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Autism spectrum disorder (ASD) is a neurodevelopmental disorder whose pathophysiological mechanisms are still unclear.

Hypotheses suggest a role for glutamate dysfunctions in ASD development, but clinical studies investigating brain and peripheral
glutamate levels showed heterogenous results leading to hypo- and hyper-glutamatergic hypotheses of ASD. Recently, studies
proposed the implication of elevated mGIuR5 densities in brain areas in the pathophysiology of ASD. Thus, our objective was to
characterize glutamate dysfunctions in adult subjects with ASD by quantifying (1) glutamate levels in the cingulate cortex and
periphery using proton magnetic resonance spectroscopy and metabolomics, and (2) mGIuR5 brain density in this population and
in a validated animal model of ASD (prenatal exposure to valproate) at developmental stages corresponding to childhood and
adolescence in humans using positron emission tomography. No modifications in cingulate Glu levels were observed between
individuals with ASD and controls further supporting the difficulty to evaluate modifications in excitatory transmission using
spectroscopy in this population, and the complexity of its glutamate-related changes. Our imaging results showed an overall
increased density in mGIuR5 in adults with ASD, that was only observed mostly subcortically in adolescent male rats prenatally
exposed to valproic acid, and not detected in the stage corresponding to childhood in the same animals. This suggest that clinical
changes in mGIuR5 density could reflect the adaptation of the glutamatergic dysfunctions occurring earlier rather than being key to

the pathophysiology of ASD.
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
that begins in utero, exhibiting very varying evolutionary
trajectories and degrees of intensity [1]. All subtypes of ASD are
characterized by impaired social communication and repetitive
and restricted behaviors and interests [2]. In the last decades, a
large increase in the prevalence of ASD has been observed
making ASD as a major public health problem [3]. As the etiology
and pathophysiology of ASD remain unclear, the definition of
targets of interest for the development of pharmaceutical ASD
therapies has been difficult. Distinct hypotheses describe an
imbalance between excitation and inhibition as a common
pathophysiological mechanism suggesting a crucial role of
glutamate and GABA dysfunctions in ASD [4-6].

Research related to glutamate dysfunctions in ASD include
many genetic studies depicting the association between ASD and
polymorphisms in genes coding subunits of glutamate receptors
and transporters [7], along with structural proteins of the
excitatory synapse [8, 9]. Post-mortem and in vivo studies reported
either increased or decreased glutamate levels in several brain
regions and peripheral compartments of subjects with ASD

leading to the propositions of hyper- and hypo-glutamate theories
of autism followed by the excitatory/inhibitory imbalance theory
[10, 11]. Studies related to glutamate receptor densities are scarce,
and the involvement of glutamatergic neurotransmission in
autism remains unresolved.

Recently, studies highlighted a potential role of the metabo-
tropic glutamate receptors subtype 5 (mGIuR5) in the pathophy-
siology of ASD. This receptor has been shown to play crucial roles
in synaptic plasticity and neuronal development [12, 13]. It is also
a target of the fragile X mental retardation protein whose
expression is compromised in X-fragile syndrome (FXS) frequently
associated with ASD [14]. Thus, preclinical arguments supported
the development of negative allosteric modulators of mGIuR5 as
treatments for FXS [15]. Two mGIuR5 negative allosteric mod-
ulators (basimglurant, mavoglurant) have been evaluated in
subjects with FXS [16-18], but no therapeutic benefits have been
reported for unclear reasons yet. The interest for targeting mGIuR5
in ASD has been highlighted by a post-mortem study showing
increased cerebellar mGIuR5 densities in ASD vs. controls [19], and
recently extended to the postcentral gyrus in vivo using positron
emission tomography (PET) in few men with ASD [20, 21].
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Table 1. Overview of the clinical and behavioral characteristics of individuals with ASD and controls participating to the study.
ASD group (n =12) mean +SD CTRL group (n = 14) mean + SD p value

Age (years) 29.4+7.2 (range 24-45) 29.8 + 8.3 (range 24-47) 0.44
Autism Diagnostic Interview-Revised (ADI-R)

Reciprocal social interaction total 23.5+5.4 (range 14-30)

Communication total 16.7 £4.5 (range 11-25)

Restricted, repetitive and stereotyped behavior total 7.2+3.5 (range 2-13)
Autism Diagnostic Observation Schedule (ADOS)

Reciprocal social interaction total 11+6 (n=10) (range 2-18)

Restricted and repetitive behavior total 2.2+1.9 (n=10) (range 0-6)
WAIS-IIl, WAIS-IV

Verbal 1Q 113.8+7.4 (n=11) (range 104-129) 116.9 £ 13.1 (range 98-135) 0.49

Performance 1Q 99.5+18.9 (n=11) (range 76-148) 122.4+17.3 (range 92-150) 0.0043
Autism Spectrum Quotient (AQ) 31.8+7.1 (h=11) (range 18-40) 12.1 £6 (range 3-25) <0.0001
Empathy Quotient (EQ) 18.1+8.7 (n=11) (range 10-39) 42.8+10.6 (range 26-66) <0.0001

Threshold scores, if available: ADI, cut-off for social interaction =10, communication =8, RR behavior = 3; ADOS, cut-off for reciprocal social interaction
total = 10, Autism = 7 Autism Spectrum Disorder; AQ threshold score for guidance purposes of 32.

To further understand the role of the glutamatergic transmis-
sion and the mGIuR5 in the pathophysiology of ASD, we
conducted a multimodal clinical study combining proton mag-
netic resonance spectroscopy ('H-MRS), metabolomics and
Positron Emission Tomography (PET) to explore the cerebral and
peripheral glutamate levels along with the brain mGIuR5 density
in adults with ASD and controls. In addition, we performed a
longitudinal preclinical PET imaging study in a well characterized
animal model of ASD (male rats prenatally exposed to valproic
acid) to describe the changes in mGIuR5 density at two
developmental stages corresponding to childhood and adoles-
cence in human [22].

MATERIALS/SUBJECT AND METHODS

Clinical and behavioral evaluations

Participants. Two groups consisting in 12 adult males with ASD
(ASD group) and 14 healthy adult males (CTRL group) were
recruited through the University Child Psychiatry Center of Tours
(France) and matched on age (mean age (years) of 29.4+ 7.2 and
29.8 + 8.3 ranging from 24 to 45 and 24 to 47 for ASD and CTRL
groups, respectively) (Table 1). Healthy volunteers with history of
neurological disorders (including epilepsy and Attention Deficit/
Hyperactivity Disorder) were excluded, as those with current
or history of neuropsychiatric disorders according to the Mini
DSM-IV [23].

ASD subjects were diagnosed by an experienced team of
clinicians according to DSM-5 criteria [24], complemented by
Autism Diagnostic Interview-Revised assessment (ADI-R) [25].
Autism Diagnostic Observation Schedule (ADOS-2) [26] was also
available for 10 participants.

The Wechsler Adult Intelligence Scale (WAIS-Ill, WAIS-IV) [27, 28]
had been administered to assess verbal and performance 1Q
scores for 11 subjects with ASD, and the PEP-3 (Psychoeducational
profile) [29] had been used to assess verbal and non-verbal
developmental ages for one individual. The Revised Behavior
Summarized Evaluation Scale [30] (BSE-R, 29 items rated on a
5-point scale) and The Repetitive and Restricted Behavior scale
[31]1 (RRB, 35 items rated on a 5-point scale) complemented the
quantitative assessment of behavioral difficulties of ASD subjects.
In the CTRL group, an estimation of verbal and performance 1Q
scores was performed using four subtests (vocabulary, similarities,
block design, and matrix) of the WAIS. Self-report questionnaires
were completed in both groups: the Autism-Spectrum Quotient
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(AQ) to quantify autistic-like traits [32] and the Empathy Quotient
(EQ) [33] to quantify the cognitive and affective domains of
empathy.

Informed written consent was obtained from all participants or
from their legal guardian. The protocol (clinical trial 2015-001897-
16) was approved by the Ethics Committee of the University
Hospital of Tours (Comité de Protection des Personnes (CPP)
Région Centre Ouest I). The study was conducted according to the
ethical principles of the Declaration of Helsinki.

In vivo 'H-MRS acquisitions. Before PET scan, each subject
underwent a Magnetic Resonance Imaging (MRI) study for brain
anatomical imaging to define Regions Of Interest (ROIs), and to
allow co-registration with PET images. MRI was performed using a
3-Tesla whole-body scanner (Verio®, Siemens, Germany), and a 12
channels head coil. The same protocol as previously described [34]
was also used to measure the levels of glutamate and glutamine in
a voxel of interest (5.94 ml) including parts of the anterior and
mid-cingulate cortices. We focused on this brain region based on
its implication on a broad range of behaviors and cognitive
processes that are modified in ASD individuals [35-37], and on
the heterogenous results previously reported by other studies. The
echo time of 35 ms was chosen to improved SNR (signal to noise
ratio) due to reduced T2 relaxation, reduced dependence on
assumed metabolite T2 values, and improved SNR for J-coupled
metabolite signals due to reduced dephasing [38].

All spectra were analyzed in Osprey (Open-Source Processing,
Reconstruction & Estimation of Magnetic Resonance Spectroscopy
Data; committed version 89f5f31) [39] with all possible metabo-
lites in the basis set. The strength of this all-in-one toolbox for
processing of magnetic resonance spectroscopy data is to allow
tissue correction and quantification into a coherent ecosystem
[40-42]. Spectra were fitted between 0.2 and 4.0 ppm using
baseline correction. Metabolite levels were calculated relative to
the unsuppressed voxel water and were expressed in institutional
units (1.U., approximately millimolar) [40-42], where the fraction of
CSF, gray and white matter were calculated by segmentation of
the anatomical T1-weighted images using SPM 12 (https://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). Metabolite levels
were included in further statistical analyses only when the SNR
was superior to 3, the full width at half maximum (FWHM) < 0.1
ppm [38], and after visual inspection of each spectrum. Five
spectra were excluded from the analyses based on those criteria.
To represent the voxel locations, we used a basic visualization
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Quantification of the brain Glu and GIx levels and Glu sub-metabolomes in the serum and urines in individuals with ASD and

controls. Proton magnetic resonance spectroscopy of the cingulate cortex (A left hemisphere, B right hemisphere) with the voxel overlap
density and the boxplot of Glu and Glx in individuals with ASD (n =10 and 11 for the left and right hemispheres) vs. CTRL (n =12 and 13 for
the left and right hemispheres), each point corresponding to one participant (mean + standard deviation). Quantification of the Glu sub-
metabolomes in the serum and urines of individuals with ASD and CTRL showing the statistical significance of the differences observed for
each quantified metabolite between the two groups (C), and the associated boxplot (median * quartile for each subject) for the significantly
different metabolites (D). Ala alanine, Asp aspartate, ASD autism spectrum disorder group, Cing cingulate cortex, CTRL control group, lle
isoleucine, Leu leucine, Glu glutamate, GIn glutamine, Glx glutamate + glutamine, Val valine.

approach that give information about the MRS localization and its
robustness according to an in-between participants view [43].
Glutamate (Glu) and Glu + GIn (GIx) were compared between ASD
and HC groups using Student’s t test or Mann-Whitney U test.
Because we analyzed two metabolites, Bonferroni correction was
used with a final statistical significance of p < 0.025.

["8FIFPEB radiosynthesis and mGIuR5 PET Imaging. The expression
of mGIUR5 was assessed using ['®FIFPEB (3-[(*®)Flfluoro-5-(2-
pyridinylethynyl)benzonitrile) [44]. No-carrier-added ['®FIFPEB was
radiolabeled as previously described [34]. ['®FIFPEB was demon-
strated to meet all quality control criteria for a PET radiopharma-
ceutical. Molar activity at the end of synthesis was 114.9 + 58.3 GBq/
umol for the PET study involving both experimental groups.

After a CT acquisition (40 mA, 80 kv) for attenuation correction,
healthy volunteers were intravenously injected with ['®FIFPEB as a
bolus, and underwent a 90 min brain dynamic acquisition using an
Ingenuity Philips TF64 tomograph® (Philips, USA). List mode data
were reconstructed into 31 frames (6x10s, 8x30s, 4% 1 min,
5 X 2 min, 8 X 5 min). To shorten the acquisition duration for the ASD
group, PET data were collected between 30 and 50 min post ['®F]
FPEB injection (257 £44 and 261 +32 MBq injected to ASD and
control groups, respectively). Thus, the same time window of 20-min
images from 30 to 50 min post ['®FIFPEB injection was used for
comparison between the two groups (please see the supplementary
information for more details regarding the PET protocol). Data were
reconstructed with the standard package included with the system
(PET view software-Philips Medical Systems). PET sinograms were
corrected for attenuation, decay, scatter, and randoms, and
reconstructed using a 3D iterative RAMLA algorithm (voxels of
2x2x2mm?). PET images were coregistered to subject’s T1 3D
MRI, and into maximal standard uptake values (SUVmax) with the
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brain stem as the reference region. Brain differences in ['FIFPEB
SUVmax between ASD and CTRL groups were measured via a voxel-
based analysis using unpaired Student’s two-tailed t-test with
p values corrected for multiple comparisons using the Benjamini-
Hochberg control of false discovery rate [45]. Z-score maps with a
threshold of p =0.05 were generated, along with d value maps to
evaluate the effect size (moderate, large or very large effect size for d
values inferior to 0.80, between 0.80 and 1.20, or superior to 1.20,
respectively) [46, 47]. The Hammer's template from PMOD
v3.2 software (PMOD Technologies Ltd, Switzerland) was applied
to z-score and d value maps to obtain cerebral z and d values.

Metabolomics analysis. Liquid Chromatography-High Resolution
Mass Spectrometry (LC-HRMS) analysis was performed from 50 pl of
serum or 20 pl of urines as previously described [48]. The analysis of
metabolites related to glutamate metabolism (Glu, GIn, aspartate,
alanine, succinate, fumarate, urocanate in both serum and urines,
along with GABA, valine, malate specifically in the serum and
isoleucine, leucine specifically in urines) was performed based on
our library of standard metabolites (IROA Technologies). The
identification criteria were identical to those previously described
[48]. The signal value was calculated using Xcalibur software
(Thermo Fisher Scientific, San Jose, CA) providing the identity of
each metabolite and its corresponding area after validation by a
mass spectrometry specialist. Data were normalized to the sum, and
the univariate analysis of metabolite levels between groups was
based on non-parametric Mann-Whitney tests.

Preclinical evaluations

Model of valproate prenatal exposure. Wistar pregnant females
(CERJ, Le Genest) arrived in the animal facility at gestational day 6
(GD6) and were randomly assigned to control or VPA groups
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(n=11 per group). Pregnant dams were housed in individual
cages (lights on between 20:00 and 8:00; 21+1°C; 55+5%
humidity; ad libitum access to food and water) and received an
intraperitoneal injection of saline or valproate (VPA; 600 mg/kg;
Sigma®) at GD12.5. After birth, each mother stayed with her litter
until postnatal day 21 (PND21). Experiments were performed on
the male progeny using the litter as statistical unit. The animals
were treated in accordance with the European Community
Council Directive 2010/63/EU for laboratory animal care with
Regional Ethical Committee authorizations (no. 00620.02).

Social behaviors in VPA vs. control rats. Social interactions and
play behaviors were evaluated in VPA and control rats at PND31
and PND33, respectively (n =6 control vs. 5 VPA rats, one animal/
litter). Social preference was assessed as previously described [49]
using a 3-chamber apparatus with rats habituated to the device
(5 min), and placed back with the possibility to interact with a rat
from the same or another litter (5 min) in the opposite areas. The
time spent sniffing the familiar or unfamiliar peer was quantified
as an index of social preference. Play behavior was quantified by
placing two VPA or control rats matched for weight from the same
litter in a circular open field (Diameter 40 cm) whose floor was
covered with sawdust (2 cm) (PND33). The time spent doing play
behaviors (boxing, spinning, jumping, pursuits, attacks) was
quantified for 15 min. Differences between VPA and control rats
were analyzed using a Mann-Whitney test.

PET imaging and data analysis. ['®FIFPEB PET imaging was
performed on VPA and control male progenies at PND21 and

PND35 as previously described [34]. Each rat was i.v. injected with
a bolus of ['®FIFPEB (18.83 +0.56 MBq and 23.47 +0.57 MBq on
PND21 and PND35, respectively). PET acquisitions (50 min) were
performed using a microPET-CT SuperArgus system (Sedecal,
Madrid, Spain). The PET list-mode scans were rebinned into 45
frames (15x20s, 15x40s, 10x60s, 5x300s). Images were corrected
for randoms, scatter, attenuation, and reconstructed using a
2-dimensional OSEM algorithm (GE Healthcare, France; voxels of
0.388 x 0.388 x 0.775 mm?>). Partial volume effect corrections were
applied on all images. A voxel-based analysis was performed with
a threshold of p = 0.01 for the z-score maps to minimize the type |
error rate [50]. See Supplementary Information for details
concerning the MRI template for early adolescent male rats used
in this study.

RESULTS
Clinical study
Demographics and clinical characteristics are detailed in Table 1.

Anterior/mid cingulate glutamate levels were not different in
adults with ASD and healthy controls

The left and right cingulate Glu and GIx levels in our
participants at rest were not significantly different (left Glu
levels, 19.29£7.91 and 13.51 £ 4.65 in ASD and HC respectively,
U(20)=2.13, p=0.04; left GIx levels, 35.18+13.93 wvs.
25.30+9.01, t(20) = 2.01, p = 0.06; right Glu levels, 15.21 £ 6.02
vs. 13.06+4.82, t(22)=0.97, p=0.34; right GIx levels,
27.83 +10.27 vs. 24.81 £ 8.46, U(22) = 0.79, p = 0.44; Fig. 1A, B).

13[F]PEB Imaging in adults with ASD and CTRL

C/Social interactions and play behaviors in VPA vs CTRL rats

10 400
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Fig. 2 Translational brain imaging of mGluR5 using [*®FIFPEB brain in adults with ASD and in an animal model of ASD compared to
controls. ['®FIFPEB brain imaging in individuals with ASD vs. controls (A, B), and in an animal model of ASD (C, D). A Examples of brain ['®F]
FPEB uptake images obtained in one healthy control (male, 32 years-old) and one individual with ASD (male, 45 years-old) on two axial planes
with their corresponding T1 weighted MRI template images. B Fusion images between an MRI template and the z-score map showing the
significant differences in ['®FIFPEB binding between ASD and CTRL groups (red vs. blue = higher vs. lower ['®FIFPEB binding in ASD vs. CTRL
groups; n =12 and 14, respectively). C Significant modifications in social interactions and play behavior displayed at PND31 and PND33 by
male rats prenatally exposed to VPA vs. saline at GD12.5. The individual values of each quantified index and the mean + standard deviation
was presented for both VPA and control groups (n =5 and 6 for VPA and controls groups, respectively). D Significant differences in ['®FIFPEB
binding between male rats prenatally exposed to VPA vs. controls (n = 11 per group) presented on fusion images between an MRI template
and z-score maps at PND21 and PND35 (red vs. blue = higher vs. lower ['®F]FPEB binding in VPA vs. control rats). ASD autism spectrum
disorder group, CTRL control group, PND21 postnatal day 21, PND35 postnatal day 35, VPA group prenatally exposed to valproic acid.
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Differences in the glutamate sub-metabolome were detected
in the serum of subjects with ASD vs. controls

In the serum, significantly lower levels of glutamate (1.5x10 >+
06x107> vs. 20x107°£06x 107> in ASD vs. HC respectively,
U(25) =32, p=0.013) and higher levels of glutamine (29.4 x 1073+
24%1072 vs. 256x10°+3.0x 107> in ASD vs. HC respectively,
U@25)=133, p=0001), GABA (22x103+£06x10°3 s
16x1073+£04x107> in ASD vs. HC respectively, U(25)= 124,
p=0009) and succinate (6.9x103+09x107> vs. 58x10 >+
09% 1072 in ASD vs. HC respectively, U(25) =126, p = 0.006) were
detected in subjects with ASD vs. controls (Fig. 1C, D). No significant
differences in the glutamate sub-metabolome of ASD vs. controls
were observed in urines (Fig. 1C).

mGIuR5 binding was significantly increased in the brain of
ASD vs. controls groups

The z-score maps comparing the ['®FIFPEB SUVr obtained in
individuals with ASD and controls revealed significant differences
in ['®FIFPEB binding between the two populations in almost all
the studied brain areas at the exception of the pallidum and
hippocampus (Fig. 2A, B and Table 2). The d values for all the
statistical differences observed ranged between 1.06 and
1.17 showing that these differences are not dependent on the
effective of each group. Most of these differences corresponded to
significantly higher values in ['®FIFPEB SUVr observed in the ASD
vs. control groups (Fig. 2A, B and Table 2).

In the cortex, higher values in ["®FIFPEB SUVr were detected in
the frontal, parietal, temporal, occipital and insular lobes with z-
score values ranging from 3.16 +0.27 in the anterior and mid-
cingulate cortex (p =0.0010 in both cases; Table 2) to 3.48 + 0.52
in the medial occipital cortex (p < 0.0001; Table 2). Lower values in
['8FIFPEB SUVr in the ASD group vs. controls were only observed
in parts of the medial precentral and inferior temporal cortices (z-
score values of —3.35+0.36 and —3.39+0.64 with p values of
0.0008 and 0.0002, respectively).

Subcortically, significantly higher values in ['®FIFPEB SUVr were
observed in the striatum, thalamus, amygdala, and parahippo-
campal areas with z-scores ranging from 3.17 £ 0.25 in the nucleus
accumbens to 3.39 + 0.37 in the thalamus (p values of 0.0011 and
0.0003 in the nucleus accumbens and thalamus, respectively;
Table 2).

Lastly, differences in ['FIFPEB SUVr values were also observed
in the cerebellum, with higher values in the vermis of the ASD
group vs. controls (z-score of 3.65+0.60; p value < 0.0001) and
lower values in its intermediate part (z-score of —3.38+0.57;
p value < 0.0001; Table 2).

VPA vs. control rats showed altered social behaviors and
modifications in their brain mGIuR5 density at PND35 but not
at PND21

At PND31, VPA rats spent significantly less time interacting with a
familiar peer compared to controls (ratio of time interacting with
an un- vs. familiar rat of 0.72 +£0.24 vs. 6.55 + 1.95 for control vs.
VPA rats; t =6.7, df =9, p <0.0001; Fig. 2C). In addition, the time
spent playing at PND33 was significantly lower for VPA vs. control
rats (175 +76 vs. 35+ 27 s for control vs. VPA rats; t =3.9, df =9,
p = 0.0036; Fig. 20).

In sharp contrast to the clinical data, rats prenatally exposed to
VPA compared to controls do not show any reliable differences in
['®FIFPEB binding. The VPA rats showed significantly lower ['®F]
FPEB SUVr values than controls in the somatosensory cortex and
hypothalamus (—3.16 £0.33, d value = 0.44, p value = 0.0216 for
the somatosensory cortex; —3.05 + 0.57, p value = 0.0029 for the
hypothalamus; Fig. 2D), but these differences were considered
non reliable as they were associated with d values inferior to
0.80 suggesting these differences were too dependent on the
number of subject included in each group (Table 3).
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Table 2. Statistical significant differences in ['®FIFPEB cerebral binding
between adult individuals with ASD and controls.
ASD vs. CTRL
Z-score d value p value
Frontal lobe
Sup. FrCx 3.30+043 1.09 p =0.0001
Mid. FrCx 3.33+045 1.10 p < 0.0001
Inf. FrCx 3.38+£0.56 1.13 p < 0.0001
Orbito. FrCx 3.30+0.38 1.10 p = 0.0002
Ant. Cing 3.16+£0.27 1.06 p=0.0010
Mid. Cing 3.16+£0.27 1.06 p=0.0010
Post. Cing 3.29+0.38 1.09 p =0.0003
Insula 3.34+0.52 1.10 p = 0.0006
Precentral Cx —3.35+0.36 1.1 p = 0.0008
3.35+048 1.10 p <0.0001
Parietal lobe
Sup. ParCx 3.32+047 1.10 p <0.0001
Mid. ParCx 3.44+0.59 1.11 p < 0.0001
Inf. ParCx 3.39+0.55 1.12 p <0.0001
Temporal lobe
Sup. TempCx 342+054 1.12 p <0.0001
Mid. TempCx 3.33+0.50 1.10 p <0.0001
Inf. TempCx —3.39+0.64 1.1 p = 0.0002
3.39+£0.50 1.12 p <0.0001
Occipital lobe
Med. OccCx 3.48+0.52 1.13 p <0.0001
Lat. OccCx 3.33+045 1.10 p <0.0001
Nucleus accumbens 3.17+0.25 1.07 p=0.0011
Caudate 3.28 +0.40 1.09 p =0.0001
Putamen 3.38+042 1.1 p =0.0004
Pallidum - - -
Thalamus 3.39+045 1.1 p =0.0003
Amygdala 3.29+0.37 1.09 p =0.0008
Hippocampus - - -
Para hipocampus 3.34+0.50 1.10 p =0.0001
Cerebellum —3.38+0.51 1.11 p < 0.0001
3.65 £ 0.60 1.17 p < 0.0001

Ant. Cing anterior cingulate cortex, ASD autism spectrum disorder group,
CTRL control group, Inf. FrCx inferior frontal cortex, Inf. ParCx inferior
parietal cortex, Inf. TempCx inferior temporal cortex, Lat. OccCx lateral
occipital cortex, Med. OccCx medial occipital cortex, Mid. Cing mid-cingulate
cortex, Mid. FrCx mid-frontal cortex, Mid. ParCx mid-parietal cortex, Mid.
TempCx mid-temporal cortex, Orbito. FrCx orbitofrontal cortex, Precentral Cx
precentral cortex, Post. Cing posterior cingulate cortex, Sup. FrCx superior
frontal cortex, Sup. ParCx superior parietal cortex, Sup. TempCx superior
temporal cortex.

Reliable significant differences in ['®FIFPEB binding between the
two groups were only observed at PND35 (Fig. 2D). Significantly
higher ["®F]FPEB SUVr values in rats prenatally exposed to VPA were
detected in the retrosplenial cortex (3.35+0.35, d value =0.82, p
value = 0.0007), striatum (3.08 +0.3514, d value =0.95, p value =
0.0038), amygdala (3.28 + 0.351, d value = 1.03, p value = 0.0007),
and hippocampus (3.57 + 0.54, d value = 0.821.64, p value = 0.0002;
Table 3). Higher values were also observed in the hypothalamus but
considered non reliable as associated to a d value lower than 0.80
(3.37 £ 0.35, d value = 0.52, p value = 0.0007; Table 3). The VPA rats
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Table 3. Statistical significant differences in ['®FIFPEB cerebral binding between male rats prenatally exposed to VPA and controls at PND21
and PND35.
VPA vs. CTRL
PND21 PND35
z-score d value p value Z-score d value p value
OF - - - - - -
PrL/IL - - - - - -
Cing - - - - - -
Ins = = = = = =
Mot - - - - - -
Som —3.16+0.33 0.44 p=0.0216 - - -
Par - - - - - -
RSC - - - 3.35+£0.35 0.82 p = 0.0007
Aud = = = = = =
Vis = = = = = =
Temp - - - - - -
Str - - - 3.08+0.14 0.95 p=10.0038
Amyg - - - 3.28+£0.31 1.03 p =0.0007
Thal - - - —4.15+1.32 1.95 p <0.0001
Hypo —3.05+0.57 0.51 p = 0.0029 3.37+£0.35 0.52 p = 0.0007
Hipp = = = 3.57+0.54 1.64 p = 0.0002
Mes = = = —3.19+£0.20 0.94 p = 0.0004
Cereb = - - —4.55+1.06 2.08 p < 0.0001

Amyg amygdala, Aud auditory cortex, Cereb cerebellum, Cing cingulate cortex, CTRL control group, Hipp hippocampus, Hypo hypothalamus, Ins insula, Mes
mesencephalon, Mot motor cortex, OF orbitofrontal cortex, Par parietal cortex, PND21 postnatal day 21, PND35 postnatal day 35, PrL/IL prelimbic and infralimbic
cortices, RSC retrosplenial cortex, Som somatosensory cortex, Str striatum, Temp temporal cortex, Thal thalamus, Vis visual cortex, VPA valproic acid group.

also showed significantly lower ['®FIFPEB SUVr values than control
at this developmental stage in the thalamus (—4.15+1.32,
d value =1.92, p value <0.0001), mesencephalon (—3.19+0.20, d
value=0.94, p value=0.0004), and cerebellum (—4.55+1.06,
d value = 2.08, p value < 0.0001; Table 3).

DISCUSSION

Our translational and longitudinal approach evidenced that
glutamatergic synapse abnormalities in ASD are complex and
evolves with age.

Focusing on the mGIuR5, PET results suggest a continuous
developmental trajectory of the glutamatergic synapse dysfunc-
tion in ASD. The temporal evolution is evidenced by almost no
changes in mGIUR5 density between juvenile rats prenatally
exposed to VPA and controls evolving to significant modifications
in the subcortical areas at adolescence, and the higher densities in
the whole brain observed in young adults with ASD. Only two
studies suggested higher densities in adult subjects with ASD in
the cerebellum and postcentral gyrus using PET but were either
post-mortem or limited by a small number of participants [19-21].
We showed that adult individuals with ASD exhibit higher mGIuR5
densities in almost all the cortex and subcortical areas, and our
translational approach evidenced that these modifications are a
dynamic process occurring with time. In this hypothesis, the early
adulthood widespread mGIuR5 alterations may reflect a compen-
satory process more than a source of the ASD pathophysiology
itself.

Previous genetic studies evidenced the role of proteins involved
in the cytoarchitecture of the glutamate synapse in ASD from the
early stages of brain development. It has thus been proposed that
alterations in mGIuR5 expression may be governed in part by
Homer1b/c, a post-synaptic scaffolding protein [51] and Shank3
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protein dysfunctions [52]. The origin of glutamatergic synapse
dysfunction in ASD may thus be related to an aberrant spine
construction related to disrupted synaptic plasticity. These results
may suggest that glutamatergic dysfunction originates with
synaptic ultrastructural alterations, that evolves over childhood
toward impairment of the glutamatergic neurotransmission.

At the neurotransmitter level the complexity of glutamatergic
synapse dysfunction is also reflected by the similar cingulate Glu
and GIx levels observed in subjects with ASD and controls, while
their serum Glu sub-metabolomes were modified. The cingulate
Glu and Glx literature reported highly variable results with studies
reporting either lower or higher levels [53-60], or no differences
between subjects with ASD and controls as observed in this study
[53, 61, 62]. Such variability has been explained by the hetero-
geneity of the studied groups, different voxel locations, and
differences in data analysis. The sample size of our groups is a
limitation; however, our results were not dependent on partial
volume effects which are rarely corrected in the other studies.
Besides, our voxel included parts of the anterior and mid-cingulate
cortex, the whole cingulate cortex being related to ASD-associated
impairments [35-37] whereas others focused on the anterior
cingulate cortex. Taken together, this suggest the difficulty of using
"H-MRS to evaluate changes in excitatory transmission in ASD, or
that the glutamate-related modifications are more complex.

In the same vein, the lower serum Glu levels observed in our
ASD group are in contradiction with the higher levels reported in
the only other study performed on blood samples from adults
[63]. However, such variability is in line with studies on children
samples reporting either lower, unchanged or higher Glu levels in
the blood and urine samples of individuals with ASD vs. controls
[64-73]. Comparing metabolomic data from adult and children’s
samples seems hazardous as the blood metabolome evolve with
age in controls [74]. Interpretating peripheral glutamate results is
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complex as brain glutamate levels do not depend on peripheral
levels, the blood brain barrier being almost impermeable to
glutamate [75]. However, changes in Glu, GIn, and GABA levels
observed in ASD individuals suggest that the excitation/inhibition
imbalance is not restricted to the brain and affected the whole
individual.

Interestingly our results could contribute to explain the failure
of phase Il and Il studies evaluating the therapeutic efficacy of
negative allosteric modulators (NAMs) of mGIuR5 in fragile X
syndrome. Whereas results obtained in Fragile X mental retarda-
tion 1 (Fmr1) knock-out mice were promising showing that NAMs
could fix several disease-related phenotypes (including learning
impairment, electrophysiological and synaptic plasticity altera-
tions, as well as growth abnormalities), subsequent clinical trials
did not demonstrate therapeutic benefit in FXS subjects treated
with either basimglurant or mavoglurant over placebo. The
authors of these studies hypothesized that NAM's therapeutic
intervention might be more effective at earlier stages of
neurodevelopment when synaptic plasticity may operate more
importantly [16]. Our results suggest that changes in mGIuR5
density could reflect the adaptation of the glutamatergic synapse
to structural damage occurring at earlier stages of neurodevelop-
ment, with the mGIuR5 increased density constituting a con-
sequence within the pathophysiological cascade rather than a
primary molecular target.

Several limitations are necessary to address to interpret these
findings. First, we did not use a PET-MR for the clinical part of our
study. It would have facilitated the protocol enabling simulta-
neous PET, MRI and MRS acquisitions [76]. Second, our long-
itudinal evaluation of the brain mGIuR5 density was performed in
a translational way using PET imaging trying to connect findings in
an animal model of ASD and in humans. This was dictated to us
due to practical, regulatory and ethical difficulties in performing
imaging using radioactivity in young autistic children, requiring
them to remain motionless for 30 min. Nevertheless, the model of
prenatal exposure to VPA has been extensively used to study ASD
pathophysiology in rodents [77], and the correspondences of
developmental age between the two species strongly validated
[22]. Third, we used SUVmax to quantify ['®FIFPEB cerebral
binding instead of non-displaceable binding potential (BPyp).
BPyp is known as more reliable and efficient in terms of
quantification, but its measurement requires dynamic PET
acquisitions starting from the injection of the radiotracer, which
was difficult to implement in our ASD group. Fourth, the pons was
used as reference tissue for PET quantification of ['®FIFPEB binding
contrary to the previously described cerebellar white matter.
Cerebellar white matter cannot be used here due to the small size
of the brain and the spillover effect from cerebellar changes in
["®FIFPEB binding between VPA and controls rats. Moreover, the
['®FIFPEB binding in the pons was low and not significantly
dependent on the studied group.

To conclude, our findings suggest that disturbance of
glutamatergic neurotransmission in ASD follows a complex
trajectory from childhood to adulthood involving different
mechanisms of synapse binding and transmission. The delayed
overexpression of mGIuR5 may be a compensatory mechanism to
earlier alterations of the synaptic architecture. These results
reinforce the interest to consider personalized intervention using
targeted therapeutics according to the specific needs and the
developmental trajectory of each individual.
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