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KEYWORDS Abstract

Metabotropic There has been increasing interest in glutamatergic neurotransmission as a putative underly-
glutamate receptor-5; ing mechanism of depressive disorders. We performed [''C]ABP688 positron emission tomog-
Positron emission raphy (PET) and resting-state functional magnetic resonance imaging (rs-fMRI) in drug-naive
tomography; young adult patients with major depression to examine alterations in metabotropic glutamate
['"C]ABP68S; receptor-5 (mGluR5) availability, and to investigate their functional significance relating to
Functional magnetic neural systems-level changes in major depression. Sixteen psychotropic drug-naive patients
resonance imaging; with major depression without comorbidity (median age: 22.8 years) and fifteen matched
Major depression healthy controls underwent [''C]ABP688 PET imaging and 3-T MRI. For mGluR5 availability,
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we quantified [''C]ABP688 binding potential (BPyp) using the simplified reference tissue model.
Seed-based functional connectivity analysis was performed using rs-fMRI data with regions de-
rived from quantitative ['"C]ABP688 PET analysis as seeds. In region-of-interest (ROI)-based and
voxel-based analyses, the [''C]JABP688 BPyp was significantly lower in patients than in controls
in the prefrontal cortex ROI and in voxel clusters within the prefrontal, temporal, and parietal
cortices, and supramarginal gyrus. The ['"C]ABP688 BPyp seed-based functional connectivity
analysis showed significantly less negative connectivity from the inferior parietal cortex seed
to the fusiform gyrus and inferior occipital cortex in patients than in controls. The correlation
patterns between ['"C]ABP688 BPyp and functional connectivity strength (8) for the superior
prefrontal cortex seed were opposite in the depression and control groups. In conclusion, us-
ing a novel approach combining ["'C]ABP688 PET and rs-fMRI analyses, our study provides a
first evidence of lower mGluR5 availability and related functional connectivity alterations in

drug-naive young adults with major depression without comorbidity.
© 2018 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Recent years have seen increasing interest in glutamatergic
neurotransmission, both as a putative underlying mecha-
nism of depressive disorders, and as an emerging target
for novel antidepressant treatments (Sanacora et al., 2012;
Abdallah et al., 2015, 2016). The most compelling evi-
dence for a glutamate hypothesis of depression has come
from clinical studies showing rapid-acting antidepressant
and anti-suicidal effects of ketamine, an uncompetitive
N-methyl-D-aspartic acid (NMDA) receptor antagonist
(Zarate et al., 2006; Singh et al., 2016; Sanacora et al.,
2017). While NMDA receptors mediate rapid signaling via
glutamate-gated cation channels, the metabotropic gluta-
mate receptors (mGluRs) modulate synaptic transmission
through G-protein-coupled intracellular signaling pathways,
and influence NMDA receptor-mediated neurotransmission.
The mGluRs have also been implicated in the pathophysiol-
ogy of depression, particularly the mGluR5 subtype, which
is highly expressed in the neocortex and hippocampus
(Chaki et al., 2013; Esterlis et al., 2017). Functional and
mechanistic links of mGluR5 signaling to NMDA receptor-
related complexes, such as Homer, Shank, and postsynaptic
density-95, are considered key aspects of mGluR5 signaling
in relation to the glutamate hypothesis of depression (Tu
et al., 1999; Chaki et al., 2013). The functional relation-
ships of mGIluR5 with brain-derived neurotrophic factor
(Legutko et al., 2006) and serotonergic signaling (Bradbury
et al., 2003; Smolders et al., 2008) also present potential
mechanisms linking mGluR5 with depression. Preclinical
studies have reported that antagonists or negative al-
losteric modulators of mGIuR5 show some antidepressant
effects in animal models of depression (Tatarczynska et al.,
2001; Li et al., 2006; Belozertseva et al., 2007) and that
mGluR5 knockout mice have a behavioral phenotype con-
gruent with antidepressant-like effects (Li et al., 2006).
These findings support the involvement of mGIuR5 in the
pathophysiological process of depression.

However, direct in vivo evidence that mGIuR5 is involved
in depression in the human brain is lacking. The study by
Deschwanden et al. (2011) examined mGluR5 availability
using ['""C]JABP688 PET in 11 middle-aged patients with
major depression, and observed significantly lower levels

of mGLluR5 availability in patients than in controls in the
prefrontal cortex, which was confirmed in a postmortem
investigation of mGIluR5 protein expression using an in-
dependent sample of human postmortem tissue. Another
['"C]ABP688 PET study by Delorenzo et al. (2015) re-
ported no deficit in mGluR5 availability in 20 patients
with late-life major depression. A recent publication by
Abdallah et al. (2017) using ['®F]FPEB PET reported no
significant alterations in mGluR5 volume of distribution in
30 medication-free patients with major depression.

The previous equivocal mGLluR5 PET findings in depression
could reflect inhomogeneity of subject groups with respect
to potential confounding factors, such as age distribution,
history of antidepressant use, or comorbidity with anxiety
disorders. To our knowledge, no studies have examined
mGluR5 availability in a homogeneous group of medication-
naive young adults suffering from major depression without
comorbidity. Although the prevalence of depression and
risk of suicide in subjects in their 20 s is particularly
alarming (lbrahim et al., 2013), the underlying neurobio-
logical correlates of depression in this cohort remain poorly
characterized. Depression in patients in their 20 s has a
high rate of under-recognition, which can lead to a seri-
ous accumulation of negative consequences owing to the
influence on careers and social relationships (Aalto-Setala
et al., 2001). Therefore, investigation into glutamatergic
dysregulation as an underlying neurochemical mechanism
for young adult depression is justified.

On the other hand, previous resting-state functional
magnetic resonance imaging (rs-fMRI) studies have shown
both increased (Zhou et al., 2010; Hwang et al., 2016;
Kaiser et al., 2016) and decreased (Anand et al., 2005; Liu
et al., 2012; Guo et al., 2013) functional connectivity to
be associated with major depression. These varying results
may stem from different seed regions and population char-
acteristics. Given the glutamatergic basis of the fMRI signals
crucial for cerebral functioning (Hyder et al., 2001; Kida
and Hyder, 2006), we can infer that changes in glutamate
receptor availability may ultimately be related to systems-
level changes in neural circuitry (Abi-Dargham and Horga,
2016), such that the foci of altered mGluR5 availability
in the cerebral cortex could lead to perturbed functional
connectivity with distal regions. Combining molecular PET



280

J.-H. Kim, Y.-H. Joo and Y.-D. Son et al.

imaging with a specific mGluR5 ligand and rs-fMRI mea-
suring connectivity can be useful for gaining insights into
the functional significance of altered mGluR5-mediated
neurotransmission.

Therefore, the purpose of this study was to quantify in
vivo mGluR5 availability using PET with [''C]ABP688, a radi-
oligand that binds to an allosteric site on mGluR5, in drug-
naive young adult patients with major depression without
comorbidity as well as in matched healthy controls. The goal
was to examine whether there are significant alterations
in mGluR5 availability in the patient group. To examine
the functional significance of possible alterations in mGluR5
availability, we also performed rs-fMRI in the same subjects,
and conducted functional connectivity analyses using rs-
fMRI data with regions derived from quantitative PET analy-
sis as seeds. In the PET investigation, we hypothesized that
mGluR5 availability would be lower in the prefrontal cortex
in patients than in matched controls. The prefrontal cortex
was chosen a priori based on previous in vivo PET and post-
mortem investigations (Deschwanden et al., 2011) and on
additional literature implicating the prefrontal cortex in the
glutamatergic mechanisms underlying depression (Duman,
2014; Abdallah et al., 2016; Chowdhury et al., 2017).

2. Experimental procedures

2.1. Participants

The study protocol was approved by the Institutional Review Board
of the Gachon University Gil Medical Center, and all procedures
used in the study were conducted in accordance with interna-
tional ethical standards and the Declaration of Helsinki. Written
informed consent was obtained from all participants after a full
explanation of the study procedures. Since our study was focused
on elucidating the neurobiological correlates in a homogeneous
group of drug-naive young adult patients in their 20 s, the first
inclusion criterion was (i) age from 19 (legal adult age in South
Korea) to 29 years. Other inclusion criteria were; (ii) diagnosis of
major depressive disorder by the Diagnostic and Statistical Manual
of Mental Disorders 4th edition (DSM-IV) (American Psychiatric
Association, 1994), which was established using the Structured
Clinical Interview for DSM-IV (SCID-IV) (First et al., 1996), with no
other current Axis | diagnosis. In particular, patients with major
depression and comorbid anxiety disorders, e.g., generalized anx-
iety disorder, panic disorder, social phobia, obsessive-compulsive
disorder, or posttraumatic stress disorder, were excluded; (iii)
no past or current substance abuse/dependence (nicotine use
was allowed); (iv) no history of medical or neurological disor-
ders; and (v) no past or current use of psychotropic medications
(such as antidepressants, benzodiazepines/anxiolytics, hypnotics,
antipsychotics, or mood stabilizers). Sixteen patients meeting
these criteria were enrolled and completed the study (Table 1).
The patients’ mean age was 23.4 + 2.8 (median: 22.8) years and
duration of current episode of depression was 7.8 + 6.8 (median:
6.0) months. To compare neuroimaging findings between patients
with major depression and healthy subjects, 15 matched healthy
controls, who met the criteria of no past or current psychiatric,
neurological, or medical disorders, and no past or current use of
medications known to affect the central nervous system (except
for nicotine use), were recruited, provided written informed
consent, and underwent the same PET and rs-fMRI protocols.
None of the participants showed any structural abnormalities on
brain MRI, which was confirmed by a board-certified radiologist.
Patients were recruited from outpatient clinics and through local

advertisements, and control subjects were recruited through local
advertisements.

2.2. Clinical assessments

Clinical assessments were conducted using the Beck Depression
Inventory (BDI) (Beck, 1967), Hamilton Rating Scale for Depression
(HAMD-17) (Hamilton, 1960), Beck Hopelessness Scale (BHS) (Beck
et al., 1974), and Rosenberg Self-Esteem Scale (RSES) (Rosenberg,
1965). For the HAMD-17, BDI, and BHS, higher scores indicate more
severe symptoms, whereas higher RSES scores indicate greater
self-esteem. The patients’ mean HAMD-17 score was 19.6 + 6.1
(range: 12-29; Table 1). Based on the severity classification on the
HAMD-17 (Zimmerman et al., 2013), five patients were rated as
having mild severity, five as having moderate severity, and six as
having severe depression.

2.3. Scan protocol for [''C]ABP688 PET imaging

All participants were scanned using a Biograph 6 PET scan-
ner (Siemens Medical Imaging Systems, Knoxville, USA) with
['"C]ABP688. All PET scans were performed at the same time of the
day (10:00 a.m.) to avoid possible diurnal variations in glutamate
levels that may affect mGluR5 surface localization and ligand ac-
cessibility (DeLorenzo et al., 2011a, 2017). The tracer ['"C]ABP688
was synthesized as previously described (Ametamey et al., 2006).
Following bolus injection of a mean dose of 636.2 + 71.4 MBq
['"C]ABP688 with a mean specific activity of 17.8 + 6.5 GBq/pmol,
a dynamic emission recording lasting 60 min was initiated in list
mode. A computed tomography (CT)-based transmission scan was
performed immediately prior to the tracer injection and used
to estimate attenuation of the PET data. The [''C]ABP688 PET
images were reconstructed using the 2-dimensional ordered-subset
expectation maximization (OSEM-2D) algorithm. The reconstructed
PET images had a matrix size of 256 x 256 x 109 and a voxel size
of 1.33 x 1.33 x 1.50 mm?3. To calculate the [''C]ABP688 binding
potential with respect to non-displaceable compartment (BPyp),
the emission data of ['"C]ABP688 PET were reconstructed into 21
frames of the following duration: 2 x 15s, 3 x 30s, 3 x 60 s,
2 x90s,3 x120s,2 x 180s, 4 x 300 s, and 2 x 600 s (total
60 min). Attenuation, scatter, and decay time correction were
estimated and applied for each frame.

2.4. Scan protocol for resting-state fMRI

The 3-T MRI (Magnetom Verio; Siemens, Erlangen, Germany) scans
were performed using a 3-dimensional T1-weighted magnetization-
prepared rapid gradient echo (3-D T1MPRAGE) sequence for
structural brain imaging. The 3-D TIMPRAGE images were acquired
with the following parameters: repetition time = 1900 ms, echo
time = 3.3 ms, inversion time = 900 ms, flip angle = 9°, voxel
size = 0.5 x 0.5 x 1.0 mm3, matrix size = 416 x 512, and number
of slices = 160.

For rs-fMRI recordings optimized for detecting changes in blood
oxygen level- dependent (BOLD) signal levels, the 3-T rs-fMRI
images were acquired using echo planar imaging (EPI) with the fol-
lowing parameters: repetition time = 3000 ms, echo time = 30 ms,
flip angle = 90°, pixel size = 3.5 x 3.5 mm?, thickness = 3.5 mm,
matrix size = 72 x 72, and number of slices = 45. We used a
twelve-channel transmit-and-receive radiofrequency phase array
head coil (iPAT, Siemens, Erlangen, Germany). A total of 180
volumes (nine minutes in length) were acquired for each subject’s
rs-fMRI session. All subjects were instructed to relax, lie still, and
stay awake in the scanner, with their head movement comfortably
restricted by sponges.
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Table 1 Demographic/clinical characteristics and PET scan parameters.

Variables Patients (N = 16) Controls (N=15) p-value
Age (years) 23.4+2.8 24.7 + 3.1 0.241
Gender (male/female) 7/9 9/6 0.367
Smoker/nonsmoker 3/13 1/14 0.316
Number of cigarettes smoked (per day) 1.8 £ 4.0 0.3+1.3 0.173
Duration of current episode (months) 7.8+6.8 - -

Age of onset (years) 21.7 £ 2.5 - -
HAMD-17 19.6 + 6.1 = =
Range of HAMD-17 score 12-29 - -

BDI 24.0+7.2 0.8 +1.1 <0.001
BHS 10.5 £ 5.4 1.5+1.6 <0.001
RSES 23.0 £ 5.5 33.4+4.5 <0.001
Injected dose (MBq) 647.21 + 45.20 625.14 + 90.90 0.407
Specific activity (GBgq/umol) 18.19 £+ 5.10 17.45 +7.79 0.786

HAMD, Hamilton Rating Scale for Depression; BDI, Beck Depression Inventory; BHS, Beck Hopelessness Scale; RSES, Rosenberg Self-Esteem

Scale.

2.5. Image analysis

2.5.1. [''C]ABP688 PET imaging

The 3-D TIMPRAGE MRI images of each subject were coregistered
to PET images using Statistical Parametric Mapping 12 (SPM12;
Wellcome Trust Center for Neuroimaging, UK). The coregistered
MRI images were spatially normalized to the Montreal Neurological
Institute (MNI) template using SPM12 with the nonlinear defor-
mation field, and the estimated transform was applied to the
corresponding PET images. Time-activity curves of [''C]ABP688
PET were generated from dynamic PET images by averaging all
the voxels within each region of interest (ROI), which were coreg-
istered to the corresponding MRI images. For estimating mGluR5
availability, ['"C]ABP688 BPyp was derived from each ROl using
the simplified reference tissue model 2 (SRTM2) (Wu and Carson,
2002) with cerebellar gray matter as the reference region as pre-
viously suggested for this tracer (DelLorenzo et al., 2011a, 2011b,
2015; DuBois et al., 2016), based on the parameter estimation
implemented in the PMOD software v3.8 (PMOD Technologies Ltd.,
Zurich, Switzerland). Despite the lack of brain regions completely
devoid of mGluR5, postmortem studies have reported that specific
mGluR5 binding in cerebellar gray matter is negligible (Daggett
et al., 1995; Berthele et al., 1999; Deschwanden et al., 2011).
The cerebellar gray matter has also been validated as a suitable
reference region for [''C]ABP688 PET by displacement studies
(Elmenhorst et al., 2010; Mathews et al., 2014). Moreover, in our
study, there was no significant difference in cerebellar standard
uptake value (SUV) between the depression and control groups
(p = 0.99), nor was there any significant group difference in
cerebellar gray matter volume (p = 0.78) (Supplementary Fig.
S1). Representative examples of [''C]ABP688 BPyp PET, and 3-T
MR images are shown in Supplementary Fig. S2. The BPyp values
were obtained in the a priori ROIl, i.e., the prefrontal cortex.
The anatomical location of the prefrontal cortex was determined
based on the Brodmann areas in the Talairach atlas (Lancaster
et al., 2000), which includes dorsolateral prefrontal, medial pre-
frontal, ventrolateral prefrontal, and orbitofrontal subregions
(Teffer and Semendeferi, 2012). The left and right regions were
analyzed separately, since previous studies have reported func-
tional imbalance between the left and right prefrontal cortices
in depression (Martinot et al., 1990; Grimm et al., 2008; Paillere
Martinot et al., 2010) and a lateralized role of the prefrontal
cortex in responses to emotional stimuli (Ochsner et al., 2002). In
our subjects, BPyp values were higher in the right prefrontal cortex
than in the left prefrontal cortex (patient group: p = 0.016; control

group: p = 0.011). To perform exploratory group comparisons for
regions other than the prefrontal cortex ROI, BPyp values were
also obtained in 12 additional bilateral regions defined using the
automated anatomical labeling (AAL) program (Tzourio-Mazoyer
et al., 2002). These regions were the anterior cingulate gyrus,
superior temporal cortex, middle temporal cortex, inferior tem-
poral cortex, superior parietal cortex, inferior parietal cortex,
hippocampus, amygdala, thalamus, caudate, putamen, and globus
pallidus. In addition, we also performed a whole-brain voxel-based
analysis to further identify group differences in [''C]ABP688 BPyp
in other brain regions.

2.5.2. [''C]ABP688 BPyp seed-based resting-state fMRI
Preprocessing of the MRI images was performed using SPM12. The
3-D T1IMPRAGE image of each subject was segmented into gray
matter, white matter, and cerebrospinal fluid (CSF) images and was
coregistered to the rs-fMRI image. The segmented T1 images were
spatially normalized to the MNI template and the same transform
was applied to the corresponding rs-fMRI images. Both images were
resampled to 2-mm isotropic voxels and smoothed by a 3D Gaussian
low-pass filter at 6-mm full-width at half-maximum (FWHM).

Denoising of the rs-fMRI data was performed using linear re-
gression to remove unwanted physiological and motion effects.
The denoising steps were based on a default scheme implemented
in the functional connectivity toolbox (CONN) software package
(CONN v.17.f) (http://web.mit.edu/swg/software.htm; Whitfield-
Gabrieli and Nieto-Castanon, 2012). The five principal components
from white matter and CSF time series were extracted using the
CompCor method (Behzadi et al., 2007), and the components
were added as confounds in the denoising step. Realignment
parameters in six degrees of freedom were also included as regres-
sors to correct for motion, with application of bandpass filtering
(0.008-0.09 Hz) and linear detrending.

To investigate the effect of alteration in mGIlUR5 availability
on functional connectivity, we undertook seed-to-ROI analysis of
the rs-fMRI data using the CONN software package. Here, the seed
regions were derived from the voxel-based group comparisons of
['"C]ABP688 BP\p (BPyp-based seeds), and were based on the peak
voxel coordinates, i.e., clusters with a statistical threshold of
false discovery rate (FDR)-corrected p < 0.05. For every subject,
bivariate correlations between the seeds and ROIs were used
for the first-level analysis of functional connectivity. Based on
the AAL atlas, 116 predefined cortical and subcortical regions were
used as the target ROIs in the seed-to-ROI rs-fMRI analysis.
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2.6. Statistical analysis

2.6.1. [''C]ABP688 PET imaging

The mean ["'C]ABP688 BPyp values were compared between the
two groups using ROl-based and voxel-based approaches. In the
prefrontal cortex ROI-based analysis, between-group comparisons
were performed using analysis of covariance (ANCOVA) with the
relevant variable as a covariate. Effect sizes (Cohen’s d) were
also calculated. A two-tailed p-value < 0.025 was defined as the
threshold of statistical significance. In the voxel-based whole
brain analysis with the relevant variable as a covariate, statistical
significance was set at FDR-corrected p < 0.05 to account for
multiple comparisons. The relationship between [''C]ABP688
BP\p and clinical severity was also examined using ROI-based and
voxel-based approaches. In the prefrontal cortex ROI analysis, re-
lationships were analyzed using Pearson’s correlation coefficients.
A two-tailed p-value < 0.0063 was considered significant after
adjustment for multiple correlations. In the voxel-based analysis,
voxel-wise linear regression analysis was conducted using spatially
normalized [''C]JABP688 BPyp images with clinical variables as
regressors, and the threshold for statistical significance was set at
FDR-corrected p < 0.05.

2.6.2. Functional connectivity using resting-state fMRI

The [''C]ABP688 BPyp seed-based rs-functional connectivity was
analyzed as follows. The correlations between the average time
courses of the BPyp-based seed to target ROIs were calculated,
and Fisher’s z-transformation was performed on Pearson’s bivariate
correlation coefficients. A two-tailed two-sample t-test was per-
formed for the transformed values to examine group differences in
seed-based rs-functional connectivity. The significance threshold
was set at FDR-corrected p < 0.05. To examine the correlation
between [''C]ABP688 BPyp seed-based rs-functional connectivity
and clinical severity, we conducted correlation analysis with a
significance level of FDR-corrected p < 0.05.

2.6.3. Association between mGIuR5 availability and related
functional connectivity

Using the CONN software, we performed a multivariate regression
analysis for each subject to determine the functional connectivity
strength (8 map) between each seed and every target ROl after
controlling for the contributions of all the other seeds. In this
first-level analysis, 116 cortical and subcortical regions of the
AAL atlas and 84 Brodmann areas defined in the Talairach atlas
were used as the target ROIs. In the second-level analysis, linear
regression analysis was conducted in each group to examine
the associations between [''C]ABP688 BPyp for each seed and
functional connectivity strength for all seed-target pairs, and
the resultant T-values were acquired. Exploratory between-group
comparisons of the association between [''C]ABP688 BPy, and
functional connectivity strength were performed using the CONN
software, with a significance level of uncorrected p < 0.005.

3. Results

The clinical characteristics of the participants are pre-
sented in Table 1. Age, gender distribution, smoking char-
acteristics, and scan parameters did not differ between the
two groups.

3.1. Between-group comparisons of mGluR5
availability

Although smoking characteristics did not differ between
the groups, we performed the between-group analysis with

smoking as a covariate, considering the reports that mGluR5
availability is affected by cigarette smoking (Akkus et al.,
2013; Hulka et al., 2014). The ROIl-based analysis using
ANCOVA indicated significantly lower ['"C]JABP688 BPyp in
patients than in controls for the bilateral prefrontal cortex
(right: effect size = 1.05, p = 0.013; left: effect size =1.09,
p = 0.009) (Table 2A). The ROI volumes were not different
between the patient and control groups (right prefrontal
cortex: 64.58 & 6.49 cm’ vs. 66.22 + 8.24 cm?, t = —0.62,
p = 0.54; left prefrontal cortex: 64.91 £+ 6.89 cm? vs.
65.97 + 8.45 cm?, t = —0.39, p = 0.70). Exploratory
between-group comparisons of [''C]ABP688 BPyp values for
other regions of the brain revealed lower [""C]ABP688 BPyp
in patients than in controls, with small to large effect sizes
across the regions (Supplementary Table S1). There were no
significant group differences in the brain volumes of these
additional ROIs (p > 0.1) (Supplementary Table S2).

The voxel-based whole brain analysis with smoking as a
covariate revealed that ['"C]ABP688 BPyp values were signif-
icantly lower in patients than in controls in clusters of voxels
centered in the prefrontal cortex (left superior medial, left
superior, left middle, and right inferior opercular regions)
(FDR-corrected p < 0.05) (Table 2B; Fig. 1(A)). Voxel-based
analysis also showed significantly lower ['"C]JABP688 BPyp
values in patients than in controls in clusters located in the
temporal (left inferior, right superior/middle pole) and pari-
etal (right inferior) cortices, and the right supramarginal
gyrus (FDR-corrected p < 0.05) (Table 2B; Fig. 1(A)).
We performed the same between-group comparisons in
non-smoking participants after excluding the smokers
from the analysis. The ROI-based analysis showed lower
[""C]ABP688 BPyp values in the bilateral prefrontal cortex in
patients than in controls at p < 0.05 (left: 0.40 £+ 0.05 vs.
0.45 + 0.06, p = 0.038; right: 0.46 + 0.06 vs. 0.52 + 0.07,
p = 0.050). The voxel-based whole brain analysis also
showed results similar to those observed in the entire
participants. The [''C]ABP688 BPyp values were lower in pa-
tients than in controls in clusters located in the prefrontal,
temporal, and parietal cortices, and supramarginal gyrus
(uncorrected p < 0.0001) (Supplementary Table S3).

In the patient group, ['"C]ABP688 BPyp values did not sig-
nificantly correlate with the BDI, HAMD-17, BHS, or RSES
scores in the ROI-based or voxel-based analysis. In the entire
subject group (depression and control groups), the
ROI-based analysis showed significant negative correlations
between the BDI score and the ['"C]ABP688 BPyp in the bi-
lateral prefrontal cortex (left: r = —0.49, p = 0.006; right:
r=—0.47, p =0.007). The voxel-based analysis also showed
significant negative correlations between the BDI score
and ['"C]ABP688 BPyp for the entire subject group (FDR-
corrected p < 0.05) (Supplementary Table S4A; Fig. 2(A)).

3.2. [''C]ABP688 BPyp seed-based rs-functional
connectivity

As shown in Table 2B, the clusters derived from the voxel-
based between-group comparisons of ['"C]ABP688 BPyp
were located in the prefrontal, temporal, and parietal cor-
tices, and supramarginal gyrus. As noted above, we set the
peaks of these clusters as the seed regions for rs-functional
connectivity analysis. Two-sample t-tests revealed
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Table 2A  ROIl-based between-group comparisons of regional [''C]JABP688 BPyp values.

ROIs ['"C]ABP688 BPyp value p-value Effect size ANCOVA
5 (Cohen’s d)
Depression group Control group
Mean (SD) Mean (SD)
Rt. prefrontal cortex 0.446 (0.074) 0.522 (0.070) 0.007 1.051 0.013
Lt. prefrontal cortex 0.384 (0.064) 0.454 (0.065) 0.005 1.088 0.009

ROI, region of interest; BP\p, binding potential with respect to non-displaceable compartment; SD, standard deviation; ANCOVA, analysis

of covariance; Rt, right; Lt, left.

Table 2B Voxel-based between-group comparisons of [''C]ABP688 BPyp values.

Patients < Controls

Peak MNI Regions Cluster Cluster volume  Peak p-value FDRp
coordinate size (mm?3) T-value (uncorr.)

66; —8; 0 Rt. superior temporal cortex 46 368 5.352 0.00001 0.042
62; —46; 30 Rt. supramarginal gyrus 258 2064 5.619 <0.00001 0.042
52; 14; —28 Rt. middle temporal pole 35 280 4.843 0.00002 0.042
56; 16; 8 Rt. inferior frontal cortex (opercular part) 96 768 5.322 0.00001 0.042
52; —50; 46 Rt. inferior parietal cortex 51 408 4.681 0.00003 0.042
—8; 68; 0 Lt. superior frontal cortex (medial part) 38 304 5.274 0.00001 0.042
—14; 60; 26 Lt. superior frontal cortex 48 384 5.361 <0.00001 0.042
—38; 50; 18 Lt. middle frontal cortex 31 248 6.102 <0.00001 0.042
—56; —58; —14  Lt. inferior temporal cortex 88 704 5.176 0.00001 0.042

Results are presented at FDRp < 0.05 (k > 30). BPyp, binding potential with respect to non-displaceable compartment; MNI, Montreal
Neurological Institute; FDRp, false discovery rate-corrected p-value; Rt, right; Lt, left.

Table 3 Between-group comparisons of [''C]ABP688 BPyp seed-based resting-state functional connectivity.

Seeds Regions Functional connectivity (Fisher’s z-values)
Patients Mean (SD)  Controls Mean (SD)  p-value FDRp
(uncorr.)
Rt. superior temporal cortex Lt. middle frontal cortex 0.139 (0.176) —0.033 (0.135) 0.0049 0.430
(orbital part)
Rt. supramarginal gyrus Lt. rectus —0.053 (0.157) —0.285 (0.212) 0.0016 0.198
Rt. inferior parietal cortex Rt. fusiform gyrus —0.033 (0.116) —0.237 (0.140) 0.0001 0.016*
Rt. inferior occipital cortex —0.028 (0.161) —0.225 (0.102) 0.0004 0.018*
Lt. inferior occipital cortex —0.039 (0.130) —0.203 (0.096) 0.0004 0.018*
Lt. fusiform gyrus —0.023 (0.114) —0.176 (0.137) 0.0020 0.062
Lt. inferior temporal cortex Rt. precuneus —0.072 (0.146) 0.100 (0.165) 0.0046 0.570

Results are presented at uncorrected p < 0.005. Asterisks indicate statistical significance at FDRp < 0.05.
BP\p, binding potential with respect to non-displaceable compartment; SD, standard deviation; FDRp, false discovery rate-corrected

p-value; Rt, right; Lt, left.

significant between-group differences in the right inferior
parietal cortex seed (FDR-corrected p < 0.05). Compared
to healthy controls, patients with major depression showed
significantly less negative connectivity from the right
inferior parietal cortex seed to the right fusiform gyrus
(FDR-corrected p = 0.016), right inferior occipital cortex
(FDR-corrected p = 0.018), and left inferior occipital cortex
(FDR-corrected p = 0.018) (Table 3; Fig. 1(B)). When we
examined the group differences in functional connectivity
from the regions in which mGluR5 availability did not differ
in ANCOVA shown in Supplementary Table S1, no significant
group differences were found at the FDR-corrected p < 0.05

level (Supplementary Table S5). The [''C]ABP688 BPyp
seed-based functional connectivity did not show significant
correlations with clinical variables within the patient group.
In the entire subject group, there were significant positive
correlations of BDI and BHS scores with functional connec-
tivity (FDR-corrected p < 0.05) (Supplementary Table S4B;
Fig. 2(B)).

The strength of the functional connectivity (B8-value)
between the left superior medial prefrontal cortex seed
and the left parahippocampal gyrus was positively corre-
lated with the ['"C]ABP688 BPyp in the left superior medial
prefrontal cortex in the patient group (r = 0.511, T =2.23,
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Fig. 1 Results of between-group comparisons. (A) The ['"C]JABP688 BPyp was significantly lower in patients than in controls in

clusters of voxels located in the prefrontal, temporal, and parietal cortices, and SMG (FDRp < 0.05). (B) The results of the between-
group comparisons of ['"C]ABP688 BP\p seed-based resting-state functional connectivity are presented at FDRp < 0.05. The seeds
are shown as blue colored spheres. Red lines indicate significant between-group differences at FDRp < 0.05. Compared to healthy
controls, patients showed significantly less negative connectivity from the right IPC seed to the right FusG, right 10C, and left 10C.
The images were visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv/). FDRp, false discovery rate-corrected
p-value; FusG, fusiform gyrus; IFC, inferior frontal cortex; I0C, inferior occipital cortex; IPC, inferior parietal cortex; ITC; inferior
temporal cortex; MFC, middle frontal cortex; MTP, middle temporal pole; SFC, superior frontal cortex; SMG, supramarginal gyrus;

STC, superior temporal cortex.

p = 0.0427), but had a negative correlation with it in the
control group (r = —0.551, T = —2.38, p = 0.0332), indicat-
ing significantly different patterns of associations between
the groups (p = 0.0029) (Fig. 3; Supplementary Table S6).

4. Discussion

We quantitatively analyzed mGluR5 availability in drug-
naive young adult patients with major depression with-
out comorbidity, using ['"C]ABP688 PET to examine the
differences relative to healthy controls. In addition, we
performed functional connectivity analyses in the same
subjects to search for altered connectivity of the seed
regions defined in the PET investigation. We found signifi-
cantly lower mGluR5 availability in specific cortical areas in
the patient group than in the control group. Furthermore,
the [""C]ABP688 PET seed-based rs-fMRI analysis revealed
significantly less negative connectivity in the patient group.
Overall, these results indicate reduced in vivo mGluR5
availability and related functional connectivity alterations
in drug-naive young adult patients with major depression
without comorbidity.

To our knowledge, this is the first report on in vivo
mGIluR5 availability in a homogeneous group of drug-naive
young adults with major depression, and is the first com-
bined study of mGluR5 PET and fMRI. The present study
provides novel information on an integrated molecular
and systems-level understanding of the pathophysiology
related to depression in never-medicated young adults. Our
patients were without comorbid anxiety disorders, e.g.,
generalized anxiety disorder, panic disorder, social phobia,
and posttraumatic stress disorder, which may contribute to
the relatively moderate severity of depressive symptoms in
our patients. Since there was a suggestion of possible dif-
ferential alteration of mGIuR5 signaling in mood disorders
and anxiety disorders (Esterlis et al., 2017) and previous
studies may have been limited by the comorbidity, our
results may shed light on the alteration of in vivo mGluR5
availability in depression by using a homogeneous group of
subjects.

The voxel-based analysis corroborated the ROI-based
finding that ['"C]ABP688 BP\, values were significantly
lower in patients than in controls in the prefrontal cortex,
particularly in the anterior and ventrolateral prefrontal cor-
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Fig. 2 Results of correlation analysis in the entire subject group (n = 31). (A) The results of the voxel-based analysis are presented
at uncorrected p < 0.001. The BDI and BHS scores had negative correlations with [''C]JABP688 BPyp, whereas the RSES score had
positive correlations with [''C]JABP688 BPyp. (B) The correlations between [''C]ABP688 BPyp seed-based functional connectivity and
clinical severity are presented. The seeds are shown as blue colored spheres. Red lines indicate a positive correlation between the
corresponding connectivity and the clinical variables, whereas blue lines indicate the opposite relationship. There were significant
positive correlations of the BDI and BHS scores with functional connectivity (FDRp < 0.05), while negative correlations were found
between the RSES score and functional connectivity (uncorrected p < 0.005). BDI, Beck Depression Inventory; BHS, Beck Hopeless-
ness Scale; BPyp, binding potential with respect to non-displaceable compartment; FDRp, false discovery rate-corrected p-value;
10C, inferior occipital cortex; IPC, inferior parietal cortex; MOC, middle occipital cortex; RSES, Rosenberg Self-Esteem Scale; SMG,
supramarginal gyrus; STC, superior temporal cortex; Tha, thalamus.

tex. The voxel-based whole brain analysis also suggests the
region-specific decrease in mGIluR5 availability in patients
with depression, mostly in higher cortical regions. Our
results are generally in line with an earlier PET and post-
mortem investigation (Deschwanden et al., 2011), where
significantly lower levels of mGLluR5 availability and protein
expression in the anterior prefrontal cortex were observed,
and mGluR5 availability was also lower in specific temporal
and parietal cortices in patients with depression than in
healthy controls. In comparison with this study, our subjects
were all drug-naive young adults without comorbidity and

we employed an FDR-corrected p-value threshold in the
voxel-based analysis. Notably, when we excluded smoking
participants from the analysis, we found similar results in
ROI-based and voxel-based analyses. Thus, the findings are
attributable to depression, rather than confounding due to
cigarette smoking.

Our mGluR5 PET results may lend support to the current
working hypothesis of depression, which is focused on aber-
rant glutamatergic signaling (Sanacora et al., 2012; Haroon
et al., 2017). Based on the current glutamate-mediated
excitotoxicity hypothesis, an exaggerated release of
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glutamate during immune activation leads to aberrant glu-
tamatergic signaling in the cortical and limbic areas in pa-
tients with depression (Sanacora et al., 2012; Haroon et al.,
2017). A recent study using ['®F]FPEB PET and magnetic
resonance spectroscopy reported a significant negative
correlation between in vivo mGluR5 availability and tissue
glutamate levels, providing evidence for reduced mGluR5
availability under conditions of elevated glutamate levels
(Abdallah et al., 2017). The ['"C]ABP688 and ['®F]FPEB tar-
get cell surface receptors only, and PET findings obtained
using these tracers are considered to reflect neural and glial
mGIluR5 levels in the perisynaptic or extrasynaptic space
(Esterlis et al., 2017, 2018). Therefore, our finding of sig-
nificantly lower mGluR5 availability in the depression group
may indicate mGluR5 internalization or downregulation
due to excessive glutamate release (Esterlis et al., 2017).
Alternatively, the lower mGluR5 availability may represent
an inherent genetic susceptibility with increased risk of de-
pression. Our PET findings in the prefrontal cortex may also
be in accordance with the excitatory synapse hypothesis
of depression (Duman, 2014; Thompson et al., 2015; Abdal-
lah et al., 2016), in which glutamatergic synaptic dysfunc-
tion in the prefrontal cortex is held to be critically involved.

A key innovation of this study lies in our use of the
['"C]ABP688 PET findings to define the seed-based func-

tional connectivity analysis using rs-fMRI data. This analysis
revealed that the patient group had significantly less neg-
ative connectivity from the right inferior parietal cortex
seed in which mGIuR5 availability was significantly lower
in patients than in controls. When we examined the group
differences in functional connectivity from the regions
in which mGluR5 availability did not differ, no significant
group differences were observed at FDR-corrected p < 0.05.
Overall, our results suggest a link between reduced local
availability of mGluR5 and associated functional connec-
tivity abnormalities in patients with major depression. The
interpretation of reduced negative connectivity (deficient
anti-correlated activity) in rs-fMRI has not been straightfor-
ward in the literature and its neurobiological meaning is a
subject of debate (Chai et al., 2012; Gordon et al., 2012;
Schilbach et al., 2014; Rieckmann et al., 2018). However,
the less negative connectivity from the inferior parietal
cortex may be in line with the recent meta-analysis result
showing perturbed functional connectivity in default mode
network (DMN) regions in major depression (Kaiser et al.,
2015). In our study, compared to healthy controls, patients
with depression showed significantly less negative connec-
tivity from the inferior parietal cortex seed to the fusiform
gyrus and inferior occipital cortex. The inferior parietal cor-
tex is among the integral regions comprising the DMN (task-



mGluR5 availability-associated functional connectivity alterations in depression 287

negative network) (Cole et al., 2012), and the fusiform
gyrus and inferior occipital cortex have been associated
with the task-positive network (van Wingen et al., 2014; Di
et al., 2014). As such, the less negative connectivity (weak-
ened anti-correlation) between the inferior parietal cortex
seed and the aforementioned regions may suggest less
specific or less distinct functional network organizations
in the patient group. It may also imply altered network
integration and segregation in major depression, which
leads to impairments in adaptive or efficient functional
processing.

In our study, the correlations between mGluR5 avail-
ability and the related functional connectivity strength
(B) measured by multivariate regression coefficient were
opposite between the depression and control groups. This
result also suggests an altered relationship between mGIluR5
availability and its related functional connectivity in our
drug-naive patients with depression compared to healthy
controls. This constitutes further evidence for the pres-
ence of mGluR5 availability-related functional connectivity
alterations in our patients.

The present correlations with clinical severity should be
interpreted with caution, since there were no significant
findings when the analysis was confined to the patient
group. The significant negative correlation of the BDI score
with [""C]ABP688 BPy; in the prefrontal cortex in the entire
subject group supports the findings of the between-group
comparison of mGluR5 availability. In our study, all subjects
underwent assessments for depressive mood, hopelessness,
and self-esteem, and the direction of the correlations of
these clinical ratings with mGluR5 availability was consis-
tent in the entire subject group. Significant correlations of
the BDI and BHS scores with ["'C]ABP688 BP\p seed-based
functional connectivity in entire subjects also support
the finding of between-group differences in seed-based
functional connectivity. Since our patients had relatively
moderate depression severity, future studies should include
a larger population of patients with varying degrees of
depression (mild to severe) to examine the relationship
between symptom severity and mGluR5-related in vivo
imaging findings.

In this multimodal imaging study, we employed a novel
combination of ['"C]ABP688 PET and rs-fMRI to relate
molecular signaling through mGluR5 neurotransmission to
functional connectivity in resting-state brain networks. We
concede that the functional connectivity differences arose
from a data-driven search, and do not lend themselves
readily to concrete and therapeutically relevant conclu-
sions. Our approach is new and it remains to be established
how depression-related differences in mGluR5 availability
could influence functional connectivity, and how this might
lead to the development of specific symptoms. Additional
multimodality imaging studies would be required to better
understand the molecular basis of systems-level disruptions
in depression.

There are certain other limitations in the interpretation
of the present results. All patients were drug-naive subjects
with a median age of 22.8 years without comorbid anxiety
disorders. Although this was by design, the findings may not
be generalizable to a more heterogeneous group of subjects
with depression. The ['"C]ABP688 BPy, was derived using

a reference tissue model, rather than the gold standard
metabolite-corrected arterial input-based quantification
using a two-tissue compartment (DelLorenzo et al., 2011a,
2011b). However, arterial blood sampling by cannulation
of the radial artery is invasive and is associated with dis-
comfort and potential adverse effects, which would have
further limited recruitment of subjects. Moreover, impreci-
sion in the determination of the metabolite-corrected input
function can be a source of variance in compartmental
analysis (Slifstein and Laruelle, 2001). In our study, BPyp
values were higher in the right prefrontal cortex than in
the left prefrontal cortex. So far, the asymmetry of mGluR5
availability is largely unknown, although the asymmetrical
involvement of mGluR5 modulation in nociceptive pro-
cessing has been reported (Kolber et al., 2010). In one
previous ['"C]ABP688 PET study of healthy subjects (DuBois
et al., 2016), higher BP\p was observed in the left lateral
prefrontal cortex relative to the same region in the right
hemisphere. Therefore, further studies with a large sample
size are required to confirm the possible asymmetry of
mGluR5 availability in healthy subjects and patients with
major depression.

In conclusion, using a novel multimodal approach com-
bining ['"'C]JABP688 PET and rs-fMRI, our study provides new
integrated molecular and systems-level information on the
pathophysiology of depression. The results suggest lower
mGLluR5 availability and related functional connectivity
alterations in drug-naive young adults with major depres-
sion without comorbidity, which may underlie aspects of
depressive mood and behaviors.
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