2 KO mice may react to a more ethologically-relevant social challenge remains to 
be seen. 
 
To address these questions, we designed a novel strategy to condition mice to fear a female, but 
not a male mouse. We then tested a generalized fear response over days, when unfamiliar males 
and females were co-presented in a neutral context.  Additionally, we tracked the activity of 
OXT neurons by fiber photometry during these sessions. Our present study was guided by a 
recent report (14) where we demonstrated that a) OXT neurons in the SON are specifically 
activated during extinction of social fear, b) Magel2 KO mice fail to extinguish social fear and 
c) this failure is coupled with a reduced activation of SON OXT neurons (inferred from Fos-
mapping). These set of observations gave rise to the following hypotheses and predictions: a) 
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WT mice capable of social fear extinction, should be able to discriminate between social-safe 
and social-fear cues after conditioning, b) this should be accompanied by a concurrent change 
in OXTSON Ca2+ dynamics in vivo, c) Magel2 KO mice should show an impairment in correctly 
interpreting social salience, which would be tracked by d) an insufficient engagement of 
OXTSON neurons in the mutants. Together, we believe that observations from this study add 
new insights into the role of OXT in mediating social behavior within the context of PWS.  
 
Methods 
Animals. Group-housed animals kept under standard pathogen-free conditions (12/12 
light/dark cycle, food and water ad libitum) were used in this study. Male Magel2 KO mice 
(Magel2tm1.1Mus/J) alone, or crossed with Oxt-Cre (Oxttm1.1(CRE)Dolsn/J from Jackson labs and 
were used in the study. Magel2 gene is paternally expressed (p) but maternally (m) imprinted, 
and thus heterozygotes with the paternal null allele (-p) were designated as knockouts (KO). 
Across experiments, age- and weight-matched heterozygote Magel2+m/-p mice were 
designated as knockouts and Magel2+m/+p mice as WT. For stimulus mice, age-matched, non-
littermate B6J WT mice were used. Magel2KO mice were obtained from F. Muscatelli 
(INMED, Marseille). 
 
Stereotaxic injection of viral vectors. 6-week old double-transgenic Magel2 KO or WT mice 
crossed with Oxt-Cre were unilaterally injected with 500 nL AAV2/5 pGC-CAG-FLEX-
jGCaMP7s-WPRE::hGH (CERVO, Canada) in either the SON (AP -0.056 cm, ML +/-0.113 
cm, DV -0.545 cm) or PVN (AP -0.9cm, ML +/-0.2 cm, DV 0.45 cm). Injections were 
performed with microinjector-controlled (micro-4, WPI) syringe (nanofil syringe and Nanofil 
33G BVLD Needle, WPI). We observed successful recombination leading to expression of 
GCaMP in 75% OXT neurons (GFP antibody, 1:3000, Abcam, ab13970; NPI-oxytocin 
antibody, 1:1000, gift from H. Gainer at the National Institute of Health).  
 
Fibre Photometry. Optic fibre was implanted in either the SON (AP -0.056 cm, ML +/-0.113 
cm, DV -0.545 cm) or PVN (AP -0.9cm, ML +/-0.2 cm, DV 0.45 cm). Monofibre optic ferrule 
(MFC_400/430-0.66_5mm_MF1.25_FLT, DORIC lenses, Quebec, CA) were fixed with dental 
cement (Paladur, Henry Schein) and animals were given anti-inflammatory medication 
(meloxicam, 10 mg/kg) and monitored daily in post-surgery isolation for 3 weeks. Calcium 
(Ca2+) signals were explored in freely-moving animals by connecting the implanted fiber optic 
ferrule to a low-autofluorescence fiber optic patchcord connected to a rotary joint. For 
photostimulation, connecterized LEDs (CLEDs) emitting sinusoidal signals (GCaMP, 465 nm, 
and isosbestic, 405 nm) were connected to a fluorescence minicube (consisting of integrated 
photodetector heads) by a fiber optic attenuating patchcord. Fluorescence acquired through the 
minicube was digitized and converted by the fiber photometry console to voltage signals, and 
processed with a low-pass filter (12 Hz). Behavioural data was acquired simultaneously using 
DORIC Neuroscience studio (Doric Lenses, Quebec, Canada). Isosbestic and calcium signals 
were demodulated in real time with lock-in mode of acquisition. Detection of Ca2+ spikes was 
done using PMATv1-3 setting a threshold of +2.5 SD (17), and custom-written MATLAB code 
based on (17) were used to calculate positive area under the curve. For this, loss-of-signal 
artifacts were corrected, followed by smoothing using loess and linearizing using a moving 
minima algorithm. Next, GCaMP was fit to the isosbestic by using linear regression. The fitted 
isosbestic was then used to calculate the ∆F/F, by subtracting the fitted isosbestic from the fitted 
GCaMP, followed by dividing by the fitted isosbestic, and computing a z-score. Behavioral 
bouts were scored offline during social interactions using BORIS (18).  
 



5 

 

Social-fear conditioning. 4 weeks after surgery, all animals were handled for a minimum of 3 
days, prior to the beginning of the experiment. A separate cohort of animals were also tested 
without any surgical implant. For baseline test (day -1, Fig. 1A), the male test subject was put 
in the experimental arena (22x30x44cm) to interact during 3 minutes with an unfamiliar male 
and an unfamiliar female, presented together. Social cues were placed in two diametric ends of 
the arena in chambers with grills that allowed active physical interaction. This would reveal 
baseline differences in behaviour across genotype, about any preferential bias towards either 
stimuli-sex, before animals were selectively conditioned to fear female mice (Fig. 1A, day -1). 
24 hrs later (Fig. 1A, day 0), the test mouse was put in the conditioning arena (11x15x44cm, 
cleaned with Anios detergent) to freely interact with a novel male stimulus presented alone 
(M1), during 5 minutes. Next, they underwent social fear conditioning to an unfamiliar female 
(F1), such that a scrambled electric footshock (0.5mA, 2 sec) was delivered upon each 
interaction with the female stimuli (Fig. 1A, day 0). The session was terminated after 5 minutes, 
or if no further social encounter occurred in the 3 minutes following the last shock. This is to 
ensure that the conditioned mouse remains at least 3 mins in the fearful context after the last 
trauma. Finally, we tested the memory of social fear/safety over time wherein new sets of 
unfamiliar male and female mice (M2 and F2) were simultaneously presented in a neutral 
context on several days after conditioning (Fig. 1E). Using new stimulus animals would allow 
us to test a generalized response to unfamiliar social stimulus, which would not be limited to 
stimulus mice used during conditioning. During recall on days 1, 2 and 7, the test mouse was 
introduced into a novel arena (22x30x44cm, patterned walls, different light, cleaned with 10% 
ethanol) for 5 mins, to allow interaction with a novel male (M2) and a novel female (F2) kept 
at diametrically opposite corners. All arenas were carefully cleaned between successive 
animals, and recorded videos were analysed offline with BORIS (18). Heatmaps depicting 
spatial localization of test subjects in the arena were generated using ezTrack (19).  Experiments 
were run by different researchers, in batches of double transgenic animals without surgeries 
(data in Figure 1) or with surgical implantation of a viral vector and optic fiber (data in Figures 
2-5). Analyses were also performed by different researchers to foster replication. 
 
cFos mapping.  On day 7, brain samples were collected 60 minutes after recall via transcardiac 
perfusion of ice-cold 0.9% NaCl and 4% PFA in deeply anesthetized mice (pentobarbital 50 
mg/kg). 40 µm coronal sections was collected with a vibratome, and non-specific sites were 
blocked prior to immunostaining (non-labeled Fab anti mouse IgG (abliance, 1:500) with 3% 
normal donkey serum in PBS, 0.1% triton X-100). Primary antibodies (c-Fos: Cell Signaling, 
mAb 2250, NPI-oxytocin, mouse monoclonal antibodies (H. Gainer, NIH)) were incubated on 
brain sections for 48 hrs at 4°C, and Alexa-Fluor-conjugated secondary antibodies (1:2,000 
ThermoFisher Scientific) were incubated for 2 hrs at 25°C. Sections were mounted with 
fluoromount and stored at 4°C (ThermoFisher Scientific). Stacks were acquired with an 
epifluorescence microscope (Imager Z1, Carl Zeiss), and the overlap between cFos and OXT 
cells counted with FIJI by an experimentalist blind to the groups.   
 
Statistics. Prism 9 (GraphPad, La Jolla, CA) was used for statistical analysis. Photometry data 
were plotted by events. Plotting of fiber photometry data by number of events has been 
previously used by several studies exploring oxytocin function (20–23). Normally distributed 
data were compared with two-way ANOVA, mixed-effects analysis, or unpaired, two-tailed t-
test, as applicable. Post-hoc Sidak’s test was conducted as necessary. Non-normal datasets were 
compared using Mann Whitney U-test for two-tailed unpaired comparisons. Cohen’s d was 
calculated as an indicator of effect size between groups showing significant difference of the 
mean according to p values. Therefore, p values describe significant differences between group 
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comparisons with a=0.05 while d values precise the effect size of these comparisons according 
to the sample size. All data presented are as means ±SEM, N as indicated in figures and 
statistical tests as indicated in the legends and significance reported as follow: *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. Details of statistical tests are enlisted in Supplementary 
Table 1. 
Results 
Social fear conditioning with females generalizes to avoidance of males in Magel2 KO mice 
Studies on social fear in the past have routinely tested fear memory in response to a single social 
cue. Here, we designed a new task to integrate social fear and safety association based on 
stimuli-sex (Fig. 1A). This created an associative memory that was cued to stimuli-sex, wherein 
unfamiliar females indicated social fear unlike the unfamiliar male mice that indicated social 
safety. 24 hours before conditioning, both Magel2 KO and Magel2 WT mice explored 
simultaneously the presented male and female stimuli to a similar extent (two-way ANOVA: 
Social stimuli sex, F(1, 32) = 0.8080, p=0.38, Genotype, F(2, 32) = 0.4350, p=0.98, Interaction, F(2, 

32) = 0.4441, p=0.65), indicating no baseline behavioural deficits in absence of shock (Fig. 1B). 
However, both Magel2 WT and KO animals investigated the socially fear conditioned female-
stimulus less at conditioning, with a significant effect of genotype (two-way ANOVA: F(2, 25) = 
53.69, p<0.0001), sex of the social stimuli (F(1, 25) = 16.71, p<0.001) and interaction between 
the two (Interaction, F(2, 25) = 21.01, p<0.0001) (Fig. 1C), during when they also spent more 
time in the corner away from the social stimulus (Fig. S1). Cohen’s d analysis indicated large 
effect size of conditioning in both genotypes (conditioned WT: d=3.541, conditioned KO: 
d=5.397). Additionally, an equivalent number of shocks were delivered to both groups (two-
sided unpaired t-test, t=0.4605, df=15, p=0.65) (Fig. 1D), suggesting no difference in shock-
sensitivity due to genotype.  
 
Next, we tested the recall of this memory, such that animals were presented with novel male 
and female stimuli mice, at the same time, following conditioning. We predicted that wild-type 
mice should avoid the social-fear cue (female) at early time-points, but should show a gradual 
extinction and increased social approach over time. Investigation of the male stimulus, which 
indicates social-safety in comparison, should remain unimpaired. Magel2 WT animals explored 
the female cue significantly less at days 1 and 2, as compared to unshocked controls (Fig 1E). 
And, 7 days later, however, female-investigation significantly improved from that at day 1 (Fig. 
1E).  This is in striking contrast to Magel2 KO animals that robustly avoided the females even 
at 7 d, suggesting a stronger memory of social fear (Fig. 1E). Comparison across groups showed 
a significant effect of both conditioning (two-way ANOVA: F(2, 26)= 21.15, p<0.0001) and time 
(F(1.430, 36.47) = 4.235, p<0.05) that did not interact (F(4, 51) = 1.268, p=0.29). Cohen’s d analysis 
indicated large effect size of a fear memory trace in both genotypes (d1, Con/conditioned WT, 
d= 2.94, CON/conditioned KO, d= 3.135, conditioned WT/conditioned KO, d= 0.377; d2, 
Con/conditioned WT, d= 1.918, CON/conditioned KO, d= 6.273, conditioned WT/conditioned 
KO, d= 0.553; d7, Con/conditioned WT, d= 1.235, CON/conditioned KO, d= 3.424, 
conditioned WT/conditioned KO, d= 0.804).  On the other hand, while interaction of Magel2 
WT animals with the male stimulus was not different from unshocked controls (Fig. 1F), 
Magel2 KO mice remarkably avoided interaction with the males as well at all timepoints post-
conditioning (Fig. 1F) (two-way ANOVA: Conditioning, F(2, 26) = 9.440, p<0.001, Time, F(1.859, 

47.40) = 1.859, p=0.17, Interaction, F(4, 51) = 1.182, p=0.33). Cohen’s d analysis indicated large 
effect size of a fear generalization in Magel2 KO only (d1, Con/conditioned WT, d= 0.782, 
CON/conditioned KO, d= 2.842, conditioned WT/conditioned KO, d= 1.174; d2, 
Con/conditioned WT, d= 0.638, CON/conditioned KO, d= 1.867, conditioned WT/conditioned 
KO, d= 1.071; d7, Con/conditioned WT, d= 0.302, CON/conditioned KO, d= 1.289, 
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conditioned WT/conditioned KO, d= 1.141). This indicated that learning to fear females 
extended to avoidance of males in animals with Magel2 deficiency.  
 
Altered calcium dynamics in SON oxytocin neurons of Magel2 KO during social fear 
recall 
We aimed to track the activity of SON OXT neurons in vivo – that have been previously 
implicated in social fear (14) - during recall of social fear memory over days while in presence 
of a socially safe cue. Thus, we stereotaxically targeted the SON in Oxt-Cre mice crossed with 
Magel2 KO to inject a Cre-dependent virus expressing GCaMP7s (Fig. 2A), causing successful 
recombination (Fig. 2B). This allowed us to record calcium-dependent changes in fluorescence 
from OXT neurons during recall (Fig. 2C). As compared to conditioned WT animals, SON 
OXT neurons in Magel2 KO showed more Ca2+ spikes over time (Fig. 2D) (two-way ANOVA: 
Genotype, F(1, 5) = 5.065, p=0.07, Time, F(1.581, 7.907) = 3.716, p=0.08, Interaction, F(2, 10) = 1.919, 
p=0.19), post-hoc analysis by Sidak’s test revealed a significant increase in spike number in 
mutant mice 7 d later. Cohen’s d analysis indicated large effect size of genotype on the number 
of spikes (WT/KO, d1, d= 1.513, d2, d= 0.467, d7, d= 3.575).  Interestingly, a cumulative 
frequency analysis of spike duration revealed greater proportion of shorter-duration spikes in 
Magel2 KO at all time-points (Fig. 2E-2G). Yet, Ca2+ spike duration significantly decreased in 
Magel2 KO animals post-conditioning (Fig. 2H) (Kolmogorov-Smirnov test: d1, D=0.26, 
p<0.0001, d2, D=0.16, p<0.0001, d7, D=0.26, p<0.0001). A decrease in spike duration was 
coupled with a decrease in inter-spike interval in Magel2 KO (Fig. 2I-K) (Kolmogorov-
Smirnov test: d1, D=0.28, p<0.0001, d2, D=0.21, p<0.0001, d7, D=0.22, p<0.0001). While 
inter-spike interval increased at d 7 in Magel2 WT, it remained low in mutant animals (Fig. 
2L). Together, recall of social fear in Magel2 KO mice changes the overall Ca2+ dynamics of 
SON OXT neurons.   
 
Reduced engagement of SON OXT neurons in Magel2 KO during investigation of male 
and female stimuli during recall  
The above analysis revealed a generalized change in activity at recall that prompted us to 
investigate activity of the SON OXT neurons when given the choice to interact with a male and 
a female. To address this, we looked at changes in fluorescence as the mice actively investigated 
either male or female stimulus mice before conditioning, and during the days of recall post-
conditioning (Fig. 3A). At baseline, SON OXT neurons activity was not significantly different 
between sex-stimuli and genotypes (Mann-Whitney test: U=189, p=0.075) (Fig. 3B1). After 
conditioning, however, a significant reduction in SON OXT activity in Magel2 KO was 
observed later at both 1 d (Mann-Whitney test:  U=0, p<0.01) (Fig. 3B2) as well as 2 d (Mann-
Whitney test: U=0, p<0.01) (Fig. 3B3), and at 7 d the increase was no longer statistically 
significant (Mann-Whitney test: U=23, p=0.09) (Fig. 3B4). Cohen’s d analysis revealed large 
effect size before as well as days 1 and 2 after conditioning (d-1, d=0.941, d1, d=0.916, d2, 
d=0.954), and a moderate effect size 7 days later (d=0.72) (24).  Overall, we observed a 
shutdown of SON OXT neuronal activity following social fear conditioning that increased with 
more exploration of females with time in Magel2 WT, which is delayed in Magel2 KO (Fig. 
3C).   
 
During investigation of male-stimuli at baseline, genotypic difference in SON OXT activity 
was not observed (Mann-Whitney test: U=244, p=0.1) (Fig. 3D1). In both groups, social fear 
conditioning significantly reduced SON OXT activity 1 d (Mann-Whitney test: U=30, p=0.19) 
(Fig. 3D2) and 2 d later (Fig. 3D3) (Mann-Whitney test: U=107, p=0.98). However, 7 d later, 
SON OXT activity in WT animals improved, being significantly higher than Magel2 KO 
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(Mann-Whitney test: U=56, p<0.01) (Fig. 3D4). Cohen’s d analysis showed that the effect of 
genotype is small up to 2 days after recall (d-1, d=0.275, d1, d=0.558, d2, d=0.375) and large 
at d7 (d=0.944). This suggested a failure to engaged SON OXT neurons in mutant mice a week 
after conditioning, in contrast to WT animals (Fig. 3E).  
 
PVN OXT neurons in Magel2 KO show changes in calcium dynamics but not differential 
engagement with overcoming social fear  
Beyond the SON, OXT in the brain can originate from other structures such as the PVN, where 
social neuropeptides have been implicated across a wide range of behaviors (25–27). We 
explored their engagement in the present paradigm, by now targeting the PVN with Cre-
dependent GCaMP7s in Magel2 KO;Oxt-Cre mice (Fig. 4A), showing efficient recombination 
in PVN OXT neurons (Fig. 4B). We next analyzed the overall Ca2+ spikes during recall (Fig. 
4C). We observed a significant decrease in the number of Ca2+ spikes during recall (Fig. 4D) 
that was due to genotype (two-way ANOVA: Genotype, F(1, 19) = 32.34, p<0.0001, Time, F(2, 

19) = 0.8437, p=0.45,  Interaction, F(2, 19) = 0.41, p=0.67). This decrease was significant at all 
recall timepoints, lasting up to 7d post-conditioning (Fig. 4D). Cohen’s d analysis indicated 
large effect size of genotype on the number of spikes (WT/KO, d1, d= 4.234, d2, d= 2.346, d7, 
d= 1.971). On the other hand, the duration of such spikes increased in Magel2 KO mice (Fig. 
4E). A cumulative frequency analysis revealed a significant right-shift in Magel2 KO animals 
post-conditioning (Fig. S2A-C). Magel2 KO mice also showed increased ISI during recalls 
(Fig. 4F), with a significant right-shift of cumulative frequency post-conditioning (Fig. S2D-
F). We next addressed whether PVN neurons differently engaged during investigation with the 
social stimuli. Interestingly, there was no difference in PVN OXT neuron activity due to 
genotype during female-investigation on d 1 and d 2 (Fig. 4G, Fig. S2G, H), but only on d 7 
(Mann-Whitney test: U=41, **p<0.01; Cohen’s d=1.083) (Fig. S2I). On the other hand, Ca2+ 
dynamics in PVN OXT neurons during male investigation was unchanged in Magel2 KO at all 
time-points post-conditioning (Fig. 4H, Fig. S2J-L). Together, it suggests that social fear 
conditioning changes the overall Ca2+dynamics in Magel2 KO mice, and its engagement is 
dampened only 7 days later selectively during exploration of the fear-associated female, but not 
the male stimulus mouse.  
 
Inability to overcome social fear is associated with impaired cFos expression in SON of 
Magel2 KO mice 
Finally, we mapped the OXT activation patterns of SON and PVN 7 d after conditioning (Fig. 
5B), a timepoint where WT animals show a reduction in social fear (Fig. 1E). To that end, we 
examined the expression of cFos, an immediate early gene produced in response to neuronal 
activity, in OXT neurons of SON (Fig. 5B) and PVN (Fig. 5C) 60 minutes after recall. 
Interestingly, a significant deficit in activation of SON OXT neurons was seen in fear 
conditioned Magel2 KO animals as compared to the conditioned WT mice (Fig. 5D). A two-
way ANOVA showed a significant effect of genotype, with no effect of brain-region (F(1, 24) = 
1.634, p=0.21) or any interaction between the two (Interaction, F(1, 24) = 2.808, p=0.17). Cohen’s 
d analysis indicated large effect size of genotype on cFos induction in SON OXT neurons 
(d=1.813). Such a differential engagement was not observed in the PVN (Fig. 5D). In non-
shocked controls, OXT neurons in both the WT and KO animals showed no divergent activation 
as well (two-way ANOVA: Genotype, F(1, 14) = 0.1798, p=0.678, Brain region, F(1, 14) = 0.2673, 
p=0.6132,  Interaction, F(1, 14) = 0.4131, p=0.5308) (Fig. 5E). Thus, activation of OXT neurons 
that is associated with overcoming social fear in WT is specific to the SON, and such an 
activation is impaired in the Magel2 KO model. 
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Discussion 
Using a mouse model of PWS/SYS, the present study examined the activity of OXT neurons 
as conditioned mice recalled social fear while in the presence of a safe social stimulus. 
Compared to WT, Magel2 KO mice had similar response during conditioning and equivalent 
recall of social fear memory 24 h later, in agreement with our recent observations (14). We add 
that this memory of social fear is persistent and lasts at least up to 7 days after conditioning. 
However, while WT animals showed a significant increase in exploring the social fear cue at 
day 7, Magel2 KO failed to show such an increase. This is reminiscent of the within-session 
social extinction deficit seen in Magel2 KO animals (14). We additionally demonstrate that 
Magel2 WT animals remember the association of social safety with a male cue and in 
remarkable contrast, social fear in Magel2 KO extends to avoidance of socially safe male 
stimuli.  
 
It is interesting to note that impaired discrimination of social salience has been seen in 
PWS/SYS as well. More than 75% of patients with SYS and 25% with PWS have ASD (28,29). 
These proportions correspond with the frequency of MAGEL2 mutations; causal in the Schaaf-
Yang syndrome (2) whereas it is only associated with large chromosomal alterations causing 
the Prader-Willi disease (30). Despite the genetic heterogeneity between patients, MAGEL2 
gene has been a central focus of studies for mechanisms of disease and comorbidities (3). PWS 
subjects show non-typical responses to identifying facial emotion (31), and have a general 
inability to correctly interpret social cues (32), including correctly expressing emotion as well 
(33). Another study assessed both caregiver’s response as well as the patients clinically to infer 
significant impairments in social responsiveness and social functioning in PWS patients (34). 
Additionally, they also have a significant comorbidity with psychiatric disorders, with one 
study showing high percentage of disruptive behaviors in males (35). Interestingly, a newly 
identified genetic variation of Magel2 has showed social fear as well in the studied individual 
(9). This aligns well with social salience misprocessing seen in ASD – for example, while 
neurotypical subjects responded faster to a simulated social-hazard, response by autistic 
subjects was similar towards social and non-social hazards (36). A similar deficit in social 
salience interpretation may have led to generalization of social fear across stimuli in Magel2-
deficient animals. Interestingly in humans, presence of another individual improves the learning 
of social safety (37), while in rats, learning of safety also helps to overcome threat associated 
with an avoidance task (38). Together, we predict that a) presence of the social safety cue 
contributes to the delayed response towards overcoming social fear in Magel2 KO mice, such 
that b) overcoming of social fear is preceded by re-learning of social safety in animals with 
Magel2 deficiency.  
 
One limitation of the present study was that stimuli-females used were not matched to estrus 
stage. While our results indicate that the behavioral responses are perhaps generalized to female 
across estrus, it is interesting to note that female mice only in non-receptive phases of the estrus, 
but not in the receptive phase, show interest towards a same-sex conspecific (39). In male rats, 
on the other hand, nasal oxytocin abolishes preference towards virgin estrus female rats by 
diminishing pERK1/2 levels in the SON (40), suggesting a complex relationship between SON 
OXT action and estrus-dependent social exploration that remains to be explored further. 
Additionally, previous mechanistic explorations into social fear have used female mice as test 
subjects (41). Counterbalancing our present results, therefore, it is necessary to investigate 
social salience in Magel2-deficient females trained to avoid males in a future study. 
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How is neuronal activity of OXT neurons associated with enhanced social fear in Magel2 KO? 
To answer this, we recorded activity from OXT neurons in SON and PVN over time in Magel2 
KO and WT animals. In Magel2-deficient mice, we observe a shift in Ca2+ dynamics leading to 
an increased number of thinner Ca2+ spikes occurring at greater frequency. This is in apparent 
contrast to previous reports suggesting that reduced OXT signaling contributes to heightened 
social fear (14,41,42). However, given that OXT receptors in Magel2 KO mice are 
downregulated (43), it is likely that the increased activity results from homeostatic 
compensation. A similar compensation is seen in PWS patients – while on one hand they report 
reduced methylation of OXT-receptor (44) and increased plasma OXT (45), treatment with 
OXT-receptor agonist improves symptoms of PWS in some clinical studies (46–48) (but not 
others (49)). Furthermore, spike broadening of OXT neurons as seen here is observed during 
lactation (50,51), suggesting that reduction of Ca2+ spike duration observed in Magel2 KO mice 
reflects a physiologically relevant deficit.  Indeed, when we specifically examined the activity 
of SON OXT neurons during social investigation, we observed a reduced engagement of these 
neurons in Magel2 KO mice, aligning well with the behavioral deficits observed in these 
animals (Fig. 6A). Intriguingly, however, SON OXT neurons in Magel2 KO animals were 
engaged more during interaction with social cues in the absence of shock (Fig. 6A). Given the 
positively correlated role of oxytocin in mediating social trust in humans (52), we predict that 
this aberrant engagement might be necessary to overcome innate threat towards unfamiliar 
social cues in Magel2 KO, to enable social approach even at baseline. A subsequent exposure 
to social fear conditioning shuts down the activity of SON OXT neurons in both genotypes 
(Fig. 6A), until a divergent trajectory emerges over time during recall. As a result, a 
progressively more engagement of SON OXT neurons in WT was associated with greater 
exploration of social fear and socially safe stimuli, in contrast to Magel2-deficient animals.   
 
In contrast to SON, cue-specific activity of OXT neurons in the PVN were comparable between 
WT and Magel2 KO mice at baseline and they shut down after conditioning (Fig. 6B). 
Exploration of social cues did not significantly engage these neurons at any recall time point 
(Fig. 6B) but there was an effect of genotype on d 7 during female investigation marking a 
delay in the Magel2 KO response to the acquisition of social safety. This is in agreement with 
previous reports that show a selective recruitment of SON but not PVN with social fear 
extinction (14). Interestingly, a reduction in the number and frequency of Ca2+ spikes was 
observed in PVN OXT neurons of Magel2 KO. This aligns with a previous study reporting 
decreased firing of PVN OXT neurons in Magel2-deficient animals, due to a selective loss of 
AMPA-current contributing to increased silent synapses (53). We also observed an increase in 
Ca2+ spike duration at the same time point. Interestingly, magnocellular neurons in the PVN, 
which release OXT (54), have a greater spike half-width than parvocellular neurons (55). 
Magnocellular OXT neurons projecting to the central amygdala also modulate expression of 
non-social fear conditioning (56). While we have previously demonstrated that PVN OXT 
neurons projecting to the lateral septum are not recruited during social fear extinction (14), 
exploring the role of magnocellular PVN OXT neurons projecting to other targets like the 
amygdala in social fear needs to be explored in future.   
 
Consistently, mapping of the immediate early gene cFos confirmed the specific engagement of 
the SON but not PVN OXT neurons in the present study – suggesting that selective recruitment 
of neuropeptidergic pathways may facilitate different aspects of social salience. Increased cFos 
was associated with overcoming of social fear in Magel2 WT animals 7 days later. It is perhaps 
intriguing to note that a higher frequency of Ca2+ spikes did not lead to more Fos expression in 
SON OXT neurons of Magel2 KO. Across brain regions, a complex relationship exists between 
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neuronal activity and cFos expression. In the granule cells, for example, kindled seizures 
causing action potentials led to cFos expression, but the same stimulation in the substantia nigra 
failed to do so (57). In the hippocampal CA2, on the other hand, spiking at 0.1 Hz, but not at 
50 Hz, was successful in evoking cFos expression, which indicated participation of the neuron 
in synchronized synaptic activity (58). Interestingly, cFos expression in magnocellular SON 
OXT neurons is only seen after synaptic activity induced by an OXT-receptor agonist (59). 
Investigations in the future should focus on understanding the precise role of synaptic inputs in 
evoking immediate early gene expression in the SON, its lack in the PVN, and their functional 
interaction with Magel2 deficiency.  
 
What could be the targets downstream of SON that mediates these effects? One key functional 
projection output of SON OXT neurons is the lateral septum (LS) (14,41). Genetic tracing tools 
have previously revealed functional projections of oxytocin (OXT) neurons between the 
supraoptic nucleus (SON) and the lateral septum (LS) of female mice (41). We recently 
extended this observation in males, and also that Magel2KO mice lack SON-derived OXT 
support in the LS which prevents the extinction of social fear conditioning (14). We predict that 
a similar pathway is involved in social safety discrimination in the present study. SON OXT 
neurons may also project to different amygdalar nuclei. Activation of SON OXT neurons by 
secretin, for example, facilitates social recognition by their dense projections to the medial 
amygdala (60).  Hypothalamic OXT neurons also project to the central amygdala, and opto-
activation of this pathway attenuates non-social fear (56).  

Additionally, SON neurons also project to the pituitary, particularly to its posterior division 
(61). In the pituitary, the molecule CD38 plays a critical role in OXT function, such that both 
CD38 knockout mice as well as pharmalogically blocking CD38 in the pituitary impeded 
release of OXT (62). Association between CD38 polymorphisms and autism spectrum disorders 
(ASD) has been reported as well, with a subset of such individuals showing lower levels of 
plasma OXT (63). Additionally, the social buffering effect of OXT on the stress response is 
mediated by the blockade of ACTH release from the pituitary and its downstream effector 
cortisol secretion from adrenal glands (64). Prader-Willi patients suffer from central adrenal 
insufficiency under stressful conditions (65), delayed peak response of cortisol to insulin 
challenge (66), and small-sized adrenal glands in autopsies (67). But how does cortisol and 
OXT function interact in PWS/SYS patients? Do PWS/SYS patients show CD38 
polymorphisms as well? And in Magel2KO animals, is OXT function in the pituitary impaired 
too? These questions are yet to be explored.   

Finally, it is interesting to note that somatodendritic release of OXT creates a long-lasting action 
of these neuropeptides in relevant circuits. Dendritic release of OXT has been seen in the 
magnocellular OXT neurons in the SON (68). Would a similar mechanism been utilised in the 
present study? Seems possible, as calcium dependent, somatodendritic release of OXT has been 
implicated in regulating social memory (69). This is also dependent on CD38, and associated 
with ASD (62,69,70). Its precise involvement in overcoming social fear needs future 
investigation.  

 
Apart from central OXT action, OXT release in the periphery has been well demonstrated in 
the past. Beyond physiologically-relevant challenges like change in osmotic balance and 
suckling, stimulation of the SON also causes increase in peripheral OXT levels (71). However, 
response to emotionally stressful states differ. For instance, rats subjected to social defeat show 
a sharp increase in OXT levels in the SON, while peripheral levels remain unchanged (72). 
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Chronic homotypic stress also selectively affects central OXT, sparing peripheral OXT levels 
(73). Therefore, we predict that OXT neurons in the SON would engage central OXT response 
to social stress in Magel2 WT, and less so in the Magel2KO model, while peripheral responses 
have been overlooked in this study.  
 
Finally, based on our observations, we propose a model of divergent OXT activation that maps 
with social fear/safety deficits in Magel2 KO mice (Fig. 6C-D). In Magel2 WT animals, 
exposure to social fear shuts down OXT activity 24 h later in both the SON and PVN (Fig. 6C). 
However, overcoming social fear to transition towards social safety selectively engages SON 
OXT neurons (Fig. 6C). In Magel2 KO, OXT neurons activity shuts down in both the SON and 
PVN during the initial phase of social fear recall, similar to WT animals (Fig. 6D). However, a 
failure to engage SON OXT neurons during the behavioural bout accompanies the long-lasting 
deficit in miscomprehending social safety and thus, the inability to overcome social fear (Fig. 
6D). In sum, our present demonstration of how OXT neuron activity associates with 
behavioural approach towards socially salient stimuli provides a fundamental insight into the 
disease pathology of Magel2 deficiency.  We believe that this set of observations can guide 
future explorations into treatment strategies in PWS, and other psychiatric disorders with 
impaired interpretation of social salience.  
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Figure Legends 

 
Figure 1 - Learning to fear females (social fear cue) generalizes to avoidance of males 
(social safety cue) in Magel2 KO mice. (A) Experimental design and timeline. One day before 
conditioning, test animals interacted with simultaneously presented male and female mice (M0 
and F0) in the absence of any shock.  During conditioning, Magel2 KO and WT mice first 
explored a male stimulus mouse (M1) alone without any shock. This was followed by a session 
where shock was delivered upon every interaction with a female mouse (F1) (social fear 
conditioning). 24 h, 48 h and 7 d later, unfamiliar male and female stimulus mice (M2 and F2) 
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were presented at the same time in a novel arena. (B) At baseline before conditioning, all groups 
interact with M0 and F0 comparably. (Control WT, N = 12, Conditioned Magel2 WT = 16, 
Conditioned Magel2 KO = 7) (C) During social fear conditioning, conditioned Magel2 WT 
and KO mice show significantly less interaction with females than males. (Control WT, N = 6, 
Conditioned Magel2 WT = 16, Conditioned Magel2 KO = 7). (E) Following conditioning, 
Magel2 KO mice show impaired investigation of F2 over time. Conditioned Magel2 WT 
animals show a significant increase at day 7, as compared to day 1. (F) Conditioned Magel2 
KO mice show a robust avoidance of M2 as well, 7 d later. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 in post-hoc Sidak’s test.  Coloured * indicates comparison to respective group 
(black, Control, Magel2 WT, red, Conditioned, Magel2 WT, blue, Conditioned, Magel2 KO). 
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Figure 2 - Learning to fear females increases the number, frequency and decreases the 
duration of Ca2+ spikes in SON OXT neurons of Magel2 KO. (A) Experimental timeline. 
(B) Representative image showing GCaMP7s expression in SON OXT neurons. Scale bar 50 
µm. (C) Representative traces showing Ca2+ activity in SON OXT neurons of conditioned 
Magel2 WT;Oxt-Cre and Magel2 KO;Oxt-Cre mice during recall, 7 d later. Dotted lines 
indicate threshold for spike determination at 2.5 SD. (D) Social fear conditioning increases the 
overall number of Ca2+ spikes in SON OXT of Magel2 KO mice. Conditioned Magel2 WT;Oxt-
Cre N=4, Conditioned Magel2 KO;Oxt-Cre N=3. * p<0.05, post-hoc Sidak’s test. (E-G) 
Cumulative frequency of Ca2+ spike duration shows a significant left shift post-conditioning. 
(Conditioned Magel2 WT;Oxt-Cre, d1=338 events, d2=327 events, d7=187 events, 4 animals, 
Conditioned Magel2 KO;Oxt-Cre, d1=349 events, d2=303 events, d7=292 events, 4 animals) 
(H) Radar plot showing decrease in spike duration in Magel2 KO;OXT-Cre mice. (I-K) 
Cumulative frequency of interval between subsequent Ca2+ spikes shows a significant left shift 
post-conditioning. (Conditioned Magel2 WT;Oxt-Cre, d1, n=334 events, d2, n=323 events, d 
7, n=183 events, 4 animals, Conditioned Magel2 KO;Oxt-Cre, d1, n=346 events, d2, n=369 
events, d 7, n=300 events, 3 animals). (L) Radar plot showing decrease in inter-spike-interval, 
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indicating increase spike frequency, in Magel2 KO;Oxt-Cre mice. **p<0.01, ***p<0.001, 
****p<0.0001 in KS test.  
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Figure 3 - Learning to fear females reduces engagement of SON OXT neurons in Magel2 
KO. (A) Experimental timeline. (B1) Magel2 KO mice show a non-significant increase in 
activity during increase of novel female before conditioning. (B2) Post-conditioning, a 
significant decrease in Ca2+ activity is seen during social investigation of novel female mice 
(social fear cue) at day 1 and (B3) day 2 after conditioning. (B4) Engagement of SON OXT 
neurons are still low at day 7, although not statistically different (Conditioned Magel2 WT;Oxt-
Cre, d 0, n=37, d 1, n=10, d 2, n=20, d 7, n=39, 4 animals, Conditioned Magel2 KO;Oxt-Cre, 
d 0, n=15, d 1, n=3, d 2, n=3, d 7, n=3, 3 animals).  (C) Radar plot depicts trajectory of SON 
OXT engagement during investigation of female stimulus mice, before and after social fear 
conditioning. (D1-3) During exploration of an unfamiliar male social-stimuli, difference in 
SON OXT engagement seen at baseline or at days 1 and 2 after conditioning.  (D4)  Significant 
decrease in Ca2+ engagement is seen during social investigation of novel male mice at day 7 
(Conditioned Magel2 WT;Oxt-Cre, d 0, n=29, d 1, n=26, d 2, n=36, d 7, n=23, 4 animals, 
Conditioned Magel2 KO;Oxt-Cre, d0, n=4, d 1, n=3, d 2, n=6, d 7, n=12, 3 animals). (E) Radar 
plot depicts trajectory of SON OXT engagement during investigation of male stimulus mice, 
before and after social fear conditioning. **p<0.01, in Mann-Whitney U test.  
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Figure 4 - Learning to fear females changes calcium dynamics in PVN OXT neurons in 
Magel2 KO, but does not affect their engagement during social investigation. (A) 
Experimental timeline. (B) Representative image showing GCaMP7s expression in PVN OXT 
neurons. Scale bar 50 µm. (C) Representative traces showing Ca2+ activity in PVN OXT 
neurons of conditioned Magel2 WT;Oxt-Cre and Magel2 KO; Oxt-Cre mice during recall, 7 
days later. Dotted lines indicate threshold for spike determination at +2.5 standard deviation 
from the mean (SD). (D) Social fear conditioning decreases the overall number of Ca2+ spikes 
in PVN OXT of Magel2 KO mice. Conditioned Magel2 WT; Oxt-Cre N=5-6, Conditioned 
Magel2 KO; Oxt-Cre N=3.  ** p<0.01, post-hoc Sidak’s test, #p<0.05, main effect of genotype. 
(E) Post-conditioning, both Ca2+ spike duration as well as (F) inter-spike interval increases in 
Magel2 KO; Oxt-Cre, at all timepoints. (G) Engagement of PVN OXT neurons at days 1, 2 and 
7 after conditioning depicted during exploration of female stimulus (Conditioned Magel2 WT; 
Oxt-Cre, d 1, n=9, d 2, n=8, d 7, n=14, 5-6 animals, Conditioned Magel2 KO; Oxt-Cre, d 1, 
n=12, d 2, n=14, d 7, n=15, 3 animals) (F2) and (H) male stimulus (M2) (Conditioned Magel2 
WT; Oxt-Cre, d 1, n=45, d 2, n=110, d 7, n=59, 5-6 animals, Conditioned Magel2 KO; Oxt-
Cre, d 1, n=16, d 2, n=16, d 7, n=28, 3 animals).  
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Figure 5 – Impaired cFos expression in SON OXT neurons of Magel2 KO mice, but not 
PVN, 7 days after conditioning. (A) Experimental timeline. (B) Representative images 
showing cFos expressing OXT neurons in SON and (C) PVN. Scale bar= 50 µm. (D) Magel2 
KO mice show a significant deficit in cFos expression in SON OXT during recall, 7 d after 
conditioning, but not in PVN OXT neurons. (Magel2 WT SON, n=7 roi, N =4 animals, Magel2 
KO SON, n=5 roi, N=3 animals, Magel2 WT PVN, n=8 roi, N =4 animals, Magel2 KO PVN, 
n=8 roi, N=4 animals) (E) No significant change in cFos expression seen in the absence of 
shock in either group (Magel2 WT SON, n=5 roi, N =3 animals, Magel2 KO SON, n=4 roi, 
N=2 animals, Magel2 WT PVN, n=4 roi, N =2 animals, Magel2 KO PVN, n=6 roi, N=3 
animals). **p<0.01, post-hoc Tukey’s test.  
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Figure 6 – Overcoming social fear and expression of social safety engages SON OXT 
neurons, and is impaired in Magel2 deficiency. (A) Magel2 KO animals show increased 
engagement of SON OXT neurons during social cue exploration prior to shock-exposure. 
Social fear conditioning robustly shuts down such engagement in both KO and WT animals. 
While Magel2 WT mice can re-engage these neurons over time, Magel2 KO fails to do so. 
***p<0.001, post-hoc Sidak’s test, ###p<0.001, main effect of interaction (genotype x 
time).(C) No genotypic difference observed in engagement of PVN OXT neurons before or 
after social fear conditioning. (C) In Magel2 WT, social fear shuts down OXT neurons in both 
PVN and SON. Overcoming social fear and expression of social safety selectively reengages 
SON OXT neurons. (D) In Magel2 KO mice, social fear also shuts down OXT neuron activity 
in both SON and PVN, which fail to reengage post-conditioning.  


