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ARTICLE INFO ABSTRACT

Keywords: Autoantibodies directed against the GluA3 subunit (anti-GluA3 hIgGs) of AMPA receptors have been identified in
Tau 20%-25% of patients with frontotemporal lobar degeneration (FTLD). Data from patients and in vitro/ex vivo pre-
Behaviour

clinical studies indicate that anti-GluA3 hIgGs negatively affect glutamatergic neurotransmission. However,
whether and how the chronic presence of anti-GluA3 hIgGs triggers synaptic dysfunctions and the appearance of
FTLD-related neuropathological and behavioural signature has not been clarified yet. To address this question,
we developed and characterized a pre-clinical mouse model of passive immunization with anti-GluA3 hIgGs
purified from patients. In parallel, we clinically compared FTLD patients who were positive for anti-GluA3 higGs
to negative ones.

Clinical data showed that the presence of anti-GluA3 hIgGs defined a subgroup of patients with distinct clinical
features. In the preclinical model, anti-GluA3 hIgGs administration led to accumulation of phospho-tau in the
postsynaptic fraction and dendritic spine loss in the prefrontal cortex. Remarkably, the preclinical model
exhibited behavioural disturbances that mostly reflected the deficits proper of patients positive for anti-GluA3
hIgGs. Of note, anti-GluA3 higGs-mediated alterations were rescued in the animal model by enhancing gluta-
matergic neurotransmission with a positive allosteric modulator of AMPA receptors. Overall, our study clarified
the contribution of anti-GluA3 autoantibodies to central nervous system symptoms and pathology and identified
a specific subgroup of FTLD patients. Our findings will be instrumental in the development of a therapeutic
personalised medicine strategy for patients positive for anti-GluA3 hIgGs.

Positive allosteric modulators
Animal model
Personalized medicine

1. Introduction researchers, and a growing consensus is now indicating a direct patho-
genic role for these autoantibodies in disorders of the nervous system.
Over the last two decades, the progressive identification of autoan- This opens new avenues in the understanding of the mechanisms asso-

tibodies that target brain antigens has caught the attention of ciated with these pathological conditions (Duong and Priiss, 2023). It
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has been shown that many antineuronal antibodies confer pathogenicity
by direct interaction with essential surface proteins, such as receptors
and adhesion molecules. This interaction disturbs the physiological ac-
tivity of the targeted proteins, leading to deficits in synaptic trans-
mission, plasticity, and neuronal circuits (Hunter et al.,, 2021). In
parallel, it has been demonstrated that antineuronal autoantibodies
promote the onset of many symptoms in a variety of neuropsychiatric
syndromes, including cognitive alterations, behavioural changes,
dementia-like disorders, and psychosis as well as epileptic seizures and
movement disorders. These discoveries suggest a reconsideration of
some of these syndromes as autoantibody-related conditions for which
autoantibody-directed pharmacological approaches are feasible (Duong
and Priiss, 2023).

Among the variety of autoantibodies targeting ionotropic glutamate
receptor subunits described in central nervous system disorders and
encephalitis (i.e., Rasmussen) (Gardoni et al., 2021), the specific role of
antibodies against the GluA3 subunit (anti-GluA3 higGs) of AMPA-type
glutamate receptors (AMPARs) and their association with the disease
symptoms remain mostly unclear. Notably, our group has recently
identified anti-GluA3 hIgGs in patients with frontotemporal lobar
degeneration (FTLD) (Borroni et al., 2017; Palese et al., 2020; Scheggia
et al., 2021), further supporting the hypothesis of the involvement of an
immunological mechanism in the pathogenesis of this disorder (Arshad
et al., 2021; Hansen, 2021; Hansen et al., 2021; Younes et al., 2018). We
demonstrated that acute in vitro or in vivo treatment with anti-GluA3
hIgGs decreases GluA3 levels at synapses (Borroni et al., 2017; Scheg-
gia et al., 2021). Similarly, patients positive for anti-GluA3 hIgGs (anti-
GluA3-Ab+) exhibited reduced post-synaptic GluA3 levels in the fron-
totemporal cortex (Palese et al., 2020). Furthermore in vivo neuro-
physiological evaluation of glutamatergic transmission indicated
impairment of intracortical facilitation in anti-GluA3-Ab+ patients,
confirming the detrimental effect of anti-GluA3 autoantibodies at
excitatory neurons (Palese et al., 2020). Finally, Day and colleagues
recently demonstrated that the acute administration of anti-GluA3 hIgGs
to hippocampal neurons mediates inhibitory effects on neuronal excit-
ability (Day et al., 2023).

Overall, these results suggest that a deeper understanding of the role
played by anti-GluA3 autoantibodies through both pre-clinical and
clinical evaluation could represent a substantial improvement in the
comprehension of the pathogenic mechanisms of the disease.

Analysis of the literature indicated the availability of very few
chronic in vivo models to evaluate the toxic effects exerted by anti-
neuronal antibodies targeting ionotropic glutamate receptors at the
molecular and cellular level in the central nervous system (Haselmann
et al., 2018). Consistent data are available only for pre-clinical studies
addressing the role and mechanisms associated with anti-NMDA re-
ceptor (NMDAR) autoantibodies (Hunter et al., 2021).

In the present study, we developed a new mouse model by injecting
anti-GluA3 hIgGs isolated from FTLD patients into C57BL/6J male mice
once a week for 1 month through an intracerebroventricular cannula. Ex
vivo analyses of mice pre-frontal cortexes (PFCs) showed that anti-GluA3
hIgGs-treated mice presented early signs of synapse loss, with a decrease
in spine density and a selective accumulation of the phosphorylated
form of tau in the post-synaptic compartment. In addition, we confirmed
a decrease in the surface expression of GluA3-containing AMPARs.
Together with these molecular and morphological abnormalities, anti-
GluA3 hlgGs-treated mice exhibited impaired cognitive and affective
behaviour in addition to alterations in reward-seeking behaviour and a
reduction in their preference for novelty. Of note, similar symptoms
along with an increase in cerebrospinal fluid (CSF) phosphorylated tau
levels have been detected in anti-GluA3-Ab+ FTLD patients compared
with anti-GluA3 negative FTLD patients. Finally, chronic treatment with
a positive allosteric modulator (PAM) of AMPAR (S 47445) was able to
rescue most of the detrimental molecular, morphological, and behav-
ioural effects induced by anti-GluA3 hIgGs in the mouse model, thereby
paving the way for a personalised pharmacological approach for anti-
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GluA3-Ab+ patients.
2. Methods
2.1. Human participants and clinical assessment

Patients fulfilling criteria for an FTLD syndrome were consecutively
recruited from the Centre for Neurodegenerative Disorders, Department
of Clinical and Experimental Sciences, University of Brescia, Italy. These
syndromes included the behavioural variant of FTD (bvFTD) (Rascovsky
et al., 2011), the non-fluent/agrammatic variant of primary progressive
aphasia (avPPA), the semantic variant of PPA (svPPA) (Gorno-Tempini
etal., 2011), corticobasal syndrome (CBS) (Armstrong et al., 2013), and
progressive supranuclear palsy (PSP) (Hoglinger et al., 2017). Clinical
and biological characteristics of the patients are reported in Table 1.
Each participant underwent a neurological evaluation, routine

Table 1
Clinical and biological characteristics of anti-GluA3-Ab + and GluA3-Ab- FTLD
patients.

GluA3+ (n = GluA3- (n = p-
86) 174) value*
Sex, female n (%) 36 (41.9 %) 72 (41.4 %) 1.000
Age at onset, years 60.9 &+ 8.9 63.1 £+ 8.0 0.052
Disease duration, years 2.6 +£1.7 2.4+20 0.388
Education, years 10.0 + 4.3 9.3+ 4.1 0.214
FTLD-CDR sum of boxes 4.9 +£3.2 5.1+438 0.702
Mini Mental State 234+ 6.4 23.7 £ 6.0 0.741
Examination
bvFTD/avPPA/svPPA/CBS/ 50/16/7/7/6 73/26/15/37/23  0.021
PSP
Frontal behavioural inventory
Apathy 2.0 (1.0-3.0) 1.0 (0.0-2.0) 0.036
Aspontaneity 2.0 (0.0-3.0) 0.0 (0.0-2.0) 0.023
Indifference/emotional 0.5.0 (0.0-2.0) 0.0 (0.0-1.0) 0.381
flatness
Inflexibility 1.0 (0.0-2.0) 0.0 (0.0-1.0) 0.012
Personal neglect 0.0 (0.0-2.0) 0.0 (0.0-1.0) 0.007
Disorganization 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.055
Inattention 1.0 (0.0-2.0) 1.0 (0.0-2.0) 0.021
Loss of insight 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.205
Logopenia 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.005
Comprehension deficit 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.189
Aphasia and verbal apraxia 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.516
Alien hand and/or apraxia 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.822
Perseveration/obsessions 0.0 (0.0-2.0) 0.0 (0.0-1.0) 0.402
Irritability 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.109
Excessive jocularity 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.649
Poor judgment and 0.0 (0.0-2.0) 0.0 (0.0-0.0) 0.003
impulsivity
Hoarding 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.832
Inappropriateness 0.0 (0.0-1.0) 0.0 (0.0-0.0) 0.058
Restlessness/roaming 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.124
Aggression 0.0 (0.0-1.0) 0.0 (0.0-0.0) 0.036
Hyperorality/food fads 0.0 (0.0-2.0) 0.0 (0.0-1.0) 0.014
Hypersexuality 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.501
Utilization behaviour 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.367
Incontinence 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.179
Cerebrospinal fluid
Total-tau 366.1 + 281.5 321.2 +174.7 0.278
Phospho-tau;g; 81.6 + 119.5 47.0 £ 26.7 0.016
Amyloid beta; .42 898.3 + 315.9 812.5 + 333.3 0.177

Sex is reported as n (%), demographic characteristics and CSF analysis are re-
ported as mean + SD, Frontal behavioural inventory scores are reported as
median (interquartile range); FTLD-CDR = Frontotemporal Lobar Degeneration
— Clinical dementia rating Scale; bvFTD = behavioural variant frontotemporal
dementia; avPPA = agrammatic variant Primary Progressive Aphasia; svPPA =
semantic variant Primary Progressive Aphasia; CBS = Corticobasal Syndrome;
PSP = Progressive Supranuclear Palsy.

*Demographic characteristics and CSF analysis are compared with one-way
ANOVA or Fisher’s Exact test; Frontal behavioural inventory scores are
compared with a non-parametric ANCOVA (Quade’s test), correcting for age and
disease duration.
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laboratory examination and a standardized neuropsychological and
behavioural assessment, as previously reported (Benussi et al., 2019). In
all FTLD cases, the diagnosis was supported by routine brain structural
imaging, while CSF concentrations of tau, p-taujg; and amyloid beta
(AP1.42) or PET amyloid were measured in a subset of cases, to rule out
Alzheimer’s disease, as previously reported (Borroni et al., 2015). At
baseline, patients underwent a standardized neuropsychological battery
which included the mini-mental state examination (MMSE), the Rey
auditory verbal learning test (immediate and delayed recall), the Rey
complex figure (copy and recall), the digit span, phonemic and semantic
fluencies, the token test, the clock-drawing test, and the trail-making test
(part A and part B) (Cosseddu et al., 2018). The level of functional in-
dependence was assessed with the basic activities of daily living (BADL)
and the instrumental activities of daily living (IADL) questionnaires,
whereas neuropsychiatric and behavioral disturbances were evaluated
with the frontal behavior inventory (FBI) (Cosseddu et al., 2020; Kertesz
et al., 1997). Disease severity was assessed using the global CDR plus
NACC FTLD (Knopman et al., 2008; Miyagawa et al., 2020). Disease
duration was measured as the onset of first reported symptoms by the
patient or caregiver, and the clinical evaluation.

For all participants, informed consent in the study was obtained
according to sampling protocols that were approved by the Ethics
Committee of Brescia Hospital, Italy. The study was conducted in
accordance with the Helsinki Declaration.

2.2. Mice

All procedures were approved by the Italian Ministry of Health and
the local Animal Use Committee (projects n° 1161-2020, 182-2022)
and were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and the Eu-
ropean Community Council Directives. Routine veterinary care and
animal maintenance were provided by dedicated and trained personnel.
Two- to three-month-old male C57BL/6J animals were used. Animals
were housed two per cage in a climate-controlled facility (22 + 2 °C,
humidity 45-65%), with ad libitum access to food and water
throughout, and with a 12 hours light-dark cycle (19:00 07:00
schedule). Experiments were run during the light phase (between
10:00-17:00). All mice were handled on alternate days during the week
preceding the first behavioural testing.

2.3. Experimental design

For pre-clinical evaluations, no statistical methods were used to
predetermine sample size for single experiments. The animal numbers
were based on estimations from previous studies, including our own
published studies (Ferretti et al., 2019; Haselmann et al., 2018; Scheggia
et al., 2020). Outliers were identified using ROUT (Q = 1%) method. In
addition, we excluded from data collection all the mice that showed
behavioural signs of distress. We used different cohorts of mice for
different tasks and analyses only when we expected that a certain task
would have influenced the outcome of the subsequent one. Conversely,
when it was possible, we used the same cohort of mice for different tasks
and analyses. The same sample was not measured repeatedly. For all the
tests, littermates were randomly assigned to the different groups. Ex-
perimenters were not blinded during data acquisition, but all analyses
were performed with blinding of the experimental conditions.

2.4. Serum dosage and purification of anti-GluA3 antibody from FTLD
patients

Serum samples were frozen immediately after centrifugation and
stored at —80 °C before enzyme-linked immunosorbent assay. The
detection of anti-GluA3 antibodies was performed by enzyme-linked
immunosorbent assay (ELISA) according to a previously published
protocol (Borroni et al., 2017; Mantegazza et al., 2002). In the ELISA
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assay, we used as negative control microwells coated with no peptide.
Affinity purification protocol of anti-GluA3 hIgGs from FTLD patients’
serum was performed by sulfo-link affinity chromatography as previ-
ously reported (Scheggia et al., 2021). As a result of the purification
protocol, we obtained purified anti-GluA3 hIgGs with a final concen-
tration of about 0,3 pug/pl. We purified anti-GluA3 higGs from a pool of
twenty patients previously identified as positive for the autoantibodies
in the ELISA assay. Both the detection and the purification were per-
formed using a peptide with following aminoacidic sequence:
NEYERFVPFSDQQISNDSASSENRT (GluA3 peptide B, amino acids
399-424, in GluA3 extracellular domain), as previously reported (Bor-
roni et al., 2017; Scheggia et al., 2021).

2.5. In vitro validation of purified anti-GluA3 hIgGs binding to GluA3
subunit

Once purified, anti-GluA3 hIgGs were tested for their specificity for
GluA3 subunit by using well-validated cell-based assays. Firstly, we
verified that purified anti-GluA3 hIgGs specifically recognize GluA3
subunit using them as primary antibodies in an immunocytochemical
assay (ICC). With this aim, we over-expressed a GFP-tagged human
GluA3 (GFP-hGluA3, from Origene) plasmid into a non-neuronal
immortalized cell line (HEK293) and we showed that purified anti-
GluA3 hIgGs (but not CTRL hIgGs) specifically recognized the over-
expressed GluA3 subunit. More in detail, the signal of the over-
expressed GFP-hGIuA3 (green signal) was non-nuclear and overlapped
the one obtained using anti-GluA3 hIgGs as primary antibody (Fig. S1A,
magenta signal, anti-hIgGs line and anti-GluA3 hIgGs column in the figure).
Conversely, using CTRL hIgGs as primary antibody, the staining was
very faint, a-specific and ubiquitously distributed into the cells over-
expressing GFP-hGluA3 (Fig. S1A, magenta signal, anti-hIgGs line and
CTRL higGs column in the figure). Similarly, purified anti-GluA3 higGs
were tested for specifically binding over-expressed GFP-hGluA3 in rat
primary hippocampal neurons (Fig. S1B). Moreover, to evaluate
whether the purified antibodies also bind endogenous GluA3, we used
anti-GluA3 hlgGs as primary antibody on primary hippocampal neurons
obtaining a punctate signal along dendrite that resembled the one
proper of ionotropic glutamate receptor subunits (Fig. S2A, anti-GluA3
hIgGs column). Conversely, the signal obtained using CTRL hIgGs as
primary antibodies was a-specific and prevalently nuclear (Fig. S2A,
CTRL higGs column).

Furthermore, to prove anti-GluA3 higGs’ capability to bind GluA3
native protein on the cellular surface, we first verified that purified anti-
GluA3 hiIgGs bind GluA3 subunit in live unfixed, unpermeabilized
HEK293 cells overexpressing GFP-hGIuA3. Specifically, we incubated
HEK293 with anti-GluA3 hIgGs (at a concentration of 0,18 ng/pul) to
allow anti-GluA3 hIgGs to recognize and bind GluA3 protein. Then, we
immunolabelled cells using a secondary fluorescent antibody recog-
nizing the constant portion of higG. In HEK293 overexpressing GFP-
hGluA3, the staining corresponding to anti-GluA3 hIgGs (Fig. S3A,
magenta channel, anti-higGs line and first column in the figure) was
overlapped with the one of the over-expressed hGluA3 subunit
(Fig. S3A, green channel, GFP-hGIuA3 line and first column in the figure).
Notably, the pre-incubation of anti-GluA3 hIgGs with peptide B, but not
with a scramble peptide (RYNEADQSPFNSQVEDRNSSIFEST) prevented
the binding of anti-GluA3 higGs to GluA3 (Fig. S3A, magenta channel,
anti-hIgGs line and + Peptide B or + Peptide Scr columns in the figure).

Finally, we confirmed the capability of anti-GluA3 hIgGs to bind
endogenous GluA3 native protein on the cellular surface also in
untransfected primary hippocampal neurons. As shown in Fig. S3B, in-
cubation of anti-GluA3 hIgGs in live unfixed, unpermeabilized primary
neurons produced a punctate staining resembling dendritic spines’
localization (Fig. S3B, orange channel), as expected for a receptor’s
subunit.
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2.5.1. HEK293 cells over-expressing GuA3 subunit

HEK293 cells were cultured in High Glucose Dulbecco’s Modified
Eagle’s Medium (DMEM High Glucose w/L-Glutamine w/Sodium Py-
ruvate ECMO0728L Euroclone) supplemented with 10% Fetal Bovine
Serum (Euroclone) and penicillin-streptomycin (ECB3001D, Euro-
clone). The day before transfection, HEK293 cells were plated in a 12-
wells multiwell plate. Transfection of hGluA3-GFP (2 pug DNA/well)
was carried out with lipofectamine method (Lipofectamine LTX and Plus
reagent, 15338-100, Invitrogen).

2.5.1.1. Anti-GluA3 higGs as primary antibodies in ICC assay on HEK293
cells. 12 hours after transfection, HEK293 cells were fixed with 4%
Paraformaldehyde (PFA)-4% sucrose in PBS solution for 10 min at 4 °C
and then permeabilized with 0.1% Triton-X-100 in PBS for 10 min at
room temperature (RT). After blocking in 5% BSA in PBS for 45 min at
RT, cells were incubated with anti-GFP (chicken anti-GFP Millipore,
1:300, ABB16901) and with purified anti-GluA3 hIgGs or CTRL hIgGs
(4,7 ng/pl) in 5% BSA in PBS overnight at 4 °C. Cells were then washed
in PBS and incubated with proper fluorescent secondary antibodies
(goat anti-chicken-Alexa488, goat anti-human-Alexa555) in 5% BSA in
PBS for 1 h at RT. We finally performed nuclei staining with the fluo-
rescent dye 4',6-diamidino-2-phenylindole (DAPI; 1:50,000 in PBS;
Thermo Fisher Scientific) for 10 min in PBS at RT. After washes in PBS
coverslips were mounted on glass slides with Fluoromount mounting
medium (Sigma-Aldrich).

2.5.1.2. Detection of anti-GluA3 hIgGs bound to GluA3 subunit in live
HEK293. 12 hours after transfection, HEK293 were incubated with
anti-GluA3 hIgGs for 30 min at 37 °C. For the experiment with peptide B
and scramble peptide, anti-GluA3 higGs were pre-incubated for 5 min at
37 °C with peptide B or peptide scramble at a molar ratio anti-GluA3
hlgGs:peptide 1:10. After washes with D-PBS, HEK293 cells were fixed
with 4% Paraformaldehyde (PFA)-4% sucrose in PBS solution for 10
min at 4 °C. After blocking in 5% BSA in PBS for 45 min at RT, cells were
incubated with goat anti-human-Alexa555 in 5% BSA in PBS overnight
at 4 °C. Cells were then washed in PBS and we finally performed nuclei
staining with the fluorescent dye 4',6-diamidino-2-phenylindole (DAPI;
1:50,000 in PBS; Thermo Fisher Scientific) for 10 min in PBS at RT. After
washes in PBS coverslips were mounted on glass slides with Fluo-
romount mounting medium (Sigma-Aldrich).

2.5.2. Rat primary hippocampal neurons over-expressing (or not) GluA3
subunit

Hippocampal neuronal primary cultures were prepared from em-
bryonic day 18 rat hippocampi as described previously (Piccoli et al.,
2007). Neurons were eventually transfected on day in vitro 10 (DIV10)
with GFP-hGluA3 (over-expression experiment) through the calcium-
phosphate method.

2.5.2.1. Anti-GluA3 hIgGs as primary antibodies in ICC assay on primary
hippocampal neurons. At DIV13, neurons were fixed with 4% Para-
formaldehyde (PFA)-4% sucrose in PBS solution for 10 min at 4 °C and
permeabilized with 0.1 % Triton-X-100 in PBS for 15 min at room
temperature (RT). After blocking in 5% BSA in PBS for 45 min at RT,
cells were incubated with purified anti-GluA3 higGs or CTRL hIgGs (4,7
ng/pl) (eventually chicken anti-GFP, over-expression experiment)
overnight at 4 °C. Cells were then washed in PBS and incubated with
proper fluorescent secondary antibodies (goat anti-human-Alexa555
and, eventually, goat anti-chicken-Alexa488 for over-expression exper-
iment) for 1 h at RT. After washes in PBS coverslips were mounted on
glass slides with Fluoromount mounting medium (Sigma-Aldrich).

2.5.2.2. Detection of anti-GluA3 hIgGs bound to GIuA3 sub-unit in live
neurons. At DIV13, neurons were incubated with anti-GluA3 hIgGs for 1
h at 37 °C. Then, ICC was performed as described for HEK-293
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experiment (2.5.1.1).
For both HEK293 and neurons IHC, images were acquired with
LSM900 confocal microscope (Zeiss) with a 63X objective.

2.6. Surgical procedures

To chronically administer hIgGs to mice, we used an intra-
cerebroventricular cannula (Bilaney, Mouse guide cut 1.5 mm below
pedestal, C315GS-4/Spc). To implant the cannula, C57BL/6J male mice
were anesthetized with a mix of isoflurane (2%) and oxygen (1.5%) by
inhalation and mounted onto a stereotaxic frame (Kopf Instruments)
linked to a digital micromanipulator. Brain coordinates of intra-
cerebroventricular cannula positioning were chosen in accordance with
the mouse brain atlas: anterior—posterior (AP): —0.34 mm; medial--
lateral (ML): +1 mm; and dorsal-ventral (DV): —2.5 mm. Once posi-
tioned, the cannula was fixed on mice skull through dental cement
(Super bond universal sun medical kit dx, 410446782). Surgical pro-
cedure lasted about 30 min for each animal. Mice received carprofen (5
mg/kg) in drinking water for three consecutive days after the surgery.
Through the cannula, intracerebroventricular administration of control
(CTRL) hIgGs or anti-GluA3 hIgGs was performed once a week for four
consecutive weeks. CTRL hIgGs are a pool of commercial human im-
munoglobulins (R&D Systems, cat. #1-001-A). Specifically, each ani-
mals received 2 ul of anti-GluA3 higGs or CTRL hIgGs at a concentration
of 0,12 pg/pl. The higGs were infused through an injector (Bilaney,
Mouse internal fits 1,5mm guide with 1 mm projection, C315IS-4/Spc)
connected to a 50 pl Hamilton syringe.

2.7. Evaluation of higGs bound to mice brains

For determination of hIgGs bound to brain tissue using immunoflu-
orescence, we perfused animals that received intracerebroventricular
injection of either saline, CTRL hIgGs or anti-GluA3 hIgGs, with cold 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS). The
brains were then removed from the skull and post-fixed in 4% PFA in
PBS for 24 h at 4°C. Then, the brains were cryoprotected with 30% su-
crose in PBS1X for 48 h at 4 °C, flash-frozen with cold isopentane and
stored at —80 °C. Brain sections were cut at 15 um thickness using a
cryostat at —20 °C. These sections were used for determination of the
amount of hIgGs bound in situ through immunofluorescence. Specif-
ically, the sections were rinsed gently with PBS1X and then per-
meabilized with 0.3% Triton X-100 in PBS (0.3% T-PBS) for 1 h at RT.
After permeabilization, brain slices were blocked with 0.1% Triton X-
100 in PBS (0.1% T-PBS) supplemented with 10% normal goat serum
(NGS) for 2 hours at RT. After permeabilization and blocking, slices were
incubated with goat anti-human-Alexa488 IgG (A11013, Invitrogen,
diluted 1:1000) or goat anti-human-Alexa555 IgG (A21433, Invitrogen,
diluted 1:1000) in 0.1% T-PBS supplemented with 3% NGS for one
overnight (o/n) at 4 °C followed by nuclei staining with the fluorescent
dye 4',6-diamidino-2-phenylindole (DAPI; 1:50,000 in PBS; Thermo
Fisher Scientific). Slices were mounted on glass slides with Fluoromount
mounting medium (Sigma-Aldrich) for confocal imaging. Images were
taken using LSM900 (Zeiss) confocal microscopes with alternatively
2.5X or 20X objectives. Animals infused with anti-GluA3 hIgGs, but not
CTRL hIgGs or saline (data not showed for saline), had a clear human
IgG immunostaining (representing human IgG bound to brain). More in
detail, the human IgG immunostaining (anti-hIgGs) was evident
throughout the brain, including the hippocampus (Fig. S4A) and the PFC
(Fig. S4B). Of note, as showed in Fig. S4A, we obtained a similar staining
using secondary anti-hIgGs conjugated to alternatively Alexa Fluor555
(left block of images) and 488 (right block of images). Overall, with
these experiments, we verified the specific binding of anti-GluA3 hIgGs
(but not CTRL hIgGs) to mice brains.
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2.8. S 47445 administration

S 47445 (also known as CX-1632 and Tulrampator, MedChemEx-
press, HY-109046), a positive allosteric modulator (PAM) of AMPAR,
was administrated daily through intraperitoneal injections from day 15
to day 29. The side of the injection was changed every day. According to
its datasheet, S 47445 was dissolved in 10% Dimethyl sulfoxide (DMSO,
Sigma-Aldrich, 276855), 40% poly(ethylene glycol)300 (PEG 300,
Sigma-Aldrich, 81162), 5% Tween 80 (Sigma-Aldrich, P4780), 45%
saline. On the basis of previous pre-clinical studies, we administered S
47445 at a dose of 3 mg/kg for a final volume of 100 pl. As negative
control, mice were injected with the emulsion used to solve S 47445
(10% DMSO, 40% PEG 300, 5% Tween 80, 45% saline).

2.9. Subcellular fractionation

Total homogenate and Triton insoluble postsynaptic fractions (TIF)
were isolated from adult mouse PFC as previously reported (Mellone
et al., 2019). After measuring protein concentration, all samples were
standardized at 1 mg/mL concentration.

2.10. Western blot (WB) analysis

WB analysis was performed in total homogenate and in TIF purified
from mouse PFC and hippocampus and in BS3 samples. Protein samples
were separated on an acrylamide/bisacrylamide gel at the appropriate
concentration depending on their molecular weight. Nitrocellulose
membranes (Biorad) were developed with electrochemiluminescence
reagents (Biorad) and scanned with a Chemidoc (Biorad Universal Hood
I11). Images were quantified with computer-assisted imaging (Image Lab,
Biorad). Protein levels were expressed as relative optical density (OD)
measurements normalized to a housekeeping protein.

2.11. Immunohistochemistry (IHC)

Mice were perfused with cold 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffered saline (PBS). The brain was removed from the skull
and post-fixed in 4% PFA in PBS for 1 h at 4 °C. The brain was sliced into
50 pm coronal sections using the Vibratome 1000 Plus Sectioning Sys-
tem (3 M). Brain slices were permeabilized in 0.3% Triton X-100 in PBS
(0.3% T-PBS) for 1 h at RT, shaking. After permeabilization, brain slices
were blocked with 0.1% Triton X-100 in PBS (0.1% T-PBS) supple-
mented with 10% normal goat serum (NGS) for 2 hours at RT, shaking.
After permeabilization and blocking, slices were incubated with primary
antibodies in 0.1% T-PBS supplemented with 3% NGS for 3 overnights
(o/n) at 4 °C, shaking. The appropriate Alexa Fluor-conjugated sec-
ondary antibodies in 0.1% T-PBS with 3% NGS were applied for 2 hours
at RT, shaking, followed by nuclei staining with the fluorescent dye 4',6-
diamidino-2-phenylindole (DAPI; 1:50,000 in PBS; Thermo Fisher Sci-
entific). Slices were mounted on glass slides with Fluoromount
mounting medium (Sigma-Aldrich) for confocal imaging. To count Ibal
and CD68 positive cells, Z-stacks of 3 um step (for a final Z distance of 12
um) were taken with LSM900 confocal microscope (Zeiss) with a 20X
objective at 0.2 um pixel size and analysed automatically using Fiji
(ImageJ) software. To perform Sholl analysis on Ibal+ cells, Z-stacks of
0.45 pum step were taken using LSM900 (Zeiss) confocal microscopes
with 63X objective at 0.09 um pixel size and analysed using ImageJ
software. Specifically, we employed the Simple Neurite Tracer plugin
indicating 5 um as radius step size. The number of intersections was
plotted as a function of the radial distance from the cell soma and the
total length expressed the sum of the length of the cell’s ramification.

2.12. Antibodies

The following primary antibodies were used:
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mouse anti-GluA3 (MAB5416, Millipore; dilution: 1:1000 WB)
mouse anti-GluA2 (75-002, Neuromab; dilution: 1:2000 WB)
rabbit anti-GluA1 (131858, Cell Signalling; dilution: 1:1,000 WB)
rabbit anti-GluN2A (M264, Sigma; dilution: 1:1000 WB)

rabbit anti-GluN2B (14544S, Cell Signalling; dilution: 1:1000 WB)
mouse anti-phospho tau (MN1020, Invitrogen; dilution: 1:1000 WB)
rabbit anti-phosphoTDP43 (22309-1-AP, Proteintech; dilution:
1:5000 WB)

rabbit anti-human-tau (A0024, Dako; dilution: 1:1000 WB)

rabbit anti-CD11b,c (bs-1014R, BIOSS; dilution: 1:1000 WB)

rat anti-CD68 (1957, Biorad; dilution: 1:400 IHC)

rabbit anti-Ibal (019-19741, Fujifilm; dilution 1:700 IHC)

mouse anti-actin (A5441, Sigma; dilution: 1:5000 WB)

mouse anti-tubulin (T9026, Sigma-Aldrich; dilution: 1:5000 WB)
chicken anti-GFP (ABB16901, Millipore; dilution: 1:300 ICC)

The following secondary antibodies were used:

goat anti-mouse-HRP (172-1011, Bio-Rad)

goat anti-rabbit-HRP (170-6515, Bio-Rad)

goat anti-rabbit-Alexa488 (A-11034, Invitrogen)

goat anti-rat-Alexa488 (A11006, Invitrogen)

goat anti-rabbit-Alexa555 (A21428, Invitrogen)

goat anti-human-Alexa 488 IgG (A11013, Invitrogen; dilution
1:1000 IHC)

goat anti-human-Alexa555 (A-21433, Invitrogen; dilution 1:1000
IHC)

2.13. Cross-linking assay

Mice were sacrificed by cervical dislocation and the brains were
immediately transferred into artificial cerebrospinal fluid (aCSF) (NaCl
120 mM, KCI 2.5 mM, NaHCO3 26 mM, NaH2PO4 1.24 mM, CaCl2 2
mM, MgSO4 2 mM, D-glucose 10 mM, water; pH = 7.4/7.5) previously
treated with carboxigen and maintained cold in ice. Coronal slices of
200 pm of thickness containing PFC were obtained with the Vibratome
1000 Plus sectioning system (3 M). Slices were treated with 1 mg/ml (Bis
(Sulfosuccinimidyl) suberate (BS3, 21580, Thermo scientific) solved in
aCSF for 30 min at 4 °C in presence of carboxigen. BS3-treated slices
underwent quenching in glycine (HelloBio, HB0299) 100 mM for 10 min
at 4 °C. Control slices were maintained in cold aCSF in presence of
carboxigen. BS3 treated and control slices were separately centrifugated
at 13000 rpm for 2 min at 4 °C. The pellets were frozen and finally
resuspended with Lysis buffer (NaCl 500 mM, HEPES pH 7.4 25 mM,
DTT 1 mM, EDTA 2 mM, PMSF 1 mM, NaF 20 mM, NONIDET P-40
0.10%, water; pH = 7.4/7.5) with protease inhibitor 1X (Complete, GE
Healthcare) and phosphatase inhibitor 1X (PhosSTOP, Roche Di-
agnostics GmbH) in a glass-glass potter. After measuring protein con-
centration, all samples were standardized at 1 mg/mL concentration in
and then analysed through western blot analysis. BS3 does not cross cell
membranes so it covalently crosslinks cell surface expressed receptors
while intracellular receptors are not modified enabling surface and
intracellular receptor pools to be distinguished and measured. Quanti-
tative analysis was performed as a comparison between the portion of
slices treated with BS3 (BS3+ -treated slices) and the portion of the slices
from the same animal not treated with BS3 (CTRL slices).

2.14. Spine morphology

Carbocyanine dye Dil (D282, Invitrogen) was used to label neurons
as previously reported (Kim et al., 2007; Scheggia et al., 2021; Stanic
et al., 2015). Z-stacks of 0.45 um steps were taken with a confocal mi-
croscope (Zeiss) and analysed using Fiji (ImageJ) software. Specifically,
for each dendritic spine, spine length, width and neck were manually
measured at selected regions of interest. These measurements were used
to classify dendritic spines into three categories (thin, stubby, and
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mushroom) (see also (Gardoni et al., 2012; Harris et al., 1992; Scheggia
etal., 2021)). For each neuron, an average of 3 dendrites that are distant
from the neuron soma no more than 200 pm, for a total dendritic length
of about 200-300 pum, was considered. For spine morphology studies, we
analysed brain samples only from mice that did not undergo behavioural
and cognitive tests. To avoid issues related to a possible different effect
of the Abs on the two sides, confocal imaging was performed on a
balanced number of stained neurons of the two hemispheres.

2.15. Open field (OF)

To assess general locomotor activity, mice were individually placed
in the centre of the open field arena (Ugo Basile, 44 x 44 cm) and video-
tracking software (ANY-maze 6.2, Stoelting) was used to record and
analyse their movements for one hour. The distance travelled and the
time spent at the centre and the corners of the arena were automatically
calculated by the ANY-maze software.

2.16. Rotarod task

To assess motor learning, coordination and balance, mice were tested
on a rotarod apparatus (Ugo Basile) as described by Ferrari and col-
leagues (Ferrari et al., 2022). To familiarize them with the instrument,
each mouse was given training sessions (three trials/day for a maximum
of 300 s/trial) for 3 days before the testing days. Each test session was
composed of three consecutive trials of the duration of maximum 300 s
with 2 min as inter-trial interval; the trial was stopped as the mouse fell
off the rotarod bar. For the accelerating rotarod test, each mouse was
placed on the rotarod with the speed increasing from 4 rpm to 40 rpm.
The latency to fall off the rotarod bar was recorded for each mouse in
each test and the mean of the duration of three consecutive trials was
used for the analysis.

2.17. Elevated plus maze

Mice were tested in the elevated plus maze to assess anxiety-like
behaviour (Walf and Frye, 2007). Mice were placed in the maze at the
junction of the four arms (i.e., two open and two enclosed arms, Ugo
Basile), and entries and duration in each arm were recorded by a video-
tracking system (Anymaze 6.2, Stoelting) for 5 min.

2.18. Novel object recognition task (NORT)

The procedure for the novel object recognition task was adapted
from a previous study (Barker and Warburton, 2011) as described by
Scheggia and colleagues (Scheggia et al., 2021). Mice were tested in a
standard open field arena (Ugo Basile, 44 x 44 cm) with black Polyvinyl
chloride (PVC) walls to which were habituated for 1 h the day before
testing. The stimuli were objects constructed from Duplo blocks (Lego)
and varied in shape, colour, and size, and were too heavy to be dis-
placed. The task consists of an acquisition phase (10 min) and a recog-
nition test (5 min), separated by a 5-minute delay. During the
acquisition phase, the mice were placed in the area with two identical
objects and allowed to explore. During the test, one of the two objects
was replaced with a novel object. The positions of the objects in the test
and the objects used as novel or familiar were counterbalanced between
the animals. During the delay period, all the objects were cleaned with
alcohol to remove olfactory cues and any sawdust that had stuck to the
object. To express the discrimination between the objects, we calculated
a discrimination ratio as the absolute difference in the time spent
exploring the novel object and the familiar object divided by the total
time spent exploring the two objects.

2.19. Affective discrimination task (ADT)

This task was adapted from previous studies (Ferretti et al., 2019;
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Scheggia et al., 2020) as described by Scheggia and colleagues (Scheggia
et al., 2021).

2.20. Free reward consumption task

As habituation to the experimental setting, the day before the task,
mice were placed individually in empty standard mouse cages for one
hour. On the day of the task (performed in the same room and in the
same cages of the habituation), mice were left individually in the cages
with 50 pellets of palatable food (14 mg, Test Diet, 5-TUL) for 2 hours.
The number of pellets eaten was monitored over time. The result of the
task was expressed as number of pellets eaten (50 - pellet/s left in the
cage) at the end of the two hours. We tested mice both after a period of
food restriction, to stimulate their interest in food consumption, and in
satiety.

2.21. Food seeking task

Food seeking task was performed in a standard operant chamber
(length of 24 cm x width of 20 cm x height of 18.5 cm; ENV-307 W-CT,
Med Associates). A food magazine connected to an external dispenser of
food pellets was available in the centre of the operant chamber and two
circular holes (i.e., nose-poke holes) were located on the food maga-
zine’s right and left respectively. Mice were mildly food restricted to
85-90% of their free-feeding body weights to promote food-seeking
behaviour. Each session lasted 40 min. Before the beginning of the
test, every operant box was cleaned with ethanol 50%. During the task,
mice were individually positioned in a single operant chamber where
their movements were monitored by custom scripts written in MED-PC V
(Med Associates). First, mice had to associate the insertion of the nose in
one of the two nose-poke holes with the delivery of the food reward
pellet(s) in the magazine. The number of nose-pokes required to obtain
one food reward pellet represents the fixed ratio. The nose-poke hole
that allowed the delivery of the food reward pellet(s) in the food
magazine, represented the active nose-poke hole. The other nose-poke
hole did not produce any effect and represented the inactive one. We
named the choice of the active nose-poke hole as “Food-related
response” and the choice of the inactive nose-poke hole as “Non-food
related response”. The location of the Food-related response was coun-
terbalanced between left and right nose-pokes across mice to avoid
position bias. Once assigned in the habituation phase, however, the
position of the Food-related response never changed across test sessions
of the same mouse. The habituation continued until all the mice un-
derstood the task. This was indicated by a positive preference index,
calculated as the number of food-related responses — the number of non-
food related responses / the total number of responses. Generally, mice
took two days to understand the task. Once habituated, we measured
mice task performance by measuring the preference index, the total
number of food-related responses, the total number of responses and the
time interval between a food-related response and the subsequent one (i.
e., average food latency). We tested mice both after a period of food
restriction, to stimulate their interest in food seeking, and in satiety.
Mice were tested both with a fixed ratio = 1 and a fixed ratio = 4 or 8.

2.22. Sucrose preference task

Sucrose Preference Task was partially adapted from the protocol of
Amodeo and colleagues (Amodeo et al., 2021). As habituation to the
experimental setting, mice were placed individually in cages with two
drinking bottles both containing water for 12 hours. Then, after a night
in their original cages, mice were re-placed individually in the same
cages of the habituation with a bottle containing water and another with
1% sucrose solution (Sigma-Aldrich, 84097). During the test, mice had
free access to the two bottles for 24 h. The two bottles were not visibly
distinguishable and were both weighed before, after 12 hours and at the
end of the test. The two bottles were also switched in their position after
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12 hours to avoid position bias in drinking behaviour. Sucrose prefer-
ence was calculated as the percentage of the volume of sucrose intake
over the total volume of fluid intake for each tested animal.

2.23. Quantification and statistical analysis

Mice experiments: All the group values are expressed as mean =+ s.e.
m. Comparisons between groups were performed using the following
tests as appropriate: two-tailed unpaired Student’s t test, Mann-Whitney
test, ordinary one-way ANOVA, Kruskal-Wallis test and 2-way ANOVA.
Statistical analyses were performed using the GraphPad Prism statistical
package (GraphPad software). Number of neurons and mice used as well
as all the statistical details of experiments are reported in the figure
legends. Normal distribution was checked using D’Agostino & Pearson
normality test or by using Shapiro-Wilk normality test when n was
insufficient.

Patients: Continuous and categorical variables are reported as mean
+ standard deviation or numbers (%). Biological and clinical features
were compared between patients with and without anti-GluA3-Ab+ by
ANCOVA analysis, corrected for age and disease duration, while
behavioural measures were compared by a non-parametric ANCOVA
(Quade’s test), corrected for age and disease duration. A two-sided p-
value < 0.05 was considered significant and corrected for multiple
comparisons using the Benjamini-Hochberg false discovery rate (FDR)
(Benjamini and Hochberg, 1995). Data analyses were carried out using
IBM SPSS software (version 29.0).

3. Results

3.1. Chronic anti-GluA3 hIgGs administration induced a reduction in
GluA3-containing AMPAR surface retention and the appearance of early
signs of synapse loss and tau phosphorylation

To evaluate the effects of chronic anti-GluA3 hIgGs administration,
we injected male mice in the lateral ventricles once a week for 1 month
(ondays 1, 8, 15, and 22) with anti-GluA3 hlIgGs that were isolated from
FTLD patients (Fig. 1A). As a control, mice were injected with a pool of
human immunoglobulins (CTRL hIgGs).

Numerous studies (Haselmann et al., 2018; Hughes et al., 2010; Lai
et al.,, 2009; Maudes et al., 2022; Mikasova et al., 2012; Peng et al.,
2015) reported that pathogenic IgG antibodies targeting extracellular
epitopes of membrane receptors often promote the endocytosis of the
receptor itself. By employing a crosslinking assay of surface proteins, we
found that chronic anti-GluA3 hIgGs injection mediated an increase in
the intracellular levels of GluA3 and GluA2 subunits (Fig. 1B, C) and
consequently decreased their surface retention. Interestingly, we did not
detect any differences in the levels of the subunits in a purified triton-
insoluble post-synaptic fraction (TIF) (Fig. 1B, D). This suggests that
anti-GluA3 hIgGs induce an endocytic process of GluA3-containing
AMPARs within the dendritic spine compartment. The surface inser-
tion of other subunits of ionotropic glutamate receptors (i.e., GluAl,
GluN2A, and GluN2B) was unaffected by chronic anti-GluA3 hIgGs in-
jection (Fig. S5A, B). Overall, these data indicate that anti-GluA3 hIgGs
selectively target GluA2/GluA3 AMPAR heteromers, affecting their
correct retention into the synaptic membrane.

Tau protein and TDP43 are the most frequently identified proteino-
pathies in frontotemporal dementia (Mackenzie et al., 2010). Recent
studies have indicated that tau hyperphosphorylation (p-tau) promotes
tau migration into the post-synaptic compartment. In this compartment,
p-tau negatively affects the synapses’ functionality, interfering with
ionotropic glutamate receptors (Italia et al., 2022). We measured the
levels of tau and its hyperphosphorylated form in the post-synaptic
compartment and in the total homogenate isolated from mice PFCs.
We found selective accumulation of the p-tau (Ser202, Thr205) at post-
synaptic sites (Fig. 1E, F) but not in the total homogenate of anti-GluA3
hIgGs-treated mice (Fig. S5C, D). Furthermore, we did not detect any
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differences in total tau or pTDP43 levels in the post-synaptic fraction or
in the total homogenate following anti-GluA3 hIgGs administration
(Figs. 1E, F; S5C, D). This last result suggests the specific involvement of
tau-related pathological intracellular cascades in anti-GluA3 hIgGs-
treated mice.

Having detected selective accumulation of p-tau in the post-synaptic
compartment and altered GluA3-containing AMPAR retention in the
membrane of anti-GluA3 higGs-treated mice, we hypothesised that these
events could negatively influence dendritic spines’ morphology and
structure. Ex-vivo spine morphology analysis revealed that mice chron-
ically infused with anti-GluA3 hIgGs were characterised by a significant
decrease in dendritic spine density in the PFC (Fig. 1G, H). For a more
detailed morphological analysis, we measured dendritic spine’s length
and head and neck width, which allowed spine categorisation according
to shape (mushroom, stubby, or thin). However, no differences in spine
length or head width were found between anti-GluA3 hIgGs-treated
mice and CTRL hIgGs-treated mice (Fig. 11, J); accordingly, no differ-
ences in the relative percentage of spine subtypes were detected
(Fig. S5E).

Altogether, these results indicate that the chronic presence of anti-
GluA3 hIgGs leads to synapse loss that may represent an early sign of
a neurodegenerative process.

We further investigated whether the presence of anti-GluA3 hIgGs
could trigger a neuroinflammatory process. We evaluated microglial
status and activation. First, we analysed the expression of Ibal, a Ca*-
binding protein constitutively expressed by both surveillant and acti-
vated microglia, and CD11b and CD68, two markers of microglial acti-
vation in the mouse PFC. Through immunohistochemical analysis, we
quantified the number of Ibal+ cells and their average size (Fig. S6B, C),
and we evaluated the expression of CD68 (Fig. S6D). Furthermore, we
investigated the complexity of Ibal+ arborisation through Sholl analysis
(Fig. S6F, G). Finally, we analysed CD11b/c levels in total homogenate
obtained from mice PFCs (Fig. S6I). None of these parameters were
affected by anti-GluA3 hlgGs administration with the exception of the
mean area of Ibal+ cells, which appeared to be larger in anti-GluA3
hIgGs-treated mice (Fig. S6C). Accordingly, anti-GluA3 hIgGs adminis-
tration did not mediate profound alterations in microglial status.

3.2. Anti-GluA3 higGs administration reduced interest for novelty

To evaluate the in-vivo effects of chronic anti-GluA3 hIgGs adminis-
tration, we first measured the locomotor activity of the mice in an open
field (OF) arena, and we observed that the anti-GluA3 hIgGs-treated
mice exhibited a reduction in the total distance travelled compared with
CTRL mice (Fig. 2A). Because this effect could be related to reduced
propensity to explore the environment, we stimulated exploration by
introducing two identical objects in the OF. Despite this, anti-GluA3
hlgGs-treated mice still showed reduced locomotor activity in the OF
(Fig. 2B). We did not observe any motor impairments in the Rotarod task
(Fig. S7A) or anxiety-like behaviour in the Elevated Plus Maze (Fig. S7B,
C) and in the OF arena (Fig. S7D). Therefore, we hypothesised that anti-
GluA3 hIgGs administration could result in reduced interest in
exploration.

To further investigate this finding, we evaluated mice via the Novel
Object Recognition Task (Fig. 2C), which measures the capability of
mice to discriminate between a familiar and a newly presented object.
The introduction of a new object represents an even stronger stimulus to
motivate exploration in mice. In addition, the capability to recognise the
new object requires the functioning of higher cortical areas, including
the PFC (Barker and Warburton, 2011), and this capability is known to
be severely impaired in FTLD patients (Hornberger et al., 2012, 2010).
Anti-GluA3 hIgGs-treated animals showed a reduced discrimination
index 5 min after the acquisition phase (Fig. 2D), suggesting that mice
failed or were not interested to recognise the novel object. However,
anti-GluA3 administration did not impair recognition memory after 2
hours (Fig. 2E).
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Fig. 1. Effects of chronic injection of anti-GluA3 hIgGs on AMPAR surface expression, FTLD-related neuropathological markers, and spine morphology.
(A) Schematic representation of the experimental timeline. At day 0, mice are implanted with an intracerebroventricular cannula and then injected once a week (at
days 1,8,15,22) with purified anti-GluA3 hIgGs or CTRL hIgGs. From day 15 to day 29, mice are tested in different behavioural tasks. At day 29, mice are sacrificed
for ex vivo analyses on PFC. (B) Western blot representative images and bar graph of densitometric quantification of GluA3 and GluA2 in (C) intracellular fraction
(from BS3 experiment, the blotted values represent the intracellular fraction band normalized on the total amount band) (two-tailed unpaired t-test; GluA3: t(11) =
3.722, p = 0.0034, n = 6-7/group; GluA2: t(11) = 2.215, p = 0.0488, n = 6-7/group) or in (D) Triton-insoluble postsynaptic fractions (TIF) obtained from mice PFC
at the end of chronic treatment (two-tailed unpaired t-test; GluA3: t(11) = 0.008576, p = 0.9933, n = 6-7/group; GluA2: t(11) = 1.131, p = 0.2823, n = 7-6/group).
(E) Western blot representative images and (F) bar graph of densitometric quantification of p-Tau (Ser202, Thr205, AT8), pTDP43 (Ser409,410) and tau total in
Triton-insoluble postsynaptic fraction (TIF) obtained from mice PFC at the end of chronic treatment (two-tailed Mann-Whitney test or two-tailed unpaired t-test; p-
Tau: U = 91, p = 0.0004, n = 22-21/group; pTDP43: t(40) = 0.218, p = 0,8285, n = 21-21/group; Tau total: t(48) = 0.5962, p = 0,5538, n = 26-24/group). (G)
Representative images showing dendrites of adult mice PFC at the end of the chronic treatment with either anti-GluA3 higGs and CTRL hIgGs (scale bar = 5p); bar
graphs representing (H) protrusion densities (two-tailed unpaired t-test; t(80) = 2.794, p = 0.0065, n = 43-39/group), (I) spine length (two-tailed unpaired t-test; ¢
(80) = 1,931, p = 0.0570, n = 43-39/group), and (J) spine head width (two-tailed unpaired t-test; t(78) = 0.6222, p = 0.5356, n = 43-37/group). Bar graphs show
mean + s.e.m. In (C), (D), (F), n = number of animals; in (H), (I), (J), n = number of neurons. *P < 0.05; **P < 0.01; ***P < 0.001. To apply two-tailed unpaired t-
test, normal distribution was checked using D’Agostino & Pearson normality test or (when n insufficient) Shapiro-Wilk normality test.

<

To investigate whether the reduced interest was limited to explora- mice search for food in a more compulsive way than CTRL mice. We then
tion or could be generalised to other natural stimuli, we assessed the increased the cost of food-related actions by reinforcing the responses
mice’s propensity for social stimuli and food via the Affective Discrim- from a fixed ratio of 1 to 4 or 8. Under these conditions, 4 or 8 nose pokes
ination Task and the Free Reward Consumption Task, respectively. were required to make a food-related response, whereas only 1 nose-

The Affective Discrimination Task measures the ability of mice to poke was necessary for the other response. However, in this case, we
discriminate conspecifics based on their affective state. In this task, the did not detect any differences between the two groups (Fig. S8D, E).
mice were presented with two demonstrator mice: one that underwent A temporal pattern of reward consumption similar to the one ob-
fear conditioning (‘demonstrator fear’) or was alternatively subjected to tained in the Food Seeking Task with fixed ratio of 1 was evident in the
stress (‘demonstrator stress’) and one that did not receive any manipu- Sucrose Preference Task. In this task, the mice can choose between water
lation (‘demonstrator neutral’) (Fig. 2F, G). While CTRL mice preferred and a solution of water supplemented with 1% sucrose. We observed no
to spend more time with the emotionally altered demonstrators, mice differences between the two groups at the end of the task (Figs. 3G; S8F).
injected with anti-GluA3 hIgGs spent a similar amount of time with both However, we observed temporal effects during this task: anti-GluA3
demonstrators (Fig. 2H, I). hIgGs-treated mice showed an increased preference for the sucrose so-

In the Free Reward Consumption Task, the mice were habituated to a lution (measured as sucrose preference and sucrose consumption)
novel cage where they received 50 palatable reward pellets for 2 hours. compared with the CTRL group in the first 12 hours (Figs. 3G; S8F).
At the end of the 2 hours, we measured the number of pellets eaten by Finally, to determine whether reward-seeking behaviour could have
the mice. We evaluated mice both under the conditions of satiety and an impact on mouse diet, we weighed mice at the end of chronic treat-
after a period of food restriction, and we found that anti-GluA3 hIgGs- ment (Fig. 3H). Anti-GluA3 hIgGs-treated mice, compared with CTRL
treated mice exhibited a reduced interest in food reward consumption mice, had increased weight following the chronic administration.
compared with CTRL mice under both conditions (Fig. 2J). Monitoring mouse weight during treatment, we found that the differ-

Overall, these data indicate that chronic anti-GluA3 hIgGs adminis- ence at day 29 was most likely attributed to the eating behaviour of the
tration affects locomotor activity in mice, their capability to discrimi- mice during the final weeks that is when the chronic model of anti-
nate a novel object and an emotionally altered conspecific, and their GluA3 hIgGs administration had already been established (Fig. 3I).
interest in food consumption. Taken together, these results suggest a These results suggest that chronic anti-GluA3 hlIgGs treatment can
reduction of interest and preference for novelty following chronic anti- trigger hyperorality or binge-like eating in mice.

GluA3 hIgGs administration.

3.4. Behavioural and molecular features in FTLD patients
3.3. Chronic anti-GluA3 higGs administration can trigger hyper-orality or

binge-like eating in mice Previous clinical data from our group suggest that anti-GluA3-Ab+
FTLD patients have marked impairments in glutamatergic neurotrans-
To further explore the propensity of the mice for food reward, we mission (Borroni et al., 2017; Palese et al., 2020). In the present study,
evaluated their food-seeking behaviour using an operant conditioning we demonstrated that chronic administration of anti-GluA3 hIgGs eli-
task. Mice were presented with two nose-poke holes: an active hole, cited similar detrimental effects in mice. Moreover, in mice, these de-
which delivered one food reward pellet upon nose-poking (fixed ratio = fects were paralleled by other specific molecular and behavioural
1), and an inactive hole, which did not produce any effect (Fig. 3A). alterations. Therefore, we decided to go back to clinics to investigate
Under the conditions of food restriction, both groups showed a positive whether the anti-GluA3 higGs-mediated alterations identified in the pre-
preference index (Fig. 3B), suggesting that they preferred the food- clinical model were also present in GluA3-Ab+ FTLD patients.
related response; however, anti-GluA3 hIgGs-treated mice exhibited a With this aim, 260 FTLD patients were enrolled in the present study,

higher number of food-related responses (Fig. 3D). Moreover, anti- of which 86 (33.1%) were GluA3-Ab+ (see Table 1). We observed a
GluA3 hiIgGs-treated mice exhibited food-associated responses at significantly higher frequency of bvFTD patients in the GluA3 Ab+

shorter time intervals, as indicated by reduced latencies between re- group vs. Ab- group (58.1% vs 42.0%), whereas CBS patients were
sponses (Avg. food latency, Fig. 3C). Analysing the number of food re- significantly less frequent (8.1% vs 21.3%). Behavioural symptoms,
sponses as a function of time, we found that the difference in this evaluated with the frontal behaviour inventory and corrected for age
parameter at the end of the session was entirely attributed to the and disease duration, showed significant differences between groups
behaviour of anti-GluA3 hIgGs-treated mice during the first 10 min regarding poor judgement and impulsivity, personal neglect, hyper-
(Fig. 3E). Similarly, plotting the time as a function of food-related re- orality/food fads, logopenia, aspontaneity, inattention, inflexibility, and
sponses, it was clear that anti-GluA3 hIgGs-treated mice required much apathy (see Table 1). We did not observe significant differences in other
less time to achieve the same result in terms of food rewards (Fig. 3F). behavioural features or in cognitive tests between groups.

We obtained similar results evaluating mice under conditions of satiety One-way ANCOVA, corrected for age and disease duration, indicated

(Fig. S8A, B, C). These results suggest that anti-GluA3 hIgGs-treated significant differences in CSF p-tau;g; (p = 0.016), but not total tau (p =
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Fig. 2. Reduced interest for novelty after chronic anti-GluA3 hIgGs injection. Locomotor activity measured as total distance travelled in the OF arena in (A)
absence (2way ANOVA,; treatment: F(1,11) = 6.268, p = 0.0293, n = 6-7/group) or (B) presence of objects (2way ANOVA; treatment: F(1,28) = 23,62, p < 0,0001, n
= 12-12/group). (C) Novel Oject recognition task (NORT) schematic representation; performance of mice in NORT expressed as discrimination index after (D) 5 min
(two-tailed unpaired t-test; t(16) = 2.582, p = 0.0201, n = 8-10/group) or (E) 2 hrs (two-tailed unpaired t-test; t(15) = 0.6697, p = 0.5132, n = 7-10/group) from the
acquisition phase. Schematic representation of Affective Discrimination Task (ADT) with ‘neutral’ and (F) ‘fear’ or (G) ‘stress’ demonstrators; performance of mice in
the ADT expressed as the time spent in the chamber with a neutral demonstrator and in the chamber with (H) fear (2way ANOVA; Interaction: F(1,16) = 6.471,p =
0.0217, n = 10-8/group; Bonferroni correction) or (I) stress (2way ANOVA; Interaction: F(1,12) = 6.076, p = 0.0298, n = 6-8/group; Bonferroni correction)
demonstrator during 4 min after the presentation of the conditioned tone (fear) or during the entire 6 min of test (stress). (H) Inset, performance of mice in the ADT
expressed as the time spent in the chamber with a neutral demonstrator and in the chamber with fear (2way ANOVA; Interaction: F(1,16) = 4,884e-005, p = 0.9945,
n = 10-8/group; Bonferroni correction) during the initial 2 min of the test that is before the presentation of the conditioned tone. (J) Number of palatable pellets of
food consumed in the free reward consumption task by mice in both a condition of satiety (two-tailed unpaired t-test; t(29) = 2.838, p = 0.0082, n = 15-16/group)
and after a period of food restriction (Mann-Whitney test; U = 12, p = 0.0053, n = 10-9/group). Bar graphs show mean =+ s.e.m. n = number of animals. *P < 0.05;
**P < 0.01; ****<0.0001. To apply two-tailed unpaired t-test, normal distribution was checked using D’Agostino & Pearson normality test or (when n insufficient)
Ehapiro—Wilk normality test.

0.278) or amyloid-B1.42 (p = 0.177) (see Table 1). Notably, the p-tau between the CTRL mice and anti-GluA3 hlIgGs-treated mice. Overall,

results were in parallel with what we identified in the pre-clinical model, both ex vivo and behavioural data indicated that chronic S 47445
where, in the post-synaptic compartment, chronic anti-GluA3 hlIgGs administration counteracted anti-GluA3 hIgGs-mediated detrimental
administration triggered the accumulation of p-tau without affecting effects.
total tau levels.

Overall, these data indicate that anti-GluA3-hIgGs-treated mice show 4. Discussion
high overlap with the disease symptomatology of FTLD patients positive
for anti-GluA3 Abs. The anti-GluA3-Ab+ patients exhibited accentuated Recently, autoantibodies directed against the GluA3 subunit of
hyperorality, inattention, and apathy, which are the main behavioural AMPARs have been identified in 20%-25% FTLD patients (Borroni et al.,
traits that characterised our pre-clinical model of chronic anti-GluA3 2017; Palese et al., 2020). The present study allowed us to elucidate the
hIgGs administration (Figs. 2, 3). Furthermore, this correlation with specific contribution of anti-GluA3 hIgGs antibodies to the central ner-
clinical data indicates the high face validity of our pre-clinical model, vous system symptoms and identify a new putative approach for per-
which makes it a valuable tool for gaining insights into human pathol- sonalised medicine that may be suitable for anti-GluA3-Ab- patients.
ogy and testing new therapeutic personalised medicine approaches. As previously demonstrated (Haselmann et al., 2018; Hughes et al.,

2010; Lai et al., 2009; Maudes et al., 2022; Mikasova et al., 2012; Peng
et al., 2015), pathogenic IgG antibodies targeting extracellular epitopes
of membrane receptors often promote the endocytosis of the receptor. In
the present study, we demonstrated that chronic anti-GluA3 hIgGs
administration in mice mediated a selective increase in the intracellular
levels of GluA3-containing AMPAR and a consequent decrease in their
surface retention. As we did not detect any differences in GluA3-
containing AMPAR levels in the post-synaptic fraction, we hypoth-
esised that anti-GluA3 hIgGs induced an endocytic process of GluA3-
containing AMPARs within the dendritic spine compartment.

We found that chronic anti-GluA3 hIgGs administration in mice led
to selective accumulation of the p-tau in the post-synaptic compartment.
Remarkably, we also detected an increase in the level of p-tau in the CSF
of GluA3-Ab+ FTLD patients compared with FTLD patients not carrying
the autoantibody. Even if most of the published study mainly indicated
CSF p-taul81 levels in FTD similar to controls (Constantinides et al.,
2023), other studies showed the presence of higher levels in FTD pa-
tients as compared to controls (Grossman et al., 2005). It remains to be
clarified whether the increase of p-taul81 levels in FTLD was related to a
specific neuropathological hallmark of the disease or to a co-occurrence
of AD pathology. However, our FTLD patients positive for anti-GluA3
antibody and with increased p-taul81 levels presented CSF total tau
and Abeta42 within normal range, excluding an AD-like pattern profile.

A large body of literature suggests that a variety of toxic stimuli can
trigger aberrant tau phosphorylation. In its hyperphosphorylated form,
tau is more prone to aggregate to form the toxic inclusions that char-
acterise tauopathies (Alonso and Cohen, 2018; Bodea et al., 2016).
However, recent studies have indicated that tau hyperphosphorylation
also promotes its migration into the postsynaptic compartment (Italia
et al,, 2022). In this compartment, p-tau negatively affects synapse
functionality as it interferes with ionotropic glutamate receptors: several
studies reported a reduction in the activity and in the synaptic expres-

3.5. The administration of PAM s 47445 rescued anti-GluA3 hIgGs-
mediated detrimental effects

Chronic administration of anti-GluA3 hIgGs led to a significant
reduction in the surface retention of GluA3/GluA2 AMPARs (Fig. 1C).
Considering these results and the reduction of glutamatergic trans-
mission previously observed in anti-GluA3-Ab+ patients by neuro-
physiological techniques (Palese et al., 2020), we hypothesised that the
stimulation of AMPARs still available at the post-synaptic membrane
could counteract the detrimental effects of anti-GluA3 hIgGs on the
glutamatergic system. To test this hypothesis, we treated mice with a
well-validated AMPAR PAM, namely S 47445 (tulrampator, CX-1632)
(Bretin et al., 2017). This molecule produces a robust increase in
AMPAR activation in different pre-clinical in vivo studies (Bretin et al.,
2017; Giralt et al., 2017) and has previously been assessed in a clinical
trial (Clinicaltrials.gov identifier NCT number: NCT02805439). We
administered S 47445 daily from day 15 to day 29 through intraperi-
toneal injection (Fig. 4A). Indeed, the behavioural results suggested that
the detrimental effects mediated by chronic anti-GluA3 higGs adminis-
tration were present from at least day 15.

S 47445 administration fully rescued anti-GluA3 hIgGs-mediated
accumulation of p-tau in the post-synaptic compartment (Fig. 4B, C). In
addition, we observed total recovery of spine density in the anti-GluA3
hIgGs-treated animals that received daily administration of S 47445
(Fig. 4D, E). Therefore, the chronic stimulation of AMPAR-mediated
glutamatergic neurotransmission by S 47445 administration was suffi-
cient to rescue the molecular and morphological detrimental effects
induced by anti-GluA3 hIgGs. Importantly, this event was paralleled by
recovery of anti-GluA3 hIgGs-mediated behavioural defects. Mice
treated with S 47445 recovered their interest in novelty both in terms of

exploration (Fig. 5A, C, D) and food consumption (Fig. 5B). Further- sion of AMPAR and NMDAR in the presence of tau mislocalisation and

more, we detected partial Trecovery of binge-like eating be.haviour hyperphosphorylation (Alfaro-Ruiz et al., 2022; Hoover et al., 2010; Li
assessed in operant boxes (Figs. SE-J; S9A-C). As reported in Fig. 5L, J, et al., 2019; Miller et al., 2014; Prikas et al., 2022; Regan et al., 2021;
the administration of S 47445 to anti-GluA3 hIgGs-treated mice defined

a new group of animals with a food-seeking behaviour (expressed as the
number of food-related responses) that was exactly in the middle

Teravskis et al., 2021). Other studies also suggested that acting on glu-
tamatergic signalling, and specifically potentiating AMPAR, prevents
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(choice B); mice performance in the food seeking task expressed as (B) preference index (two-tailed unpaired t-test; t(14) = 0.7939, p = 0.4405, n = 9-7/group), (C)
average of time between one food-related response and the subsequent one (i.e., avg food latency) (two-tailed unpaired t-test; t(14) = 3.146, p = 0.0072, n = 9-7/
group) and (D) number of food-related responses (choice A) (two-tailed unpaired t-test; t{(14) = 2.169, p = 0.0478, n = 9-7/group); in (E-F) the number of food-
related responses within the session in operant boxes is reported: in (E), the number of food-related responses is reported as a function of time (2way ANOVA;
interaction: F(3,42) = 7.561, p = 0.0004, n = 9-7/group; Bonferroni correction) whereas in (F) is highlighted the time required to perform a certain number of food-
related responses (2way ANOVA; interaction: F(62,868) = 7.925, p < 0.0001, n = 9-7/group). In (A-F) the task was performed by mice that underwent food re-
striction. (G) Mice performance in the Sucrose Preference Task expressed as Sucrose preference in percentage (two-tailed unpaired t-test; 12 hrs: t(14) = 2.907,p =
0.0115, n = 8-8/group; 24 h: t(13) = 0.5992, p = 0.5594, n = 7-8/group). Mice weight (H) at the end of the chronic treatment (D29) (two-tailed unpaired t-test; t
(37) = 3.125, p = 0.0034, n = 17-22/group) and (I) monitored once a week (2way ANOVA; treatment: F(1,23) = 4.54, p = 0.0440, n = 11-14/group; Bonferroni
correction). Bar graphs show mean =+ s.e.m. n = number of animals. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. To apply two-tailed unpaired t-test,
normal distribution was checked using D’Agostino & Pearson normality test or (when n insufficient) Shapiro-Wilk normality test.
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PFC at the end of chronic treatment with CTRL hIgGs and anti-GluA3 hIgGs + PAM (Kruskal-Wallis; p = 0.0001, n = 26-21-15/group; Dunn’s correction). (D)
Representative images showing dendrites of adult mice PFC at the end of the chronic treatment with CTRL hIgGs or anti-GluA3 hIgGs + PAM and bar graphs
representing (E) protrusion densities (ordinary one-way ANOVA; treatment: F(2.104) = 6.034, p = 0.0033, n = 43-39-25/group; Tukey correction). Bar graphs show
mean + s.e.m. In (C), n = number of animals; in (E), n = number of neurons. *P < 0.05; **P < 0.01; ***P < 0.001. To apply one-way ANOVA, normal distribution
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tau-mediated toxic synaptic effects (Monteiro-Fernandes et al., 2021), Anti-GluA3 hlgGs-treated mice failed to discriminate between salient
suggesting that the toxic crosstalk between AMPAR and tau could also stimuli involving newly presented objects, emotionally altered conspe-
be the explained the other way around. cifics, and palatable pellets of food. Therefore, these features could be
Along with molecular and morphological alterations, anti-GluA3 interpreted as a reduction of interest or inattention for novelty rather
hIgGs induce a peculiar behavioural signature in mice characterised than a deficit in recognition, which is consistent with the reduced in-
by a reduction in interest for novelty in addition to binge-like eating and terest for exploration in different environmental conditions.
impulsivity. We assessed the reduction in interest for novelty through We found contrasting behavioural responses when food rewards
different stimuli. In the tasks, mice were presented with a series of were presented to home caged mice or following operant conditioning.
stimuli entailing a progressive increase in the required cognitive load. However, it must be highlighted that these two conditions entailed
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Fig. 5. PAM administration partially or totally rescued anti-GluA3 hIgGs-mediated behavioural effects. (A) Locomotor activity measured as the total distance
travelled in the OF arena in the first 10 min of exploration (ordinary one-way ANOVA,; treatment: F(2,26) = 6.537, p = 0.0050, n = 9-9-11/group; Tukey correction).
(B) Number of palatable pellets of food consumed in the Free Reward Consumption task by mice in a condition of satiety (ordinary one-way ANOVA; treatment: F
(2,35) = 4.344, p = 0.0206, n = 15-16-7/group; Tukey correction) or after a period of food restriction (ordinary one-way ANOVA; treatment: F(2,23) = 5.126,p =
0.0144, n = 10-9-7/group; Tukey correction). (C) NORT schematic representation; performance of mice in NORT expressed as discrimination index after (D) 5 min
from the acquisition phase (ordinary one-way ANOVA; treatment: F(2,22) = 4.856, p = 0.0179, n = 8-10-7/group; Tukey correction). (E) Schematic representation of
the food seeking task; mice performance in the food seeking task expressed as (F) preference index (ordinary one-way ANOVA; treatment: F(2,20) = 0.9339, p =
0.4095, n = 9-7-7/group; Tukey correction), (G) average of time between one food-related response and the subsequent one (i.e., avg food latency) (ordinary one-way
ANOVA,; treatment: F(2,20) = 5.992, p = 0.0091, n = 9-7-7/group; Tukey correction) and (H) number of food-related responses (choice A) (ordinary one-way
ANOVA,; treatment: F(2,20) = 3.535, p = 0.0485, n = 9-7-7/group; Tukey correction); in (I-J) number of food-related responses during the session in operant
boxes are reported ((I): 2way ANOVA; interaction: F(6,60) = 4.668, p = 0,0006, n = 9-7-7/group; Tukey correction; (J): 2way ANOVA; interaction: F(124,1240) =
5.067, p < 0,0001, n = 9-7-7/group)). In (F-J) the task was performed by mice that underwent food restriction. Bar graphs show mean =+ s.e.m. n = number of
animals. *P < 0.05; **P < 0.01; ****P < 0.0001. To apply one-way ANOVA, normal distribution was checked using D’Agostino & Pearson normality test or (when n
i‘nsufﬁcient) Shapiro-Wilk normality test.

rather different cognitive processing; under the first condition, mice had previously approved in a clinical trial (Clinicaltrials.gov, identifier NCT
free access to palatable pellets of food, whereas, in the second, they number: NCT02805439) and whose efficacy was already validated in
actively sought out food. The latter scenario triggered binge-eating-like different pre-clinical models (Bretin et al., 2017; Calabrese et al., 2017;
behaviour and impulsivity in anti-GluA3 hIgGs-treated mice. A similar Mendez-David et al., 2017; Morley-Fletcher et al., 2018). The stimula-
impulsive behaviour was observed in the sucrose preference test. tion of the remaining available AMPAR at the post-synaptic membrane
However, we did not observe any differences when we increased the with S 47445 counteracted almost all the deficits induced by anti-GluA3
fixed ratio schedule. As previously described in the literature for a hlgGs. This result represents a proof of concept that the defects in glu-
murine model of obesity (Bickel et al., 2021; Matikainen-Ankney et al., tamatergic neurotransmission mediated by anti-GluA3 hIgGs are at the
2022), this may be explained by the fact that anti-GluA3-treated mice root of the observed molecular and behavioural abnormalities. More-
exhibited increased intolerance towards delayed rewards (consequently, over, the observed efficacy of S 47445 in our pre-clinical model can pave
it could be a matter of time rather than effort). Overall, our results the way for further studies aimed at investigating the putative clinical
suggest that anti-GluA3 hIgGs can affect the reward system in general by use of this class of compounds for precision medicine therapy in GluA3-
negatively influencing mice’s attitudes towards natural stimuli/ Ab+ patients. The partial rescue that we observed in some behavioural
rewards. traits could be due to the dosage of 3 mg/kg used in the present study

In line with these findings, previous studies mainly performed in instead of the 10 mg/kg described in some pre-clinical studies (Mendez-
GRIA3 KO mice suggested a role of GluA3 in the modulation of social David et al., 2017; Pilar-Cuellar et al., 2019) and due to the timing. The
behaviour (Adamczyk et al., 2012; Li et al., 2023) in the absence of gross ex-vivo analyses were all performed after 15 days of daily PAM admin-
behavioural abnormalities (Adamczyk et al., 2012; Humeau et al., 2007; istration (i.e., on day 29); the behavioural tasks were performed from
Sanchis-Segura et al., 2006). In addition, mutations, and polymorphisms day 22 to day 29 on mice that had been treated with PAM for fewer days.
in the GRIA3 gene have been associated with alterations in sociability in In conclusion, our study clarified the contribution of anti-GluA3
humans and the appearance of a more aggressive phenotype (Peng et al., autoantibodies to central nervous system symptoms and pathology
2022). Overall, these data further support the idea that a reduction in and identified a specific subgroup of FTLD patients with distinct clinical
GluA3 activity could contribute to the appearance of behavioural features. Our findings will be instrumental in the development of a
abnormalities. therapeutic personalised medicine strategy for patients positive for anti-

Anti-GluA3-Ab+ FTLD patients exhibited significant differences in GluA3.
some behavioural traits, such as poor judgement and impulsivity, However, the research we have carried out thus far does not address
hyperorality/food fads, inattention, and apathy. These findings were some relevant issues. From the pre-clinical point of view, it would be of
consistent regardless of disease severity, suggesting that the presence of interest to evaluate the circuit mechanisms through which anti-GluA3
anti-GluA3 antibodies might specifically influence certain behavioural hIgGs support the observed behavioural abnormalities. Clinically,
outcomes rather than represent a universally aggressive form of FTLD. additional studies on a larger cohort of patients are needed to better
The higher association between GluA3-Ab+ and bvFTD may be attrib- understand the mechanisms that support the appearance of the auto-
uted to the specific effects of GluA3 on neural circuits in the prefrontal antibodies directed against GluA3 subunit. In addition, if on the one
and anterior temporal regions, where AMPA receptor disruptions could hand we demonstrated that the immunoglobulins isolated by affinity
lead to behavioural symptoms. Alternatively, this association might be purification from a pool of human sera bound native GluA3 subunit in
due to the role of GluA3 in modulating specific behaviours: in this light, fixed or unfixed live cells, on the other we did not do the same at single
the antibody-mediated impairment in GluA3 activity potentially exac- sera level. Accordingly, further investigation should be performed prior
erbates behavioural symptoms. Because the behavioural traits detected to the potential adoption of anti-GluA3 hIgGs-based screening as a
in anti-GluA3-Ab+ patients reflect those identified in our pre-clinical routine clinical tool and, consequently, its future use for personalized

model, we concluded that anti-GluA3 hlgGs-treated mice exhibited a therapies.
high degree of overlap with the disease symptomatology of these pa-

tients. In our pre-clinical model, the presence of anti-GluA3 hIgGs alone 5. Source of fundings
induced the appearance of signs and symptoms that resembled the ones
exhibited by the patients; this correspondence suggests a link of causa- This work was supported by grants from:

tion between anti-GluA3 hIgGs positivity and the appearance of a spe-
cific symptomatology. In addition, it indicates the high face validity of
our model, making it a valuable tool not only for gaining insights into
human pathophysiology, but also as a tool to evaluate new pharmaco- Sigrid Jusélius Foundation to AH.
logical approaches of personalised medicine for anti-GluA3-Ab+ Ministero dell’Istruzione, dell’Universita‘ e della Ricerca (MIUR) -
patients. PRIN (Bando 2022, Prot. 2022YY85P5 to FG, BB, CS).

Finally, of primary relevance, we used our model to evaluate the
efficacy of a well-validated AMPAR PAM (S 47445) whose safety was

Ministero della Salute RF-2019-12369272 to MDL and AP.
Cariplo Foundation 2021-1516 to FG and AB.
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