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In the last years, the hypothesis that elevated levels of proinflammatory cytokines contribute to the pathogenesis
of neurodevelopmental diseases has gained popularity. IL-1 is one of the main cytokines found to be elevated in
Autism spectrum disorder (ASD), a complex neurodevelopmental condition characterized by defects in social
communication and cognitive impairments. In this study, we demonstrate that mice lacking IL-1 signaling
display autistic-like defects associated with an excessive number of synapses. We also show that microglia
lacking IL-1 signaling at early neurodevelopmental stages are unable to properly perform the process of synapse
engulfment and display excessive activation of mammalian target of rapamycin (mTOR) signaling. Notably, even
the acute inhibition of IL-1R1 by IL-1Ra is sufficient to enhance mTOR signaling and reduce synaptosome
phagocytosis in WT microglia. Finally, we demonstrate that rapamycin treatment rescues the defects in IL-1R
deficient mice. These data unveil an exclusive role of microglial IL-1 in synapse refinement via mTOR
signaling and indicate a novel mechanism possibly involved in neurodevelopmental disorders associated with
defects in the IL-1 pathway.

1. Introduction Bourgeron, 2009; Kim et al., 2011). This abnormality was proposed to

result from a defect in supernumerary synapse elimination (Tang et al.,

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
characterized by impaired social abilities and repetitive behavior that
affects at least 1% of the population. More than one hundred genes have
been linked to ASD, involving rare and common genetic variants, each
contributing to a low risk to the phenotype (Lim et al., 2013;Yu et al.,
2023; Loureiro et al., 2021; Bruel et al., 2022; Rodriguez-Gomez et al.,
2021). The genes associated with ASD largely converge on common
pathways consistently intersecting at the synapse and potentially
affecting its formation, elimination and plasticity (for reviews see
Basilico et al., 2020; De Rubeis et al., 2013; Huguet et al., 2013; Sat-
terstrom et al., 2020; Won et al., 2013). Consistently, one of the major
features of ASD brains is the excessive spine density in frontal, temporal,
and parietal lobes (Hutsler & Zhang, 2010; Pagani et al., 2021;

2014), a physiological process that provides a selection of synapses and
neural circuits in the juvenile postnatal period (Schafer et al., 2012). In
line with this view, defects in synapse elimination during development
have been shown to be associated with altered synaptic connectivity and
autistic-like behaviors (Filipello et al., 2018).

Besides the genetic contribution (Sandin et al., 2014; Tick et al.,
2016), environmental risk factors, such as prenatal immune challenges,
contribute to the pathogenesis of ASD (Patterson, 2011; Hsiao & Pat-
terson, 2011; Atladottir et al., 2010; Estes & McAllister, 2015; Ravaccia
& Ghafourian, 2020; Mirabella et al., 2021; Corradini et al., 2018;
Matteoli et al., 2023). Clinical evidence reported, in ASD subjects, al-
terations in proinflammatory cytokines (Hall et al., 2023; Boccazzi et al.,
2023), and, among these, interleukin-1p (IL-1f8) (Estes & McAllister,
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2015). ASD is indeed associated with genes for IL-1, its receptor (IL-
1R1), and receptor-associated protein family, including the IL-1p decoy
receptor IL-1 receptor type 2 (IL-1R2) (O’Roak et al., 2011; Sanders
et al.,, 2012) and the interleukin-1 receptor accessory protein-like 1
(ILIR1APL1) (Piton et al., 2008). Polymorphisms of the interleukin-1§
genes were found to be more frequent in children with ASD (Saad et al.,
2020). Several groups reported higher IL-1 levels in ASD children and
skewed IL-1p responses following stimulation (Ashwood et al., 2011;
Suzuki et al., 2011; reviewed in Zhao et al., 2021). Also, compared to
controls, monocytes from children with ASD were found to produce
excessive IL-1f following LPS exposure (Jyonouchi et al., 2001; Enstrom
et al., 2010). However, other studies failed to detect changes in IL-1
levels in ASD subjects (Vargas et al., 2005; Xiao-Jing Li , 2009). Some
groups even found that the IL-1R antagonist, IL-1Ra -which dampens IL-
1 signaling- is significantly increased in ASD (Suzuki et al., 2011; Saad
et al., 2020), and decreased levels of IL-1p were associated with
increased severity of presentation of the disease in females (Masi et al.,
2017). Thus, data concerning the cytokine involvement in ASD are still
rather controversial.

IL-1p plays an endogenous role in the brain. Expression of the cyto-
kine (Giulian et al., 1988; Breder et al., 1988; Lechan et al., 1990) and its
receptor (IL-1R) (French et al., 1999; Iwamasa, 1997; (Hewett et al.,
2012) was demonstrated in basal conditions during CNS development.
Physiological concentrations of IL-1 play a neuromodulatory role in
neuronal ion channels, cell excitability and neuroplasticity (O’Connor &
Coogan, 1999, Viviani et al., 2007, Schafers & Sorkin, 2008). In
particular, IL-1p is induced in the hippocampus during learning pro-
cesses and is critical for maintenance of long-term potentiation (LTP)
(Ross et al., 2003). Furthermore, the upregulation of IL-1Ra, which
dampens the cytokine signaling, negatively impacts synaptic plasticity,
memory consolidation and behavior, suggesting that the cytokine
endogenously acts in the CNS to perform non-immunological functions
necessary for proper brain function (Spulber et al., 2011, Goshen et al.,
2007).

Based on these observations as well as on the observation that
endogenous levels of immune molecules regulate sociability and
cognitive functions (Filiano et al., 2016; Herz et al., 2021), two domains
strongly impaired in ASD, we aimed to assess whether not only the
enhancement but even the downregulation of IL-1 signaling may
contribute to ASD features. Using a combination of genetic and phar-
macological manipulation of the IL-1 pathway, we demonstrate that the
lack of cytokine signaling in mice leads to impairment of synapse
engulfment by microglia and autistic-like phenotype, as a result of
mTOR deregulation.

2. Material and methods
2.1. Animals

111r1”" (Jackson Laboratories, Bar Harbor. B6.129S7-111r1™Hmx j,
Strain #:003245. (Percie du Sert et al., 2020; Glaccum et al., 1997) and
WT (C57BL/6) mice were used for the following procedure. Il1r1 /" were
prepared as follows in C57BL/6 background. A neomycin resistance
cassette replaced two exons of the gene, which encode amino acids 4 —
225 of the mature protein. A null mutation in Il11r1 was generated by
homologous recombination in 129/SvEv AB1 ES cells using a replace-
ment vector in which a 2.4 kb EcoR1-Pstl fragment encompassing two
exons was replaced with a PGKneo cassette. Mice homozygous for the
11r1™ UM targeted mutation therefore fail to respond to IL-1 and exhibit
an altered immune response to many different target proteins. Mice
were housed in an air-conditioned room (23 + 1°C), with food and
water ad libitum. The behavioral experiments were conducted during
the first half of the dark phase of the 12-h light/dark cycle. Primary
hippocampal cultures were performed from E17 embryos while micro-
glia primary cultures were obtained from P1-3 animals. Tissues for
Western Blot and RNA analysis were taken from P20, 1 month- 3
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months- and 7 months-old male animals. All the experimental proced-
ures followed the guidelines established by the European Legislation
(Directive 2010/63/EU), and the Italian Legislation (L.D. no 26/2014).
All experiments were conducted according to ARRIVE 2.0 guidelines
(Percie du Sert et al., 2020).

2.2. Drugs and treatments

2.2.1. Invitro treatment

For in vitro experiments, the following drugs were used: IL-1Ra 100
ng/ml for 24 h (Tomasoni et al., 2017); rapamycin 20 nM for 24 h
(Tomasoni et al., 2017), LPS 0.1 pg/mL for 1 h (Lively & Schlichter,
2018).

2.2.2. In vivo treatment

For rapamycin treatment in vivo, the protocol was described previ-
ously (Sato et al., 2023).

Rapamycin (LC Laboratories, Woburn, MA, USA) was dissolved in
10% dimethyl sulfoxide diluted with saline to 10 mL/kg. The P20 mice
received the rapamycin solution (5 mg/kg) or an equal volume of
vehicle by intraperitoneal injection once/day for 2 consecutive days.
The behavioral tests and brain collection were performed 24 h after the
second administration. For brain collection mice were anesthetized and
then perfused with saline (NaCl 0,9%) for engulfment analysis. The
brain was removed, half brain was post-fixed in PFA 4% overnight at 4°C
and half brain underwent hippocampi and cortices dissection for sub-
sequent Western Blot analysis.

2.3. Neuronal cultures

Mouse hippocampal neurons were established from hippocampi at
embryonic stage E17 or postnatal 1-2 day-old pups as described previ-
ously (Mirabella et al., 2021) with slight modifications. Neurons were
plated onto glass coverslips coated with poly-L-lysine at density of
8x1074 cells. The cells were maintained in Neurobasal medium (Invi-
trogen) with B27 supplement and antibiotics, 2 mM glutamine and
glutamate. All experiments were performed at 13-15 days in vitro (DIV).
To visualize neuronal processes and dendritic spines, hippocampal
neurons were transfected using Lipofectamine 2000 at DIV11 with CAG-
GFP plasmid.

2.4. Electrophysiology recording of neuronal cultures

Patch-clamp recordings in neuronal cultures were performed as
previously described (Mirabella et al., 2021). In brief, glutamatergic
basal synaptic transmission was recorded using the following extracel-
lular solution (in mM): 130 NaCl, 5 KCl, 1.2 KH2PO4, 1.2 MgS04, 2
CaCl2, 25 HEPES, and 6 Glucose, pH 7.4, in the presence of bicucullin
(20 uM), APV (50 pM) and tetrodotoxin (TTX; 1 mM). Glass pipettes of
4-6 MQ as recording electrodes were filled with the following internal
solution (in mM): 135 K-gluconate, 5 KCl, 2 MgCl2, 10 HEPES, 1 EGTA,
2 ATP, 0.5 GTP, pH 7.4. mEPSCs were recorded at — 70 mV as holding
potential. The analysis of mEPSC was performed with Mini analysis
(Synaptosoft Inc., Fort Lee, NJ, USA).

2.5. Microglial cultures

Primary microglia cell cultures were obtained from mixed cultures
prepared from the hippocampi and cerebral cortices of mice at Postnatal
day/P1-3. After 14 days of microglia preparation, cells were isolated by
shaking flasks for 1 h at 230 rpm. Cells were then seeded on poly-L-
ornithine (Sigma) pre-coated wells at a density of 1.5x10"5 cell/mL in
DMEM containing 20% heat-inactivated Fetal Bovine Serum (FBS). For
microglia-to-neuron co-culture experiments, WT or Il1r1”" microglia
were added to hippocampal neurons (13-14 DIV) for 24 h with the ratio
of microglia 1.5 : neuron 1. To visualize neuronal processes and
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dendritic spines, hippocampal neurons were transfected using Lip-
ofectamine 2000 at DIV11 with CAG-GFP plasmid.

2.6. Phagocytosis assays in vitro

Synaptosome purification and engulfment assay: Synaptosomes were
purified as previously described (Huttner et al., 1983) and conjugated
with FM1-43FX dye in HBSS at 4°C for 2 min (modified from Biesemann
et al., 2014). Unbound FM1-43FX dye was washed out with multiple
rounds of centrifugation. WT or I11r1”" microglia, plated at a density of
1.5x1075 cells/mL, were then incubated with the same amount of FM1-
43FX dye-conjugated synaptosomes for 24 hr. To check the same
amount of protein, synaptosomes were quantified by BCA methods and
loaded on acrylamide gel. Synaptosomes isolation was checked by
synaptic marker measurement (PSD95 and synaptophysin) (data not
shown).

2.7. Immunofluorescence

Young (1 month) and old (7 months) animals were used for the
analysis of synaptic markers, vGluT1 and PSD95 or the myeloid cell
marker Ionized Calcium-Binding Adapter molecule 1 (IBAl) positive
cells, and 1-month old animals were used for IL-1R1 staining. Mice were
anesthetized with a cocktail of ketamine (100 mg/kg)/xylazine (20 mg/
kg) and perfused with 0.9% saline, followed by 4% paraformaldehyde
(PFA). Mice were transcardially perfused with 0,9% saline followed by
PFA 4%. Brains were rapidly removed and underwent PFA post-fixation
overnight. After 24 h brains were left in sucrose 30% diluted in PBS 1X.
50 pm-thick slices were immunostained as follows. Sections at the level
of the dorsal hippocampus were blocked at Room Temperature in 10%
Normal Goat serum 0.2% Triton X-100 for 45 min or 1% BSA 0.3%
Triton X-100 for 30 min and then incubated overnight with specific
primary antibodies PSD95 (1:200, Millipore); vGLUT1 (1:1000, SySy)
IBA1 (1:400 Wako) (Filipello et al., 2018) or IL-1R1 (1:100, Invitrogen)
(Ren et al., 2022), followed by incubation with secondary antibodies
(1:400, Alexa Fluor-conjugated, Invitrogen), counterstained with
Hoechst and mounted in Fluorosave (Calbiochem). Images were ac-
quired with a SP8II laser scanning confocal microscope (Leica Micro-
systems), provided with 63X magnification. Images were acquired in the
pyramidal layer or stratum radiatum of the CA1 subfield of the hippo-
campus, as indicated.

2.8. In vivo microglia morphology

Z-stack confocal images were acquired with the SP8II laser-scanning
confocal microscope. Images were acquired in the pyramidal layer or
stratum radiatum of the CA1 subfield of the hippocampus. For microglial
cell count and morphologic analysis, confocal images for the selected
marker IBA1 were modified as 8-bit and Z-stack projection images. IBA1
and DAPI' cells were counted per HPF. The resulting images were
smoothly processed, binarized and skeletonized, using the Skeletonize
Plugin for ImageJ (Arganda-Carreras et al., 2010). Before quantification,
a mask using the particle analysis function was created to subtract from
skeletonized images. The resulting images were processed by choosing
the Analyze Skeleton 2D 3D option in the Skeletonize Plugin, and the
number of branches and junctions per cell were obtained.

2.9. In vivo synapse engulfment quantification

Fixed brain slices from WT and IlIr1”" littermates were per-
meabilized for 45 min at RT in 0.5% Triton X-100, followed by 1 hr RT
blocking in 2% BSA 0.5% Triton X-100 and overnight incubation with
primary antibody against PSD95 (1:100, Millipore), CD68 (1:400, Bio-
Rad) and IBA1 (1:600, Wako) at 4°C. Upon washing, sections were
incubated for 2 h at Room Temperature with Alexa-fluorophore-
conjugated secondary antibodies (1:400, Invitrogen). Confocal
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microscopy was performed with a TCS-SP8II Laser Scanning microscope
(Leica Microsystems). System, by using a Leica HCX PL APO 63X/ NA
1.3, glycerol-immersion lens. Images were acquired with 3X digital
zoom, as 61.5 mm x 61.5 mm in XY, and with a Z-step size of 0.33 pm.
Stacks ranged from 5 to 6 pm in thickness. Images were processed and
analyzed by Imaris Software (Bitplane, Switzerland) according to the
protocol described previously (Schafer et al., 2014). CD68 and IBA1
volumes were quantified by applying 3D surface rendering of confocal
stacks in their respective channels, using identical settings (fixed
thresholds of intensity and voxel) within each experiment. Each confocal
acquisition contained an equal number of WT and Il1r1”" images. For
quantification of PSD95 engulfment by microglia, only PSD95 puncta
present within microglial CD68™ structures were considered. This pro-
cedure was used to ensure that only puncta entirely phagocytized by
microglia were included in the analysis. To this aim, a new channel for
"engulfed PSD95" was created, by using the mask function in Imaris,
masking the PSD95 signal within CD68™ structures. Quantification of
volumes for "engulfed PSD95 in CD68" was performed following the "3D
Surface rendering of engulfed material" protocol, previously published
by Schafer et al., 2014. To account for variations in cell size, the amount
of "engulfed PSD95 in CD68" was normalized to the total volume of the
phagocyte (given by IBA1™ total volume). The total PSD95 volume per
field from the same confocal stacks was also quantified following the
same protocol. All the data were normalized to WT values within each
experiment.

2.10. Electrophysiology recording of brain slices

Electrophysiological recording in acute brain slices was performed as
previously reported (Mirabella et al., 2021). WT and I11r1”~ male mice at
P20 were deeply anesthetized with isofluorane at 4% by inhalation and
decapitated. Brains were removed and placed in an ice-cold solution
containing the following (in millimolar): 87 NaCl, 21 NaHCO3, 1.25
NaH2PO4, 7 MgCl2, 0.5 CaCl2, 2.5 KCl, 25 D-glucose, and 7 sucrose,
equilibrated with 95% O2 and 5% CO2 (pH 7.4). Coronal slices (300 pm
thick) were cut with a VT1000S vibratome (Leica Microsystems). Slices
were incubated at room temperature for at least 1 h, in the same solution
as above, before being transferred to the recording chamber. During
experiments, slices were superfused at 2.0 mL/min with artificial cere-
brospinal fluid (ACSF) containing the following (in millimolar): 135
NaCl, 21 NaHCO3, 0.6 CaCl2, 3 KCl, 1.25 NaH2PO4, 1.8 MgS04, and 10
D-glucose, aerated with 95% O2 and 5% CO2 (pH 7.4). Cells were
examined with a BX51WI upright microscope (Olympus) equipped with
a water immersion differential interference contrast (DIC) objective and
an infrared (IR) camera (XM10r Olympus). Neurons were voltage (or
current) clamped with a Multiclamp 700B patch-clamp amplifier (Mo-
lecular Devices, Union City, CA) at room temperature. Low-resistance
micropipettes (2-3 MQ) were pulled from borosilicate. Experiments
where series resistance did not remain below 20 MQ were discarded.
Signals were low-pass filtered at 2 kHz, sampled at 10 kHz and analyzed
with Digidata 1440A (Molecular Devices). Synaptic basal transmission
was recorded at —70 mV respectively in the presence of 1 pM TTX, using
the following pipette internal solution (in mM): 138 Cs-gluconate, 2
NaCl,10 HEPES, 4 EGTA, 0.3 Tris-GTP and 4 Mg-ATP (pH 7.2).

2.11. Microglia isolation from hippocampi and cortices and facs analysis

Microglia isolation from hippocampi and cortices from WT mice at
P20 and P90 was carried out as previously described (Bennett et al.,
2016) with some modifications. The whole procedure was done on ice
with cold buffers and centrifuges at 4°C. Anesthetized mice were
transcardially perfused using ice cold Hank’s balanced salt (HBSS).
Hippocampi and cortices were dissected under a stereotactic microscope
and homogenized with a potter in Dounce Buffer (HBSS containing 15
mM HEPES buffer and 0.54% glucose). The cell suspension was passed
through a pre-wet (with HBSS) 70 pm cell strainer and spun down at 300
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g for 10 min at 4°C. Cell pellets were resuspended in 30% Percoll (GE
Healthcare) in HBSS and spun for 25 min at 1200g at 4°C. The top
myelin layer was discarded and pelleted cells were washed once with
HBSS, centrifuged for 5 min at 300g and resuspended in 50 pl of FACS
buffer (2% FBS, 1 mM EDTA, 1 x PBS; sterile filtered). For flow
cytometry analyses, single cell suspensions underwent live/dead stain-
ing (Zombie Aqua, Biolegend) at 1:1000 dilution in PBS for 20 min at
4°C. Fc-receptor blockade was performed using CD16/32 blocking
antibody (1:200; BioLegend, cat. no. 553141) incubated 10 min on ice.
Surface staining was performed for 30 min on ice with the following
antibodies: CD11b (M1/70, BioLegend, 101216), CD45 (30-F11, Bio-
legend, 103129), Ly6C (HK1.4, Biolegend, 128025), Ly6G (1A8, Bio-
legend, 127653), and CD12la (IL-1 R, Type I/p80) (JAMA-147,
Biolegend, 113505). Flow cytometry analysis was performed on Sym-
phony A3 (BD Bioscience). Raw data were analyzed with FlowJo v10.

2.12. Western blotting

Hippocampi and cortices from WT and I11r17" were dissected and
homogenized in 62.5 mM Tris pH 8, 290 mM sucrose, 1% sodium
dodecyl sulfate (SDS) supplemented with protease inhibitors (Roche) or
RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NacCl, 2% Nonidet P-40,
5 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM B-glycer-
ophosphate, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 0.1
M SDS, 1% protease inhibitor cocktail-Sigma Aldrich). The total protein
concentration of each sample was determined by BCA (Thermo Fisher),
and equal amounts of total protein (15 pg) were loaded onto 12% Tris—
HCI gels (Bio-Rad). Following electrophoresis, proteins were transferred
to a 0.45 pm nitrocellulose membrane (Bio-Rad). Blots were probed
overnight at 4°C with primary antibodies (mTOR (1:500); p-mTOR
(1:500), anti-puromycin (1:5000); anti CYFIP1 (1:1000) anti- Clq
(1:1000)) and next incubated with HRP-conjugated secondary anti-
bodies at 1:5000 for 2 hr at Room Temperature. ECL Prime Western
Blotting Detection Reagent (GE Healthcare) was used for the detection
of the signal. Visualization and imaging of blots were performed using
the ChemiDoc system and analyses were conducted using Image Lab
(Bio-Rad) or ImageJ software. For each experiment values were
normalized on the internal control.

2.13. Real-Time quantitative PCR (RT-qPCR)

The total RNA was extracted from microglia cell culture. The RNA
was extracted according to the procedure previously described (Borreca
et al., 2015). 500 pl of Trizol was added to tissue or cells and incubated
for 5 min to allow complete dissociation of the nucleoproteins complex.
0.1 mL of chloroform was added to the mixture securely capped the
tube, then thoroughly mixed by shaking. The sample was centrifuged for
15 min at 12,000 x g at 4°C and the aqueous upper phase was trans-
ferred in a new tube. Then 5-10 pg of RNase-free glycogen as a carrier to
the aqueous phase and 0,7 volumes of isopropanol (0,350 mL) were
added and allowed to precipitate at —80 °C for 1 h. Samples were then
centrifuged for 10 min at 12,000 x g at 4°C and the pellet resuspended in
1 mL of 75% ethanol. Finally, the tubes were centrifuged for 5 min at
7500 x g at 4°C, the supernatant discarded and the pellet resuspended in
20-50 pl of RNase-free water. The eluted RNA was quantified with
NANOdrop 2000c spectrophotometer (Thermo Fisher Scientific) for
RNA concentration and 260/280 nm optical density ratios. 500 ng RNA
for each condition underwent reverse transcription into cDNA with
High- Capacity cDNA RT kit (Applied Biosystems). Quantitative Real-
time polymerase chain reaction (QRT-PCR) was performed with Tagq-
Man detection kit (TagMan Fast Universal PCR Master Mix(2x), no
AmpErase UNG, ThermoFisher) into qRT-PCR Viia7 software system
(Applied Biosystems) in a final volume of 10 pul. Each gene was subjected
to at least duplicate measurements and data analyses were performed
with the comparative ACt method. mRNA measurements for target gene
were normalized to the housekeeping gene Gapdh. The following
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TagMan assay was used (Applied Biosystems): mouse [l11r1 FAM-MGB
Mm00434237_m1.

2.14. ELISA immunoassay

For ELISA assay from brain tissue, hippocampi were solubilized in
lysis buffer (Tris—=HCI 50 mM, Triton X-100 0.1%, EDTA 2 mM, protease
inhibitor cocktail) with Tissue Lyser III (Qiagen, Germany), centrifuged
at 1,600 g for 15 min, and then, the supernatant was collected. Briefly,
96-well ELISA plates (Nunc MaxiSorp, Thermo Fischer Scientific, Ros-
kilde, Denmark) were coated with a monoclonal antibody in coating
buffer (15 mM carbonate buffer pH 9.6) and incubated overnight at 4°C.
After each step, plates were washed three times with washing buffer
(PBS containing 1.17 mM CacCly, 1.05 mM MgCl, and 0.05% Tween 20,
pH 7.00). Non-specific binding sites were blocked with 5% dry milk in
the washing buffer. Standard or samples were added in duplicate and
incubated for 2 h at 37°C. Then, plates were washed and the biotinylated
monoclonal antibody diluted in the washing buffer was added. The
plates were kept for 1 h at 37°C, washed, and incubated with strepta-
vidin-horseradish peroxidase (Amersham, Milan, Italy). After 1 h in-
cubation at room temperature, the plates were washed extensively
before the addition of 100 pl of tetramethylbenzidine substrate (Thermo
Fischer Scientific, Rockford, IL, USA). The reaction was blocked with 2N
sulfuric acid. Absorbance was measured at 450 nm with an automatic
ELISA reader. The mean of cytokines content was obtained by convert-
ing Abs 450 values to protein concentration using the standard curve.

2.15. Behavioral tests

Open field: Mice were left to freely move for 30 min in an open field
arena (25 cm long and 25 cm wide) and their behavior was recorded
with Activity Monitor Software (Med Associates, Inc.). Time or path in
the center or periphery of the arena was measured. Open field test was
validated in other ASD mouse models at different developmental stages
(Larner et al., 2021; Moy et al., 2008; Filipello et al., 2018).

Marble burying: For the marble burying test mice were left to
explore a cage with 12 marbles for 30 min and the number of marbles
buried or moved was counted. Marble burying was assessed as previ-
ously described (Deacon RMJ, 2005).

Self-grooming: Mice were scored for spontaneous grooming be-
haviors as described earlier (Silverman et al., 2011) with slight modi-
fications. Each mouse was placed individually into a clean mouse cage
with a thin (0.5 cm) layer of bedding reducing neophobia, while pre-
venting digging, a potentially competing behavior. After 5 min of
acclimatization, each mouse was scored with a stopwatch for 10 min for
cumulative time spent grooming all body regions by an expert observer.

Novel object recognition: Novel object recognition was used for
memory tasks. The protocol was performed according to the following
procedure. Mice were left to acclimate in the arena for 10 min for two
consecutive days. On the third day, mice spent 10 min in the arena with
two identical objects (LO and RO). After one hour mice were tested for
short memory and one of the two objects was substituted with a new one
(Familiar object: FO and novel object: NO). Mice were left to explore the
object for 10 min and time spending to sniff the object was measured
using ETHOVISION software. For the discrimination index the following
formula was used: Time spent to the NO- Time spent to FO/ total time
*100.

Sociability: Sociability and social novelty tasks were performed as
previously described (Corradini et al., 2014). The apparatus consists of a
3-compartment transparent polycarbonate box (20x40x22(h) cm each),
with two sliding doors (5x8(h) cm), opening on the central compart-
ment, that can be closed to confine the animal. The proband mouse was
habituated in the central compartment for 5 min. For sociability
assessment, an unfamiliar adult C57/BL6 male mouse was placed in one
side compartment whereas the opposite contained an empty wire cage
and mice were left to explore for 10 min. Immediately after the
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sociability task, the social novelty test was carried out in the same
apparatus without any cleaning, placing a new unfamiliar mouse in the
wire cage that had been empty during the prior 10-minute session.
Familiar and unfamiliar animals from different home cages had never
been in physical contact with the subject mice or with each other. For
both tests, the time spent in each chamber was recorded and the time
sniffing the conspecific or empty cage was measured. The discrimination
ratio was measured according to the following formula: ((time spent
towards conspecific mice - time spent toward the inanimate object)/
total time) *100).

Light/dark chamber: The test was performed according to previous
studies (Bourin & Hascoét, 2003). The apparatus consisted of a cage
divided into a dark compartment (one third) and a brightly illuminated
compartment (two thirds). Mice were allowed to freely move for 10 min
between the two chambers. The total number of transitions, the time
spent in each chamber, the latency to enter the dark chamber and the
latency to the first exit from the dark chamber were recorded. After each
trial, all chambers were cleaned with ethanol to prevent a bias based on
olfactory cues.

Elevated plus maze: The test was performed according to previous
studies (Walf & Frye, 2007). The apparatus consisted of a four arms
maze with two of them open. Mice were placed on the junction of four
arms, facing an open arm and the following parameters were recorded:
number of entries in open arms/total entries and time spent in open
arms/total. For the number of entries, we considered when animals
entry totally the arm.

2.16. Golgi staining

WT or IIIr1”" mice were deeply anesthetized with ketamine (100
mg/kg)/xylazine (20 mg/kg) and perfused transcardially with 0.9%
saline solution (N = 7 mice per group). Brains were dissected and
immediately immersed in a Golgi-Cox solution (1% potassium dichro-
mate, 1% mercuric chloride, and 0.8% potassium chromate) at room
temperature for 6 days according to a previously described protocol
(Gibb & Kolb, 1998). On the seventh day, brains were transferred to a
30% sucrose solution for cryoprotection and then sectioned with a
vibratome. Coronal sections (100 pm) were collected and stained ac-
cording to the method described by Gibb and Kolb (1998). Sections were
stained through consecutive steps in water (1 min), ammonium hy-
droxide (30 min), water (1 min), developer solution (Kodak fix 100%,
30 min), and water (1 min). Sections were then dehydrated through
successive steps in alcohol at rising concentrations (50%, 75%, 95%, and
100%) before being closed with slide cover slips. Spine density was
analyzed on CAl neurons. Neurons were identified with a light micro-
scope (DMI8) under low magnification (20X/NA 0.5) and the 63X
immersed oil objective was used for quantification. Five neurons within
each hemisphere were taken from each animal. On each neuron, five
30-100 pm dendritic segments of secondary and tertiary branch order of
CA1 dendrites were randomly selected and counted using ImageJ soft-
ware. Only protrusions with a clear connection of the head of the spine
to the shaft of the dendrite were counted as spines. Statistical compar-
isons were made on single neuron values obtained by averaging the
number of spines counted on segments of the same neuron. The Data
analysis was blinded to the operator.

2.17. Quantification and statistical analysis

Data are displayed as individual dots and mean + SEM. For each
graph, the number of observations indicated with “n’> and the number of
biological replicates (mice) indicated with “N”’ can be found in the
figure legends. Differences between multiple groups were analyzed by
One-Way Anova and Two-Way Anova with Bonferroni’s or Tukey’s post
hoc test. Comparisons between two groups following a normal distri-
bution were analyzed using an unpaired t test (two-tail distribution),
Welch’s t test or a Mann-Whitney test for two groups with non-normal
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distribution, as indicated in each figure. Statistical analysis was per-
formed using GraphPad Prism (Graph-Pad Software). Differences were
considered to be significant for p < 0.05 (*),p < 0.01 (**), p < 0.001
(***) or p < 0.0001 (****).

3. Results

3.1. Juvenile I11r1”" mice display ASD-like behavioral defects and
excessive glutamatergic synapses at early developmental stages

We first investigated whether mice lacking IL1 signaling (11r17")
display behavioral alterations at early stages of development (P20).
Using the open field task, we observed that both WT and I11r1”" geno-
types spent a significantly higher amount of time in the peripheral zones,
in the absence of differences between genotypes (Fig. 1A). When
checked for the general locomotor activity, ll1r17~ and WT mice dis-
played a comparable distance traveled, ambulatory counts and resting
time (Supplementary Fig. 1A-C). The analysis of stereotyped behaviors
revealed significantly enhanced marble burying in Il1r1”" mice relative
to WT (Fig. 1B) which, at early postnatal stages, bury a very limited
number of marbles (Menashe et al., 2022). Also, I11r1” mice displayed
enhanced self-grooming activity relative to WT (Fig. 1C). When exam-
ined in the light/dark chamber, P20 I11r1”" mice did not display any
significant phenotype compared to WT, with no differences detected in
any parameter analyzed (Fig. 1D). Furthermore, mice lacking IL-1
signaling displayed sociability deficits, spending significantly less
time, compared to WT, in the chamber containing a conspecific mouse
relative to an inanimate object (Fig. 1E). In addition, the novel object
recognition (NOR) test, which assesses hippocampal-dependent
behavior, demonstrated that juvenile I11r1”" mice display significant
defects in spatial learning compared to WT mice (Fig. 1F), not due to an
intrinsic preference of animals towards a side of the cage (Supplemen-
tary Fig. 1D). These data indicate that juvenile 111r1”" mice exhibit
typical behavioral deficits observed in established mouse models of ASD
(Borreca et al., 2023; Gonatopoulos-Pournatzis et al., 2020; Zhou et al.,
2016), and in ASD patients (Wang et al., 2023; James et al., 2022;
Banker et al., 2021). At P90, both WT and Il1r1”" mice were found to
spend comparable time in the center and periphery of the arena (Sup-
plementary Fig. 1E), with genetically mutated mice traveling a signifi-
cantly higher distance compared to WT (Supplementary Fig. 1F), as
previously described (Murray et al., 2013). Differently from juvenile
mice, in the light/dark chamber, P90 I11r1 /" mice spent less time in the
dark area (Supplementary Fig. 1G) and exhibited a significantly
increased number of transitions (Supplementary Fig. 1H); consistently,
Il1r1”" mice spent increased time in the open arm in the elevated plus
maze (Supplementary Fig. 11), in line with the anxiolytic-like behavior
previously described (Koo & Duman, 2009). Interestingly, 11r1”" P90
mice maintained defective sociability (Supplementary Fig. 1J), exces-
sive self-grooming (Supplementary Fig. 1K), enhanced marble burying
(Supplementary Fig. 1L), and defective NOR (Supplementary Fig. 1M),
suggesting the persistence of the autistic-like phenotype even in the
adult.

Given the hippocampal contribution to social and cognitive defects
in ASD (Banker et al., 2021) and the centrality of synaptic connectivity
in the regulation of behavioral phenotypes, the number of hippocampal
glutamatergic synapses was evaluated in Il1r1”" P20 mice. We found
that the density of synaptic puncta, identified by either presynaptic
(vGLut1) or postsynaptic (PSD95) markers in the CA1 hippocampal re-
gion (Fig. 2A) was significantly higher in juvenile I11r1”~ mice compared
to WT (Fig. 2B-C). Accordingly, Golgi staining demonstrated a higher
synaptic spine density (Fig. 2D), in both the apical (Fig. 2E) and basal
(Fig. 2F) dendrites. The higher density of synaptic inputs was mirrored
by the functional enhancement of glutamatergic synaptic basal trans-
mission, as described in different experimental contexts (Filipello et al.,
2018, see also Yi et al., 2016; Sala et al., 2001; Saglietti et al., 2007;
Sando & Siidhof, 2021). Indeed, whole-cell patch clamp recordings of
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Fig. 1. Juvenile Il1r1”" mice display ASD-like behavioral defects. A) Open field test performed at P20: time spent in the center and periphery during a 30 min of arena
exploration. Tracks recorded during the open-field session. Both genotypes spent more time in periphery vs center zone of the arena. Two Way Anova followed by
Tukey’s test for multiple comparison: no significant effect between genotypes F; 50) = 3.304e-30; p > 0,99; significant effect between zones F; 59y = 122.0; p <
0.0001; significant effect in interaction genotype x zone F(; 50) = 7.666; p = 0.0079. Post Hoc analysis with Tukey’s multiple comparison center vs periphery for both
genotypes p < 0,0001. WT = 13 animals, ll1r17"=14 animals. B) Marble burying test performed at P20: the number of marbles buried in 30 min was evaluated. A
significant increase in the number of buried marbles in Il1r1”" compared to WT was observed. Unpaired t test with Welch’s correction p = 0,0040. F(3; 19) = 2.325.
WT = 20 animals; I11r17"=32 animals. C) Self-grooming test performed at P20: Il1r1” spent more time performing grooming during 10 min recording. Unpaired t test
p = 0.0180. Fs 6) = 3.411. WT = 7 animals; [l1r1”"=7 animals. D) Light/dark chamber performed at P20: the latency to first entrance in the dark area (unpaired ¢ test
with Welch’s correction p = 0.2675; F14,10) = 13.13), the time spent in the dark zone (unpaired t test with Welch’s correction p = 0.2337; F(19,14) = 1.123), the
number of transitions (unpaired t test p = 0.0956; F(10,14) = 1.140), ratio time spent in the dark/number of transition (unpaired ¢ test p = 0.5425; F(14,10) = 1.547)
and the latency to first exit (unpaired t test with Welch’s correction p = 0.4735; F10,14) = 1.732) were evaluated. No differences were observed in Il1r1”" animals
compared to WT controls. WT = 11 animals; IlIr17°=15 animals. E) Sociability test performed at P20: during a 10 min test, IlIr1” spent significantly less time
exploring a conspecific mouse. The discrimination ratio was evaluated as (time exploring conspecific — time exploring inanimate object)/total time of exploration.
Unpaired t test p = 0.0136; F 6) = 1.121. WT = 7 animals; Il1r1”"=7 animals. F) Novel object recognition task was performed at P20 with animals left to explore two
different objects after 1 h of training (with animals exploring two identical objects). A discrimination index was evaluated as (seconds spent toward novel object —
seconds spent toward familiar object)/total seconds of exploration*100. Unpaired t test p = 0.0441. Fgg) = 1.914. WT = 9 animals; IlIr1”"=9 animals. The ex-
Eeriments were conducted on different groups of animals, tested in different periods of time.

CA1l pyramidal neurons in acute brain hippocampal slices (Fig. 2G) alterations in microglial morphology, as shown by the analysis of the
showed a higher frequency (Fig. 2H) and amplitude (Fig. 2I) of minia- soma size, branching and junctions (Supplementary Fig. 3A-D) in hip-
ture excitatory potential synaptic currents (mEPSCs) in Il1r1 /" relative pocampal microglia from WT or Il1rl */~ mice at P20. Moreover, immu-
to WT mice. Interestingly, synaptic basal transmission recorded in mixed nostaining for IBA1 at different postnatal stages revealed no change of
cultures of neurons and astrocytes, established from embryonic WT and microglia cell density along the development, except for a slight and
I1r1”" mice (Supplementary Fig. 2A), revealed no changes in mEPSC transient increase at P9 (Supplementary Fig. 3E). The reduced synapse
frequency (Supplementary Fig. 2B) and amplitude (Supplementary engulfment did not depend on the lower expression of molecules
Fig. 2C), suggesting that the phenotype observed in Il1r1 */~ hippocampal crucially involved in the regulation of microglia-dependent synaptic
slices cannot be ascribed to neuron- or astrocyte-autonomous mecha- pruning. No reduction of the microglial immune receptor TREM2 was
nisms, but it is likely depending on additional cell types. detected in microglia from IlIr1”" mice (Supplementary Fig. 3F-G).

Also, the C1q complement component, the “eat-me” signal for synapses
that need to be eliminated (Stevens et al., 2007), was not reduced but

3.2. Microglia lacking IL-1R1 exhibit impaired synapse engulfment rather increased in synaptosomes isolated from 111r1”" mice (Supple-
mentary Fig. 3H-I).

The lack of an effect of the IlIr1”" genotype in neuronal cultures To directly assess whether the alteration of the IL-1 pathway in
prompted us to investigate the putative role of microglia cells in the microglia prevents their ability to perform synapse elimination, WT or
observed phenotype. Microglia-dependent synapse elimination deficits 11r17" microglial cells were co-cultured with WT hippocampal neurons
have been associated with an altered number of synaptic contacts and (Fig. 3I). Neurons maintained in contact with WT microglia for 24 h

ASD-like behavior (Tang et al., 2014; Filipello et al., 2018). Hence, we displayed a reduced number of total spines, with lower mushroom and
first evaluated whether microglia genetically devoid of Il1r1 display filopodia-like spines density (Fig. 3J-L), consistent with the ability of

defects in the phagocytosis of synaptic components in vivo. Using a microglia to phagocytose synapses in vitro (Filipello et al., 2018).
combination of different methods, we first checked whether WT Conversely, 111r1”" microglia showed a significantly reduced ability to
microglia endogenously express IL-1R1. The expression of Il1r] tran- perform spine elimination compared to WT microglia as indicated by the
script was evaluated via qPCR in mature microglial cultures both in basal quantitation of total (Fig. 3J) and mushroom (Fig. 3L) spines. No dif-
condition and upon LPS stimulation. IlIrl transcript was clearly ference was detected in the density of filopodia in neurons cultured with
detectable under basal conditions, with a mild upregulation of the either WT or Il1r1”" microglia (Fig. 3K), indicating a selective impair-
transcript upon LPS stimulation, as previously described (Lively & ment of I11r1”~ microglial cells in pruning mature spine structures. To
Schlichter, 2018) (Fig. 3A). Immunostaining against IL-1R1 in note, no changes were observed in the release of either pro-
IBA1tmicroglia in the hippocampus of WT mice at P20 revealed a inflammatory or anti-inflammatory cytokines by primary WT or
positive IL-1R1 staining, organized as distinct clusters distributed 111r1”" microglia, which could differently guide the microglial synaptic
throughout microglia cell bodies and processes (Fig. 3B). In line with engulfment performance (Supplementary Fig. 3J).

available RNA-seq databases (https://research-pub.gene.com/BrainMye To univocally confirm the inability of 111717~ microglia to perform
loidLandscape/BrainMyeloidLandscape2/#Mouse-gene/Mouse-gene proper synapse phagocytosis, primary WT or IlIr1”" microglia were

/16177/geneReport.html) (Datasets: GSE52564, (Zhang et al., 2014); incubated with synaptosomes prepared from either WT or mutant mice
Datasets: GSE75246, (Srinivasan et al., 2016)), both Il1r1 transcript and and labeled with FM1-43 fluorescent dye (Fig. 3M, Filipello et al., 2018).

protein expression in microglia were found to be lower compared to the Different genetic combinations of microglia and synaptosomes were
ones found in astrocytes (Fig. 3A-B). The endogenous protein expression tested for phagocytic activity. The results indicated that while WT
of IL-1R1 was further confirmed by FACS analysis on CD11b"CD45™  microglia were equally able to engulf synaptosomes from either WT or
microglia isolated ex vivo from cortices and hippocampi of WT mice at 11117 mice, Il1r1”" microglia were defective in phagocytosing synap-
P20 and P90. Both hippocampal and cortical microglia express detect- tosomes prepared from either genotype (Fig. 3N). Altogether these data
able levels of IL-1R1 protein at P20, which progressively increase at P90 indicate that the lack of IL-1R1 impairs microglia’s ability to properly
(Fig. 3C-E). Thus, WT microglia express detectable levels of IL-1R1 re- phagocyte synaptic structures during neuronal development.

ceptor both in vitro and in vivo at juvenile (P20) and adult (P90) stages.

We then performed a quantitative analysis of synaptic material engulfed

inside microglia localized in the hippocampal CA1 region of P20 WT or 3.3. Defective phagocytosis is governed by enhancement of mTOR

I111r17" mice (Fig. 3F). We found that Il1r1”" microglia exhibited a lower signaling in I1r1”" microglia

amount of PSD95" material inside CD68" phagolysosome structures

(Fig. 3G), without significant changes in CD68 content (Fig. 3H). The We next aimed to define the molecular pathways responsible for the
reduced phagocytic activity of I11r1”~ microglia was not accompanied by defective synaptic engulfment in II1r1”" microglia. It has been reported
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Fig. 2. IL-1R1 Deficient Mice Display altered synaptic density. A) Representative images of pre (vGLUT1) and post (PSD95) synaptic markers in the CA1 hippo-
campal region of P20 of 1Ir1”~ and WT mice. Scale bar = 25 mm. Quantitative analysis of vGLUT1 (B) and PSD95 (C) area reveals higher synaptic density for 111r17"
mice. For vGLUT1 unpaired t test with Welch correction p < 0,0001F47,55) = 1.238. For PSD95 unpaired t test with Welch correction p < 0,0001; F(g7,06) = 2.619.
WT = 3 animals; I1Ir17"=3 animals. D) Representative images of Golgi staining in hippocampi of P20 WT and Il1r1”" mice. Higher magnifications of dendritic
segments are also shown. Quantitative analysis of apical (E) and basal (F) dendrites in CA1 region reveals higher spine density in dendrites of Il1r1”~ mice compared
to WT. P20 WT N = 4 animals, P20 Il11r1”"=4 animals. For each animal a number of 10 dendritic segments were analyzed. For apical dendrites Mann-Whitney test p
= 0,0286; F(3,3) = 4.670, for basal dendrites Mann-Whitney test p = 0,0286; F3 3) = 34.20. Dots represent the mean of 30 segments for each animal, N indicates the
number of animals G) Representative traces of mEPSC recordings in CA1 hippocampal acute slices from I11r1”" and WT mice. Quantitative analysis shows signifi-
cantly higher mEPSC frequency (H) and amplitude (I). mEPSC frequency: WT 1.468 + 0.138, n = 14 cells; Il1r1 7/~1.956 + 0.155, n = 13 cells. mEPSC amplitude: WT
12.343 + 0,361, n = 16 cells; I11r1”/ 15,066 =+ 0,554, n = 15 cells. For frequency unpaired t test p = 0,0271; F12,13) = 1.185. For amplitude unpaired t test p = 0,003;
F(14,15) = 2.355. Scale bars, 20 pA, 2 s. n indicates the number of cells.

that IL-1p enhances the Akt/mTOR metabolic signaling pathway in confirmed by the reduction of CYFIP1 protein (Supplementary
CD4™" T cells (Wyszynski et al., 2016). Unexpectedly, primary microglia Fig. 4C-D), a 4EBP binding protein able to negatively regulate elF4e
isolated from Il1r1”" mice, displayed enhanced levels of both p-mTOR activation (De Rubeis et al., 2013). Consistently, lower levels of the
and mTOR (Fig. 4A). Conversely, no difference in p-mTOR and mTOR autophagy-related protein LC3 were found in IIIr1”" microglia

was detected in 11117 primary neurons (Fig. 4B). compared to WT (Fig. 4C).

The mammalian target of rapamycin (mTOR) exists in two com- To next assess whether the enhancement of mTOR signaling in
plexes, mTORC1 and mTORC2. mTORC] is activated by AKT signaling I11r17" microglia could be per se responsible for the defects in synapse
and leads to autophagy inhibition and increased protein synthesis. In phagocytosis, we pharmacologically inhibited mTOR activity using
line with excessive mTOR activation in Il1r1”" microglia, SunSET assay rapamycin, a selective mTORC1 inhibitor targeting the subsequent
revealed elevated protein synthesis in I11r1”" microglia cells (Supple- activation of p70-S6 kinase (Ballou & Lin, 2008). The treatment, effec-
mentary Fig. 4A-B). The elevated protein synthesis activity was also tive in rescuing mTOR signaling in I11r1”" microglia (Fig. 4D), was able
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Fig. 3. Primary Microglia cells lacking IL-1R1 are Impaired in Synapse Engulfment. A) Real time quantitative PCR performed on primary murine microglia from WT
P1-3 pups. Level of Il1r1 was evaluated in untreated or LPS-treated microglia and in astrocytes. B) Representative immunofluorescence images depicting IL-1R1
expression in Ibal™ and Gfap™ cells. Scale bar = 30 um; 10 um. C) Dot plots of microglia (CD11b"CD45™Ly6CLy6G") isolated from hippocampi and cortices of
WT mice. D) Distribution of Mean fluorescence intensity (MFI) values of surface IL-1R1 in microglia from P20 and P90 mice and E) relative quantification. F)
Representative images of P20 Il1r1”" and WT P20 hippocampal CA1 region stained by immunofluorescence for IBA1 (microglia marker), CD68 (phagolysosomal
marker) and PSD95 (post-synaptic marker). Scale bar = 10 pm. G) Quantitative analysis of PSD95 engulfed in CD68-positive organelles in IBA1" cells. Unpaired t test
with Welch’s correction p = 0,0331, F4 7) = 2.902H) Quantitation of CD68 volume. Unpaired t test with Welch’s correction p = 0,2160; F(4 7) = 2.992. P20 WT =5
animals; P20 I11r1”"=8 animals. I) Representative images of primary neuronal and microglia co-cultures. WT neurons were co-cultured with microglia derived from
WT or I11r1”" mice (microglia were prepared from P1-3 mice and cultured for 20 days). Single dendritic segments of hippocampal neurons cultured alone, with WT or
nir1” microglia are shown. Quantitation of Total spine density (J), thin (K) and mushroom (L) spine density under the aforementioned conditions. Unpaired t test
with Welch’s correction: Total spine density = neurons CTRL vs neurons with microglia WT p < 0.0001; neurons CTRL vs neurons with microglia Il1r1”" p = 0.12;
neurons with microglia WT vs neurons with microglia Il1r1”" p < 0.0001; F(3,99) = 37.51. Spine density thin = neurons CTRL vs neurons with microglia WT p =
0.0151; neurons CTRL vs neurons with microglia I11r1”" p = 0.0354; neurons with microglia WT vs neurons with microglia 11r1”" p = 0.7092; F(3 99y = 3.895. Spine
density mushroom neurons CTRL vs neurons with microglia WT p < 0.0001; neurons CTRL vs neurons with microglia 11117~ p = 0.12; neurons with microglia WT vs
neurons with microglia I11r1”" p < 0.0001; F(; g9y = 22.03. Dots represent the number of segment analyzed from N = 3 independent experiments M) Representative
images of in vitro WT and Il1r1”" microglia co-cultured for 24 h and exposed to synaptosomes freshly prepared from hippocampi of either WT and I11r1”~ mice and
labeled with FM1-43. Scale Bar = 10 pm. N) Analysis of synaptic material engulfed in microglia under different experimental conditions. Two Way Anova: significant
effect for genotype (F1,26) = 33,86; p = 0.000001) and treatment (F; 26y = 4,67; p = 0.04) but no significant effect on interaction genotype Vs treatment (F;, 26) =
0.070; p = 0.79). A Post HOC Fisher analysis; microglia WT with syn WT vs microglia WT with syn Il1r1”" p = 0.097; microglia WT with syn WT vs microglia I11r17"
with syn WT p = 0.000142; microglia WT with syn WT vs microglia I11r1”~ with syn Il1r1”" p = 0.000006; microglia WT with I11r1”" vs microglia Il1r1”~ with syn WT
p = 0.015; microglia WT with syn KO vs microglia Il1r1”~ with syn Il1r1”" p = 0.000782. Dots represent the number of fields acquired from N = 3 independent
experiments.

to restore the ability of Il1r1”" microglia to phagocytose FM1-43 labeled 4. Discussion
synaptosomes prepared from either WT or IlIr1”" mice (Fig. 4E-F).

These data indicate that the genetic lack of IL-1 signaling enhances Over the last few years, a growing body of evidence indicated that a
microglial mTOR activity which in turn leads to an impairment in the tightly regulated level of IL-1p is needed to guarantee proper neuronal
microglia’s ability to engulf synapses. functioning. Indeed, elevated levels of IL-1f in the hippocampus,
resulting from intraperitoneal or intra-cerebroventricular injection of

3.4. Acute inhibition of IL-1R1 in microglia enhances mTOR signaling the cytokine (Oitzl et al., 1993; Gibertini et al., 1995; Barrientos et al.,
and reduces synaptosome phagocytosis 2004) or through IL-1p inducible expression in mice (Hein Am et al.,
2010), negatively affect neuronal circuit function impairing behavioral

To assess the direct link between IL-1R1-mediated signaling and performance. Consistently, excessive IL-1p impairs long-term potentia-
mTOR activity, and to exclude possible compensatory mechanisms due tion (LTP) in several regions of the hippocampus, including hippocam-

to the genetic depletion of IL-1R1, we tested whether acute inhibition of pal CA1 (Bellinger et al., 1993; Ross et al., 2003), CA3 (Katsuki et al.,
IL-1R1 signaling in WT microglia could recapitulate the impaired 111r17" 1990), and dentate gyrus ( Murray & Lynch, 1998; Kelly et al., 2003).
microglia phenotype. Primary microglia established from WT brains of Also, enhancement of IL-1R signaling, like occurring in IL-1R8 deficient
P1-3 pups were exposed to the IL-1R1 antagonist (IL-1Ra) (100 ng/pl for mice, negatively affects spine morphology and plasticity (Tomasoni
24 h), a pharmacological inhibitor of IL-1R1, followed by quantitation of et al.,, 2017). On the other hand, reduced IL-1f levels also result in
synapse engulfment and mTOR activity. Like the genetic model, IL-1Ra cognitive defects. Indeed, IL-1R1 inhibition via the IL-1Ra negatively

significantly increased p-mTOR and mTOR in WT microglia, with p- affects cognitive processes including memory consolidation and
mTOR enhancement being prevented by the concomitant treatment behavioral tasks (Spulber et al., 2008; Spulber et al., 2009; Spulber et al.,
with rapamycin (Fig. 5A-B). Moreover, in line with the results obtained 2011) and even the genetic lack of IL-1p receptor induces dysfunctional
in 111r1”" mice, the pharmacological blockade of IL-1R1 signaling in WT behavioral paradigms involving spatial memory, contextual fear con-
microglia by IL-1Ra caused a significant reduction in their ability to ditioning and stress responses (Avital et al., 2003; DiSabato et al., 2021;
engulf FM1-43 labeled synaptosomes, which was again rescued by McKim et al., 2018). Hence, both excessive and lower levels of IL-1f
simultaneous treatment with rapamycin (Fig. 5C-D). These data indi- result in deleterious effects on behavioral paradigms, suggesting that
cate that the acute inhibition of IL-1R1 signaling in WT microglia is finely tuned IL-1f levels in the brain are required for proper consoli-
sufficient to induce mTOR engagement thus leading to a prominent dation of the behavioral settings.
deregulation of synaptic engulfment activity. We now demonstrate that the lack of IL-1f signaling at early devel-
opmental stages results in derangements of synapse homeostasis and
3.5. ASD-like behavioral defects and proper synapse engulfment by behavioral defects typical of ASD, indicating that a properly tuned ho-
microglia are rescued by rapamycin meostatic IL-1p signaling is necessary for proper brain development at
early postnatal stages. To note, ASD-like behavior is also maintained in
To next assess the causal link between the excessive mTOR activation the adult. The cytokine IL-1 may be released by several brain cell types,
and the behavioral defects observed in Il1r1”" mice, rapamycin (10 mg/ including microglia (Terada et al., 2010; Burm et al., 2015;Hanamsagar
kg) was intraperitoneally injected (I.P.) for two days in vivo (Sato et al., et al., 2011), astrocytes (Davies et al., 1999), platelets (Thornton et al.,
2023) (Fig. 5E) and mice were then tested for behavioral tasks at the end 2010) and infiltrated immune cells (Pyrillou et al., 2020). Although we
of the treatment. The results indicated that rapamycin was able to rescue cannot exclude that the lack of IL-1R1 may affect different cell types, our
the defects observed in sociability (Fig. 5F) and marble burying (Fig. 5G) study points to a central role of microglia. Using an array of different
but not self-grooming activity (Fig. 5H). Importantly, treatment with techniques, we show that microglia established from early postnatal
rapamycin was also able to restore the proper synaptic engulfment pups express I11r1 transcript and that hippocampal or cortical microglia
abilities of Il1r1”" microglia in vivo (Fig. 51-J), thus providing a causal isolated from WT mice express IL-1R1 protein already at P20, as also
link between IL-1R1 signaling and microglial phagocytic abilities. confirmed by microglial immunostaining for the receptor in P20 brain

sections. Also, we found that, when IL-1R1 is lacking, microglia in vivo
display reduced engulfment of synaptic material. Notably, even acute
exposure of WT microglia in culture to the IL-1R1 antagonist IL-1Ra
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microglia isolated from WT and Il1r1”" mice (microglia were prepared from P1-3 mice and cultured for 20 days) and relative analysis. N = 5 independent exper-
iments. Unpaired t test p-mTOR p = 0.007, F(4 4y = infinity; mTOR p = 0.03, F(3 3y = infinity. B) Western Blot images of p-mTOR and mTOR in primary hippocampal
neurons isolated from WT and I11r1”" mice (E17,5) and relative analysis. Unpaired t test p-mTOR p = 0.6443, F(2,2) = 1.760; mTOR p = 0.26, F(25) = 2.308. WT = 3
different preparations; Il1r1” =3 different preparations. C) Western Blot images of autophagic marker LC3 in primary microglia from WT and I11r1”" mice (microglia
were prepared from P1-3 mice and cultured for 20 days) and relative analysis. Unpaired t test p = 0.0125, F(3 2y = infinity. N = 3 independent experiments. D)
Western Blot analysis of p-mTOR in microglia treated with rapamycin. No difference was observed in microglia WT not treated (NT) vs microglia WT with DMSO
(unpaired t test p = 0.5362, F(3,3) = Infinity), while microglia WT DMSO vs microglia Il1r1”~ DMSO showed a significant increase of p-mTOR (unpaired t test p =
0.0072, F(3 3y = 8.846) which was rescued after rapamycin treatment (microglia Il1r17~ DMSO vs microglia Il1r1”~ with rapamycin unpaired ¢ test p = 0.0063, F(3 3
= 158102). N = 4 independent experiments. E) Representative images of primary microglia from WT and Il1r1”" mice exposed to synaptosomes from WT and I11r1”"
mice labeled with FM1-43 and F) relative analysis. Two Way Anova (genotype-treatment) was performed followed by Post Hoc Fischer Analysis. A significant
interaction genotype x treatment was observed (F(3,25) = 14.60; p < 0.0001) and significant difference between treatment (F(1,25) = 45.03; p < 0.0001). Post Hoc
Fischer test reveals a significant difference in: microglia WT with syn WT no treated vs microglia Il1r1-/- with syn WT no treated p = 0.0295; microglia WT with syn
WT no treated vs microglia I11r1”~ with syn l11r1”" no treated p = 0.0223; microglia Il1r1”~ with syn WT no treated vs microglia Il1r1”~ with syn WT treated with
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M1r1”" with syn I11r1”" no treated vs microglia I11r1”" with syn Il1r1”" treated with rapamycin p < 0.0001; microglia WT with syn WT treated with rapamycin vs
microglia I11r1” with syn WT treated with rapamycin p = 0.0065; microglia WT with syn WT treated with rapamycin vs microglia Il1r1”~ with syn Il1r1”" treated
with rapamycin p = 0.0305. N = 3 independent experiments.
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Fig. 5. Acute inhibition of IL-1R1 in microglia enhances mTOR signaling and reduces synaptosome phagocytosis. ASD-like behavioral defects and proper synapse
engulfment by microglia are rescued by rapamycin. A-B) Western blot Analysis of p-mTOR and mTOR in primary WT microglia treated with IL-1Ra or IL-1Ra +
Rapamycin and relative quantitative analysis. p-mTOR unpaired t test with Welch’s correction: microglia CTRL vs microglia IL-1Ra p = 0.0157, F(2,2) = infinity,
microglia IL-1Ra vs microglia IL-1Ra + rapamycin p = 0.0050, F(; 2) = 3.104, Ordinary One Way Anova: microglia ctrl vs microglia IL-1Ra p = 0.0004, microglia ctrl
vs microglia IL-1Ra + rapamycin p = 0.9771, microglia IL-1Ra vs microglia IL-1Ra + rapamycin p = 0.0003. mTOR unpaired t test with Welch’s correction: microglia
CTRL vs microglia IL-1Ra p = 0.0105, F( 2) = infinity, microglia IL-1Ra vs microglia IL-1Ra + rapamycin p = 0.1041, F(3 5 = 1.115, Ordinary One Way Anova:
microglia ctrl vs microglia IL-1Ra p = 0.0003, microglia ctrl vs microglia IL-1Ra + rapamycin p = 0.0023, microglia IL-1Ra vs microglia IL-1Ra + rapamycin p =
0.0934. For analysis N = 3 independent experiments. C) Representative images of WT microglia treated for 24 h with IL-1Ra or IL-1Ra + rapamycin and subsequently
exposed to synaptosomes labeled with FM1-43. D) quantitative analysis of synaptosomes engulfed in microglia. Unpaired t test microglia IL-1Ra vs microglia IL-1Ra
+ rapamycin p = 0.0039. N = 3 for each experimental condition. ONE-.-WAY Anova P < 0.0001, F(; 35) = 46.43. N = 3 for each experimental condition. E) Cartoon
depicting the scheme of the experiments. The injection was performed in P20 mice F) Analysis of three-chamber/sociability test in WT and I11r1”" mice treated or not
with rapamycin (injection intraperitoneally of rapamycin for two consecutive days at 5 mg/Kg). Two Way Anova followed by Tukey’s analysis for multiple com-
parison: significant interaction genotype x treatment F(1,38) = 4.928; p = 0.0325. Post Hoc Analysis: I11r1”~ DMSO vs Il1r1”" rapamycin p = 0.0030. WT = 11
animals; 111r1”"=8 animals. WT rapamycin = 14 animals; Il1r1”" rapamycin = 9 animals. G) Analysis of marble burying test in WT and Il1r1”" mice upon rapamycin
treatment. Two Way Anova followed by Tukey’s analysis for multiple comparison: significant interaction genotype x treatment F(1,17) = 21,47; p = 0.0002. Post Hoc
Analysis: 111r1”7~ DMSO vs Il1r1”" rapamycin p = 0.0099. WT = 9 animals; I11r1”"=4 animals. WT = 3 animals; IlIr1”"=3 animals. WT rapamycin = 5 animals;
Il1r1-/- rapamycin = 6 animals. H) Analysis of self-grooming in WT and I11r1”~ mice upon rapamycin treatment. Two Way Anova followed by Tukey’s analysis for
multiple comparison: significant interaction genotype x treatment F(1,20) = 6.46; p = 0.0194. Post Hoc Analysis: Il11r1”~ DMSO vs Il1r1”" rapamycin p = 0.74. WT =
3 animals; I11r1”"=3 animals. WT rapamycin = 5 animals; Il1r1”" rapamycin = 6 animals. I) Inmunofluorescence staining of hippocampal CA1 region of P20 WT and
Il1r1”7" mice treated or not with rapamycin for IBA1, CD68 and PSD95. J) analysis of PSD95 engulfed in CD68 in IBA1. Two Way Anova followed by Tukey’s analysis
for multiple comparison: significant interaction for the treatment F(1,58) = 4.1; p = 0.0474. Post Hoc Analysis: I11r1”~ DMSO vs Il1r1”" rapamycin p = 0.0323. Dots
represent the number of fields acquired in N = 3 independent experiments.

results in the reduction of their ability to phagocytose synaptic struc- upregulation of protein synthesis machinery in microglia induces
tures. These data highlight a novel role of IL-1 signaling in the control of autistic-like traits (Xu et al., 2020). Whether mTOR signaling in micro-
microglia-mediated synapse elimination and refinement, strengthening glia occurs through upstream activators such as PI3K, PD1, AKT which
the concept that immune components are key players in the processes of are recruited by IL-1R1 is still to be defined. Our data strengthen the
synapse homeostasis in the developing nervous system (Schafer et al., hypothesis that mTOR is a focal point to integrate immune signalling in
2012; Matteoli et al., 2023). the brain and that immune dysregulation may converge on mTOR cen-
Investigation of the molecular mechanisms at the basis of the IL-1- tral signaling pathways (Estes & McAllister, 2015).
mediated signaling in the process of synapse elimination identified The enhancement of microglial mTOR activity upon pharmacolog-
mTOR as a downstream effector of IL-1R1 in microglia. Genetic dysre- ical inhibition of the IL-1 pathway by the natural IL-1R1 antagonist IL1-
gulation of mTOR signaling is recognized to be at the origin of several Ra, is particularly interesting. IL-1Ra administration has already been
neurodevelopmental and neuropsychiatric disorders (Costa-Mattioli & shown to impair hippocampal LTP and spatial memory (Yirmiya et al.,
Monteggia, 2013), as occurs for mutations in the ASD-associated genes 2002; Takemiya et al., 2017; Schneider et al., 1998; Goshen et al., 2007).
codifying for the negative regulators of mTORC1, Tscl, Tsc2 and Pten Furthermore, mice genetically overexpressing IL-1Ra display impair-
(Sato & Ikeda, 2022; Bahl et al., 2013; Rademacher & Eickholt, 2019). ments in spatial and contextual memories (Goshen et al., 2007; Spulber
Also, increased p-mTOR levels, accompanied by lower levels of the et al., 2009). Of note, enhanced circulating levels of IL-1Ra, the natural
autophagic marker LC3-II, have been detected in the post-mortem brains antagonist preventing IL-1p from binding to its receptor, were detected
of ASD patients (Tang et al., 2014) and in different ASD mouse models in ASD children (Saad et al., 2020; Croonenberghs et al., 2002). Whether
(Yan et al., 2018). However, the role of mTOR has been investigated the IL-1Ra elevation results from an attempt to counterbalance the
mostly in neurons, where the pathway controls the size of the neuronal excessive IL-1f is still undefined (Goines & Ashwood, 2013). The
soma, axon pathfinding and regeneration (Licausi & Hartman, 2018; Ka detrimental role of IL-1Ra is also confirmed by the occurrence of poly-
etal., 2014; Park et al., 2010), as well as synaptic function and plasticity morphism of the IL-1Ra gene in children with ASD (Saad et al., 2020;
through the regulation of protein synthesis (Ricciardi et al., 2011; Tsai Pekkoc Uyanik et al., 2022) as well as by the observation that, when
et al., 2012). Furthermore, a selective enhancement of mTOR in neu- administered during critical windows of neurodevelopment, IL-1Ra can
rons, by suppressing basal neuronal autophagy, was found to cause spine negatively impact neurogenesis, brain morphology, memory consoli-
defects and social interaction deficits (Tang et al., 2014). Differently dation, and behavior (Spulber et al., 2008; Spulber et al., 2009; Spulber
from the above studies, we now provide the evidence that the genetic or et al., 2011).
pharmacological inactivation of IL-1 signaling at early developmental In conclusion, our results demonstrate that the endogenous IL-1
stages leads to the selective enhancement of the mTOR pathway in pathway, a fundamental component of the innate immune response
microglia, in turn affecting a key biological process that guarantees the (Dinarello, 1996; Mantovani et al., 2019), has a crucial role in proper
proper brain development, i.e. the elimination of supernumerary syn- brain development and function, and supports the so-called “Goldilocks”
apses. Consistently, IIIr1”" mice display increased density of excitatory state typical of many cytokines (Goines & Ashwood, 2013), where
synaptic contacts (see also Avdic et al., 2015) and dendritic spines. Our elevated or reduced levels of these immune molecules may affect brain
data demonstrate that the excessive activation of mTOR in microglia homeostasis. Under this perspective, our data support the concept that
underlies the defective synapse elimination and the ASD-like phenotype. alterations in IL-1 systems due to genetic mechanisms or environmental
Indeed, treatment of I11r1”~ mice during development with rapamycin is exposures may contribute to ASD-like derangements. Furthermore, we
effective in rescuing the correct microglia engulfing activity, both in also highlight a key role of IL1 signaling in the ability of microglia to
vitro and in vivo. Although we cannot exclude the possible contribution properly eliminate supernumerary synapses. This provides a further,
of other cell types, the fact that IL-1R1 is expressed in microglia at early crucial, line of evidence of immune contributions to ASD, where the
developmental stages, together with the observations that mTOR is identification of the central role of the microglial mTOR pathway might
selectively increased in microglia and that rapamycin rescues microglia open important translational perspectives.
synapse engulfment in vitro and in vivo, eventually rescuing the behav-
ioral defects, indicate that microglia are central to this process. Of note, CRediT authorship contribution statement
the mTOR pathway coordinates the mRNA translation machinery
resulting in enhanced protein synthesis (), and there is evidence that the Antonella Borreca: Data curation, Formal analysis, Methodology,
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