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causative relationship with genetics [2]. Magel2 is a gene 
that is implicated in Prader-Willi (PWS) and Schaaf-Yang 
(SYS) syndromes and is categorized as one of the high-
est correlated gene to ASD risk, about 75–80% of SYS 
individuals meet formally the clinical diagnostic criteria 
of ASD [3]. Both of these genetic neurodevelopmental 

Introduction
Autism spectrum disorder (ASD) refers to an early 
onset neurodevelopmental syndrome linked to defi-
cits in impaired or abnormal social interactions [1]. 
Although many non-genetic factors have been associated 
with ASD, cumulative research has established a strong 
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Abstract
Dysfunction in social interactions is a core symptom of autism spectrum disorder (ASD). Nevertheless, the neural 
mechanisms underlying social deficits in ASD are poorly understood. By integrating electrophysiological, in vivo 
fiber photometry, viral-mediated tracing, optogenetic and pharmacological stimulation, we show reduced intrinsic 
excitability and hypoactivity of SOM interneurons in medial prefrontal cortex (mPFC) in Magel2-deficient mice, 
an established ASD model, were required to social defects. Chemogenetic inhibition of mPFC SOM-containing 
interneurons resulted in reduced social interaction in wild-type Magel2 mice. These sociability deficits can be 
rescued by optogenetic activation by excitability of SOM in the mPFC and mPFCSOM-LS inhibitory pathway in Magel 
2 knockout mice. These results demonstrate the hypoactivity for SOM action in the mPFC in social impairments, 
and suggest targeting this mechanism that may prove therapeutically beneficial for mitigating social behavioral 
disturbances observed in ASD.
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disorders have in common autistic symptoms with 
impairments in social behaviors that are persistent over 
the lifespan [4]. Magel2-deficient mice were shown to 
recapitulate pertinent phenotypes, manifesting altered 
social behaviors in adulthood [5, 6]. As such, understand-
ing the neurobiological mechanisms that mediate social 
deficits is essential when exploring potential therapeutic 
strategies for treating ASD.

Both human and animal studies have implicated the 
medial prefrontal cortex (mPFC) as a critical brain area in 
the control of social interaction behaviors [7–11]. GAB-
Aergic (gamma-aminobutyric acidergic) interneurons 
play fundamental roles in social interaction and modu-
late cortical functions [12, 13]. Dysfunction of cortical 
interneurons leads to disruption of balanced excitation 
and inhibition and is closely linked to social dysfunction 
[14, 15]. It has been confirmed that cortical interneu-
rons consist of multiple subgroups that display distinct 
molecular, electrophysiological and active properties 
[16, 17]. In particular, somatostatin (SOM)-containing 
interneurons comprise a subpopulation of approximately 
30% of all cortical interneurons [18]. SOM interneurons 
preferentially target the dendrites of excitatory neurons, 
providing feedforward inhibition to the network activity 
[19]. It was unequivocally established that inhibition of 
SOM interneurons in the mPFC abolishes affective state 
discrimination in mice [20]. Also, SOM interneurons is 
involved in social withdrawal across cingulate cortex 
[21]. Although great progress has been achieved, knowl-
edge with regards to the mechanisms modulating socia-
bility of mPFC SOM interneurons in the Magel2 mouse 
model of ASD is lacking.

The mPFC is well-known to be a hub that regulates 
social behaviors through its distinct output connec-
tions with the lateral septum (LS) [14], which is associ-
ated with the regulation of motivated behaviors including 
social interactions [22–24]. Recent efforts have dem-
onstrated that lateral septum is crucial for regulating 
social novelty in mice [25]. The release of mPFC neu-
ropeptide corticotropin-releasing hormone from to LS 
suppresses interaction with familiar mice [22]. Similarly, 
Bredewold et al., showed GABA neurotransmission in 
the LS modulates social play behavior in mice [26]. Fur-
thermore, chemogenetic activation of LS GABA inter-
neurons enhanced social behaviors [27]. Marta et al., 
reported that the mPFC projects to lateral septum to 
regulate food-rewarded learning [28]. The activation 
of the piriform cortex to lateral septum pathway during 
chronic social defeat stress is critical for the induction of 
behavioral disturbance [29]. It was assumed that SOM 
interneurons target different components of subcortical 
circuits to orchestrate anxiety and defensive response 
[30, 31]. Nevertheless, the precise functional roles of 
connections between mPFC and LS region, particularly 

SOM-expressing GABAergic neuronal projections in 
Magel2-deficient mice, remain elusive regarding social 
impairments, necessitating further investigation.

In the current study, the homozygous transgenic mice 
for SOM-Cre and Magel2 knockout (KO) exhibited social 
impairments similar to the ASD symptoms. By inte-
grating electrophysiological, in vivo fiber photometry, 
viral-mediated tracing, optogenetic, and pharmacologi-
cal stimulation, we proved that the decreased intrinsic 
excitability and hypoactivity of SOM interneurons in the 
mPFC played a vital role in social interaction deficits of 
Magel2-null animals. Also, we found that chemogenetic 
inhibition of SOM-expressing neurons induced social 
interaction impairments. Optogenetic manipulation of 
these neurons in the mPFC attenuated social deficits in 
Magel2 KO mice. We further revealed a monosynaptic 
circuit from GABAergic projections from mPFC SOM-
positive neurons to downstream LS mediated social 
impairments. Together, these results show that the mPF-
CSOM-LS pathway is critical for deficits in social behav-
iors in Magel2-deficient animals relate to ASD.

Methods
Animals
All the conducted experiments were approved by the 
Animal Care and Use Committee of Zhengzhou Univer-
sity. SOM-Cre/Magel2 KOmice were generated by breed-
ing SOM-Cre (Jackson Laboratory, Stock No: 013044) 
with Magel2tm1Stw/J mice (Jackson Laboratory, Stock No: 
009062). Genotyping primers and protocols are as rec-
ommended by the manufacturer. Food and water were 
available ad libitum. All animals were housed in a stable 
environment (23–25  °C and 50% humidity). Mice were 
housed in a 12  h light/dark cycle (07:00–19:00 sched-
ule). Experiments were run during the light phase (within 
10:00–17:00). All the experiments were performed in 
male mice (8–10 weeks old). Every effort was made to 
minimize animal suffering.

Three-chamber social interaction test
Sociability testing was performed using a three-cham-
ber plexiglas box apparatus, as we have been previ-
ously described [32]. The test was carried out under 
low intensity conditions (5  lx). The three-chamber box 
(60 × 40 × 20  cm) contained dividing walls with 10  cm 
wide rectangular openings to enable free access of each 
chamber. The test mouse was placed in the central com-
partment and allowed free exploration of the test arena 
for a 10 min acclimation period. Afterwards, in a second 
phase (sociability), a novel mouse (sex and strain were 
matched with the subject mouse) was placed inside cage 
in the corner of each side chamber designated as the 
social chamber. The opposite chamber with an empty 
cage was designated as the neutral chamber. The test 
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mouse was allowed to freely explore new environment 
for another 10  min. The amount of time spent in each 
compartment, and time spent in sniffing or interacting 
with unfamiliar animal were recorded by the camera-
assisted ANY-Maze software (Stoelting Co., IL, USA). 
The social preference index (discrimination index) was 
quantified by the following formula: (investigation time 
with an unfamiliar mouse - investigation time with empty 
cage)/investigation time with novel mouse + investigation 
time with empty cage) [33, 34].

Open field
The open field test was carried out by placing the ani-
mal in the center of an open field area with opaque 
walls (50 × 50 × 50  cm) in a dimly lit (30  lx) room. Mice 
were allowed to freely explore for 30 min. The behavior 
of each animal was monitored via video recording. The 
total distance traveled and time spent in the center zone 
(25 × 25 cm) were calculated.

Viral injections
Stereotaxic surgery was performed as we previously 
published protocol [32]. Mice were anesthetized with 
1% isoflurane and placed in a stereotaxic frame (Xinglin 
Life Tech., Beijing, China) with a heating pad to main-
tain body temperature. A small craniotomy was made 
under a surgical microscope with a dental drill through 
which to inject the virus by a glass micropipette (tip 
diameter: 20 μm). A small volume of virus solution (200 
nL; OBiO Technology, China) at a rate of 50 nL/min was 
targeted into mPFC (AP: + 2.00  mm; ML: ± 0.30  mm; 
DV: -1.7 mm) or LS (AP: +0.5 mm; ML: ± 0.40 mm; DV: 
-3.0  mm) according to the Paxinos and Franklin mouse 
brain atlas (2nd edition). The injection pipette was left in 
place for another 10 min before the withdrawal. Experi-
ments were performed 3 weeks after the virus injection.

For the fiber photometry experiments, we injected the 
unilateral mPFC of SOM-Cre/Magel2 WT or SOM-Cre/
Magel2 KO mice with recombinant AAV2/9-hSyn-FLEX-
jGCaMP7s-WPRE (titer: 5.56 × 1012 vg/mL).

For the chemogenetic inhibition of SOM interneurons 
in SOM-Cre/Magel2 WT mice, we bilaterally injected 
the mPFC with AAV2/9-hSyn-DIO-hM4D(Gi)-mCherry-
WPRE (titer: 5.38 × 1012 vg/mL), or AAV2/9-hSyn-DIO-
mCherry-WPRE (titer: 5.51 × 1012 vg/mL).

For the experiments of selective optical activation of 
SOM interneurons, we bilaterally injected the mPFC with 
AAV2/9-hSyn-DIO-hChR2(H134R)-mCherry-WPRE 
(titer: 5.30 × 1012 vg/mL), AAV2/9-hSyn-DIO-mCherry-
WPRE (titer: 3.54 × 1012 vg/mL) inSOM-Cre/Magel2 KO 
mice.

For retrograde tracing of mPFC projections to the LS, 
we injected retro-AAV2- hSyn-DIO-mCherry-WPRE 

(titer: 6.75 × 1012 vg/mL) into the bilateral LS of SOM-
Cre/Magel2 KO mice.

Fiber photometry
A fiber photometry system (ThinkerTech, Nanjing, 
China) was used to record the calcium signals from 
the mPFC. Optic fiber with ceramic ferrule (diameter: 
2.5  mm, ThinkerTech) was implanted in the ipsilateral 
mPFC (+ AP: 2.00  mm; ML: +1.80  mm; DV: -1.50  mm) 
3 weeks after GCaMP7s virus injection. The excita-
tion light with the intensity of 40 μW was applied. Mice 
underwent fiber photometry recording were performed 
in a three-chamber social interaction test. Photometry 
data were imported to MATLABR2020b Mat files for fur-
ther analysis. Calcium signal changes were described as 
the delta fluorescence/fluorescence (ΔF/F0) as (F-F0)/F0, 
where F0 is the baseline fluorescence signal. Events were 
considered as the peak that exceeded the mean by 1 stan-
dard deviation. The area under the curve was identified 
as mean ΔF/F of the event.

Optogenetic manipulation
The optical fiber implantation was implemented 3 weeks 
ahead of behavioral testing. A 200-μm-diameter opti-
cal fiber (numerical aperture: 0.37; Inper Inc., Hangzhou 
China; ) was introduced into the targeting brain regions 
(with the tip 200 μm above) via the craniotomy. For opto-
genetic manipulation, the optical fiber was implanted to 
target unilateral mPFC or LS using the following coor-
dinates: mPFC (AP: +2.00  mm; ML: ±1.80  mm; DV: 
-1.50  mm) and LS (AP: +0.5  mm; ML: ± 0.40  mm; DV: 
-2.8  mm). The ceramic ferrule was secured to the skull 
with 3  M Vetbond™ tissue adhesive and dental cement. 
In the three-chamber social test, blue light stimulation 
(wavelength, 470  nm; frequency, 20  Hz; width, 10 ms; 
power, 5–8 mW) was directed through the implanted 
optical cannula at the mPFC or LS during the light-
ON stage. The control (mCherry) group underwent 
the same procedure and received the same amount of 
photostimuli.

Immunofluorescence
As we previously described [32], mice were deeply 
anesthetized with isoflurane briefly and transcardi-
ally perfused with 4% paraformaldehyde (PFA). Brains 
were post-fixed in 4% PFA for overnight at 4  °C and 
equilibrated in 30%sucrose. Tissues were sectioned at 
30  μm using a freezing vibratome (Leica Microsystems, 
Mannheim, Germany) in 0.1  M phosphate-buffered 
saline (PBS). The sections were exposed to theblocking 
solution that composed of 3% bovine serum albumin, 
0.25% Triton X-100, and 3% goat serum in 0.1  M PBS. 
Subsequently, sections were incubated with rabbit anti-
SOM antibody (1:1000; Peninsula Lab, San Carlos, CA; 
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Cat#HPA019472) overnight at 4 °C. The Alexa Fluor®488-
conjugateddonkey anti-rabbit IgG (1:600; Invitrogen, San 
Diego, CA, USA; Cat# R37118) was the secondary anti-
body. Sections were washed in PBS and mounted on gel-
atin-coated slides. Sections were then optically scanned 
with the Zeiss 980 laser scanning confocal microscope 
(Carl Zeiss AG, Jena, Germany). In accordance with pre-
vious studies [35], we quantified the soma in at least four 
sections near the center of the injection site, determined 
based on the immunofluorescence intensity of hM4Di-
mCherry-positive, ChR2-mCherry-positive, SOM-posi-
tive, or SOM-negative neurons.

Slice electrophysiology
Whole-cell patch-clamp recordings were performed in 
acute brain slices from behaviorally modeled mice or 
those that had been stereotaxically injected with recom-
binant AAV-virus as we described previously [32, 36]. 
Mice were deeply anesthetized with isoflurane and per-
fused transcardially with ice-cold oxygenated (saturated 
with 95% O2/5% CO2) cutting solution containing the fol-
lowing: 120 choline chloride, 1.25 NaH2PO4, 26 NaHCO3, 
2.5 KCl, 7 MgCl2, 0.5 CaCl2, 25 glucose, 5 sodium ascor-
bate and 3 sodium pyruvate (300–305 mOsm/L). After 
decapitation, the whole brain was rapidly dissected. 
Coronal brain slices (300 μm in thickness) containing the 
mPFC or LS were sectioned using a vibratome (5100 mz, 
Campden Instruments, Loughborough, United Kingdom) 
in the cutting solution and then incubated in oxygenated 
artificial cerebrospinal fluid (ACSF) containing the fol-
lowing (in mM): 125 NaCl, 2.5 KCl, 10 glucose, 2 MgSO4, 
2.5 CaCl2, 1.25 NaH2PO4, and 26 NaHCO3 (pH 7.35); 
osmolarity, 290 to 300 mOsm/L. Slices were allowed to 
recover at 32 °C for at least 1 h before use. Then, the brain 
slice was transferred to a submerging recording chamber 
and continuously perfused with ACSF (2.5 ml/min, bub-
bled with 95% O2/5% CO2) at 32  °C by the temperature 
controller (Warner Instruments, Holliston, USA). Flu-
orescently-labeled cells were visualized with an upright 
microscope (Eclipse FN1, Nikon, Tokyo, Japan) equipped 
with differential interference contrast optics. Patch elec-
trodes (5–7 MΩ) were pulled by P97 pipette puller (Sut-
ter Instruments, Novato, CA, USA) from borosilicate 
glass (OD 1.5  mm, ID 0.86  mm). Data were sampled at 
10 kHz and filtered at 2 kHz with the EPC 10 amplifier 
and PatchMaster v2.54 (HEKA, Lambrecht, Germany). If 
series resistance changed by > 20% during recording, the 
data were discarded.

To assess the excitability of mPFC SOM interneurons 
under different experimental conditions, firing activi-
ties following current injections (1s duration and 0 to 
300 pA intensity with 20 pA increment) were recorded 
with an internal solution containing the following: 130 
potassium gluconate, 2 NaCl, 10 HEPES, 2 Mg-adenosine 

5′-triphosphate, 0.3 Na3-guanosine 5′-triphosphate, 
1 EGTA, and 8 NaCl (290–300 mOsm/L, pH 7.2 with 
KOH). The threshold current for firing (rheobase) was 
defined as the minimum current required to elicit at least 
one spike. Additional properties of action potentials were 
measured, including resting potential, half-width dura-
tion, afterhyperpolarization amplitude, and firing fre-
quency of spike response.

To test the monosynaptic and inhibitory connection 
of the mPFC-LS, light-evoked inhibitory postsynaptic 
currents (eIPSCs) were recorded at -70 mV using elec-
trodes filled with high chloride internal solution con-
tained (in mmol/L): 145 CsCl, 2 Mg-ATP, 10 HEPES, 2 
CaCl2, 5 QX-314 and 10 EGTA (pH 7.25–7.30, 294–297 
mOsm/L). Tetrodotoxin (TTX, 1 μmol/L, Tocris Biosci-
ence, Ellisville, MO, USA; Cat#1078), and 4-aminopyri-
dine (4-AP, 100 μmol/L, Sigma; Cat#275875) were used 
to block multisynaptic connections. Picrotoxin (PTX, 
50 μmol/L, Sigma; Cat#P1675) was added to block the 
GABAA receptor-mediated eIPSCs.

In vivo multi-channel electrode recordings
Adult SOM-Cre mice were injected (200  μl/site) with 
recombinant rAAV vectors into the mPFC bilaterally as 
described above. Recordings were carried out at 3 weeks 
post-injection. The optrode was constructed with 16 sin-
gle electrodes and an optic fiber (25 mm length). SOM-
Cre/Magel2 KO mice were implanted with optrodes 
targeting the mPFC at the same location where the 
virus was injected. Silver wires with three screws were 
attached to the skull as ground. Mice were habituated 
with the headstage and cables connected to the electrode 
on their heads for 7 days. Electrophysiological signals 
and social interaction data were simultaneously acquired 
using 16-channel Omniplex recording system (Plexon, 
Dallas, TX, United States). Spiking activities with ampli-
tude larger than 3.5 standard deviations from the mean 
were digitized at 44 kHz, bandpass filtered from 300 Hz 
to 5000 Hz.

In blue light stimulation studies, animals received 
20 Hz blue light stimulation in a10 seconds on, 10 s off, 
pattern at 12 mW. Spikes with shorter half-spike width, 
half valley width and higher firing rate were considered 
as putative GABAergic interneurons [37].

For chemogenetic inhibition experiments, Clozapine-
N-Oxide (CNO; Sigma, C0832) was dissolved in sterile 
saline (0.9% NaCl solution) to a concentration 0.5  mg/
mL. CNO (5  mg/kg) was administered via an intraperi-
toneal injection to the hM4D transfected mice 30  min 
prior to behavioral testing based on an earlier report [38]. 
The control mice injected with mCherry under the same 
operating conditions was carried out.
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Statistical analysis
Data are presented as the mean ± standard error of the 
mean (SEM). All statistical analysis and graphing were 
performed using Graphpad Prism 9.5 (GraphPad Soft-
ware Inc.). All data were first checked for the normality 
and homogeneity of variance. The data were statistically 
analyzed using unpaired Student’s t-test, one-way analy-
sis of variance (ANOVA) followed by with Tukey’s post 
hoc test. Statistical significance was set at p < 0.05.

Results
SOM-Cre/Magel2 KO mice exhibit impaired sociability
We first sought to target SOM interneurons in mice lack-
ing Magel2, which required generation of new mouse 
lines. We bred SOM-Cre homozygous female mice 
with Magel2 KO male mice. After several generations, 
SOM-Cre homozygous/Magel2 homozygous KO and 
SOM-Cre/Magel2 WT (WT) littermates were acquired 
accompanied with SOM-Cre homozygous/Magel2 het-
erozygous mice, which were bred for subsequent gen-
erations (Fig.  1A). As illustrated in Fig.  1B-E, in the 
sociability test analyzing the total time spent in the three 
compartments, Magel2 WT mice spent remarkably more 
time in the chamber of a novel mouse (NM) relative to 
the novel object (empty cage, NO) (NO = 144.70 ± 3.82 s, 
n = 10; NM = 313.10 ± 1.75  s, n = 10; p < 0.001). How-
ever, no discernible difference in time spent in exploring 
two compartments was detected in SOM-Cre/Magel2 
KO (KO) animals (NO = 246.40 ± 3.50  s, n = 10; 
NM = 250.30 ± 5.47  s, n = 10; p = 0.56). In the sociabil-
ity test analyzing interaction time, Magel2 WT mice 
exhibited more interactions with the novel mouse in 
comparison with the novel object (NO = 59.10 ± 2.14  s, 
n = 10; NM = 152.40 ± 5.14  s, n = 10; p < 0.001). None-
theless, Magel2 KO mice spent similar time sniffing the 
novel mouse and the novel object (NO = 113.10 ± 2.88  s, 
n = 10; NM = 117.40 ± 2.59  s, n = 10; p = 0.28). Further-
more, Magel2 KO animals displayed a significantly 
lower discrimination index than that of the control 
group (WT = 0.44 ± 0.02, n = 10; KO = 0.02 ± 0.02, n = 10; 
p < 0.001). In the open field test, no detectable dif-
ferences in locomotor activity in 5  min intervals [at 
5  min, WT = 11.34 ± 0.10, n = 10; KO = 11.35 ± 0.16, 
n = 10; p = 0.97; at 10  min, WT = 11.14 ± 0.04, 
n = 10; KO = 11.03 ± 0.08, n = 10; p = 0.22; at 15  min, 
WT = 10.59 ± 0.06, n = 10; KO = 10.60 ± 0.10, n = 10; 
p = 0.94; at 20  min, WT = 10.47 ± 0.13, n = 10; 
KO = 10.41 ± 0.22, n = 10; p = 0.82; at 25  min, 
WT = 10.19 ± 0.14, n = 10; KO = 10.13 ± 0.13, 
n = 10; p = 0.73; at 30  min, WT = 0.44 ± 0.02, n = 10; 
KO = 0.02 ± 0.02, n = 10; p = 0.001], total distance 
(WT = 63.69 ± 0.17, n = 10; KO = 63.46 ± 0.21, n = 10; 
p = 0.42), and time spent in the center (a measure 
of anxiety-like behavior) (WT = 65.18 ± 0.35, n = 10; 

KO = 64.85 ± 0.45, n = 10; p = 0.57) of the open-field appa-
ratus were found within these two groups (Fig.  1F-I). 
Overall, these data indicate social interaction deficits in 
SOM-Cre/Magel2 KO mice. 

SOM interneurons in the mPFC are less excitable in Magel2 
KO mice
The mPFC is well recognized as the executive center of 
the brain, combining internal states and execute goal-
directed behavior, including social actions [14]. To fur-
ther explore SOM function in Magel2 KO mice, we 
investigated the electrophysiological characteristics 
of mPFC SOM neurons using whole-cell patch-clamp 
recordings. We used SOM-Cre/Magel2 WT and SOM-
Cre/Magel2 KO double-transgenic mice and stereotaxi-
cally injected AAV-DIO-ChR2-mCherry into the mPFC. 
After waiting 3 weeks for full expression of the virus, we 
recorded from SOM interneurons under the current-
clamp model. Fluorescent mCherry, carried by the virus, 
enabled identification of SOM neurons under the micro-
scope (Fig. 2A). Representative traces of action potential 
using 200 pA depolarizing current injection was shown 
in Fig.  2B. We examined the passive membrane prop-
erty and intrinsic excitability of SOM interneurons in 
the current-clamp mode. No significant differences in 
the resting membrane potential (WT = -66.91 ± 0.46 
mV, n = 14 from 6 mice; KO = -67.64 ± 0.54 mV, n = 14 
from 6 mice; p = 0.32) and half-width (WT = 0.57 ± 0.01 
ms, n = 14 from 6 mice; KO = 0.56 ± 0.01 ms, n = 14 
from 6 mice; p = 0.55) of evoked action potential were 
observed between two groups (Fig.  2C-D). Neverthe-
less, the current threshold of SOM neurons was mark-
edly increased in Magel2 KO mice (WT = 35.00 ± 0.98 
pA, n = 15 from 6 mice; KO = 65.00 ± 0.98 pA, n = 15 
from 6 mice; p < 0.001, Fig.  2E). The mean amplitude of 
the afterhyperpolarization of SOM cells was reduced in 
Magel2 KO animals (WT = 21.18 ± 0.22 mV, n = 14 from 6 
mice; KO = 18.00 ± 0.15 mV, n = 14 from 6 mice; p < 0.001, 
Fig. 2F). Furthermore, we observed the drastic decreases 
in the action potential discharge frequency in response 
to depolarizing steps from 200 to 300 pA in slices from 
Magel2 KO animals relative to that of SOM-Cre/Magel2 
WT mice (depolarizing steps ranging from 200 to 240 
pA, p < 0.001; 260 pA depolarizing steps, p = 0.0039; 280 
pA depolarizing step, p = 0.0001; 300 pA depolarizing 
steps, p = 0.0012; n = 12 from 6 mice per group, Fig. 2H). 
However, the spike frequency was comparable during 
depolarizing steps from 80 to 180 pA in slices between 
two groups (all p > 0.05, Fig.  2G). The results of these 
experiments therefore showed that mPFC SOM inter-
neurons are less excitable in Magel2 KO mice and they 
may be responsible for the impairment in social interac-
tion defects.
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mPFC SOM intereurons are blunted activated during social 
interaction deficits in Magel2-null animals
To further monitor the real-time activity of mPFC SOM 
interneurons in Magel2 KO animals in a three-chamber 
sociability assay, we injected AAVs encoding Cre-induc-
ible calmodulin based genetically encoded GFP calcium 
indicators (GCaMP7s) into mPFC of SOM-Cre/Magel2 
KO mice and implanted an optic fiber above the injection 
site. The percentage of SOM interneurons transduction 

reached 98.08 ± 0.42% (n = 10) at 3 weeks post-AAV injec-
tion, but a low variability was observed between mice 
(values ranging from 95.60 to 99.80%). The percentage 
of SOM interneurons transfected in each mouse was 
98.55%, 98.78%, 99.62%, 95.46%, 97.36%, 96.67%, 99.63%, 
97.67%, 98.21% and 98.81%, respectively.

Using fiber photometry, we recorded the population 
activity of mPFC SOM interneurons during social inter-
action (Fig.  3A-C). As illustrated in Fig.  3D, a minimal 

Fig. 1  Impaired sociability of the SOM-Cre/Magel2 KO mice. A Breeding strategy to generate SOM-Cre/Magel2 KO (KO) mice is displayed. B Representa-
tive heat map from each group in the social interaction test. C During the sociability test, SOM-Cre/Magel2 WT (WT) mice spent prominently more time 
in the chamber of the unfamiliar mouse in comparison to the novel object. No significant difference in the time spent exploring the chamber containing 
the novel mice relative to the familiar chamber for KO mice. D WT mice spent more time sniffing the novel mouse relative to empty cage (novel object). 
In contrast, KO mice spent equal amounts of time sniffing the novel mouse and the novel object. E WT mice had a significantly lower discrimination index 
than control mice. F Representative images displaying the exploration path during the entire 30 min in the open field. Quantification of the distance 
moved across 5-min time bins (G), the 30-min period (H), and time spend in the center zone (I). Values are means ± SEM. (n = 10 mice per group). Student’s 
t-test. ***p < 0.001, ###p < 0.001 for novel mouse vs. novel object; $$$p < 0.001 for KO group vs. WT group. “ns” indicates no statistical significance
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Fig. 2  Reduced intrinsic excitability of the SOM interneurons in the mPFC of SOM-Cre/Magel2 KO mice. A Cartoon showing the injection of AAV9-hSyn-
DIO-ChR2-mCherry into mPFC. SOM interneurons of acute brain slices from SOM-Cre/Magel2 WT and SOM-Cre/Magel2 KO mice were recorded in a 
whole-cell configuration. B Representative traces comparing evoked firings in SOM neurons. C-F Quantitative analysis of resting membrane potential, 
half-width, current rheobase, and the mean amplitude of afterhyperpolarization. The current injection traces are displayed on the right of the current 
rheobase. Sample size of 14 in 6 mice of C, D, F was calculated. Sample size of 15 in 6 mice of E was determined. G SOM-expressing interneurons in the 
mPFC of SOM-Cre/Magel2 KO mice exhibited lower spike rates in response to current injections from 200 to 300 pA in steps of 20 pA (n = 12 cells in 6 mice 
per group). Results are presented as means ± SEM. Data in C, D, E, F were analyzed via unpaired t-test. Data in (G) are statistically compared by two-way 
ANOVA with Tukey’s post hoc test. **p < 0.01,***p < 0.001, compared to the control if not designated. “ns” indicating no statistical significance

 



Page 8 of 17Wang et al. Molecular Autism           (2025) 16:18 

Fig. 3 (See legend on next page.)
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increase in calcium signals, indicative of neuronal activ-
ity, was observed when Magel2 WT mice interacted 
with a novel object. As a comparison, there was a robust 
increase in fluorescence signals each time these experi-
mental mice interacted with a novel mouse. The elevated 
SOM interneuronal activity could be seen from repre-
sentative calcium trace (Fig.  3D), heatmap (Fig.  3F, G), 
and per-bout stacked plots (Fig.  3H, I) of SOM inter 
neurons in Magel2 WT mice during social interaction 
test. In striking contrast, only a slight change in fluores-
cence signals was observed when the Magel2 KO mice 
interacted with either a novel object or a novel mouse 
(Fig. 3E, J-M). Indeed, the area under curve (AUC) of cal-
cium signals of SOM neurons of Magel2 WT mice during 
social interaction with a novel mouse were significantly 
increased in response to the novel mouse (NM) relative 
to the unfamiliar object (NO) (NO = 5.54 ± 0.22, n = 10; 
NM = 49.55 ± 0.87, n = 10; p < 0.001, Fig.  3O). Similar 
results were observed in peak amplitude (NO = 1.19 ± 0.1, 
n = 10; NM = 10.25 ± 0.43, n = 10; p < 0.001, Fig.  3P). We 
did not detect the differences in AUC (NO = 5.77 ± 0.32, 
n = 10; NM = 5.27 ± 0.20, n = 10; p = 0.21, Fig. 3O) and peak 
values (NO = 1.42 ± 0.13, n = 10; NM = 1.24 ± 0.06, n = 10; 
p = 0.24, Fig.  3P) of fluorescence signals measured with 
calcium indicators of Magel2 KO mice. On the basis of 
these data, we suggest that reduced SOM interneuron 
activities in vivo were involved in social deficiencies of 
Magel2-deficient mice.

Chemogenetic inhibition of mPFC SOM neurons mimics 
social deficits in Magel2 WT mice
It was widely accepted that abnormal hypoactivity of 
a subpopulation of GABAergic cells in mPFC is associ-
ated with impairments in social interaction [39]. Con-
sistently, our electrophysiological recordings revealed a 
reduced firing rate in mPFC SOM interneurons during 
social deficits (Fig. 2). To determine whether the reduced 
excitability of SOM interneurons was involved in social 
impairments, we employed a pharmacogenetic approach 
to inactivate SOM neurons during social deficits. In 
specific, SOM-Cre/Magel2 WT mice were bilaterally 
infected with AAV9-DIO-hM4Di-mCherry (treatment 
group) or AAV9-DIO-mCherry (control group) in the 

mPFC. Approximately 97.58 ± 0.48% of SOM-expressing 
neurons were hM4Di-mCherry positive, indicative of 
high efficiency of viral targeting for SOM neurons (n = 8, 
Fig. 4A, B). The proportion of hM4Di-mCherry-positive 
neurons which tested negative for SOM in each experi-
mental mouse as follows: 2.37%, 3.52%, 3.42%, 2.76%, 
3.26%, 4.06%, 3.74%, 2.96%, respectively. Hu et al., dem-
onstrated that Cre could be expressed by a small and 
varying population of parvalbumin interneurons in the 
SOM-Cre mouse line [40]. Consistent with previous 
findings, in the current study the percentage of hM4Di-
mCherry-containing cells that expressed parvalbumin 
in each mouse was 2.58%, 2.79%, 3.32%, 3.13%, 2.85%, 
1.94%, 2.64%, 3.06%, 1.87% and 2.62%, respectively.

In addition, the percentage of SOM interneurons trans-
duction reached 97.07 ± 0.39% (n = 10), but a low vari-
ability was detected between mice (values ranging from 
94.56 to 98.67%). The percentage of SOM interneurons 
transfected in each mouse was 96.84%, 95.64%, 97.85%, 
98.67%, 97.79%, 96.75%, 97.84%, 96.86%, 94.56% and 
97.89%, respectively.

To verify the effectiveness of pharmacogenetic inacti-
vation, we directly evaluated the effect of CNO on SOM 
interneurons firing in vivo in mice implanted with tet-
rodes. As predicted, the spike rates of SOM neurons 
decreased significantly following CNO administration 
(hM4Di = 27.00 ± 0.77  Hz, n = 17 neurons from 6 mice; 
mCherry = 11.59 ± 0.45  Hz; n = 17 neurons from 5 mice; 
p < 0.001, Fig. 4C, D).

Next, we measured social behavior following CNO 
administration with a three-chamber social interac-
tion test (Fig.  4E). As seen in Fig.  4F-H, mice express-
ing mCherry displayed a significant increase in the time 
spent in the compartment containing a novel mouse 
relative to the empty chamber (NO = 199.70 ± 3.99  s, 
n = 10; NM = 253.40 ± 4.06  s, n = 10; p < 0.001). In con-
trast, this was not true for the CNO + hM4Di group 
(NO = 192.30 ± 6.18 s, n = 10; NM = 194.40 ± 5.10 s, n = 10; 
p = 0.80).

Furthermore, the AAV-mCherry administered mice 
spent remarkably more time sniffing the novel mouse 
compared to the novel object (NO = 83.90 ± 3.72  s, 
n = 10; NM = 155.60 ± 2.65  s, n = 10; p < 0.001). Mice 

(See figure on previous page.)
Fig. 3  mPFC SOM interneurons are blunted activated during social interaction in SOM-Cre/Magel2 KO mice. A Schematic diagram of the fiber pho-
tometry setup. Calcium transients were recorded from GCaMP7s-positive SOM interneurons of mice subjected to the three-chamber social interaction 
task. B-C Viral strategy (B) and histological verification (C) for fiber photometry recordings of mPFC SOM interneurons. D-E GCaMP7s signals of SOM 
interneurons during the bouts of social interaction with novel object (light blue) or novel mouse (pink) in the three-chamber test. Calcium signals of a 
SOM-Cre/Magel2 WT mouse showed the minimal increase to interact with the novel object. F The heatmap display of calcium signals was aligned to 
the start of individual interactions. Note that time 0 was considered as the time point when the experimental animal was closest to the novel object. 
Each row indicates one bout, and a total of eight bouts are shown. H Representative line of the peri-event plot of the averaged calcium signals. G, I The 
same as F, H but for novel mouse interaction. J-M Heat maps (J, K) and per-bout stacked plots (L, M) of SOM-GCaMP7s signals were the same as F and G 
but for SOM-Cre/Magel2 KO. O, P Statistical comparison of fluorescence signals (O: Area under the curve; P: Peak amplitude) of mPFC SOM interneurons 
between novel object interaction and novel mouse interaction. All results are presented as means ± SEM. n = 10 animals per group. ***p < 0.001 for novel 
mouse vs. novel object
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Fig. 4 (See legend on next page.)
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expressinghM4Di did not exhibit any particular 
preference, in accordance with a lack of interest in 
the unfamiliar animal (NO = 65.30 ± 2.28  s, n = 10; 
NM = 70.50 ± 2.13  s, n = 10; p = 0.11). The AAV-hM4Di 
group had a significantly lower discrimination index 
than the control mice (mCherry = 0.30 ± 0.02%, n = 10; 
hM4Di = 0.04 ± 0.03%, n = 10; p < 0.001). In the open-
field test, the CNO caused behavioral changes were 
unlikely to derive from altered general activity or anxi-
ety (WT = 0.44 ± 0.02, n = 10; KO = 0.02 ± 0.02, n = 10; 
p = 0.001), as the hM4Di-expressing animals exhib-
ited locomotor activity in 5  min intervals [at 5  min, 
mCherry = 11.32 ± 0.13, n = 10; hM4Di = 11.25 ± 0.17, 
n = 10; p = 0.72; at 10  min, mCherry = 11.24 ± 0.15, 
n = 10; hM4Di = 11.14 ± 0.22, n = 10; p = 0.72; at 15  min, 
mCherry = 10.84 ± 0.20, n = 10; hM4Di = 10.84 ± 0.13, 
n = 10; p = 0.10; at 20  min, mCherry = 11.80 ± 0.16, 
n = 10; hM4Di = 11.66 ± 0.16, n = 10; p = 0.56; at 25  min, 
mCherry = 10.36 ± 0.17, n = 10; hM4Di = 10.35 ± 0.13, 
n = 10; p = 0.97; at 30 min, mCherry = 10.01 ± 0.14, n = 10; 
hM4Di = 9.93 ± 0.24, n = 10; p = 0.79], total distance 
(mCherry = 11.32 ± 0.13, n = 10; hM4Di = 11.25 ± 0.17, 
n = 10; p = 0.25), and time spent in the center 
(mCherry = 63.93 ± 0.14, n = 10; hM4Di = 63.61 ± 0.22, 
n = 10; p = 0.72), similar to those of the AAV-mCherry 
group (Fig.  4I-L). Together, these results therefore 
revealed that suppression of mPFC SOM neurons 
reduces social interaction in Magel2 WT mice.

Optogenetic activation of mPFC SOM interneurons rescues 
social impairment in Magel2 KO mice
Since the association between mPFC SOM neuron hypo-
activity and social impairments in Magel2 WT mice, we 
tested whether the activation of SOM neurons was suf-
ficient to alleviate social impairments. We selectively 
activated mPFC SOM neurons by delivering blue light 
in SOM-Cre and Magel2 KO double-transgenic mice 
unilaterally infected in the mPFC with AAV-DIO-ChR2-
mCherry or AAV-DIO-mCherry. Around 96.16 ± 0.61% 
of SOM-containing interneurons were ChR2-
mCherry positive (n = 8, Fig.  5A, B). The proportion of 

ChR2-mCherry-positive cells which tested negative for 
SOM in each experimental mouse was as follows: 3.76%, 
2.87%, 3.56%, 4.06%, 3.59%, 2.87%, 3.35%, and 2.71%, 
respectively. The percentage of ChR2-mCherry-contain-
ing neurons that expressed parvalbumin in each mouse 
was 2.64%, 3.41%, 2.21%, 1.50%, 3.38%, 2.79%, 2.94%, 
3.12%, 2.75% and 1.36%, respectively.

Additionally, the percentage of SOM interneurons 
transduction reached 96.52 ± 0.52% (n = 10), but a low 
variability was observed between mice (values ranging 
from 93.79 to 98.64%). The percentage of SOM inter-
neurons transfected in each mouse was 98.57%, 96.78%, 
97.62%, 93.79%, 97.45%, 95.71%, 96.73%, 94.48%, 95.38% 
and 98.64%, respectively.

We used electrophysiology recordings to ascertain the 
efficacy of neuronal activity under optogenetic activation 
(20  Hz, 10 ms pulse, laser 473  nm) of SOM neurons in 
mPFC (mCherry = 12.10 ± 0.83 Hz, n = 15 neurons from 6 
mice; ChR2 = 23.80 ± 0.82 Hz; n = 15 neurons from 5 mice; 
p < 0.001; Fig. 5C-D).

In social interaction and three-chamber test, optoge-
netic activation of mPFC SOM neurons in Magel2 KO 
mice accompanied by more time spent in the compart-
ment of the novel mouse relative to that of the unfamiliar 
object (NO = 140.30 ± 4.40 s, n = 10; NM = 319.70 ± 3.52 s, 
n = 10; p < 0.001, Fig.  5F). No corresponding differences 
were detected in the amount of time spent explor-
ing these two compartments in AAV-mCherry group 
(NO = 235.20 ± 3.48 s, n = 10; NM = 224.60 ± 3.76 s, n = 10; 
p = 0.05, Fig. 5F). Moreover, ChR2 injection in Magel2 KO 
was associated with mice having spent more time inter-
acting with the unfamiliar mouse relative to the unfamil-
iar object (NO = 73.6 ± 3.77 s, n = 10; NM = 140.30 ± 6.34 s, 
n = 10; p < 0.001, Fig.  5G). In contrast, mCherry group 
spent a similar amount of time sniffing the novel ani-
mal and the familiar mouse (NO = 58.60 ± 2.08  s, n = 10; 
NM = 65.50 ± 1.96  s, n = 10; p = 0.19, Fig.  5G). The AAV-
ChR2 group had a significantly higher discrimination 
index than the control mice (mCherry = 0.03 ± 0.02%, 
n = 10; ChR2 = 0.41 ± 0.02%, n = 10; p < 0.001, Fig. 5H).

(See figure on previous page.)
Fig. 4  Inhibition of SOM neuronal activity of the mPFC mimics social defects in SOM-Cre/Magel2 WT mice. A Cartoon of the injection of recombinant 
AAV virus. B Neurons in the mPFC infected with AAV-DIO-hM4Di-mCherry (red) co-stained with SOM-expressing interneurons (green). Quantification of 
specificity of hM4Di-mCherry to label SOM interneurons (n = 8 per group). C Example recording of spontaneous spikes from a SOM interneuron before 
(top) and after CNO administration (bottom). D statistics of SOM firing rates before and after CNO administration (n = 17 cells in 6 mice for each group). E 
Representative heat map displaying the locations of an mCherry-expressing control animal (top) and an hM4Di-expressing mouse (bottom) in the three-
chamber test following CNO administration. F Quantification of time spent by mCherry and hM4Di mice in each compartment. mCherry mice spent 
significantly more time in the compartments of the unfamiliar animal relative to the novel object. No dramatic difference in the time spent exploring 
the compartment containing the novel animal relative to the time spent exploring the novel object for hM4Di mice. G mCherry mice spent more time 
sniffing the unfamiliar animal compared with the novel object. The hM4Di mice spent similar time sniffing with the novel mouse and the novel object. 
H Social interaction index was significantly lower in hM4Di mice. Sample size of 10 in F, G, H was calculated. I Sample path recordings during the entire 
30-min period in the open field test. J The locomotor activities of the control (mCherry) and hM4Di-expressing animal at 5-min intervals were evaluated 
30 min after CNO injection. Quantification of the total distance moved (K) and the amount of time spent in the arena’s center (L). Sample size of 10 in J, 
K, L was determined. Data are presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test. Unpaired Student’s t-test. ***p < 0.001, $$$p < 0.001, 
compared to mCherry group; ###p < 0.001, ^^^ p < 0.001 for novel mouse vs. novel object; “ns” indicates not significantly different
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The open field test data revealed no significant 
changes in locomotor activity in 5  min intervals [at 
5  min, mCherry = 11.45 ± 0.08, n = 10; ChR2 = 11.61 ± 0.7, 
n = 10; p = 0.16; at 10  min, mCherry = 11.52 ± 0.09, 
n = 10; ChR2 = 11.60 ± 0.04, n = 10; p = 0.44; at 15  min, 

mCherry = 11.44 ± 0.09, n = 10; ChR2 = 11.45 ± 0.09, 
n = 10; p = 0.95; at 20  min, mCherry = 11.18 ± 0.16, 
n = 10; ChR2 = 11.21 ± 0.04, n = 10; p = 0.88; at 25  min, 
mCherry = 10.41 ± 0.03, n = 10; ChR2 = 10.57 ± 0.10, 
n = 10; p = 0.15; at 30  min, mCherry = 9.61 ± 0.09, n = 10; 

Fig. 5 (See legend on next page.)

 



Page 13 of 17Wang et al. Molecular Autism           (2025) 16:18 

ChR2 = 9.58 ± 0.08, n = 10], p = 0.83], total distance 
(mCherry = 65.62 ± 0.24, n = 10; ChR2 = 66.03 ± 0.21, 
n = 10; p = 0.21), and in the time spent in the center 
(mCherry = 64.32 ± 0.36, n = 10; ChR2 = 64.45 ± 0.44, 
n = 10; p = 0.001), suggesting anxiety-negative behaviors 
(Fig.  5I-L). These results further confirms that activa-
tion of mPFC SOM interneurons is sufficient to mitigate 
social impairment in Magel2 KO mice.

Activation of SOM neurons in the mPFC-LS pathway 
rescues social impairments in Magel2-deficient animals
The mPFC and LS are extensively interconnected and 
both contribute to the modulation of social behaviors 
[14]. To determine whether the mPFCSOM-LS pathway 
mediates social behaviors, we bilaterally injected the 
AAV carrying Cre-dependent AAV2-retro-DIO-EGFP or 
control EGFP into the LS of SOM-Cre/Magel2 KO mice. 
Three weeks after this operation, the percentage of SOM 
interneurons transduction reached 97.05 ± 0.38% (n = 10), 
but a low variability was observed between mice (values 
ranging from 95.32 to 98.67%). The percentage of SOM 
interneurons transfected in each mouse was 98.67%, 
96.84%, 98.51%, 98.38%, 97.65%, 96.47%, 96.46%, 95.68%, 
95.32% and 96.49%, respectively.

We found the mPFC SOM-expressing axon termi-
nals projected to the neurons in the LS (Fig.  6A-B). To 
further confirm that LS received functional GABAergic 
projections from mPFC SOM-positive neurons in SOM-
Cre/Magel2 KO mice, we recorded blue light-evoked 
IPSCs (eIPSCs) in neurons in the LS when optogeneti-
cally activating the axonal terminals in the mPFC-LS 
pathway in brain slices as shown in Fig. 6C-E. The eIPSCs 
were fully blocked by the voltage-gated sodium chan-
nel blocker TTX (ACSF = 258.93 ± 7.12  s, n = 14 neu-
rons from 6 mice; TTX = 0.51 ± 0.05  s, n = 14 neurons 
from 6 mice; p < 0.001), but were rescued by applica-
tion of the voltage-gated potassium channel blocker 
4-AP (TTX = 0.51 ± 0.05  s, n = 14 neurons from 6 mice; 
TTX + 4-AP = 249.57 ± 5.11  s, n = 14 neurons from 6 
mice; p < 0.001). Additionally, the eIPSCs were com-
pletely abolished by the GABAA receptor antagonist 

PTX (TTX + 4-AP = 249.57 ± 5.11  s, n = 14 neurons from 
6 mice; PTX = 0.46 ± 0.05  s, n = 14 neurons from 6 mice; 
p < 0.001). These results demonstrated direct monosyn-
aptic GABAergic projections from SOM-containing 
interneurons in the mPFC to the LS.

To determine whether the mPFCSOM-LS pathway 
mediates social behaviors, we activated this specific 
pathway by injecting the AAV-DIO-ChR2, or mCherry 
as control, bilaterally into the mPFC and bilater-
ally implanted an optical fiber above the LS in SOM-
Cre/Magel2 KO mice. As seen in Fig.  6F-I, we found 
that when the mPFCSOM-LS pathway was photoacti-
vated, the Magel2 KO mice spent significantly more 
time in the compartment of the stranger mouse rela-
tive to the unfamiliar object (NO = 184.10 ± 4.67s, n = 10; 
NM = 297.4 ± 6.55  s, n = 10; p < 0.001; Fig.  6G). In con-
trast, administration of mCherry treatment was linked 
to these animals having spent equal amounts of time in 
the chamber containing the novel mouse and the novel 
object (NO = 212.20 ± 3.94s, n = 10; NM = 210.90 ± 5.91  s, 
n = 10; p = 0.99, Fig.  6G). In the sociability test analyz-
ing interaction time, optogenetic activation of ChR2-
expressing axonal terminals in the mPFC induced more 
time sniffing the novel mouse relative to the stranger 
object (NO = 65.2 ± 2.52  s, n = 10; NM = 113.10 ± 2.45  s, 
n = 10; p < 0.001; Fig.  6H). The mCherry-exposed mice 
spent similar amounts of time interacting with the novel 
mouse and the unfamiliar object (NO = 54.90 ± 2.29  s, 
n = 10; NM = 58.20 ± 2.42 s, n = 10; p = 0.34, Fig. 6H). The 
optogenetic activation of mPFCSOM-LS pathway also 
induced a significantly higher discrimination index than 
the mCherry group (mCherry = 0.03 ± 0.01%, n = 10; 
ChR2 = 0.27 ± 0.07%, n = 10; p < 0.001, Fig.  6I). Together, 
these data showed that SOM-positive neurons in the 
mPFC form functional inhibitory connections with neu-
rons in the LS, and activating the mPFCSOM-LS pathway 
can rescue social impairments of the Magel2 KO mice.

(See figure on previous page.)
Fig. 5  Optogenetic stimulation of mPFC SOM interneurons rescues the social deficiency in SOM-Cre/Magel2 KO mice. A Cartoon showing the injection 
of AAV virus. B Neurons in the mPFC infected with AAV-DIO-ChR2-mCherry (red) co-stained with SOM interneurons (green). Quantification of specificity 
of ChR2-mCherry to label SOM interneurons (n = 8 per group). C Sample traces of in vivo photo-tagged single unit spike recordings before (top) and after 
ChR2-optogenetic stimulation (bottom). D Statistics of SOM firing rates before and after ChR2-optogenetic stimulation (n = 15 neurons from 6 mice). E 
Representative movement traces showing the locations of an mCherry-expressing control mouse (top) and a ChR2-containing mouse (bottom) in the 
three-chamber social test. F Quantification of time spent by mCherry and ChR2-treated mice in each chamber. ChR2 mice spent more time exploring 
the chamber containing the novel animal relative to novel object. In contrast, no significant difference in the time spent exploring the compartment 
containing the novel animal as compared to the time spent exploring the unfamiliar object for mCherry mice. G ChR2-injected mice spent significantly 
more time sniffing and engaging with the novel mouse as compared with the unfamiliar object. In contrast, mCherry mice spent equal amounts of time 
sniffing the novel mouse and unfamiliar object. H Social interaction index was significantly higher in ChR2 mice. Sample size of 10 in F, G, and H was 
calculated. I Example path recordings during the entire 30 min of the open field test. Quantification of the distance moved for 5-min time bins (J), the 
total 30-min period (K), and time spent by AAV-ChR2 mice in the center region (L). Sample size of 10 in J, K, and L was determined. Results are presented 
as mean ± SEM. One-way ANOVA with Tukey’s post hoc test. Unpaired Student’s t-test. ***p < 0.001, $$$p < 0.001, compared to mCherry group; ̂ ^^p < 0.001 
for novel mouse vs. novel object; “ns” shows not significantly different
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Fig. 6  Activation of monosynaptic projection from SOM-positive neurons in the mPFC to LS mitigatessocial deficits in SOM-Cre/Magel2 KO mice. A Sche-
matic of viral injection for retrograde tracing from LS in KO mice. B (Left) Representative images displaying retro-AAV injection sites in LS (green). (Right) 
Fluorescence images of mPFC showing the retrograde labeled LS-projecting cells (in green). C Schematic showing the configuration for electrophysi-
ological recording of the mPFC SOM -LS projection. D, E Representative traces (D) and statistical analysis (E) of optogenetic stimulation evoked IPSCs in LS 
neurons in ACSF and following sequential application of TTX (1 μmol/L), TTX + 4-AP (100 μmol/L) and PTX (50 μmol/L), respectively. Blue bar indicated 
optogenetic light stimulation (n = 14 neurons from 6 mice). F-I Representative heatmaps (F) and statistical analysis (G-I) of optogenetic activation of 
SOM-positive neurons in the rostral mPFC-LS pathway in the open field test in the mCherry (top) and ChR2 (bottom) groups. Sample size of 10 in G, H, 
I was calculated. All results are presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test. Unpaired Student’s t-test. ***p < 0.001; ###p < 0.001, 
^^^p < 0.001 for novel mouse vs. novel object; $$$p < 0.001, compared to mCherry group; “ns” indicates not significantly different
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Discussion
In our study, we found that reduced intrinsic excitabil-
ity and hypoactivation of mPFC SOM interneurons in 
Magel2-null mice is involved in social interaction deficits. 
Noticeably, inhibition of SOM excitability in the mPFC 
can cause social impairments. Further, the enhanced 
social behaviors induced optogenetic activation by mPFC 
SOM interneurons or monosynaptic inhibitory connec-
tions of mPFCSOM -LS. Overall, our data provide direct 
evidence for the functional effect of the mPFCSOM -LS 
neural circuit on social impairments in Magel2 mouse 
model of ASD.

Hallmark symptoms of ASD encompass deficits in 
social behaviors [1, 32]. Mice are a highly social species 
that exhibit strong responses to novel conspecifics. The 
three-chamber social interaction task, which evaluates 
the amount of time a mouse spends in close proxim-
ity with another animal, was developed and validated to 
measure sociability [14]. Previous literature shows that 
Magel2-deficient mice recapitulate autistic-like symp-
toms, including abnormal social behaviors [3, 6]. With 
the three-chamber social behavior test, our investiga-
tion further demonstrated that animals lacking Magel2 
displayed social behavioral disturbances, which are key 
characteristics of ASD.

Multiple lines of evidence implicate blunted neuronal 
excitability in the genetically engineered and idiopathic 
ASD mouse models and strongly relate to sociabil-
ity impairments [41–43]. We attempted to investigate 
whether intrinsic neuronal excitability SOM-expressing 
interneurons in Magel2-nullare influenced. We observed 
that deficiency of Magel2 was associated with decreased 
action potential discharge frequencies of mPFC SOM 
neuron in response to depolarization inputs of SOM neu-
rons in slices via whole-cell patch-clamp recordings. Mice 
with deletion of Magel2 gene also exhibited enhanced the 
threshold current. Following this line of reasoning, we 
conclude that these changes inhibited SOM-positive neu-
rons’ excitability.

The genetically encoded calcium fluorescent indica-
tors allowed us to simultaneously record the activity 
of neural populations in animals by in vivo fiber pho-
tometry [44]. Subsequently, we injected Cre-dependent 
AAV expressing GCaMP7s into the mPFC and carried 
out fiber photometry. We found the pronounced aug-
mentation in GCaMP7s fluorescence intensity of SOM-
expressing interneurons that was elicited in Magel2 WT 
mice during social interaction in the three-chamber test. 
By contrast, no significant differences in the area under 
the curve or the amplitude of calcium signals in SOM-
expressing cells were observed in Magel2-deficient mice 
when they explored a novel conspecific and a novel 
object. In conjunction with our results, animals with 
an Auts2 knockout-closely associated with ASD-also 

exhibited comparable moderate calcium transients when 
investigating Stranger 1 and Stranger 2, indicating defi-
cits in social recognition [45]. Collectively, these findings 
suggest that diminished SOM interneuron activity in vivo 
may contribute to the sociability impairments observed 
in Magel2-null animals.

We further show that chemogenetic inhibition of 
mPFC SOM neurons reduced social interactions. These 
sociability deficits can be rescued by optogenetic acti-
vation of mPFC SOM interneurons inMagel2 KO mice. 
In agreement with our results, loss of forkhead box G1 
(Foxg1) impairs the development of cortical SOM inter-
neurons resulting in aberrant emotional and social 
behaviors [46]. Notably, a recent study indicated selec-
tive aryl hydrocarbon receptor nuclear translocator 2 
(ARNT2) ablation in SOM-expressing interneurons in 
anterior cingulate cortex leads to reduced pyramidal cell 
excitability and enhances spontaneous firing resulting in 
reduced affective empathy [12]. Similarly, Scheggia et al., 
uncovered that inhibition of mPFC SOM interneurons 
abolishes affective state discrimination. Synchronized 
activation of mPFC SOM interneurons induces social 
discrimination [20]. Consistent with previous views, our 
results demonstrate an essential role for SOM interneu-
rons action in the mPFC in social behaviors. Optoge-
netic manipulation of mPFC SOM can ameliorate social 
impairments in Magel2 KO animals.

The mPFC mediates social behaviors through output 
connections with LS [14, 22]. Reyes et al., demonstrated 
that the release of neuropeptide corticotropin-releasing 
hormone in the mPFC during familiar encounters disin-
hibits rostral LS neurons, thereby contributing to social 
novelty preference [22]. Li et al., identified that chemo-
genetic inhibition of LS neurotensin neurons increased 
social investigation time following chronic social defeat 
stress [24]. Similarly, Bredewold et al., showed that bicu-
culline-induced blockade of GABAA receptors in the LS 
decreased social play behaviors [26]. Intriguingly, we 
identified monosynaptic circuit from GABAergic axon 
projection of SOM-positive neurons in the mPFC to LS. 
Optogenetic stimulation of the mPFCSOM-LS GABAergic 
pathway attenuates social deficits in mice lacking Magel2 
related to ASD.

In a complementary fashion, three chamber sociabil-
ity task was used to measure sociability, or the propen-
sity to engage in social interaction [47]. For instance, 
5-HT release in nucleus accumbens reverses social 
deficits in 16p11. 2 deletion mouse model of ASD [48]. 
In social novelty task, mice show a preference for inter-
acting with the novel mouse compared to the familiar 
mouse, which can be tested in the second phase of three-
chamber social behavioral test. Impairments in the task 
are used to infer deficits in social memory [47, 49]. Fur-
ther researches are required to more specifically target 
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whether mPFCSOM-LS pathway is implicated in social 
memory in Magel2-deficient animals.

Conclusions
To sum up, the present study demonstrated that reduced 
intrinsic excitability and hypoactivity of prefrontal SOM 
interneurons in Magel2-deficient miceis implicated in 
social defects. Activation of the excitability of SOM in 
the mPFC and mPFCSOM-LS pathway can both promote 
sociability of Magel2-null mice. Our findings expand our 
understanding regarding the function of mPFC region 
and complement the existing neural networks underly-
ing social impairments in Magel2 animal model of ASD. 
Besides, these data indicate that mPFC SOM interneu-
rons and mPFCSOM-LS inhibitory projections are poten-
tial therapeutic targets for ameliorating social behavioral 
disturbances often observed in ASD.
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