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A B S T R A C T

Phelan-McDermid syndrome (PMS), a rare neurodevelopmental disorder associated with autism spectrum dis
order and intellectual disability, is caused by either deletions in human chromosome 22q13 or mutations in the 
SH3 and multiple ankyrin repeat domains 3 (SHANK3) gene. PMS is highly debilitating, and existing treatments 
are ineffective. SHANK3 interacts with at least 3 synaptic receptors through synaptic-associated proteins, some of 
which are upstream of the mammalian/mechanistic target of rapamycin complex 1 (mTORC1) and mitogen- 
activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) signalling pathways. Metformin, 
an inhibitor of the mTORC1 and MAPK/ERK signalling pathways, was shown to correct core phenotypes in a 
fragile X mouse model, offering therapeutic potential for PMS. Male Shank3B− /− , a PMS mouse model, and wild- 
type mice were treated from birth with metformin (5 mg/mL) or vehicle. Shank3B− /− mice displayed increased 
self-grooming, decreased social interaction, reduced duration and frequency of ultrasonic vocalisations, and 
impaired hippocampal-dependent memory. Upregulated mTORC1 activity was observed in the hippocampus and 
prefrontal cortex, along with decreased synaptosomal protein expression in the striatum of GluN2B (an N-methyl- 
D-aspartate receptor (NMDAR) subunit), Homer1 (a synaptic-associated protein) and GluA2 (an α-amino-3-hy
droxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit), all of which interact with Shank3. Met
formin treatment from birth corrected core behavioural impairments, exaggerated mRNA translation, and 
decreased striatal synaptic protein expression. Considering its exceptional safety profile, metformin is a prom
ising therapeutic option for a rapid clinical translation of PMS treatment.

1. Introduction

Phelan-McDermid syndrome (PMS) is a rare neurodevelopmental 
disorder occurring in approximately one in 10,000 people (Phelan- 
McDermid Syndrome Foundation, 2025). It is caused by a deletion of the 
distal portion of chromosome 22q13 or a mutation/deletion of the SH3 
and multiple ankyrin repeat domains 3 (SHANK3) gene (Phelan et al., 
2022). The disease is manifested by developmental delay, speech 
impairment, and neonatal hypotonia (Cammarata-Scalisi et al., 2022). 
The majority of children (80 %) display autism spectrum disorder (ASD), 

and 77 % suffer from moderate to severe intellectual disability (ID) 
(Cammarata-Scalisi et al., 2022).

ASD is a prevalent neurodevelopmental disorder diagnosed in one in 
36 children aged 8 years in the USA, according to the Centers for Disease 
Control and Prevention, with an incidence rate four times higher in 
males than in females (Maenner et al., 2023). The core features of ASD 
are social communication deficits and repetitive behaviour (American 
Psychiatric Association, 2013). Associated conditions are sleep and 
mood disorders, anxiety, attention deficit hyperactivity disorder 
(ADHD), seizures, and ID (American Psychiatric Association, 2013).
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Memory plays a crucial role in forming social relationships by 
enriching conversational material with personal memories, thereby 
rendering interactions reliable and empathic (Bluck, 2003). Impair
ments in memory exacerbate PMS and ASD symptoms (Desaunay et al., 
2020). Memory impairments in PMS patients have been reported as 
compared to controls and individuals with idiopathic ASD during the 
post-switch presentation of a visual-comparison task (Guillory et al., 
2021).

SHANK3 is a member of the SHANK synaptic scaffolding protein 
family, which also includes SHANK1 and 2 (Sheng and Kim, 2000). It 
resides in excitatory synapses and contains five conserved domains 
(Fig. 1): ankyrin repeat (ANK), Src homology-3 (SH3), postsynaptic 
density 95/Discs large/Zonula occludens-1 (PDZ), proline-rich (Pro), 
and sterile-alpha motif (SAM) (Delling and Boeckers, 2021; Sheng and 
Kim, 2000). The domains interact with actin filaments through α-fodrin 
and cortactin, and with various receptors through synaptic-associated 
proteins: Homer, guanylate kinase-associated protein (GKAP), post
synaptic density protein 95 (PSD-95), and glutamate receptor- 
interacting protein (GRIP), to sustain the function and structure of the 
synapse (Sheng and Kim, 2000; Urrutia-Ruiz et al., 2022). Some of the 

receptors are metabotropic glutamate receptors (mGluRs), α-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), and 
N-methyl-D-aspartate receptors (NMDARs) upstream of the mammalian/ 
mechanistic target of rapamycin complex 1 (mTORC1) and mitogen- 
activated protein kinase/extracellular signal-regulated kinase (MAPK/ 
ERK) signalling pathways (Gallagher et al., 2004; Krapivinsky et al., 
2003; Santini and Klann, 2014).

SHANK3 plays a key role in synaptic transmission, dendritic spine 
maturation, cytoskeleton organisation, and hippocampus-dependent 
learning and memory (Durand et al., 2012; Kouser et al., 2013; Wang 
et al., 2014). Beyond its well-established postsynaptic role, SHANK3 also 
influences presynaptic function via Neurexin-Neuroligin trans-synaptic 
signalling (Arons et al., 2012), underscoring its importance in bidirec
tional synaptic communication. In addition to its main role in excitatory 
synapses, recent evidence highlights an important contribution to 
neuron-oligodendrocyte interactions. SHANK3 is expressed in oligo
dendrocytes and contributes to their maturation and myelination (Ma 
et al., 2025), processes that rely on glutamate released from neurons. 
Proper myelination is essential for neuronal function and axonal con
ductivity, and SHANK3 deficiency has been associated with white 

Fig. 1. Schematic representation of the hypothetical connection between SHANK3 and mRNA translation. SHANK3 plays a critical role in synaptic development and 
brain function and contains five conserved domains to interact with synaptic-associated proteins. The domains from the N-terminus to the C-terminus are an ANK 
domain, which interacts with actin filaments through α-fodrin. A SH3 domain mediates binding to the AMPAR through GRIP. A PDZ domain binds to GKAP, which 
interacts with PSD-95 and, consequently, with NMDAR, neuroligin, and AMPAR. A Pro domain links mGluR with actin filaments through Homer and cortactin 
proteins. A SAM domain is involved in the polymerisation of Shank molecules in a zinc-dependent manner. SHANK3 impacts receptors upstream of the mTORC1 and 
MAPK/ERK signalling pathways, such as mGluRs and NMDARs.
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matter abnormalities in both PMS patients and mouse models (Fischer 
et al., 2024; Jesse et al., 2020; Malara et al., 2022). These findings show 
that SHANK3 contributes to neural circuit functioning not only through 
synaptic mechanisms but also by supporting axon-glial communication 
and myelin integrity.

SHANK3 exists, according to Ensembl, in 12 transcript variants in 
humans and 10 in mice, due to alternative promoter usage and splicing 
(Ensembl, 2025). SHANK3 exhibits disparate expression patterns across 
brain regions and cell types in mice and is regulated differentially in 
developmental stages and neuronal activity (Wang et al., 2014). The 
isoforms differ in their subcellular localisation and impact on density 
and length of dendritic spines. Mutations and deletions in SHANK3 
engender synaptic signalling and plasticity abnormalities, which un
derlie behavioural deficits in PMS (Cammarata-Scalisi et al., 2022). 
SHANK3 aberrations are found in 1–2 % of patients with ASD and up to 
2 % of patients with ID, rendering it as one of the common monogenic 
causes of ASD and ID (Cammarata-Scalisi et al., 2022; Leblond et al., 
2014).

Five established Shank3 knockout (KO) mouse models recapitulate 
the clinical features observed in PMS and ASD: social interaction im
pairments, repetitive behaviour, anxiety, epilepsy, and memory im
pairments (Delling and Boeckers, 2021; Peça et al., 2011). Short-term 
and long-term memory have been studied in these models, yielding 
contradicting results for several reasons: different genetic backgrounds, 
age of the mice, and variable behavioural protocols (Cope et al., 2023; 
Dhamne et al., 2017; Jaramillo et al., 2016). In this study, we used the 
Shank3B− /− mouse model (Peça et al., 2011), in which exons 13 to 16 of 
the Shank3 gene are deleted, resulting in the loss of the PDZ domain and 
the disruption of Shank3 isoforms that contain this domain. These mice 
exhibit increased self-grooming, deficits in social interaction, hypo
mobility, decreased frequency of ultrasonic vocalisations (USVs), and 
alterations in medium spiny neurons (MSNs) and postsynaptic density 
composition in the striatum (Dhamne et al., 2017; Pagani et al., 2019; 
Peça et al., 2011).

The insulin-growth factor 1 (IGF-1) and insulin were investigated as 
possible treatments for PMS (Kolevzon et al., 2022; Zwanenburg et al., 
2016). IGF-1 administration corrected AMPA signalling, long-term 
potentiation, and motor performance in a PMS mouse model, and 
restored excitatory synaptic transmission in induced pluripotent stem 
cell-derived neurons from patients with PMS (Bozdagi et al., 2013; 
Shcheglovitov et al., 2013). Consequently, subcutaneous injection of 
IGF-1 improved repetitive behaviour and hyperactivity in children from 
5 to 15 years old, while intranasal insulin engendered improvements in 
social skills and cognition only in children older than three years 
(Kolevzon et al., 2022; Zwanenburg et al., 2016). The high cost, limited 
accessibility, and need for injection of IGF-1, along with the insulin- 
related side effect of hypoglycemia, limit their utility, highlighting the 
need for more accessible alternatives (Amiel, 2021; Cammarata-Scalisi 
et al., 2022; Kolevzon et al., 2022).

The reported efficacy of targeting insulin signalling to treat PMS 
prompted us to examine metformin, an FDA-approved drug for type 2 
diabetes, as a therapeutic drug. Metformin suppresses the mTORC1 and 
MAPK/ERK pathways, which are often hyperactivated in disorders with 
a high incidence of ASD (Gantois et al., 2019). Gantois et al. reported 
that chronic administration of metformin decreased phosphorylation of 
MAPK/ERK and eukaryotic initiation factor 4E (eIF4E), and corrected 
core phenotypes in the fragile X syndrome (FXS) mouse model, such as 
repetitive behaviour and social interaction (Gantois et al., 2017). The 
timing of metformin administration plays a critical role in modulating 
signalling pathways. Specifically, metformin treatment started at birth 
in the FXS mouse model, but not in adulthood, rescued mTORC1 sig
nalling (Choi et al., 2024; Gantois et al., 2017). As for the FXS mouse 
model, studies in Shank3 KO mouse models reported increased cerebral 
protein synthesis and mTORC1 activity (Mencer et al., 2021; Torossian 
et al., 2021). Given the promising results, metformin is currently in 
clinical trials for treatment of FXS (Biag et al., 2019; Dy et al., 2018; U.S. 

National Library of Medicine, 2025).
This study reports autistic-like behaviours, memory impairments, 

and increased mTORC1 signalling in Shank3B− /− mice. Administration 
of metformin from birth corrected behavioural impairments, and nor
malised the mTORC1 pathway and striatal synaptosomal proteins. 
Together, these findings should advance effective and accessible treat
ments for PMS.

2. Methods

2.1. Mice and treatment

Male WT and Shank3B− /− mice on a C57BL/6J background (Jackson 
Laboratories, Shank3tm2Gfng, catalogue #017688) were used (Peça et al., 
2011). Homozygous WT and Shank3B− /− mice were bred separately, 
and offspring were generated from breeding pairs of the same genotype. 
Therefore, WT and Shank3B− /− mice used in this study were non- 
littermates. Mice were housed in groups of up to five per cage (Plexi
glas cage of 19.1 cm × 29.2 cm × 12.7 cm, Allentown) with Teklad 
corncob bedding (Envigo) and one square of nesting material (Nestlets, 
Ancare), without additional environmental enrichment. Animals had ad 
libitum access to food (Teklad irradiated global soy protein-free 
extruded rodent diet, Inōtiv) and water and were maintained under 
standard temperature (20–21 ◦C) and humidity (55 %) conditions and 
12 h:12 h light-dark cycles (7:00–19:00 h, light period) in a specific 
pathogen-free (SPF) facility.

Metformin (5 mg/mL, Sigma-Aldrich, 317240) or vehicle (water) 
was administered daily starting no later than 1 day after birth. Before 
weaning, mice received metformin through the maternal milk of their 
respective mother, who received metformin through the drinking water 
(Hale et al., 2002). Although this results in lower exposure during the 
lactation period, consistent with the milk-to-plasma ratio of 0.35 in 
humans, this approach ensures treatment starts early in development. 
After weaning, mice were treated with metformin or vehicle directly 
through their drinking water. This dosing was chosen based on Mem
mott et al., who reported that mice receiving 5 mg/mL achieved a 
plasma concentration of 1.70 μg/mL, which corresponds to steady-state 
concentrations in humans (0.5–2 μg/mL) (Memmott et al., 2010). Mice 
were allocated to vehicle or metformin groups at birth, with assignments 
balanced to obtain similar group sizes.

Mice were monitored at least once per week by trained personnel to 
assess general health and well-being before, during, and after the ex
periments. Procedures followed the Canadian Council on Animal Care 
guidelines and were approved by McGill University.

2.2. Behavioural tests

Prior to starting behavioural tests, mice were transferred to a con
ventional animal facility and allowed to acclimate for at least 1 week to 
minimise environmental stress. To further reduce handling-related 
stress, mice were handled for three consecutive days for 1 min each 
day. Tests were carried out in the morning during the light cycle, except 
when otherwise indicated. Mice were acclimated to the behavioural 
testing room for at least 30 min before each test, and for a minimum of 1 
h for the three-chamber assay. During behavioural testing, the order of 
mice was intercalated across genotype and treatment groups to mini
mise order effects. Between each mouse, each object or testing apparatus 
was cleaned with Versa-Clean (Fisher Scientific). Testing and scoring 
were performed in a blinded manner. The same cohorts of mice were 
used for the open field, NOL, and NOR tests, which were performed 
sequentially and then combined for analysis. All other behavioural as
says were conducted in separate groups of mice, with one cohort per 
test, except for the three-chamber test, which was assessed in two in
dependent cohorts.
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2.2.1. Self-grooming test
A Plexiglas cage (19.1 cm × 29.2 cm × 12.7 cm) with no valve, 

similar to the home cage, was filled with approximately 1 cm of fresh 
bedding material (Teklad Corncob Bedding, Envigo) but no nesting 
material, as previously described (Huang et al., 2024). All trials were 
recorded using a camera in front of the cage. Mice (males aged 8–10 
weeks) were placed in the Plexiglas cage for 20 min. The first 10 min 
were considered the habituation phase, while the remaining time was 
used for the self-grooming data. Grooming behaviour was analysed as 
the time spent grooming and the number of grooming bouts. A grooming 
bout is considered as any instance of grooming activity, regardless of 
whether the mouse completes some or all four stages of grooming (from 
initial paw licking around the nose and whiskers to body and tail 
grooming) (Kalueff et al., 2015). Scoring was carried out manually using 
a stopwatch. Data were analysed with a two-way ANOVA followed by 
Bonferroni’s multiple comparisons test.

2.2.2. Three-chamber sociability and preference for social novelty test
A three-chambered Plexiglass apparatus consisting of a central 

chamber (36 cm × 28 cm × 30 cm) separated from two side chambers 
(each measuring 29 cm × 28 cm × 30 cm) by Plexiglas walls (Stoelting 
Co.) was used as previously described (Rein et al., 2020). The chambers 
were interconnected through doorways, each fitted with a removable 
sliding door. Additionally, a wire cage was placed in each side chamber 
to house a stimulus. All trials were recorded using an overhead camera 
for later analysis. In each phase of the experiment, the test mouse (male 
aged 9–11 weeks) was placed in the central chamber and, upon opening 
the doors, the mouse was allowed to explore freely for 10 min. The test 
mouse was returned to its home cage for a 5-min break between each 
phase. During the habituation phase, the wire cages in the side chambers 
were left empty. In the pre-test phase, a single paper ball was placed in 
each wire cage to acclimate the mouse to the presence of an object 
within them. Subsequently, in the social preference phase, one wire cage 
hosted a social stimulus (Stranger 1), while the opposite wire cage 
contained a non-social stimulus (a purple wooden cube). In the final 
phase (social novelty), the non-social stimulus was replaced with a novel 
mouse (Stranger 2); thus, the initial social stimulus, Stranger 1, became 
the familiar mouse. Stranger mice used as stimuli were age-, sex-, and 
body weight-matched C57BL/6 J mice. The wire cages containing 
Stranger 1 or the object were alternated across test mice to ensure 
variability. Time spent sniffing the wire cages was scored manually 
employing a stopwatch. Exploration was scored when the mouse ori
ented its nose toward the wired cup with active investigation (sniffing, 
touching, or close inspection), as visually assessed by the experimenter. 
The social preference index was determined by the amount of time spent 
exploring the social stimulus compared to the total time spent exploring 
both stimuli. The social novelty index was assessed based on the time 
spent exploring the Stranger 2 mouse relative to the total time exploring 
both stranger mice. An exclusion criterion of a minimum exploration 
time of 20 s was applied as previously described (Leger et al., 2013). 
Data were analysed with a two-way ANOVA followed by Bonferroni’s 
multiple comparisons test.

2.2.3. Ultrasonic vocalisation test
WT females of the same age and C57BL/6 J background as the male 

test mouse (aged 7–11 weeks) were used as stimuli. On the morning of 
the ultrasonic vocalisation (USV) test, vaginal smears from each female 
stimulus were taken to determine their status in the oestrous cycle by 
holding their tail and collecting a vaginal sample with a Q-tip, previ
ously soaked in PBS. The samples were stained with crystal violet (1 min 
in crystal violet and 1 min in double-distilled water, three times each), 
let to dry, and analysed under the microscope. Only the females in full 
oestrus (predominantly cornified squamous epithelial cells found in 
densely packed clusters) were selected as stimuli (McLean et al., 2012). 
After that, a clean cage with approximately 1.5 cm of bedding material 
with a grid but without a lid was set up in an isolated chamber with an 

ultrasound microphone (Avisoft-UltraSoundGate condenser ultrasound 
microphone CM16/CMPA; Avisoft Bioacoustics) suspended 20 cm above 
the cage. The male test mouse was put in the cage, and after 10 min of 
habituation, a female in full oestrus was introduced into the cage. The 
two mice were then allowed to interact for 5 min while being recorded 
using Avisoft-RECORDER software (version 4.2.27; Avisoft Bioacoustics; 
RRID:SCR_014436). One new cage was used for each test mouse, and 
each female stimulus interacted with no more than three male mice a 
day, with at least half an hour of resting between tests, as previously 
described (Ferhat et al., 2016). The data were analysed with the Avisoft- 
SASLab Pro software (version 5.2.12; Avisoft Bioacoustics) and sorted 
into calls per minute and USV duration using a self-made Python file 
(Marsal-García, 2024). Data were analysed with a two-way ANOVA 
followed by Bonferroni’s multiple comparisons test.

2.2.4. Novel object location
Mice (males aged 17–21 weeks) were individually placed, for 4 days, 

in a white-wall box (50 cm × 50 cm × 30 cm) with a star on one wall as a 
position clue. Each day, except for Day 4, included one testing session in 
the morning and one in the afternoon, and, in between sessions, mice 
were returned to their home cage for rest and hydration. On Day 1 
(habituation), mice were placed in the empty testing apparatus for 10 
min in the morning and afternoon to acclimate to the environment. On 
Days 2 and 3 (training), two identical objects were positioned in the 
centre of the box, and the mice were returned to the apparatus for 10 
min during each session, in the morning and in the afternoon, to explore 
the objects. On Day 4 (testing), 24 h after the last training session, one of 
the objects used on Days 2 and 3 was moved to a novel place, and the 
mice were reintroduced to explore this setting for 10 min. The novel 
location was counterbalanced across test mice by varying which object 
was moved and its specific position within the box. This ensured that the 
location of the novel object differed between trials, minimising posi
tional bias. All trials were recorded using a camera on top of the box for 
later analysis with EthoVision XT (RRID:SCR_000441). Object explora
tion was quantified as the time spent interacting with the object. We 
defined an exploration zone as a 10-cm diameter circular region centred 
on each object, following standard EthoVision procedures. This zone 
included the object itself. Exploration time was analysed when the 
mouse’s nose point was detected within this defined zone. Preference for 
the novel location, also referred to as the discrimination index, was 
calculated as the difference in the time spent exploring the novel object 
location and the time spent exploring the familiar object location rela
tive to the total time spent exploring both locations (Huang et al., 2025). 
An exclusion criterion of a minimum exploration time of 20 s was 
applied as previously described (Leger et al., 2013). Data were analysed 
with a mixed-design three-way ANOVA or a non-parametric ANCOVA 
using the Quade test, followed by Bonferroni’s multiple comparisons 
test.

2.2.5. Novel object recognition
Mice (males aged 18–22 weeks) were individually placed, for 4 days, 

in a white-wall box (50 cm × 50 cm × 30 cm) with a star on one wall as a 
position clue. In the novel object recognition (NOR) test, each day 
included only one testing session in the morning, contrary to the novel 
object location (NOL) test. On Day 1 (habituation), the mouse was 
placed into the empty box for 10 min to explore the apparatus. On Days 
2 and 3 (training), two identical objects (familiar) were placed in the 
middle of the box, and the mouse was put back in the arena for 10 min to 
explore the objects. On Day 4 (testing), one of the objects was changed 
with a different one. The mouse was then reintroduced to explore the 
novel object. As similarly described for the novel location test, the 
location of the novel object here varied across test mice to ensure 
minimal positional bias. All trials were recorded using a camera on top 
of the box for later analysis with EthoVision XT (RRID:SCR_000441). 
Object exploration was quantified as the time spent interacting with the 
object. We defined an exploration zone as a 10-cm diameter circular 
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region centred on each object, following standard EthoVision proced
ures. This zone included the object itself. Exploration time was analysed 
when the mouse’s nose point was detected within this defined zone. 
Preference for the novel object, or discrimination index, was calculated 
as the difference in the time spent exploring the novel object and the 
time spent exploring the familiar object relative to the total time spent 
exploring both objects (Huang et al., 2025). An exclusion criterion of a 
minimum exploration time of 20 s was applied as previously described 
(Leger et al., 2013). Data were analysed with a mixed-design three-way 
ANOVA or a non-parametric ANCOVA using the Quade test, followed by 
Bonferroni’s multiple comparisons test.

2.2.6. Open field locomotion
Mice (males aged 18–22 weeks) were individually placed in a white- 

wall box (50 cm × 50 cm × 30 cm) with a star on one wall as a position 
clue for 10 min (Wiebe et al., 2020). All trials were recorded using a 
camera on top of the box for later analysis with EthoVision XT (RRID:
SCR_000441). The time spent moving (mobility) and the time in the 
centre zone versus the outer zone (anxiety) were measured. Data were 
analysed with the non-parametric two-sided Mann-Whitney U test (not 
normally distributed: p < 0.05 for the Shapiro-Wilk test) for anxiety and 
a two-way ANOVA for mobility.

2.2.7. Light-dark box test
The test apparatus consisted of a dark black enclosed chamber and a 

light, open-top white chamber (40 cm × 40 cm × 20 cm) connected 
through a small opening. A bright light (~390 lx) was placed above the 
open chamber (Gantois et al., 2017). Mice (males aged 9–10 weeks) 
were put into the light side and were free to explore the apparatus for 10 
min while being recorded from the top. The time spent in each chamber 
was scored manually employing a stopwatch. Data were analysed with 
the non-parametric two-sided Mann-Whitney U test (not normally 
distributed: p < 0.05 for the Shapiro-Wilk test).

2.2.8. Elevated plus maze
The test apparatus consisted of two closed arms and two open arms 

oriented as a plus sign and elevated from the ground (Stoelting). 
Sawdust was scattered on the surface to provide contrast between the 
mouse and the maze and give the mouse some traction. The sawdust was 
replaced as needed between mice. Mice (males aged 10–15 weeks) were 
placed in the centre of the plus maze and were free to explore all the 
arms for 5 min while being recorded from the top (Wiebe et al., 2020). 
The time spent in open and closed arms was used as a measure of 
generalised anxiety. Scoring was carried out manually using a stop
watch. Data were analysed with the non-parametric two-sided Mann- 
Whitney U test (not normally distributed: p < 0.05 for the Shapiro- 
Wilk test).

2.3. Electrophysiology

Hippocampal slices were obtained from P25-P40 old WT or 
Shank3B− /− mice. Mice were deeply anaesthetised with isoflurane and 
killed by decapitation. Slices (400 μm) were cut on a vibratome (Leica 
Microsystems, VT1200S) in a sucrose-based solution containing the 
following (in mm): 280 sucrose, 26 NaHCO3, 10 glucose, 1.3 KCl, 1 
CaCl2, and 10 MgCl2 and were transferred at 32 ◦C in regular artificial 
cerebrospinal fluid (ACSF) containing the following (in mm): 124 NaCl, 
5 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 2 CaCl2, and 10 glucose 
saturated with 95 % O2/5 % CO2 (pH 7.3, 300 mOsm) for 15 min before 
resting at room temperature (RT) for 1 h in oxygenated (95 % O2/5 % 
CO2) ACSF. For recording, slices were transferred to a temperature- 
controlled (32 ◦C) chamber with oxygenated ACSF. To assess group I 
metabotropic glutamate receptor (mGluR)-dependent long-term 
depression (LTD), slices were placed into a heated (32 ◦C) recording 
chamber of an upright microscope (DM LFSA Microsystems) and 
perfused continuously with regular ACSF. 3,5-dihydroxyphenylglycine 

(DHPG) (100 μM) was applied for 5 min after baseline recording. 
Field excitatory postsynaptic potentials (fEPSPs) were recorded in the 
stratum radiatum, a layer of the hippocampal CA1 region, using glass 
microelectrodes filled with 3 M NaCl. GABAA receptor-mediated inhi
bition was blocked with 100 μm picrotoxin, and the area CA1 was sur
gically isolated from CA3 to avoid epileptiform activity. fEPSPs were 
elicited at 0.1 Hz by a digital stimulator fed by a stimulation isolator 
unit. All data analyses were performed with custom-written software in 
Igor Pro 8 (Wavemetrics). The fEPSP slope was measured as an index of 
synaptic strength. Data were analysed with a standard two-sided t-test.

2.4. Synaptosome preparation

Striata from mice (males aged 8–11 weeks) were isolated, frozen in 
liquid nitrogen, and kept at − 80 ◦C. Synaptosome extraction was per
formed using the Syn-PER™ Synaptic Protein Extraction Reagent 
(87,793, Thermo Fisher Scientific) following the manufacturer’s in
structions. Ice-cold Syn-PER Reagent with protease and phosphatase 
inhibitors (469315901, Roche; P5726-5ML, P0044-5ML, Sigma-Aldrich) 
was used to homogenise the striatum tissue. The homogenate was 
centrifuged at 1200 x g for 10 min at 4 ◦C. The pellet with the debris was 
discarded, and the supernatant was further centrifuged at 15000 x g for 
20 min at 4 ◦C. The cytosolic fraction (supernatant) and the synapto
some pellet were washed separately by centrifuging at 15000 x g for 10 
min at 4 ◦C. The synaptosome pellet was suspended in ice-cold radio- 
immunoprecipitation assay (RIPA) buffer (R0278, Sigma-Aldrich) con
taining protease and phosphatase inhibitors (as above) and was used for 
subsequent Western blotting analysis.

2.5. Western blotting

Hippocampus, prefrontal cortex, and striatum were isolated from 
each mouse (males aged 8–11 weeks), frozen in liquid nitrogen, and kept 
at − 80 ◦C. Ice-cold RIPA buffer (R0278, Sigma-Aldrich) containing 
protease inhibitors mixture and phosphatase inhibitors (469315901, 
Roche; P5726-5ML, P0044-5ML, Sigma-Aldrich) was used to homoge
nise the samples for protein extraction.

Protein extracts were obtained from whole-tissue homogenates 
(RIPA buffer) or synaptosome fractions (see Synaptosome preparation) 
and were processed for Western blotting as described below. Extracts 
were denatured by heat (5 min, 95 ◦C), separated by 7 % or 10 % SDS- 
PAGE, transferred onto nitrocellulose membranes, and immunoblotted. 
Membranes were stripped in 25 mM-glycine-HCl, pH 2.0 and 1 % SDS 
for 30 min at room temperature, followed by three TBS-T washes (TBS, 
0.1 % Tween 20) before reprobing. Immunoreactivity was detected by 
enhanced chemiluminescence (plus-ECL, PerkinElmer, Inc.) after expo
sure to X-ray film (Denville Scientific, Inc.). Quantification of immu
noblots was performed with ImageJ (National Institutes of Health). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-tubulin or 
β-actin were used as a loading control for total proteins. Phospho- 
proteins were normalised against their non-phosphorylated forms. An
tibodies are described in Supplementary Table 2. Full western blots are 
available in Supplementary material 2.

2.6. mRNA extraction and RT-qPCR

Mice (males aged 8–11 weeks) hippocampus, prefrontal cortex, and 
striatum were isolated, frozen in liquid nitrogen, and kept at − 80 ◦C. 
Total mRNA was extracted using Trizol (Invitrogen) following the 
manufacturer’s instructions. Equal amounts of mRNA (1 μg) were 
reverse transcribed following the SuperScript III Reverse Transcriptase 
protocol (18080044, Invitrogen) using oligo(dT)18. mRNA abundance 
was determined through the CFX Connect real-time PCR (qPCR) system 
(Bio-Rad) and CFX Maestro Software 1.1 (Bio-Rad) using 2× Universal 
SYBR Green Fast qPCR Mix (ABclonal). All samples were done in 
duplicate, and β-actin was used for normalisation. A comparative Ct 
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method was used for quantification. Primer sequences are reported in 
Supplementary Table 3.

2.7. Statistical analysis

Data analysis was performed using SPSS Version 29, and the results 
are presented as mean ± standard error of the mean (SEM). A detailed 
summary of the statistical results and the tests employed (t-test, Welch’s 
t-test, Mann-Whitney U test, two-way ANOVA, mixed-design two-way 
ANOVA, mixed-design three-way ANOVA, and ANCOVA using the 
Quade test) can be found in Supplementary Table 1. Statistical signifi
cance was considered if p < 0.05. Group sizes were chosen based on 
prior experience in our laboratory and on established sample sizes in the 
literature for similar behavioural and molecular assays, ensuring feasi
bility and sufficient power to detect meaningful effects.

To account for potential differences in overall activity levels due to 
hypomobility in the mice during the NOL and NOR tests, we performed a 
non-parametric Analysis of Covariance (ANCOVA) using the Quade test 
(Mina et al., 2018). The dependent variable was the discrimination 
index of the two objects explored by the mice, and the between-subject 
factors were Genotype and Treatment. Total exploration time, which 
measures the time spent exploring both objects, was used as a covariate 
to control for variations in general activity levels among the mice. 
Ranking procedures were applied to the dependent variable and co
variate to meet the assumptions of the Quade test. Residuals from the 
ranked dependent variable were analysed to assess the effects of geno
type and treatment while adjusting for total exploration time.

Given the ultrasonic vocalisation test’s small sample size (n = 7–8) 
and the relatively narrow range of observed values (0 to 0.03), we 
employed the ROUT test with a Q value of 10 % for outlier detection, 
which excluded one mouse.

GraphPad Prism 10.4.1 (GraphPad Software) and Microsoft Excel 
(Microsoft 365, Microsoft Corporation) were used to generate the 
graphs.

3. Results

First, we confirmed that male Shank3B− /− mice did not express 
Shank3 mRNA and protein in the hippocampus, prefrontal cortex, and 
striatum (Supplementary Fig. 1A-F; mRNA levels: hippocampus: p <
0.001; prefrontal cortex: p < 0.001; striatum: p < 0.001, and protein 
levels: hippocampus: genotype main effect: p < 0.001; prefrontal cortex: 
genotype main effect: p < 0.001; striatum: genotype main effect: p <
0.001).

As metformin treatment engenders weight loss in diabetic patients, 
people with high waist-to-hip ratios, obese, and young individuals with 
ASD (Anagnostou et al., 2016; Dy et al., 2018; Fontbonne et al., 1996; 
Glueck et al., 2001; Yerevanian and Soukas, 2019), we monitored mouse 
body weight. Adult (10–13 weeks old) wild-type (WT) and Shank3B− /−

mice treated with metformin (treatment regimen: Supplementary 
Fig. 2A) showed a similar decrease in weight compared to the vehicle- 
treated groups, 11.3 % and 10.5 %, respectively (Supplementary 
Fig. 2B; treatment main effect: p < 0.001). Since body weight reduction 
was also observed in the WT group, no adjustment was made to our 
experimental design.

3.1. Shank3B− /− mice displayed autistic-like behaviours that were 
corrected by metformin treatment

Given the high incidence (80 %) of ASD in PMS patients, we exam
ined male mice for core ASD phenotypes: repetitive behaviour and social 
interactions (Cammarata-Scalisi et al., 2022) (Fig. 2A). Self-grooming, 
which is associated with striatal functioning, was measured to assess 
repetitive behaviour (Kazdoba et al., 2016; Piantadosi et al., 2024). 
Shank3B− /− mice showed a 2.52 ± 0.70-fold increase in duration (p <
0.001) and a 2.18 ± 0.61-fold increase in frequency (p < 0.001) of self- 

grooming (Fig. 2B, C). Time spent grooming (p < 0.001) and the number 
of grooming bouts (p < 0.001) in Shank3B− /− mice were reduced to WT 
levels by metformin administration (Fig. 2B, C).

Individuals with PMS manifest impaired social skills, which can be 
modelled and analysed in rodents using the three-chamber test 
(Cammarata-Scalisi et al., 2022; Crawley, 2004; Kazdoba et al., 2016). 
Shank3B− /− mice exhibited a ~25.5 % reduction in social preference 
index compared to WT mice (Fig. 2D; p = 0.006), indicating decreased 
social interaction. No difference was found in the social novelty index 
(Fig. 2E; p = 0.696), indicating normal social memory or novelty pref
erence. Metformin treatment from birth corrected the social preference 
impairment observed in Shank3B− /− mice (Fig. 2D; p = 0.037).

To examine delayed development and speech, which are core fea
tures of PMS and ASD, we analysed USVs during social interaction, 
mirroring aspects of human communication (Cammarata-Scalisi et al., 
2022; Crawley, 2004; Morrel et al., 2023; Yao et al., 2023). Shank3B− /−

mice exhibited a 1.80 ± 0.45-fold reduction in USV duration (Fig. 2F; p 
= 0.016) and a 5.23 ± 5.05-fold decrease in the number of calls per 
minute (Fig. 2G; genotype main effect: p = 0.034). Metformin treatment 
increased USV duration 2.10 ± 0.47-fold (p = 0.003) and partially 
corrected (4.12 ± 4.22-fold) call frequency (treatment main effect: p =
0.156) in Shank3B− /− mice (Fig. 2F, G).

Taken together, metformin corrected three core autistic-like behav
ioural deficits in Shank3B− /− mice.

3.2. Metformin corrected learning and memory deficits in Shank3B− /−

mice

Since SHANK3 plays a critical role in the development, function, and 
plasticity of synapses, memory was assessed in male Shank3B− /− mice 
using novel object location (NOL) and novel object recognition (NOR) 
tests (Monteiro and Feng, 2017; Sala et al., 2015; Vogel-Ciernia and 
Wood, 2014) (Fig. 3A).

WT and Shank3B− /− mice were subjected to the NOL test. As ex
pected, WT mice showed a 1.35 ± 0.19-fold increase in exploration time 
with the object in the novel location (p = 0.006), while Shank3B− /− mice 
did not show a preference as they spent equal time exploring both the 
object in the familiar location and the object in the novel location 
(Fig. 3B; p = 0.222). After adjusting for total exploration time, we found 
a statistically significant impairment in hippocampal-dependent mem
ory among Shank3B− /− mice, with a 151.14 % decrease compared to WT 
mice (Fig. 3C; p = 0.017).

Because metformin enhances memory (Gantois et al., 2019; Ishola 
et al., 2020; Monyak et al., 2017; Pourfridoni et al., 2024), we examined 
whether it could ameliorate the memory deficit in Shank3B− /− mice. 
Indeed, the impaired memory observed in Shank3B− /− mice was effec
tively rescued as they spent 2.28 ± 0.49-fold more time exploring the 
object in the novel compared to the familiar location (Fig. 3B; p <
0.001), and a significant 4.77 ± 4.39-fold increase in object-location 
preference (Fig. 3C; p < 0.001).

In the NOR test, Shank3B− /− mice, like WT mice, explored the novel 
object 1.53 ± 0.41-fold more than the familiar one (Fig. 3D; object main 
effect: p < 0.001). After accounting for the overall time spent exploring, 
Shank3B− /− mice presented a similar discrimination index as WT mice, 
indicating no recognition memory impairment (Fig. 3E; genotype main 
effect: p = 0.608).

Several studies reported hypoactivity in Shank3B− /− mice 
(Angelakos et al., 2019; Balasco et al., 2022; Dhamne et al., 2017; Liu 
et al., 2021; Peixoto et al., 2019). To examine this phenotype in our 
model, we measured the total distance travelled in the open field. 
Shank3B− /− mice travelled a 1.63 ± 0.15-fold shorter distance than the 
WT group (Fig. 3F; genotype main effect: p < 0.001), in agreement with 
previous reports. Metformin failed to correct the hypoactivity of 
Shank3B− /− mice (Fig. 3F; treatment main effect: p = 0.650). Due to 
their hypomobility, the discrimination index described in NOL and NOR 
was analysed using a non-parametric ANCOVA (Quade test), with total 
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exploration time included as a covariate to control for hypomobility- 
related differences in overall activity levels (Fig. 3C, E). We, therefore, 
conclude that the observed differences in the discrimination index of the 
NOL and NOR tests are directly associated with the genetic and treat
ment variables studied and not merely a result of overall activity levels.

To study synaptic plasticity in Shank3B− /− mice, we measured group 
I mGluR-dependent long-term depression (mGluR-LTD) in the hippo
campus (Supplementary Fig. 3A). No difference in hippocampal mGluR- 
LTD between Shank3B− /− and WT mice was found (Supplementary 

Fig. 3B, C; p = 0.446).
The results underscore the critical role of Shank3 in memory pro

cesses. Shank3 deletion results in hippocampal-dependent memory 
impairment in mice, which is corrected by metformin administration 
from birth.

3.3. Shank3B− /− mice did not exhibit anxiety behaviour

To exclude anxiety as a confounding factor in the interpretation of 

Fig. 2. Metformin corrected autistic-like behaviours in Shank3B− /− mice. (A) Mice treated from birth with vehicle (veh) or metformin (met) underwent autistic-like 
behavioural testing at 7–11 weeks old. Repetitive behaviour (n = 7–8) was assessed by measuring (B) the time spent grooming and (C) the number of grooming bouts. 
(D) Social preference (n = 10–13) was evaluated by the three-chamber test, expressed as the ratio of time spent with the social stimulus (stranger 1) compared to the 
total time spent with both the social and non-social stimuli. (E) Social novelty (n = 9–13) was assessed in the three-chamber test by calculating the ratio of time spent 
with the novel mouse (stranger 2) compared to the total time spent with both stranger 2 and the familiar mouse (stranger 1). USVs (n = 6–8) were measured as (F) 
USV duration and (G) number of calls per minute. In (G), the genotype main effect was significant, but the genotype × treatment interaction was not; the asterisk 
above the KO vehicle bar indicates a significant genotype effect, showing a reduction in calls compared to WT. Each point represents data from an individual mouse, 
and all values (B-G) are shown as mean ± SEM, ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant versus all other groups; calculated by two-way ANOVA with 
Bonferroni’s post hoc test (statistical analysis is shown in Supplementary Table 1).
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the behavioural results, tests were conducted at different ages, between 
9 and 22 weeks old (Supplementary Fig. 4A). At 9–10 weeks of age, 
Shank3B− /− mice did not show anxiety in the light-dark box test, as 
evidenced by the similar amount of time spent in the light compared to 
WT mice (Supplementary Fig. 4B; p = 0.101). At the age of 10–15 weeks, 
Shank3B− /− mice spent as much time as WT mice in the open arms of the 
elevated plus maze (Supplementary Fig. 4C; p = 0.606). Similarly, at 
18–22 weeks of age, no significant difference was observed in time spent 
in the centre zone of the open field test between Shank3B− /− and WT 
mice (Supplementary Fig. 4D; p = 0.630).

The results indicate that the observed behavioural deficiencies in 
Shank3B− /− mice were not influenced by anxiety.

3.4. Elevated mTORC1 signalling in Shank3B− /− mice was normalised by 
metformin

We investigated whether mTORC1 and MAPK/ERK pathways, which 
are implicated in the FXS mouse model, were also increased in 
Shank3B− /− mice (Fig. 4A) (Choi et al., 2024).

Phosphorylated S6 ribosomal protein (p-S6) (S240/244), a down
stream target of mTORC1, was elevated in both the hippocampus and 
prefrontal cortex by 1.37 ± 0.15-fold and 1.14 ± 0.05-fold, respectively, 

in Shank3B− /− mice (Fig. 4B; hippocampus: p = 0.002; Fig. 4C; pre
frontal cortex: p = 0.008). p-ERK was only marginally increased by 1.12 
± 0.06-fold in the hippocampus and 1.22 ± 0.08-fold in the prefrontal 
cortex of Shank3B− /− mice compared to WT mice (Fig. 4D; hippocam
pus: p = 0.024; Fig. 4E; prefrontal cortex: p = 0.012). p-S6 (S235/236), a 
downstream target of the MAPK/ERK pathway, was 1.16 ± 0.07-fold 
increased only in the hippocampus of Shank3B− /− mice (Fig. 4F; hip
pocampus: p = 0.034; Fig. 4G; prefrontal cortex: genotype main effect: p 
= 0.642). The marginal increase in ERK phosphorylation might explain 
the lack of hyperphosphorylation of eIF4E, a downstream target of the 
MAPK/ERK pathway (Fig. 4H; hippocampus: genotype main effect: p =
0.569; Fig. 4I; prefrontal cortex: genotype main effect: p = 0.434), unlike 
what was reported before in the FXS mouse model (Choi et al., 2024; 
Gantois et al., 2017). However, total protein levels of eIF4E were 
elevated by 1.25 ± 0.09-fold in both areas (Fig. 4H; hippocampus: p =
0.020; Fig. 4I; prefrontal cortex: p = 0.042), but total mRNA levels 
remained unchanged compared to WT mice (Supplementary Fig. 5A; 
hippocampus: p = 0.103; Supplementary Fig. 5B; prefrontal cortex: p =
0.310). The mechanism behind the increased eIF4E protein level is not 
immediately clear.

In the striatum (Supplementary Fig. 6A), neither p-S6 (S240/244) 
(Supplementary Fig. 6B; genotype main effect: p = 0.455) nor p-ERK 

Fig. 3. Memory impairment in Shank3B− /− mice was rescued by metformin treatment. (A) Mice treated from birth with vehicle (veh) or metformin (met) underwent 
memory tests at 17–22 weeks old. Memory was assessed using two parameters: the difference in exploration time (B) between the familiar and novel location in the 
NOL test (n = 11–20) and (D) between the familiar and novel object in the NOR test (n = 8–12), as well as the adjusted discrimination index for the (C) NOL and (E) 
NOR tests in WT and Shank3B− /− mice. The adjusted discrimination index accounted for total exploration time as a covariate to control hypomobility-related 
differences in overall activity levels. (F) Mobility (n = 11–20) was measured as the distance travelled in the open field test. In (C, E), the original discrimination 
index values were used for plotting to preserve negative values observed in the raw data. In (F), the genotype main effect was significant, but the genotype ×
treatment interaction was not; the asterisk above the KO vehicle bar indicates a significant genotype effect, showing a reduction in distance travelled compared to 
WT. Each point represents data from an individual mouse, and all values (B–F) are shown as mean ± SEM, ***p < 0.001, **p < 0.01, *p < 0.05, ###p < 0.001, ##p 
< 0.01, #p < 0.05, ns = not significant versus all other groups (*) or versus 0 (#); calculated by (B, D) mixed-design three-way ANOVA with Bonferroni’s post hoc test, 
(C, E) Quade test with Bonferroni’s post hoc test, or (F) two-way ANOVA (statistical analysis is shown in Supplementary Table 1).

L. Marsal-García et al.                                                                                                                                                                                                                         Neurobiology of Disease 218 (2026) 107217 

8 



(Supplementary Fig. 6C; genotype main effect: p = 0.126) levels were 
elevated in Shank3B− /− compared to WT mice.

Metformin normalised the enhanced mTORC1 signalling in the hip
pocampus and prefrontal cortex of Shank3B− /− to WT levels (Fig. 4B, C) 
(hippocampus: p-S6 (S240/244): p < 0.001; prefrontal cortex: p-S6 
(S240/244): p < 0.001). The small increase in the MAPK/ERK signalling 
was also corrected, including p-S6 (S235/236) and total eIF4E (Fig. 4D- 
F, H-I; hippocampus: p-ERK: p = 0.009; p-S6 (S235/236): p = 0.001; 
eIF4E: p = 0.043; prefrontal cortex: p-ERK: p = 0.047; eIF4E: p = 0.009).

Thus, elevated mTORC1 signalling in the hippocampus and pre
frontal cortex of Shank3B− /− mice was corrected by metformin.

3.5. Decreased GluN2B, Homer1, and GluA2 levels in Shank3B− /− mice 
were corrected by metformin

Since mTORC1 and MAPK/ERK pathways were not altered in the 
striatum, we studied GluN2B (also known as NR2B; an NMDAR subunit), 
Homer1b/c, and GluA2 (also known as GluR2; an AMPAR subunit), 
which are found in excitatory postsynapses associated with both these 
pathways, and were shown to be decreased in Shank3B− /− mice (Peça 
et al., 2011; Wang et al., 2024).

We measured GluN2B, Homer1, and GluA2 protein levels in the 
synaptosome fractioning of the striatum of WT and Shank3B− /− mice 
(Fig. 5A). As expected, Shank3B− /− mice showed a marked reduction in 

Fig. 4. Upregulated mTORC1 and minimally increased MAPK/ERK signalling pathways in the hippocampus and prefrontal cortex of Shank3B− /− mice were reduced 
with metformin treatment. (A) Brain structures were isolated at 8–11 weeks old after treatment from birth. Representative immunoblots from vehicle (veh) and 
metformin (met)-treated WT and Shank3B− /− mice of phosphorylated and total levels of (B–C, F-G) S6, (D-E) ERK, and (H–I) eIF4E in the hippocampus and 
prefrontal cortex. GAPDH was used as loading control. Protein levels were normalised to 1 for the WT veh, with other groups adjusted accordingly. Each point 
represents data from an individual mouse (n = 5–6), and all values (B–I) are shown as mean ± SEM, ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant versus 
all other groups; calculated by two-way ANOVA with Bonferroni’s post hoc test (statistical analysis is shown in Supplementary Table 1).
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these synaptic proteins: GluN2B was decreased by 43.2 ± 8.2 %, 
Homer1 by 32.6 ± 8.2 %, and GluA2 by 35.5 ± 7.2 % (Fig. 5B-D; p <
0.001). Metformin treatment significantly increased these proteins in 
Shank3B− /− mice, GluN2B by 1.39 ± 0.15-fold, Homer1 by 1.27 ± 0.12- 
fold, and GluA2 by 1.23 ± 0.12-fold (Fig. 5B-D; GluN2B: p = 0.026; 
Homer1: p = 0.041; GluA2: p = 0.037). However, GluA2 levels did not 
differ in the total striatal homogenate between genotypes or after 
treatment (Supplementary Fig. 6D; genotype main effect: p = 0.485; 
treatment main effect: p = 0.322).

4. Discussion

This study demonstrates that deletion of Shank3 in mice leads to 
autistic-like behaviours, impaired learning and memory, and hyper
activation of the mTORC1 signalling pathway. Metformin treatment 
from birth corrected the behavioural deficits associated with ASD, 
restored hippocampal-dependent memory performance, reduced exag
gerated signalling of the mTORC1 pathway, and corrected the decreased 
striatal synaptosomal proteins in Shank3B− /− mice.

We studied three core autistic-like behaviours in the Shank3B− /−

mouse model: repetitive behaviour, social interaction, and communi
cation. We confirmed earlier findings that Shank3B− /− mice presented 
increased self-grooming and a social preference impairment with no 
difference in social novelty in the three-chamber test (Dhamne et al., 
2017; Kabitzke et al., 2018; Mei et al., 2016; Peça et al., 2011; Sgritta 
et al., 2019; Wang et al., 2017). We observed a decrease in USV 

frequency, in agreement with Pagani et al., and provided novel results of 
a reduction in USV duration, emphasising socio-communicative im
pairments (Burdeus-Olavarrieta et al., 2023; Pagani et al., 2019; Sarasua 
et al., 2014; Yao et al., 2023).

Metformin corrected FXS-like associated deficits: grooming, social 
interaction, and USVs, when mice were treated either at adult age or 
from birth (Choi et al., 2024; Gantois et al., 2017). Case reports docu
mented the benefits of metformin in improving speech, social interac
tion, stereotypy, and cognition in adults and children with FXS (Biag 
et al., 2019; Dy et al., 2018). Here, we report that metformin adminis
tration from birth rescued repetitive behaviour, social preference, and 
USV duration, and partially improved USV frequency in Shank3B− /−

mice.
Using the NOL test, we demonstrated impaired long-term hippo

campal-dependent memory in Shank3B− /− mice. In contrast, they pre
sented no impairment in long-term memory NOR, consistent with a prior 
study that used a short-term memory protocol for this test (Dhamne 
et al., 2017).

The contrasting results obtained in the NOL versus the NOR tests 
could be attributed to the engagement of different brain regions 
responsible for these tasks (Haettig et al., 2011; Vogel-Ciernia and 
Wood, 2014). The NOL test primarily relies on the hippocampus, which 
encodes for spatial information about the object, whereas the NOR test 
engages multiple brain areas, including the insular, ventromedial pre
frontal and perirhinal cortex, and hippocampus, which are involved in 
processing the characteristics and features of the object (Haettig et al., 

Fig. 5. Decreased GluN2B, Homer1 and GluA2 expression in striatal synaptosomes of Shank3B− /− mice was elevated by metformin treatment. (A) The striatum was 
isolated at 8–11 weeks old after treatment from birth. Representative immunoblots from vehicle (veh) and metformin (met)-treated WT and Shank3B− /− mice of total 
levels of (B) GluN2B, (C) Homer1, and (D) GluA2 in synaptosomes of the striatum. β-actin was used as loading control. Protein levels were normalised to 1 for the WT 
veh, with other groups adjusted accordingly. Each point represents data from an individual mouse (n = 6), and all values (B–D) are shown as mean ± SEM, ***p <
0.001, *p < 0.05, ns = not significant versus all other groups; calculated by two-way ANOVA with Bonferroni’s post hoc test (statistical analysis is shown in 
Supplementary Table 1).
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2011; Vogel-Ciernia and Wood, 2014).
mGluR-LTD plays an important role in learning and memory, and its 

dysregulation is evident in ASD mouse models, such as the FXS mouse 
(Collingridge et al., 2010; Ebert and Greenberg, 2013; Gantois et al., 
2017). Although Shank3B− /− mice show disrupted striatal plasticity 
(Peça et al., 2011; Wang et al., 2017), including impaired DHPG-induced 
LTD in striatal D2 MSNs (Wang et al., 2017), multiple Shank3 KO lines 
reported no change in hippocampal mGluR-LTD (Jaramillo et al., 2017; 
Kouser et al., 2013; Vicidomini et al., 2017). This lack of hippocampal 
alteration is consistent with our current findings. The brain region- 
specific dissociation suggests that the memory phenotype is not hippo
campal mGluR-LTD dependent. NMDAR-dependent LTP and LTD are 
widely viewed as cellular mechanisms underlying learning and memory 
(Dupuis et al., 2023; Lüscher and Malenka, 2012). In several Shank3 
lines, hippocampal NMDAR-dependent LTP was reduced (Jaramillo 
et al., 2017; Kouser et al., 2013), whereas, as reported by Peça et al., 
paired-pulse ratio (PPR) and miniature excitatory postsynaptic currents 
(mEPSC) amplitude in CA1 were unchanged (Peça et al., 2011). Thus, 
LTP alterations could underline the hippocampal-dependent memory 
impairment we observed. However, direct measurement of hippocampal 
NMDAR-dependent LTP in Shank3B− /− mice is needed to test this 
hypothesis.

Metformin improved short-term and long-term memory in a FXS fly 
model and in a valproic acid-induced rat model of ASD, enhancing 
spatial memory in the Morris water maze test (Ishola et al., 2020; 
Monyak et al., 2017). In the NOL test, metformin treatment from birth 
corrected the reduced interaction with the object in the novel location to 
WT levels. However, metformin failed to ameliorate the hypomobility 
observed in Shank3B− /− mice, consistent with previous findings by 
Gantois et al. in which metformin did not rescue hyperactivity in the FXS 
mouse model (Gantois et al., 2017), indicating that metformin may have 
no effect on mobility.

Concerning anxiety, there is some controversy with certain studies 
reporting increased anxiety behaviours in Shank3B− /− mice (Peça et al., 
2011; Szabó et al., 2025), while others observed no differences (Balaan 
et al., 2019; Dhamne et al., 2017; Szabó et al., 2025). Such discrepancies 
may be due to differences in the age of testing or handling practices. In 
our study, anxiety did not appear to influence the other behaviours, as 
no differences were detected between WT and Shank3B− /− mice in 
anxiety measures.

Shank3 deletion in the hippocampus and prefrontal cortex of 
Shank3B− /− mice resulted in increased activation of mTORC1 and 
minimal elevation of MAPK/ERK pathways. Previous studies showed 
elevated brain protein synthesis and mTORC1 activity in Shank3 KO 
mice, and hyperactivation of the MAPK/ERK signalling pathway in 
KRAS-mutant cells with SHANK3 depletion (Lilja et al., 2024; Mencer 
et al., 2021; Torossian et al., 2021). Studies exploring the relationship 
between these pathways and SHANK3 are scarce, with inconsistent re
sults among Shank3 models, including Shank3-deficient neurons, PMS 
patient-derived neurons, and other Shank3 transgenic mouse models 
(Bidinosti et al., 2016; Giona et al., 2025; Lee et al., 2017; Mencer et al., 
2021; Moutin et al., 2021; Torossian et al., 2021).

We demonstrated that metformin treatment fully rescued the 
elevated signalling of the mTORC1 pathway. This finding is similar to 
our previous studies in a FXS mouse model, in which metformin 
administration from birth led to a reduction in mTORC1 and MAPK/ERK 
pathways activity, while treatment of adult mice (8–12 weeks) corrected 
exaggerated signalling only via the MAPK/ERK pathway (Choi et al., 
2024; Gantois et al., 2017). In Shank3B− /− mice, mTORC1 is the primary 
dysregulated signalling cascade. Consistent with our findings, metfor
min has also been shown to inhibit the activation of the double-stranded 
RNA-dependent protein kinase (PKR), a key regulator of translation 
initiation, improving behavioural and neuropathological features in an 
amyotrophic lateral sclerosis and frontotemporal degeneration (ALS/ 
FTD) mouse model (Zu et al., 2020).

We observed an increase in total eIF4E levels in the hippocampus and 

prefrontal cortex of Shank3B− /− mice, which was not reported before, 
and was corrected by metformin. Since eIF4E mediates cap-dependent 
translation (Pelletier et al., 2021), its upregulation could contribute to 
the exaggerated protein synthesis previously reported (Torossian et al., 
2021). Since the Eif4e mRNA levels in Shank3B− /− mice did not differ 
from those of WT mice, the increased protein amount could occur at the 
translational or protein stability level. Future studies are needed to 
determine the underlying mechanistic basis.

Strikingly, there was neither an increase in mTORC1 nor in MAPK/ 
ERK signalling in the striatum of Shank3B− /− mice. This could be 
explained by the presence of two distinct populations of striatal neurons, 
direct pathway spiny projection neurons (dSPNs) and indirect pathway 
SPNs (iSPNs) (Gerfen and Surmeier, 2011). Wang et al. demonstrated 
that in the striatum of male Shank3B− /− mice, only the iSPNs showed 
alterations in their spines and synaptic function (Wang et al., 2024). 
Another study linked grooming, a known impaired behaviour in 
Shank3B− /− mice, to hyperactivity of the iSPNs but not the dSPNs 
(Piantadosi et al., 2024). Western blotting analysis cannot detect cell- 
type-specific expression; therefore, further studies are necessary to 
analyse mTORC1 and MAPK/ERK signalling pathways in iSPNs and 
dSPNs.

Wang et al. reported that GluN2B levels were selectively decreased in 
the iSPNs of Shank3B− /− mice (Wang et al., 2024). Additionally, an 
earlier study showed that GluN2B protein expression was reduced in 
purified PSDs from the striatum of Shank3B− /− mice compared to WT 
(Peça et al., 2011). Moreover, Lopatynska-Mazurek et al. demonstrated 
that pre-treatment with rapamycin, an mTORC1 inhibitor, normalised 
the alcohol-induced changes in synaptosomal GluN2B levels in a rat 
model, reversing both increases and decreases (Lopatynska-Mazurek 
et al., 2021). This prompted us to investigate whether metformin could 
restore synaptosomal GluN2B expression in the striatum. We found that 
metformin treatment increased GluN2B levels in the striatum of 
Shank3B− /− mice.

As with GluN2B, Homer1 was also reduced in both iSPNs and the 
synaptosomal fraction of the whole striatum (Peça et al., 2011; Wang 
et al., 2024). Homer1 acts as a synaptic-associated protein linking 
Shank3 to mGluR (Sheng and Kim, 2000) (Fig. 1) and is consistently 
reduced across multiple Shank3-deficient mouse models (Bey et al., 
2018; Mei et al., 2016; Peça et al., 2011). Since mGluR signal is crucial 
for LTD (Lüscher and Huber, 2010), Wang et al. reported impaired long- 
term synaptic plasticity preferentially in the iSPNs of Shank3B− /−

compared to WT mice (Wang et al., 2017). This deficit led to excessive 
self-grooming in this mouse model, which was corrected by modulating 
iSPNs. Metformin corrected the reduced synaptosomal Homer1 expres
sion in the striatum.

In contrast, GluA2 was decreased in both striatal populations of 
iSPNs and dSPNs, and, therefore, also in the synaptosomal fraction of the 
whole striatum (Peça et al., 2011; Wang et al., 2024). Salpietro et al. 
identified a neurodevelopmental disorder spectrum associated with 
GRIA2 (the gene encoding for GluA2) de novo variants, including ASD 
(Salpietro et al., 2019). In accordance with previous research (Peça 
et al., 2011; Wang et al., 2024), we found a reduction in the synapto
somal expression of GluA2 in the striatum, which was reversed by 
metformin. Compartment-specific regulation of GluA2 was described in 
other contexts involving altered mTORC1 signalling. Pereyra et al. 
demonstrated that inhibition of mTORC1 in Wistar rats by rapamycin 
increased GluA2 levels in the hippocampal postsynaptic density, but not 
in the total homogenate. They hypothesised that this selective increase 
could be due to mTORC1-dependent effects on AMPAR local synthesis or 
trafficking, or from compensatory mechanisms secondary to reduced 
GluA1 levels (Pereyra et al., 2021). Consistent with this compartment- 
specific pattern, we also observed that metformin increased GluA2 
levels only in the striatal synaptosome, while GluA2 levels in the total 
homogenate remained unchanged.

We chose to start metformin treatment early in life rather than in 
adulthood based on results from the FXS mouse model and clinical case 

L. Marsal-García et al.                                                                                                                                                                                                                         Neurobiology of Disease 218 (2026) 107217 

11 



studies in FXS patients that demonstrate a better outcome in younger 
individuals (Biag et al., 2019; Choi et al., 2024; Dy et al., 2018). Early 
developmental periods appear to be sensitive to interventions targeting 
translational control pathways, such as p-S6, which is elevated during 
embryonic and early postnatal stages and gradually declines thereafter 
(Kouloulia et al., 2019). This may explain why metformin treatment 
initiated at birth normalised mTORC1 pathway levels in Shank3B− /−

mice. The early-life approach limits direct conclusions about the ther
apeutic window relevant for older PMS patients. Also, since metformin 
influences systemic metabolism, peripheral changes could contribute to 
the central outcomes we observed. Future studies could distinguish pe
ripheral metabolic modulation from direct central mechanisms, and 
administering metformin at different time points in life, such as after 
weaning (3 weeks old) or at adulthood, would be valuable for translating 
findings to the clinical population.

In conclusion, the findings of autistic-like behavioural impairments 
and cognitive deficits in Shank3B− /− mice recapitulate the phenotype 
observed in individuals with PMS. We report the underlying mechanism 
causing the behavioural deficits: elevated signalling of mTORC1 in the 
hippocampus and prefrontal cortex, and decreased levels of the receptor 
subunits GluN2B and GluA2, and the synaptic-associated protein 
Homer1 in the striatum. Importantly, metformin, an FDA-approved 
drug, corrected this aberrant signalling, resulting in improved behav
iour. Given its safety, ready availability, and easy administration, met
formin offers a promising therapeutic opportunity for rapid clinical 
translation to treat young male individuals with PMS.
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