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The metabotropic glutamate receptor 5 (mGluR5) is a key regulator of excitatory (E) glutamate and inhibitory (I) γ-amino butyric
acid (GABA) signalling in the brain. Despite the close functional ties between mGluR5 and E/I signalling, no-one has directly
examined the relationship between mGluR5 and glutamate or GABA in vivo in the human brain of autistic individuals. We measured
[18F] FPEB (18F-3-fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile) binding in 15 adults (6 with Autism Spectrum Disorder) using two
regions of interest, the left dorsomedial prefrontal cortex and a region primarily composed of left striatum and thalamus. These two
regions were mapped out using MEGA-PRESS voxels and then superimposed on reconstructed PET images. This allowed for direct
comparison between mGluR5, GABA+ and Glx. To better understand the molecular underpinnings of our results we used an
autoradiography study of mGluR5 in three mouse models associated with ASD: Cntnap2 knockout, Shank3 knockout, and 16p11.2
deletion. Autistic individuals had significantly higher [18F] FPEB binding (t (13)=−2.86, p= 0.047) in the left striatum/thalamus
region of interest as compared to controls. Within this region, there was a strong negative correlation between GABA+ and
mGluR5 density across the entire cohort (Pearson’s correlation: r (14)=−0.763, p= 0.002). Cntnap2 KO mice had significantly
higher mGlu5 receptor binding in the striatum (caudate-putamen) as compared to wild-type (WT) mice (n= 15, p= 0.03). There
were no differences in mGluR5 binding for mice with the Shank3 knockout or 16p11.2 deletion. Given that Cntnap2 is associated
with a specific striatal deficit of parvalbumin positive GABA interneurons and ‘autistic’ features, our findings suggest that an
increase in mGluR5 in ASD may relate to GABAergic interneuron abnormalities.
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INTRODUCTION
The metabotropic glutamate receptor 5 (mGluR5) is an important
regulator of excitatory (glutamate) and inhibitory (γ-aminobutyric
acid, GABA) pathways [1, 2] and atypicalities in its expression are
associated with a number of neurological and psychiatric
conditions including epilepsy [3], anxiety [4] and autism spectrum
disorder (ASD) [5]. Human brain mGluR5 has been implicated in
early neurodevelopmental processes and is present from the ninth
gestational week [6]. The mGlu5 group 1 receptors are mainly
found on postsynaptic terminals of neurons and on glial cells [7]
and are functionally and physically linked to inotropic N-methyl-D-
aspartate (NMDA) receptors [8–10]. While mGluR5 activity
primarily enhances glutamate-mediated postsynaptic excitation
[11], there is also evidence for this receptor acting presynaptically
to enhance neurotransmitter release through Ca2+ release and

presynaptic Ca2+ signalling [12, 13]. Furthermore, glutamate spill
over may activate presynaptic mGluR5 resulting in repetitive
behaviours [14].
mGluR5 is also closely linked to GABA [15]: in animal studies

activation of mGluR5 has been found to both increase [16] and
inhibit GABAergic transmission [17], mGluR5 interacts with GABA-
A receptors and is co-localized with GABA-A α1 subunit-containing
receptors in the amygdala, hippocampus and globus pallidus
[18–20]. Additionally, GABA has been shown to act as a negative
modulator of the mGluR pathway on pharmacological testing of
GABA agonists [21]. Thus, mGlu5 receptors may modulate brain
development and function through a complex bi-directional
interaction with major excitatory (glutamate) and inhibitory
(GABA) neurotransmitter systems. No-one has directly examined
the relationship between mGluR5 and GABA in vivo in the human
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brain and no-one has directly examined the relationship between
mGluR5 and glutamate in vivo in autistic individuals.
Disruption to these excitatory-inhibitory neural pathways has

been strongly implicated in the impaired information processing
and social behaviours observed in ASD [22]. 1H-MRS studies of
ASD have reported differences in glutamate levels [23, 24] and
GABA responsivity [25, 26] in those with ASD. Higher cerebellar
mGluR5 availability has been reported in ASD in post-mortem [27]
and animal studies [28]. There have only been a few small studies
of in vivo positron emission tomography (PET) in ASD, one of
which included six autistic participants and three controls [5], and
identified higher [18F] FPEB binding potential in the cerebellum,
postcentral gyrus, entorhinal area and precuneus in adults with
idiopathic ASD [5]. The others included individuals with Fragile X
syndrome [29, 30] which is the most common genetic cause of
ASD [31, 32]. For example, Brašić and colleagues reported lower
expression of mGluR5 in cortical and subcortical regions in Fragile
X syndrome and higher cortical mGluR5 in idiopathic ASD, albeit
confounded by differences in IQ between the groups [30].
Therefore, in this study we used PET to examine mGluR5
availability with the radiotracer [18F] FPEB (3-[18 F] fluoro-5-
[(pyridin-3-yl)ethynyl]benzonitrile in a small sample of adult men
with and without idiopathic ASD using two pre-defined regions of
interest (ROIs): the left dorsomedial prefrontal cortex and left
striatum/thalamus. This allowed for direct comparison between
mGluR5 and GABA+ (GABA+macromolecules) and Glx (gluta-
mate+ glutamine) as the two regions were mapped out using
each participant’s MEGA-PRESS voxel on MRI scanning and then
applying this precise voxel region to each participant’s recon-
structed PET scan, rather than the traditional CIC (Centre for
Integrative Connectomics) brain atlas. ROIs were selected based
on evidence linking social and cognitive difficulties in ASD to
prefrontal and subcortical regions [33–36]. However, our focus was
on the striatum/thalamus because we previously showed that this
is among the first brain regions to show structural abnormalities in
infants who go on to develop ASD [37] and excitation-inhibition
balance is disrupted in this region in adults with ASD [38]. We
expected to see differences in mGluR5 binding in the whole brain,
dorsomedial prefrontal cortex, and left striatum/thalamus in ASD
compared to typically developing controls and that mGluR5 levels
in these regions would be related to excitatory-inhibitory
(glutamate and GABA) metabolite levels.
To improve our understanding of the neurobiological basis of

any findings from the human study, we included an autoradio-
graphy investigation of mGluR5 binding in three distinct mouse
models commonly used in the study of ASD and that have
been used previously in our translational studies [26]: Cntnap2
knockout (KO), Shank3 KO and 16p11.2 deletion. The Cntnap2 gene
encodes a large multidomain neuronal adhesion molecule listed
as a “strong candidate (2 S)” gene for ASD in the Simons
Foundation Autism Research Initiative database (SFARI) (https://
gene.sfari.org/). Cntnap2 mediates interactions between neurons
and glia during nervous system development (https://
www.ncbi.nlm.nih.gov/gene/26047) and its expression in mice
parallels that observed in humans in the striatum, thalamus, and
amygdala [39]. Therefore, animal models of Cntnap2 are especially
useful in exploring the role of mGluR5 in these brain regions.
Shank3 mutations display high frequency and penetrance in
individuals with ASD and intellectual disability (1 in 50) [40].
Shank3 encodes a scaffolding protein located at glutamatergic
synapses [41, 42] and intracellular Shank proteins are involved in
second messenger communication between mGluR5 and NMDA
receptors [43]. Abnormalities in subcortical structure and function
have been described in Shank3 KO mice [44] with increased
mGluR5 availability reported in the striatum [42] and thalamus
[28]. Thus, the Shank3 KO are expected to replicate mGluR5
findings in the same region in people with ASD. Finally, human
chromosome 16p11.2 microdeletion is the most common gene

copy number variation in autism accounting for 0.5–1% of all ASD
cases [45]. The 16p11.2 region impacts cell migration and synaptic
functions [46] and is associated with socio-cognitive impairments
in humans and animal models [47]. We conducted the preclinical
investigation using mouse models as an exploratory study. We
hypothesized that there would be differences in mGluR5
availability using autoradiography between wild type mice and
at least one of these three relevant mice models.

MATERIALS AND METHODS
Study design
We carried out 1H-MRS and PET studies at the Centre for Neuroimaging
Sciences, King’s College London and the PET imaging centre, St Thomas’
Hospital London, respectively. We used the MEGA-PRESS sequence [48] to
specifically examine GABA+ (GABA+macromolecules) and Glx (gluta-
mate+ glutamine) complex concentration in male adults with ASD as
compared to non-ASD male adults. The radioligand [18F] FPEB was used in
the PET study to measure mGluR5 availability. Ten autistic participants and
eighteen healthy non-ASD participants underwent MRI (magnetic reso-
nance imaging) scans including MRS. Due to logistical issues, out of these
participants, six male ASD participants and nine male control participants
proceeded to PET scanning. We have reported the data for those who
underwent both MRS and PET scanning only. We did not include female
participants as we wished to create as homogenous a group as possible.
There is some evidence that GABA levels fluctuate with the menstrual cycle
[49, 50] and another consideration was a safety concern regarding the risk
of exposing reproductive age females to (albeit low dose) radioactivity.
We also performed a quantitative autoradiography study using the

radioligand [3H] MPEP to estimate mGluR5 density in mouse brain sections
from three mutant strains commonly used as ASD models, namely Cntnap2
KO, Shank3 KO, and the 16p11.2 deletion strain.

Human 1H-MRS and PET: Participants and recruitment
The ASD participants were recruited from a research database of King’s
College, London (KCL) and the Behavioural Genetics Clinic at the Maudsley
Hospital, a national referral service for the diagnosis of neurodevelop-
mental disorders in adults. Non-ASD participants were recruited via local
advertisements.
All participants met the following criteria: 1.) Male and aged between

18–60 years old. 2.) Right-handed. 3.) Intelligence Quotient (IQ) score
above 70. 4.) Capable of giving written informed consent. 5.) Able to read,
comprehend and record information written in English. 6.) Bodyweight
< 120 kg and BMI within the range 18.5–33 kg/m2 (inclusive). In addition,
ASD participants all met ICD-10 criteria for autistic disorder (F84.0) or
Asperger’s syndrome (F84.5) and had received a clinical diagnosis of ASD
[51] by an experienced psychiatrist. Diagnoses were supported by the
Autism Diagnostic Observation Schedule version 2 (ADOS-2) [52] in all
participants and where possible (if an informant was available) the Autism
Diagnostic Interview – Revised (ADI-R) [53].
IQ was assessed using the English version 2 of the Wechsler Abbreviated

Scale of Intelligence (WASI) with four subscales: Vocabulary, Similarities,
Block Design and Matrix Reasoning [54].

1H-MRS data acquisition and processing
Data was obtained at the Centre for Neuroscience, KCL, on a GE 3 T MR 750
System (GE Medical Systems, Chicago, WI, USA) using a 32-channel head coil
(Nova Medical Systems, Wilmington, MA, USA). Total scan time was
60minutes including all protocols. One sagittal T1-weighted high resolution
ADNI Go Inversion Recovery Spoiled Gradient Recalled (IR-SPGR) anatomical
scan was acquired for each participant with repetition time (TR)= 7.312ms,
echo time (TE)= 3.016ms, inversion time (TI)= 400ms, flip angle (FA) 11°,
field of view 270mm, 256 × 256matrix, 200 slices, voxel dimensions (X, Y, Z):
1.055 × 1.055 × 1.2mm. This anatomical scan was then used to position the
1H-MRS voxel and to obtain voxel tissue information for further metabolite
quantification (see below). Following the structural scan a single-voxel 1H-MRS
data was acquired using the MEGA-PRESS [55] sequence with the following
parameters: TR= 2000ms, TE= 68ms, bandwidth= 5 kHz; number of data
points= 4096; sinc-Gaussian modulated editing pulses, duration= 16ms,
editing frequency= 1.9 ppm, control frequency= 7.5 ppm, 352 averages (176
ON and 176 OFF); phase cycle length of two; CHESS water suppression,
dimensions: right-left 35mm; anterior-posterior 30mm; superior-inferior
25mm (approximately 27 cm3). Additionally, 16 unsuppressed water scans
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with the same parameters were also acquired for further water-scaling
metabolite quantification and eddy-current correction (see below). The voxel
was positioned to include the left striatum and thalamus as previously
described [38, 56].
Original raw GE P-files were exported from the scanner and pre-processed

using in-house scripts adapted from FID Appliance (FID-A) pre-processing
pipeline [57]. FID-A runs several steps including weighted receiver coil
combination, removal of motion corrupted averages, frequency and phase
drift correction, spectral registration to align ON and OFF sub-spectra and
obtain the difference spectrum for further analysis [58].
Spectra were then analysed using LCModel 6.3 – 1 L (Stephen

Provencher Inc., Oakville, Canada) [59]. LCModel uses a priori knowledge
of expected individual metabolite peaks, i.e., a basis set, and fits the model
to the experimentally acquired spectra. The basis set for the current work
were simulated with FID-A software and high spatial resolution density-
matrix simulations [60]. The basis set included GABA, glutamate,
glutamine, n-acetylaspartate, n-acetylaspartylglutamate and glutathione.
The water unsuppressed signal was used as internal reference, i.e., water-
scaling, and to perform eddy current correction. To control for partial
volume effects and for the different amounts of ‘visible’ water in each
tissue type grey matter (pGM), white matter (pWM) and cerebrospinal fluid
(pCSF), which influences the quantification of the metabolites due to the
water-scaling procedure, each voxel was segmented to obtain the
proportion of each tissue type. This was done using the Gannet 3.0 toolkit
(http://www.gabamrs.com/downloads) segmentation routine with SPM8
(https://www.fil.ion.ucl.ac.uk/spm/software/spm8/, University College Lon-
don, UK) running in MATLAB 9.2.0 (R2017a, The Mathworks Inc., Natick,
Massachusetts, USA). These values were then used to correct the individual
metabolite levels following the equation:

Metcorr ¼ MetLCM
� 43300�pGMþ 35880�pWMþ 55556�pCSFð Þ=35880

1� pCSF

where Metcorr is the corrected metabolite value, MetLCM is the original
quantification obtained from LCModel, 43300, 35880, and 55556 are the
concentrations (in mM) of water in GM, WM, and CSF, respectively [61];
pGM, pWM and pCSF are the voxel proportion of GM, WM, and CSF,
respectively. The division by 35880 in the numerator corrects for the initial
LCModel analysis that assumes a purely white matter voxel during
quantification [62]. No metabolite T1 or T2 relaxation times corrections
were performed, thus concentrations are presented in institutional units
(i.u.).
The measure of glutamate was Glx (glutamine+ glutamate) as

glutamate alone cannot be reliably detected at 3 T [25]; the GABA measure
included macromolecules and is thus referred to as GABA+ . Difference
spectra were visually inspected for fitting quality. Standard deviation of the
Cramer-Rao Lower Bound (%CRLB) for GABA+ and Glx measurement was
set at a threshold of 20%. SNR (Signal to noise ratio) and linewidth also
influence the viability of metabolite quantification [63], and only data with
a SNR equal to or above 16 (maximum was 27) were accepted. After
thorough data quality assessment, only one dataset was excluded from the
final analysis (the SNR was too low, CRLB was too high for both
GABA+ and Glx and the spectrum was visibly distorted on inspection). The
included data had %CRLB ranging from 4 to 6 for GABA+ , from 2 to 5 for
Glx and SNR ranging from 16 to 27. See Fig. 1.

PET data acquisition and processing
There was a variable time interval across participants between MRI and PET
scanning with seven participants having the MRI and PET scan within
9 days of each other and the other eight participants having both scans
within 1-5 months of each other (Average time interval for Controls
21 days vs average ASD 57 days).
The following is a summary of the methods used in the human PET

study. For more details, please see the supplementary material.
The radioligand [18F] FPEB was synthesised as previously described [64]

and a dose of 200 MBq was injected in the participants’ dominant
antecubital vein as a 10 s bolus. A low-dose computed tomography was
acquired immediately prior to the PET scan for attenuation correction and
PET emission data was collected in 3D-mode for a duration of 90minutes.
Images were reconstructed using the VPFX method (fully 3D time-of-flight
iterative reconstruction) with frame durations: 1 × 10 s, 10 × 5 s, 6 × 10 s,
3 × 20 s, 87 × 60 s.
Continuous and manual arterial blood samples were also acquired

during the scan for deriving whole blood and plasma-parent concentra-
tions for input functions to the kinetic modelling. Continuous arterial blood

samples were acquired for the first 15 min following PET scan start with the
arterial line (PTFE coated, inner diameter 1 mm) connected to an
automated blood sampling system (Allogg ABSS, www.allogg.se, Sweden)
and a peristaltic pump set at 5 mL/min. Manual samples were acquired
from a three-way tap close to the Allogg detector. Seven 6mL samples
were drawn at 3, 8, 12, 20, 30, 60- and 90minutes post scan start. These
samples were used to measure whole blood tracer concentrations and
centrifuged for plasma concentrations to be measured and for metabolite-
parent separation. Five additional 0.5 mL manual samples were acquired at
5, 10, 14, 45 and 75min to improve Allogg-PET cross-calibration and in
extrapolating the whole-blood continuous curve to 90minutes. Plasma
parent fractions (ratio of FPEB to all 18 F labelled activity) were fitted to the
sigmoid function described by Owen et al. (2014) [65]. The Plasma Parent
concentration was calculated by multiplying this fitted parent fraction
model with the plasma concentration. This data was used as the plasma-
parent input function.
Rather than reporting using a CIC brain atlas, we used three a priori

regions: whole brain and MEGAPRESS-defined left striatum/thalamus &
dorsomedial prefrontal cortex. Grey matter only was included from those
regions to extract [18F] FPEB binding availability measures from the PET
data within the same region. Time activity curves (TACs) were extracted
and fitted by multilinear regression models used previously [66] to
estimate Volume of distribution (VT) and Distribution Volume Ratio (DVR),
since binding potential (BPnd) was not directly measurable. We focussed
on DVR in multilinear reference tissue models (MRTM1) using the
cerebellum as a reference region.

Rodent autoradiography: Overview and animal models
We performed quantitative autoradiography to estimate mGluR5 avail-
ability in brain slices from Cntnap2 KO male mice (Cntanp2 −/−), Shank3
KO mice (Shank3 −/−) (Hoffman-La Roche Ltd), and 16p11.2 deletion mice
(stock no. 013128, The Jackson Laboratory, USA). Control mice included
male WT littermates. In the Cntnap2 and 16p11.2 deletion models the
sample included n= 8 /group, in the Shank3 model the sample was n= 7/
group. The sample size was selected based on previous in-house pilot
experiments and previously published autoradiography in these mice [26].
No randomisation or blinding was indicated.
To determine mGluR5 availability we used titrated 2-methyl-6-(pheny-

lethynyl)-pyridine [3H] MPEP as the radioligand. While the use of [18F]-FPEB
in both humans and mice would have been preferable, this was not
possible for logistical reasons. We have elaborated on the use of [3H] MPEP
in the discussion below. Mice were euthanised by decapitation, their brains
rapidly removed and frozen in cooled isopentane. To approximate the
patient characteristics in the human ASD PET study as closely as possible,
we used adult (12 weeks of age) male mice in all models [67].

Rodent autoradiography: protocol
Frozen mouse brains were placed in a cryostat (#Slee, MNT) cooled to
−17 ± 2 °C and cut into 15 μm coronal sections at an anatomical level of
Bregma 0.98mm for the striatum (caudate putamen) [68]. The sections were
mounted on positively charged slides (VWR#631-0446) and kept frozen at
−80 °C until the day of the experiment. On the day of the experiment the
slides were warmed to room temperature before the start of the experiment.
Sections were incubated for 20min in 50mM Tris buffer made up in 0.9%w/v
NaCl (pH 7.4) at room temperature. They were then incubated with 2 nM of
the [3H] MPEP (#VT237, ViTrax, USA) in Tris buffer at 4 °C for 60min to
determine total binding. Non-specific binding (NSB) was determined in
adjacent sections following the same protocol but with the addition of 10 μM
MPEP to [3H] MPEP incubation. Following this, the slides were washed twice
(2 × 2min) with buffer at 4 °C, followed by a dip in distilled water, and then
left to dry overnight. Once dry, they were exposed to 3H-sensitive Amersham
Hyperfilm (VWR# 28-9068-50) along with 3H microscales (American
Radiolabelled Chemicals, #ART0124B) for four weeks before development.
For quantification, ROIs were drawn in the striatum and frontal regions,

measured in triplicate, and averaged as is standard practice. Optical
density was determined using ImageJ v1.49 (NIH, USA) software. For each
mouse, total and non-specific binding were obtained for each mouse and
averaged after conversion to nCi/mg using Graphpad Prism v8 (GraphPad
software LLC, USA).

Statistics
Demographic, neuropsychological, voxel tissue composition and spectro-
scopy data were analysed with IBM SPSS statistics version 23 (IBM
Corporation, IL, USA). All data were checked for normal distribution with
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the Shapiro–Wilk test and for homogeneity of variance with Levene’s test.
Between group differences were then investigated with two-tailed
independent samples t-test. Correlation analyses between metabolites
and DVR were assessed with Pearson’s correlation analysis. For all analyses,
α was set at 0.05. Results between groups are reported as uncorrected
p-values and would not have survived multiple correction analysis. For the
rodent autoradiography, non-specific binding was subtracted from the
total binding to give the specific binding values, which were compared
between WT and mutant mice using two-way ANOVA corrected for
multiple comparisons using Sidak correction.

Ethics
The [18F] FPEB study was approved by West London subcommittee of the
National Research Ethics Committee for the UK reference 14/L0/0309.

RESULTS
Human study
Nine controls and six autistic participants were included. The two
groups did not differ significantly for age and IQ. As expected,

there were significantly higher obsessive-compulsive behaviours
as rated on the Obsessive-Compulsive Inventory – Revised (OCI-R)
in the ASD group compared to the non-ASD group. The difference
in OCI-R score did not correlate with mGluR5 DVR or GABA+
concentration in the left striatum/thalamus. Please see Table 1 in
the supplementary material for further detail regarding demo-
graphics and participant characteristics.

1H-MRS study
For clarity and to remain concise, these results will refer to the left
striatum/thalamus only. DMPFC data is included in the supple-
mentary material. There was no difference in voxel tissue
composition for grey matter (t (13)= 1.97, p= 0.07), white matter
(t (13)= 0.50, p= 0.41), or CSF (t (13)= 0.32, p= 0.44) between
the two groups. There were no significant differences between
groups for %CRLB for GABA (t(12)=−1.39, p= 0.37), %CRLB for
Glx (t(12)= 1.49, p= 0.16), SNR (t(12)=−0.22, p= 0.83), or FWHM
(t(12)= 0.06, p= 0.95). There was no evidence of group differ-
ences in estimated Glx levels in the left striatum and thalamus

Fig. 1 Example of the position of the MEGA-PRESS voxel (3 × 3 × 3 cm3) in the left striatum/thalamus. a Sagittal view; b Coronal view; c Axial
view; d Difference spectrum from a representative participant (black line) and LCModel fit (red line). Glx glutamate+glutamine, GABA+ gamma-
aminobutyricacid+macromolecules, tNAA n-acetylaspartate+n-acetylaspartylglutamate, MM macromolecules, ppm parts per million.
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(t (12)=−0.38, p= 0.71, d=−0.19). GABA+ levels were lower in
the ASD group as compared to non-ASD, but this did not reach
statistical significance (t (12)= 1.5, p= 0.15, d= 0.23). See Fig. 2.

[18F] FPEB: Higher mGluR5 availability in ASD group
There were no significant differences in [18F] FPEB tracer dosing
between the two groups: 167.5+ /− 6.1 MBq in the control group
versus 171.8+ /− 13.8 MBq in the ASD group, p= 0.4.
Initially we used blood data to calculate VT and DVR based on

the MA1 method. Using this method, we were forced to omit
three subjects (two autistic participants, one control) as two were
missing blood data and one could no longer tolerate the scan
after 76minutes. There was no difference in VT or DVR between
groups looking at the whole brain or at the specific MRS-
delineated regions of interest (left striatum/thalamus, and
dorsomedial prefrontal cortex; all p > 0.05).
DVR can also be estimated using a reference region model

(MRTM1), here using the cerebellum as the reference region. This
increased the power of the study as it allowed us to include the
two participants with missing blood data. Additionally, cropping
the dynamic PET data to 76 minutes allowed the subject that
withdrew at 76minutes to be included. This allowed us to include
the full sample size of nine controls and six autistic participants.
Our analysis showed that the ASD group had higher mGluR5
availability as measured using DVR in specific [18F] FPEB binding
in the whole brain (t (13)= 2.46, p= 0.029) and using the MRI
delineated left striatal/thalamic mask (t (13)=−2.86, p= 0.047).
See Fig. 3.
There was a strong negative correlation between GABA+ levels

and mGluR5 availability in the left striatum/thalamus ROI (See Fig. 4)
across the whole sample (Pearson correlation: r(14)=−0.763,
p= 0.002) with a trend to significance in the ASD population
(Pearson correlation r(5)=−0.797, p= 0.107).

Post hoc analysis
One of the autistic participants reported occasional use of
Zopiclone for insomnia. Zopiclone is a non-benzodiazepine but
binds with high affinity to benzodiazepine receptors [69]. This
participant did not present as an outlier for measures of GABA+ ,
Glx, or mGluR5. When this participant was excluded from the
analysis the difference between groups for mGluR5 in the left
striatum just lost significance (t(12)=−2.15, p= 0.052) and the
strong negative correlation between GABA+ and mGluR5 across
the whole cohort remained (r (13)=−0.761, p= 0.003).

Quantitative autoradiography findings
Two-way ANOVA of striatum (Caudate putamen) in all three
models showed a trend for interaction between strain and genetic
modification (p= 0.054). The Cntnap2 strain showed higher tracer
binding (n= 15, p= 0.03) following multiple corrections. See Fig. 5.

DISCUSSION
We conducted a translational molecular imaging study of mGluR5
in adults with and without ASD, and in ASD-related rodent models.
Our objective was to test if ASD is associated with altered
availability of mGluR5 in the whole brain, dorsomedial prefrontal
cortex, and striatum/thalamus in vivo; and whether mGluR5
availability is related to the levels of excitatory-inhibitory
(glutamate and/or GABA+ ) metabolites in the same regions.
Similar to previous PET studies investigating mGluR5 in ASD and
related conditions [5, 30], we found higher availability in the ASD
group albeit in different regions given the differences in
methodology. Our results show that adults with idiopathic ASD,
but without intellectual disability, have higher availability of
striatal/thalamic mGlu5 receptors; the striatum is known to be a
region with high mGluR5 density [1, 6] and has been shown to be
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implicated in both social cognition [1] and ASD [33, 34, 37, 38].
This finding of greater mGluR5 availability was replicated in our
study using Cntnap2 KO mice, a model associated with ASD.
A major strength of this study was the use of the same MEGA

PRESS voxels to define the regions of interest in each individual
participant’s MRI and PET images, rather than comparing MRS
findings to regions defined by a CIC brain atlas. This allowed for a
more accurate comparison of mGluR5 and regional brain
metabolites. Using this technique, we identified a negative
correlation between mGluR5 availability (measured using PET
imaging) and GABA+ (measured using 1H-MRS) in the region of
interest containing left striatum and thalamus.
We found a trend towards lower levels of GABA+ in our ROI

which, like previous adult studies [38], was not statistically
significant. The heterogeneity in GABA+ levels in our study might
explain why GABAergic medications such as low dose benzodia-
zepines may improve social deficits in some people with ASD but
in others cause a paradoxical reaction [70, 71] and still other

GABAergic medications such as cyclopyrrolones may worsen core
ASD features [72]. The relationship between GABA+ and mGluR5
may explain why results from pharmacological studies of drugs
targeting mGluR5 in ASD or related conditions mirror the
contradictions of GABA drug studies [73–76]. Pharmacological
studies in animal models relevant to ASD reflect this complexity
and show that autistic-like phenotypes can be rescued when
mGluR5 levels are corrected in either direction to achieve a
proposed ‘acceptable’ range [74, 75, 77, 78]. Similarly, the use of
mGluR5 antagonists in rodents results in varying levels of
improvement [79–85] and an increase in social deficits with
mGluR5 antagonist treatment in wild-type rats was previously
reported [73]. The importance of the relationship between
GABA+ and mGluR5 is suggested by animal studies which
indicate that stimulation of GABAergic systems may alter mGluR5
activity [86–91].
Given the uncertainty regarding the role of mGluR5 in ASD,

animal studies can provide invaluable information regarding
potential underlying mechanisms of action. Animal studies
confirm a crucial role for mGluR5 in early striatal development
and the maturation of GABAergic inhibitory systems in particular:
blocking mGluR5 during embryonic or postnatal neurogenesis
decreases GABAergic cell proliferation and disrupts inhibitory
circuits [92, 93]. The mouse studies we conducted in parallel with
our human study indicate that Cntnap2 KO mice, a model used in
the study of ASD1 [94, 95], have a similar higher mGluR5
availability in the striatum as we observed in the human ASD
group. Cntnap2 deficiency leads to a decrease in dendritic arbours
and spines, resulting in an overall change in synaptic network
activity due to an imbalance in excitatory/inhibitory connections
[96] and is associated with reduced numbers of GABAergic
interneurons in the cortex, striatum and hippocampus [95].
Cntnap2 KO mice have a specific striatal deficit of parvalbumin-
positive GABA interneurons and ‘autistic’ features [97]. This raises
the possibility that we are seeing higher mGluR5 availability in
ASD in response to GABAergic interneuron abnormalities in the
ASD group. However, a similar finding was not identified using the
Shank3 KO mice - despite previous reports of increased mGluR5 in
the striatum and thalamus [28, 42]. We also found no difference
with the 16p11.2 deletion which is implicated in ASD and cortico-

Fig. 4 Correlation between GABA + levels and DVR (Distribution Volume Ratio) of mGluR5 in the left striatum and thalamus. The control
group is represented in black and the ASD (Autism Spectrum Disorder) group is represented in orange.
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striatal functioning [47], although the relationship between
16p11.2 deletion and mGluR5 is less direct and likely to
exaggerate the postsynaptic protein synthesis downstream of
mGluR5 [98]. As our main aim related to mGluR5, we did not
perform a MEGA PRESS analysis in our three rodent models,
although this would potentially have made for an interesting
comparison with our human study.
There are some limitations to our study. Our human study

included small sample size and so the primary analysis had low
power to detect a small effect. We did not recruit females;
therefore, our findings are limited to adult men. However, this
also strengthens our findings given that differences in GABA and
mGluR5 have been identified between the sexes[49, 99, 100]. Our
ASD population only included individuals with higher-than-
average IQ who were free of medical co-morbidities (e.g.,
epilepsy, where there is considerable evidence of GABAergic
dysfunction [101–103]). However, the majority of autistic
individuals have normal range IQ [104] and do not have epilepsy
[105]. In addition, most spectroscopy studies in adolescents and
adults with ASD [23, 38, 56, 106] only include individuals with
average or above average IQ and so in this respect our approach
is in line with the literature. Nevertheless, while the elimination
of medical comorbidities in our sample represents a strength of
the study in terms of avoidance of pathophysiological con-
founds, it also cautions against extrapolation of our findings to
the heterogeneous ASD population – e.g., those with intellectual
disability. Regarding the data acquisition techniques used, PET
and autoradiography can quantify the availability of mGluR5 but
not their functionality, for such purpose other methods (e.g.,
electrophysiology) would be required. There was a variable time
interval between MRI and PET studies with a longer average
interval among the ASD group. While this was not desirable, our
comparison between GABA and mGluR5 was presented across
the full group. While we cannot rule out the possibility that the
difference in time interval between the groups may have
contributed to the trend-only relationship between GABA and
mGluR5 in the ASD group, GABA has been shown to demonstrate
long-term reproducibility up to seven months [107] so this is
unlikely to explain our results.
The differences found in left striatum/thalamus and whole brain

DVR should be treated cautiously as biases can arise from shorter
dynamic studies and using this in a reference region input model
(MRTM1) may also create biases, although it is worth noting that
the use of this model allowed us to maximise data collection in a
vulnerable population. Multiple comparison corrections have not
been made, however only whole brain, left striatum and DMPFC
were studied rather than the full CIC atlas. We used the radioligand
[18F] FPEB in the human cohort and [3H] MPEP in the animal study.
[18F] FPEB is developed from the [3H] MPEP scaffold and binds the
same receptor site as MPEP in a fully competitive manner [108]. [3H]
MPEP can act as a positive allosteric modulator of mGluR4 as a mass
dose of the unlabelled compound and this has only been shown in
one study and only at high micromolar concentrations, which we
did not use (> 10mM)[109].
In conclusion, we investigated the excitatory/inhibitory

balance in adults with ASD and specifically examined both
receptor and neurotransmitter differences and the correlation
between them. We have extended the previous pilot PET study
and prior post-mortem work on mGluR5 [27, 65, 110] to show
higher availability of total mGluR5 in humans with ASD and we
recapitulated these findings in Cntnap2 KO mice, a mouse model
associated with ASD. We also found that mGluR5 levels in the
left striatal/thalamic ROI were tightly linked to GABA+ levels in
the same location. Evidence from animal models points towards
developmental deficits in mGluR5 impacting upon GABAergic
cells and interneurons. Our preliminary results suggest the
possibility that mGluR5 increases as a (VPFX method (3D time of
flight iterative reconstruction): This is also referred to as OSEM

(Ordered subset expectation maximization), the most often used
PET image reconstruction algorithm, which is an iterative
statistical algorithm [111]. Because image reconstruction is an
ill-conditioned problem, image noise increases with number of
iterations. To mitigate image noise, the OSEM algorithm is
usually stopped before it has converged; additionally, the
images are often post-smoothed using various filters [112].
Iterative reconstruction is slow and results in non-uniform
convergence and salt & pepper noise but provides high
resolution.) compensatory response to deficits in GABAergic
development. However, we cannot exclude the possibility that
the higher availability of mGluR5 drives lower levels of GABA+
in the left striatum/thalamus. The same finding of higher
binding potential in both - two separate, albeit pilot - studies
adds weight to the suggestion that this finding may be a key
feature of ASD. Furthermore, based on our results we suggest
using the Cntnap2 mouse model to examine how modulating
mGluR5 relates to GABA+ and the behavioural phenotype to
inform further human studies.

REFERENCES
1. Terbeck S, Akkus F, Chesterman LP, Hasler G. The role of metabotropic gluta-

mate receptor 5 in the pathogenesis of mood disorders and addiction: com-
bining preclinical evidence with human Positron Emission Tomography (PET)
studies. Front Neurosci. 2015;9:86.

2. Zoicas I, Kornhuber J. The Role of Metabotropic Glutamate Receptors in Social
Behavior in Rodents. Int J Mol Sci. 2019;20:1412.

3. Ngomba RT, Santolini I, Salt TE, Ferraguti F, Battaglia G, Nicoletti F, et al.
Metabotropic glutamate receptors in the thalamocortical network: strategic
targets for the treatment of absence epilepsy. Epilepsia 2011;52:1211–22.

4. Pitsikas N. The metabotropic glutamate receptors: potential drug targets for the
treatment of anxiety disorders? Eur J Pharm. 2014;723:181–4.

5. Fatemi SH, Wong DF, Brasic JR, Kuwabara H, Mathur A, Folsom TD, et al.
Metabotropic glutamate receptor 5 tracer [(18)F]-FPEB displays increased
binding potential in postcentral gyrus and cerebellum of male individuals with
autism: a pilot PET study. Cerebellum Ataxias. 2018;5:3.

6. Boer K, Encha-Razavi F, Sinico M, Aronica E. Differential distribution of group I
metabotropic glutamate receptors in developing human cortex. Brain Res.
2010;1324:24–33.

7. Hovelsø N, Sotty F, Montezinho LP, Pinheiro PS, Herrik KF, Mørk A. Therapeutic
potential of metabotropic glutamate receptor modulators. Curr Neuropharma-
col. 2012;10:12–48.

8. Awad H, Hubert GW, Smith Y, Levey AI, Conn PJ. Activation of metabotropic
glutamate receptor 5 has direct excitatory effects and potentiates NMDA
receptor currents in neurons of the subthalamic nucleus. J Neurosci.
2000;20:7871–9.

9. Benquet P, Gee CE, Gerber U. Two Distinct Signaling Pathways Upregulate
NMDA Receptor Responses via Two Distinct Metabotropic Glutamate Receptor
Subtypes. J Neurosci. 2002;22:9679.

10. DeLorenzo C, DellaGioia N, Bloch M, Sanacora G, Nabulsi N, Abdallah C, et al. In
vivo ketamine-induced changes in [(1)(1)C]ABP688 binding to metabotropic
glutamate receptor subtype 5. Biol Psychiatry. 2015;77:266–75.

11. Niswender CM, Conn PJ. Metabotropic glutamate receptors: physiology, phar-
macology, and disease. Annu Rev Pharm Toxicol. 2010;50:295–322.

12. Cochilla AJ, Alford S. Metabotropic glutamate receptor-mediated control of
neurotransmitter release. Neuron 1998;20:1007–16.

13. Pinheiro PS, Mulle C. Presynaptic glutamate receptors: physiological functions
and mechanisms of action. Nat Rev Neurosci. 2008;9:423–36.

14. Katz M, Corson F, Keil W, Singhal A, Bae A, Lu Y, et al. Glutamate spillover in C.
elegans triggers repetitive behavior through presynaptic activation of MGL-2/
mGluR5. Nat Commun. 2019;10:1882.

15. de Novellis V, Marabese I, Palazzo E, Rossi F, Berrino L, Rodella L, et al. Group I
metabotropic glutamate receptors modulate glutamate and γ-aminobutyric
acid release in the periaqueductal grey of rats. Eur J Pharmacol. 2003;462:73–81.

16. Dıáz-Cabiale Z, Vivó M, Del Arco A, O’Connor WT, Harte MK, Müller CE, et al.
Metabotropic glutamate mGlu5 receptor-mediated modulation of the ventral
striopallidal GABA pathway in rats. Interactions with adenosine A2A and
dopamine D2 receptors. Neurosci Lett. 2002;324:154–8.

17. Chu Z, Moenter SM. Endogenous activation of metabotropic glutamate recep-
tors modulates GABAergic transmission to gonadotropin-releasing hormone
neurons and alters their firing rate: a possible local feedback circuit. J Neurosci.
2005;25:5740–9.

C. Carey et al.

7

Translational Psychiatry          (2022) 12:395 



18. Besheer J, Hodge CW. Pharmacological and Anatomical Evidence for an Inter-
action Between mGluR5- and GABAA α1-Containing Receptors in the Dis-
criminative Stimulus Effects of Ethanol. Neuropsychopharmacology
2005;30:747–57.

19. Hoffpauir BK, Gleason EL. Activation of mGluR5 modulates GABA(A) receptor
function in retinal amacrine cells. J Neurophysiol. 2002;88:1766–76.

20. Wieronska JM, Kleczek N, Wozniak M, Gruca P, Lason-Tyburkiewicz M, Papp M,
et al. mGlu(5)-GABAB interplay in animal models of positive, negative and
cognitive symptoms of schizophrenia. Neurochem Int. 2015;88:97–109.

21. Oberman LM. mGluR antagonists and GABA agonists as novel pharmacological
agents for the treatment of autism spectrum disorders. Expert Opin Investiga-
tional Drugs. 2012;21:1819–25.

22. Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, Nutt DJ. GABA system
dysfunction in autism and related disorders: from synapse to symptoms. Neu-
rosci Biobehav Rev. 2012;36:2044–55.

23. Horder J, Lavender T, Mendez MA, O’Gorman R, Daly E, Craig MC, et al. Reduced
subcortical glutamate/glutamine in adults with autism spectrum disorders: a [¹H]
MRS study. Transl Psychiatry 2013;3:e279.

24. Horder J, Petrinovic MM, Mendez MA, Bruns A, Takumi T, Spooren W, et al.
Glutamate and GABA in autism spectrum disorder—a translational magnetic
resonance spectroscopy study in man and rodent models. Translational. Psy-
chiatry 2018;8:106.

25. Ajram LA, Pereira AC, Durieux AMS, Velthius HE, Petrinovic MM, McAlonan GM.
The contribution of [1H] magnetic resonance spectroscopy to the study of
excitation-inhibition in autism. Prog Neuro-Psychopharmacol Biol Psychiatry.
2019;89:236–44.

26. Horder J, Andersson M, Mendez MA, Singh N, Tangen A, Lundberg J, et al.
GABAA receptor availability is not altered in adults with autism spectrum dis-
order or in mouse models. Sci Transl Med. 2018;10:eaam8434.

27. Fatemi SH, Folsom TD. Dysregulation of fragile × mental retardation protein and
metabotropic glutamate receptor 5 in superior frontal cortex of individuals with
autism: a postmortem brain study. Mol Autism. 2011;2:6.

28. Cai G, Wang M, Wang S, Liu Y, Zhao Y, Zhu Y, et al. Brain mGluR5 in Shank3B(-/-)
Mice Studied With in vivo [(18)F]FPEB PET Imaging and ex vivo Immunoblotting.
Front Psychiatry 2019;10:38.

29. Brašić JR, Nandi A, Russell DS, Jennings D, Barret O, Mathur A, et al. Reduced
Expression of Cerebral Metabotropic Glutamate Receptor Subtype 5 in Men with
Fragile X Syndrome. Brain Sci. 2020;10:899.

30. Brašić JR, Nandi A, Russell DS, Jennings D, Barret O, Martin SD, et al. Cerebral
Expression of Metabotropic Glutamate Receptor Subtype 5 in Idiopathic Autism
Spectrum Disorder and Fragile X Syndrome: A Pilot Study. Int J Mol Sci.
2021;22:2863.

31. Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics 2004;113:
e472–86.

32. Schaefer GB, Mendelsohn NJ. Clinical genetics evaluation in identifying the
etiology of autism spectrum disorders: 2013 guideline revisions. Genet Med.
2013;15:399–407.

33. Cheung C, Yu K, Fung G, Leung M, Wong C, Li Q, et al. Autistic disorders and
schizophrenia: related or remote? An anatomical likelihood estimation. PLoS
One. 2010;5:e12233.

34. Ecker C, Bookheimer SY, Murphy DG. Neuroimaging in autism spectrum dis-
order: brain structure and function across the lifespan. Lancet Neurol.
2015;14:1121–34.

35. Hillis AE. Inability to empathize: brain lesions that disrupt sharing and under-
standing another’s emotions. Brain 2014;137:981–97.

36. Nair A, Treiber JM, Shukla DK, Shih P, Müller RA. Impaired thalamocortical
connectivity in autism spectrum disorder: a study of functional and anatomical
connectivity. Brain 2013;136:1942–55.

37. Pote I, Wang S, Sethna V, Blasi A, Daly E, Kuklisova-Murgasova M, et al. Familial
risk of autism alters subcortical and cerebellar brain anatomy in infants and
predicts the emergence of repetitive behaviors in early childhood. Autism Res.
2019;12:614–27.

38. Horder J, Petrinovic MM, Mendez MA, Bruns A, Takumi T, Spooren W, et al.
Glutamate and GABA in autism spectrum disorder-a translational magnetic
resonance spectroscopy study in man and rodent models. Transl Psychiatry.
2018;8:106.

39. Alarcón M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, et al.
Linkage, association, and gene-expression analyses identify CNTNAP2 as an
autism-susceptibility gene. Am J Hum Genet. 2008;82:150–9.

40. Leblond CS, Nava C, Polge A, Gauthier J, Huguet G, Lumbroso S, et al. Meta-
analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of
Severity in Cognitive Impairments. PLOS Genet. 2014;10:e1004580.

41. Duffney LJ, Wei J, Cheng J, Liu W, Smith KR, Kittler JT, et al. Shank3 deficiency
induces NMDA receptor hypofunction via an actin-dependent mechanism. J
Neurosci. 2013;33:15767–78.

42. Vicidomini C, Ponzoni L, Lim D, Schmeisser MJ, Reim D, Morello N, et al. Phar-
macological enhancement of mGlu5 receptors rescues behavioral deficits in
SHANK3 knock-out mice. Mol Psychiatry. 2017;22:689–702.

43. Tu JC, Xiao B, Naisbitt S, Yuan JP, Petralia RS, Brakeman P, et al. Coupling of
mGluR/Homer and PSD-95 complexes by the Shank family of postsynaptic
density proteins. Neuron 1999;23:583–92.

44. Jaramillo TC, Speed HE, Xuan Z, Reimers JM, Liu S, Powell CM. Altered Striatal
Synaptic Function and Abnormal Behaviour in Shank3 Exon4-9 Deletion Mouse
Model of Autism. Autism Res. 2016;9:350–75.

45. Malhotra D, Sebat J. CNVs: harbingers of a rare variant revolution in psychiatric
genetics. Cell 2012;148:1223–41.

46. Urresti J, Losada PM, Zhang P, Negraes PD, Kyung-Yu N, Trujillo C, et al. 84
16P11.2 Patient-derived cerebral organoids show migration and synaptic
defects. Eur Neuropsychopharmacol. 2019;29:S106.

47. Bertero A, Liska A, Pagani M, Parolisi R, Masferrer ME, Gritti M, et al. Autism-
associated 16p11.2 microdeletion impairs prefrontal functional connectivity in
mouse and human. Brain 2018;141:2055–65.

48. Mescher M, Tannus A, Johnson MN, Garwood M. Solvent suppression using
selective echo dephasing. J Magn Reson, Ser A. 1996;123:226–9.

49. De Bondt T, De Belder F, Vanhevel F, Jacquemyn Y, Parizel PM. Prefrontal GABA
concentration changes in women-Influence of menstrual cycle phase, hormonal
contraceptive use, and correlation with premenstrual symptoms. Brain Res.
2015;1597:129–38.

50. Harada M, Taki MM, Nose A, Kubo H, Mori K, Nishitani H, et al. Non-invasive
evaluation of the GABAergic/glutamatergic system in autistic patients observed
by MEGA-editing proton MR spectroscopy using a clinical 3 tesla instrument. J
Autism Dev Disord. 2011;41:447–54.

51. Organization WH. International classification of diseases for mortality and mor-
bidity statistics (11th Revision). 2018.

52. McCrimmon A, Rostad K. Test Review: Autism Diagnostic Observation Schedule,
Second Edition (ADOS-2) Manual (Part II): Toddler Module. J Psychoeducational
Assess. 2013;32:88–92.

53. Kim SH, Hus V, Lord C. Autism Diagnostic Interview-Revised. In: Volkmar FR,
editor. Encyclopedia of Autism Spectrum Disorders. New York, NY: Springer New
York; 2013. 345–9.

54. Wechsler D, PsychCorp. Wechsler Abbreviated Scale of Intelligence: WASI-II;
Manual: PsychCorp; 2011.

55. Mullins PG, McGonigle DJ, O’Gorman RL, Puts NAJ, Vidyasagar R, Evans CJ, et al.
Current practice in the use of MEGA-PRESS spectroscopy for the detection of
GABA. NeuroImage 2014;86:43–52.

56. Pretzsch CM, Freyberg J, Voinescu B, Lythgoe D, Horder J, Mendez MA, et al.
Effects of cannabidiol on brain excitation and inhibition systems; a randomised
placebo-controlled single dose trial during magnetic resonance spectroscopy in
adults with and without autism spectrum disorder. Neuropsychopharmacology
2019;44:1398–405.

57. Simpson R, Devenyi GA, Jezzard P, Hennessy TJ, Near J. Advanced processing
and simulation of MRS data using the FID appliance (FID-A)—An open source,
MATLAB-based toolkit. Magn Reson Med. 2017;77:23–33.

58. Near J. FID-A: The FID Appliance. Version 1.1. User manual. 2018. 104 p. Avail-
able from https://usermanual.wiki/Pdf/FIDAManual.2116993820/html.

59. Provencher SW. Estimation of metabolite concentrations from localized in vivo
proton NMR spectra. Magn Reson Med. 1993;30:672–9.

60. Zheng Z, Zhu T, Qu Y, Mu D. Blood Glutamate Levels in Autism Spectrum
Disorder: A Systematic Review and Meta-Analysis. PLoS One. 2016;11:e0158688.

61. Ernst T, Kreis R, Ross BD. Absolute Quantitation of Water and Metabolites in the
Human Brain. I. Compartments and Water. J Magn Reson, Ser B. 1993;102:1–8.

62. Provencher SL. CModel & LCMgui User’s Manual - LCModel Version 6.3-1L. 2016.
184.

63. Bartha R. Effect of signal-to-noise ratio and spectral linewidth on metabolite
quantification at 4 T. NMR Biomedicine. 2007;20:512–21.

64. Wong DF, Waterhouse R, Kuwabara H, Kim J, Brašić JR, Chamroonrat W, et al.
18F-FPEB, a PET radiopharmaceutical for quantifying metabotropic glutamate 5
receptors: a first-in-human study of radiochemical safety, biokinetics, and
radiation dosimetry. J Nucl Med. 2013;54:388–96.

65. Fatemi SH, Folsom TD, Kneeland RE, Liesch SB. Metabotropic glutamate receptor
5 upregulation in children with autism is associated with underexpression of
both Fragile X mental retardation protein and GABAA receptor beta 3 in adults
with autism. Anat Rec (Hoboken). 2011;294:1635–45.

66. Sullivan JM, Lim K, Labaree D, Lin SF, McCarthy TJ, Seibyl JP, et al. Kinetic
analysis of the metabotropic glutamate subtype 5 tracer [(18)F]FPEB in bolus
and bolus-plus-constant-infusion studies in humans. J Cereb Blood Flow Metab.
2013;33:532–41.

67. Flurkey K CJM, Harrison DE. Mouse models in aging research. In: Fox JG DMT,
Quimby FW, Barthold SW, Newcomer CE, Smith AL (eds), editor. The Mouse in
Biomedical Research. 2nd edn. Burlington, VT: Elsevier; 2007. p. 637–72.

C. Carey et al.

8

Translational Psychiatry          (2022) 12:395 

https://usermanual.wiki/Pdf/FIDAManual.2116993820/html


68. George P, Franklin KBJ. Paxinos and Franklin’s the Mouse Brain in Stereotaxic
Coordinates. 4th ed. Amsterdam: Elsevier Academic Press; 2013. Print.

69. Döble A, Canton T, Malgouris C, Stutzmann JM, Piot O, Bardone MC, et al. The
mechanism of action of zopiclone. Eur Psychiatry. 1995;10:117s–28s.

70. Mancuso CE, Tanzi MG, Gabay M. Paradoxical reactions to benzodiazepines:
literature review and treatment options. Pharmacotherapy 2004;24:1177–85.

71. Marrosu F, Marrosu G, Rachel MG, Biggio G. Paradoxical reactions elicited by
diazepam in children with classic autism. Funct Neurol. 1987;2:355–61.

72. Han S, Tai C, Jones CJ, Scheuer T, Catterall WA. Enhancement of inhibitory
neurotransmission by GABAA receptors having α2,3-subunits ameliorates
behavioral deficits in a mouse model of autism. Neuron 2014;81:1282–9.

73. Koros E, Rosenbrock H, Birk G, Weiss C, Sams-Dodd F. The selective mGlu5
receptor antagonist MTEP, similar to NMDA receptor antagonists, induces social
isolation in rats. Neuropsychopharmacology 2007;32:562–76.

74. Levenga J, Hayashi S, de Vrij FM, Koekkoek SK, van der Linde HC, Nieu-
wenhuizen I, et al. AFQ056, a new mGluR5 antagonist for treatment of fragile X
syndrome. Neurobiol Dis. 2011;42:311–7.

75. Wang LW, Berry-Kravis E, Hagerman RJ. Fragile X: Leading the way for targeted
treatments in autism. Neurotherapeutics 2010;7:264–74.

76. Zeidler S, de Boer H, Hukema RK, Willemsen R. Combination Therapy in Fragile X
Syndrome; Possibilities and Pitfalls Illustrated by Targeting the mGluR5 and
GABA Pathway Simultaneously. Front Mol Neurosci 2017;10:368.

77. Auerbach BD, Osterweil EK, Bear MF. Mutations causing syndromic autism
define an axis of synaptic pathophysiology. Nature 2011;480:63–8.

78. Dolen G, Osterweil E, Rao BS, Smith GB, Auerbach BD, Chattarji S, et al. Cor-
rection of fragile X syndrome in mice. Neuron 2007;56:955–62.

79. Berry-Kravis E, Des Portes V, Hagerman R, Jacquemont S, Charles P, Visootsak J,
et al. Mavoglurant in fragile X syndrome: Results of two randomized, double-
blind, placebo-controlled trials. Sci Transl Med. 2016;8:321ra5.

80. Berry-Kravis E, Hessl D, Coffey S, Hervey C, Schneider A, Yuhas J, et al. A pilot
open label, single dose trial of fenobam in adults with fragile X syndrome. J Med
Genet. 2009;46:266–71.

81. Burket JA, Benson AD, Tang AH, Deutsch SI. Rapamycin improves sociability in
the BTBR T+Itpr3tf/J mouse model of autism spectrum disorders. Brain Res Bull.
2014;100:70–5.

82. Erickson CA, Mullett JE, McDougle CJ. Open-label memantine in fragile X syn-
drome. J Autism Dev Disord. 2009;39:1629–35.

83. Erickson CA, Early M, Stigler KA, Wink LK, Mullett JE, McDougle CJ. An open-label
naturalistic pilot study of acamprosate in youth with autistic disorder. J Child
Adolesc Psychopharmacol 2011;21:565–9.

84. Mehta MV, Gandal MJ, Siegel SJ. mGluR5-antagonist mediated reversal of ele-
vated stereotyped, repetitive behaviors in the VPA model of autism. PLoS One.
2011;6:e26077.

85. Zerbi V, Markicevic M, Gasparini F, Schroeter A, Rudin M, Wenderoth N. Inhi-
biting mGluR5 activity by AFQ056/Mavoglurant rescues circuit-specific func-
tional connectivity in Fmr1 knockout mice. NeuroImage 2019;191:392–402.

86. Chang S, Bray SM, Li Z, Zarnescu DC, He C, Jin P, et al. Identification of small
molecules rescuing fragile X syndrome phenotypes in Drosophila. Nat Chem
Biol. 2008;4:256–63.

87. D’Hulst C, Kooy RF. The GABAA receptor: a novel target for treatment of fragile
X? Trends Neurosci. 2007;30:425–31.

88. Emmitte KA. Recent advances in the design and development of novel negative
allosteric modulators of mGlu(5). ACS Chem Neurosci. 2011;2:411–32.

89. Hopkins CR. ACS chemical neuroscience molecule spotlight on STX209 (Arba-
clofen). ACS Chem Neurosci. 2011;2:381.

90. Olmos-Serrano JL, Paluszkiewicz SM, Martin BS, Kaufmann WE, Corbin JG,
Huntsman MM. Defective GABAergic neurotransmission and pharmacological
rescue of neuronal hyperexcitability in the amygdala in a mouse model of
fragile X syndrome. J Neurosci. 2010;30:9929–38.

91. Pacey LK, Heximer SP, Hampson DR. Increased GABA(B) receptor-mediated
signaling reduces the susceptibility of fragile X knockout mice to audiogenic
seizures. Mol Pharm. 2009;76:18–24.

92. Barnes SA, Pinto-Duarte A, Kappe A, Zembrzycki A, Metzler A, Mukamel EA, et al.
Disruption of mGluR5 in parvalbumin-positive interneurons induces core fea-
tures of neurodevelopmental disorders. Mol Psychiatry. 2015;20:1161–72.

93. Gandhi R, Luk KC, Rymar VV, Sadikot AF, Group I. mGluR5 metabotropic gluta-
mate receptors regulate proliferation of neuronal progenitors in specific fore-
brain developmental domains. J Neurochemistry. 2008;104:155–72.

94. Feliciano P. Cntnap2−/− autism model. Nat Genet. 2011;43:1053.
95. Peñagarikano O, Geschwind DH. What does CNTNAP2 reveal about autism

spectrum disorder? Trends Mol Med. 2012;18:156–63.
96. Anderson GR, Galfin T, Xu W, Aoto J, Malenka RC, Sudhof TC. Candidate autism

gene screen identifies critical role for cell-adhesion molecule CASPR2 in dendritic
arborization and spine development. Proc Natl Acad Sci USA. 2012;109:18120–5.

97. Lauber E, Filice F, Schwaller B. Dysregulation of Parvalbumin Expression in the
Cntnap2-/- Mouse Model of Autism Spectrum Disorder. Front Mol Neurosci.
2018;11:262.

98. Tian D, Stoppel LJ, Heynen AJ, Lindemann L, Jaeschke G, Mills AA, et al. Con-
tribution of mGluR5 to pathophysiology in a mouse model of human chro-
mosome 16p11.2 microdeletion. Nat Neurosci. 2015;18:182–4.

99. Smart K, Cox SML, Scala SG, Tippler M, Jaworska N, Boivin M, et al. Sex differ-
ences in [11C]ABP688 binding: A positron emission tomography study of mGlu5
receptors. Eur J Nucl Med Mol Imaging. 2019;46:1179–83.

100. O’Gorman RL, Michels L, Edden RA, Murdoch JB, Martin E. In vivo detection of
GABA and glutamate with MEGA-PRESS: reproducibility and gender effects. J
Magn Reson Imaging. 2011;33:1262–7.

101. Treiman DM. GABAergic mechanisms in epilepsy. Epilepsia 2001;42:8–12.
102. McDonald JW, Garofalo EA, Hood T, Sackellares JC, Gilman S, McKeever PE, et al.

Altered excitatory and inhibitory amino acid receptor binding in hippocampus
of patients with temporal lobe epilepsy. Ann Neurol. 1991;29:529–41.

103. Olsen RW, Avoli M. GABA and epileptogenesis. Epilepsia 1997;38:399–407.
104. Elsabbagh M, Divan G, Koh YJ, Kim YS, Kauchali S, Marcin C, et al. Global

prevalence of autism and other pervasive developmental disorders. Autism Res.
2012;5:160–79.

105. Bolton PF, Carcani-Rathwell I, Hutton J, Goode S, Howlin P, Rutter M. Epilepsy in
autism: features and correlates. Br J Psychiatry. 2011;198:289–94.

106. Drenthen GS, Barendse EM, Aldenkamp AP, van Veenendaal TM, Puts NA, Edden
RA, et al. Altered neurotransmitter metabolism in adolescents with high-
functioning autism. Psychiatry Res Neuroimaging. 2016;256:44–9.

107. Near J, Ho YC, Sandberg K, Kumaragamage C, Blicher JU. Long-term repro-
ducibility of GABA magnetic resonance spectroscopy. Neuroimage
2014;99:191–6.

108. Anderson JJ, Bradbury MJ, Giracello DR, Chapman DF, Holtz G, Roppe J. et al. In
vivo receptor occupancy of mGlu5 receptor antagonists using the novel radi-
oligand [3H]3-methoxy-5-(pyridin-2-ylethynyl)pyridine). Eur J Pharmacol.
2003;473:35–40.

109. Mathiesen JM, Svendsen N, Bräuner-Osborne H, Thomsen C, Ramirez MT.
Positive allosteric modulation of the human metabotropic glutamate receptor 4
(hmGluR4) by SIB-1893 and MPEP. Br J Pharm. 2003;138:1026–30.

110. Lohith TG, Osterweil EK, Fujita M, Jenko KJ, Bear MF, Innis RB. Is metabotropic
glutamate receptor 5 upregulated in prefrontal cortex in fragile X syndrome?
Mol Autism. 2013;4:15.

111. Lantos J, Mittra ES, Levin CS, Iagaru A. Standard OSEM vs. regularized PET image
reconstruction: qualitative and quantitative comparison using phantom data
and various clinical radiopharmaceuticals. Am J Nucl Med Mol imaging.
2018;8:110–8.

112. Tong S, Alessio AM, Kinahan PE. Image reconstruction for PET/CT scanners: past
achievements and future challenges. Imaging Med. 2010;2:529–45.

ACKNOWLEDGEMENTS
Many thanks to the participants who took part in this project. Special thanks to the
neuroimaging team at the Centre for Neuroimaging Sciences at Kings College
London and the team at the Positron Emission Tomography centre at St Thomas’
Hospital, London.

AUTHOR CONTRIBUTIONS
CC recruited participants, organised, and conducted MR and PET scanning,
processed, and analysed the MR spectroscopy data, performed the statistical
analyses for the human studies and prepared the manuscript. NS performed the
animal studies, completed the statistical analyses for the animal studies and prepared
the manuscript. JD performed the PET scanning, analysed the PET imaging,
coregistered the PET and MRS images and prepared the manuscript. TS performed
the animal studies and analysed the blood metabolite data for human PET scanning.
MAM helped obtain ethical approval, recruited participants, and conducted MR and
PET scanning. HV recruited participants and conducted PET scanning and contributed
to the manuscript. ACP and CP were involved in pre-processing and analysis of MRS
data and contributed to the manuscript. JH recruited participants and conducted MR
and PET scanning. SH prepared the radioisotope. DL prepared the MR protocols and
guided MR spectroscopy analysis. DR provided the basis sets. AG prepared the
radioisotope and contributed to the manuscript. DC performed the animal studies.
MV guided statistical analysis and preparation of the manuscript. GMcA obtained
ethical approval as Chief Investigator. DM and GMcA are senior authors who
designed and supervised the project including manuscript preparation.

C. Carey et al.

9

Translational Psychiatry          (2022) 12:395 



FUNDING
This paper represents independent research part funded by the National Institute for
Health Research (NIHR) Biomedical Research Centre at South London and Maudsley
NHS Foundation Trust and King’s College London. The views expressed are those of
the author(s) and not necessarily those of the NHS, the NIHR or the Department of
Health and Social Care. This work was supported by the Wellcome/EPSRC Centre for
Medical Engineering (WT 203148/Z/16/Z), the Sackler Institute for Translational
Neurodevelopment at King’s College London, and EU-AIMS - a European Innovative
Medicines Initiative Grant agreement number : 115300.

COMPETING INTERESTS
Regarding conflicts of interest, DM has received honoraria and research funding from
Roche. MV has received consulting honoraria from GSK. There are no other conflicts
of interest to declare.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-02143-1.

Correspondence and requests for materials should be addressed to Cornelia Carey.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

C. Carey et al.

10

Translational Psychiatry          (2022) 12:395 

https://doi.org/10.1038/s41398-022-02143-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	From bench to bedside: The mGluR5�system in people with and without Autism Spectrum Disorder and animal model systems
	Introduction
	Materials and methods
	Study design
	Human 1H-nobreakMRS and PET: Participants and recruitment
	1H-nobreakMRS data acquisition and processing
	PET data acquisition and processing
	Rodent autoradiography: Overview and animal models
	Rodent autoradiography: protocol
	Statistics
	Ethics

	Results
	Human study
	1H-nobreakMRS study
	[18F] FPEB: Higher mGluR5 availability in ASD group
	Post hoc analysis
	Quantitative autoradiography findings

	Discussion
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




