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Background: Previous research has shown that metabotropic glutamate receptor-5 (mGluRS) signaling is significantly involved in
social avoidance. We investigated the relationship between levels of social avoidance and mGIluRS availability in drug-naive young
patients with major depressive disorder (MDD).

Methods: Twenty non-smoking patients and eighteen matched non-smoking healthy controls underwent [''C]JABP688 positron
emission tomography (PET) and magnetic resonance imaging scans. The binding potential (BPyp) of [''C]JABP688 was obtained
using the simplified reference tissue model. Patients’ level of social avoidance was assessed using the Social Avoidance and Distress
Scale (SADS). For [''CJABP688 BPyp, the region-of-interest (ROI)-based between-group comparisons and correlations with SADS
scores were investigated. The frontal cortices were chosen as a priori ROIs based on previous PET investigations in MDD, and on
literature underscoring the importance of the frontal cortex in social avoidance.

Results: Independent samples #-tests revealed no significant differences in [''CJABP688 BPyp in the frontal cortices between the
MDD patient group as a whole and healthy controls. One-way analysis of variance with post-hoc tests revealed significantly lower
BPnp in the bilateral superior frontal cortex (SFC) and left middle frontal cortex (MFC) in MDD patients with low levels of social
avoidance (L-SADS) than in healthy controls. The L-SADS patients also had significantly lower BPyp in the medial part of the
right SFC than both MDD patients with high levels of social avoidance (H-SADS) and healthy controls. The L-SADS patients also
showed significantly lower BPyp in the orbital parts of the SFC, MFC, and inferior frontal cortex than H-SADS patients. No
significant group differences were found between H-SADS patients and healthy controls. The ROI-based correlation analysis
revealed significant positive correlations between social avoidance levels and frontal [''C]JABP688 BPyp, in the entire patients.
Conclusion: Our exploratory study shows significant differences in frontal mGluRS availability depending on the level of social
avoidance in drug-naive non-smoking MDD patients, suggesting that social avoidance should be considered as one of the clinical
factors involved in mGIuRS5 signaling changes in depression.
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Introduction

Rodent studies have reported that metabotropic glutamate receptor-5 (mGIuR5) antagonists or negative allosteric
modulators exhibit antidepressant effects.' > Moreover, reduced mGluR5 densities were found in the postmortem brains
of patients with major depressive disorder (MDD)* and in a rodent model of depression.’ These findings suggest that
mGluR5-mediated neurotransmission plays a role in the neurobiology of MDD.
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However, the results of in vivo mGluR5 positron emission tomography (PET) studies in patients with MDD have
been inconclusive. Two studies have demonstrated significantly lower levels of mGluRS in patients than in controls in the
frontal cortex or in the clusters within the frontal, temporal, and parietal cortices,“’6 while two other studies have revealed
no significant changes in mGIuR5 availability in patients with MDD compared to control subjects.”® These inconsistent
results may reflect the clinical heterogeneity of MDD.’

One of the important clinical features associated with the heterogeneity of MDD is social avoidance or fear.'® Patients
with the co-occurrence of MDD and social phobia are more likely to report agitation, sleep disturbance, and increased
functional impairment.'®'" Other studies have shown that the clinical features of MDD and comorbid social avoidance or
fear had similarities with those of atypical depression.'*"?

Notably, preclinical studies have shown that mGluRS signaling is significantly involved in fear conditioning and
avoidance. The allosteric mGluRS5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) has been shown to impair

social fear extinction in a mouse model.'*

MPEP also prevents the acquisition and expression of conditioned fear in
rodents'® and impairs the acquisition of auditory and contextual fear conditioning in a dose-dependent manner.'® Xu
et al'” also reported that the acquisition of fear conditioning and the extinction of both contextual and auditory fear were
impaired in mGluRS knock-out mice. Fenobam, another negative allosteric modulator of mGluRS5, was reported to
reduce the freezing response in contextual fear conditioning.'® Although the mechanisms and molecular underpinnings
involved in social fear conditioning are unclear, preclinical studies have suggested that mGluRS5 plays an important role
in these learning processes, which are particularly relevant in human conditions of social avoidance or fear.”'” In
addition, cerebral regions that play a crucial role in fear extinction and reversal tasks involve the frontal cortex,'® where
mGIuRS5 is highly expressed.””

Based on these preclinical studies, we hypothesized that in vivo mGIuRS availability would differ in patients with
MDD according to the levels of social avoidance and classified the patients into two groups with low and high levels of
social avoidance. In the present study, we quantified mGIuR5 availability using PET with [''C]JABP68S, a specific
radioligand that binds to mGluRS5, in drug-naive young patients with MDD and investigated the differences in mGluR5
availability between the groups. We also examined the correlations between the levels of social avoidance and mGluRS
availability in MDD patients. The frontal cortices were chosen as a priori regions-of-interest (ROIs) based on previous
in vivo PET investigations in patients with MDD,*® in which significantly low levels of mGluR5 were observed; and
based on the literature, which underscores the importance of the frontal cortex in the mechanisms underlying the
expression of social avoidance.?’

Materials and Methods

Participants

The study was approved by the Institutional Review Board of the Gachon University Gil Medical Center, and all study
procedures were performed in accordance with international ethical standards and the Declaration of Helsinki. All
participants provided written informed consent after a full explanation of the study proposes and procedures before study
participation. Patients were recruited from outpatient clinics, and through advertisements in local posters, and included if
they (i) were aged from 19 (legal adult age in South Korea) to 29 years; (ii) met the diagnostic criteria for MDD by the
Diagnostic and Statistical Manual of Mental Disorders 4th edition (DSM-IV),>* which was established using the
Structured Clinical Interview for DSM-IV (SCID-IV),>* with no other current Axis I diagnosis except for social phobia;
(iii) had no past or current substance use/dependence; (iv) had no history of medical or neurological disorders; and (v)
had no past or current use of psychotropic medications such as antidepressants, benzodiazepines/anxiolytics, hypnotics,
antipsychotics, or mood stabilizers. Patients requiring immediate pharmacotherapy or urgent inpatient treatment were
excluded. Twenty patients (7 males and 13 females) who met these criteria were enrolled in the study and all enrolled
patients were East Asians (Koreans). The patients’ mean age was 23.2 + 2.6 years, mean duration of current episode of
depression was 9.8 = 12.5 months, and mean age of onset was 16.6 £ 1.1 years (Table 1). Three patients with comorbid
social phobia were included in patient group. Eighteen age- and gender-matched healthy controls (9 males and 9
females), who met the criteria of no past or current psychiatric, neurological, or medical disorders, and no past or
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Table | Demographic/Clinical Characteristics and PET Scan Information

Variables Patients (n=20) | Controls (n=18) p value

Demographic and clinical characteristics

Age (years) 232 +26 25.1 + 3.9 0.094°
Gender (male/female) 7/13 9/9 0.350°
Duration of current episode (months) 9.8 + 125 NA NA
Age of onset (years) 16.6 £ I.1 NA NA
HAMD-17 183 +£93 NA NA
Range of HAMD-17 84| NA NA
BDI 242 + 6.7 1.0£1.2 <0.0001*
SADS 994 + 198 74.1 £ 17.6 0.0002*

PET scan information

Injected dose (MBq) 643.9 + 449 633.9 + 65.4 0.583°

Specific activity (GBq/pmol) 160 +7.8 16.9 + 6.9 0.729°

Notes: Values are presented as mean # standard deviation. *Computed using independent samples t-test.
bComputed using chi-square test.

Abbreviations: PET, positron emission tomography; NA, not applicable; HAMD-17, Hamilton Rating Scale for
Depression with 17 items; BDI, Beck Depression Inventory; SADS, Social Avoidance and Distress Scale.

current use of medications/substances known to affect the central nervous system, were also recruited through adver-
tisements in local posters and enrolled in the study (Table 1). All patients and healthy control subjects were non-smokers.
None of the participants showed any structural abnormalities on brain magnetic resonance imaging (MRI), which was
confirmed by a board-certified radiologist.

Clinical Assessments

The severity of depressive symptoms was assessed using the Hamilton Rating Scale for Depression with 17 items
(HAMD-17)** and Beck Depression Inventory (BDI).>> The patients’ mean HAMD-17 score was 18.3 + 9.3 and mean
BDI score was 24.2 + 6.7 (Table 1). For the HAMD-17 and BDI, higher scores indicate more severe depressive
symptoms. The aspects of social avoidance, including avoidance, discomfort, and fear, were evaluated using the
Social Avoidance and Distress Scale (SADS).?*?” The SADS is a 28-item questionnaire with each item rated on a 5-
point scale from 1 to 5.>” A higher score indicates greater social avoidance. The standardized Korean version of the

SADS?” was used in this study.

Patient Group Classification Based on Levels of Social Avoidance

The highest SADS score in the healthy control group was selected as the cut-off score for classifying patients into two
groups according to the levels of social avoidance. Accordingly, 11 out of the 20 patients had low SADS scores and 9 had
high SADS scores. Notably, three patients with comorbid social phobia were included in the patient group with high
SADS scores. In this study, the two patient groups were classified as MDD patients with low levels of social avoidance
(L-SADS) and those with high levels of social avoidance (H-SADS). Mean SADS scores of the L-SADS patient group
and the H-SADS patient group were 84.6 + 13.5 (range: 61-97) and 117.3 + 6.1 (range: 106—126), respectively (Table 2).

Scan Protocol
PET scans were performed using a Biograph 6 positron emission tomography/computed tomography (PET/CT) scanner
(Siemens Medical Imaging Systems, Knoxville, USA) with [''C]JABP688 at the same time of day (10:00 a.m.) to
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Table 2 Demographic/Clinical Characteristics and PET Scan Information for L-SADS Patients, H-SADS Patients, and
Healthy Controls

Variables (a) L-SADS | (b) H-SADS (<) Healthy Between-Group Post-Hoc Test®
Patients Patients Controls Comparison (p value)
(n=11) (n=9) (n=18) (p value)

avsb bvsc avsc

Demographic and clinical characteristics

Age (years) 232+ 3.0 232 + 2.1 249 £ 4.0 0.250° NA NA NA
Gender (male/female) 4/7 3/6 917 0.640° NA NA NA
Duration of current 9.7 £ 133 99 %123 NA 0.962¢ NA NA NA

episode (months)

Age of onset (years) 16.3 £ 1.0 169 + 1.2 NA 0.200¢ NA NA NA
HAMD-17 16.6 £ 9.0 203 +9.7 NA 0.389¢ NA NA NA
BDI 21.5+52 276 +7.0 08+ 12 <0.0001* 0.109 <0.0001 | <0.0001
SADS 84.6 + 13.5 1173 £ 6.1 712+ 164 <0.0001* <0.0001 | <0.0001 0.200

PET scan information

Injected dose (MBq) 626.7 £ 36.0 664.9 + 47.6 636.7 * 68.9 0.265° NA NA NA
Specific activity 17.1 £7.0 14.6 9.0 172 £73 0.726° NA NA NA
(GBg/umol)

Notes: Values are presented as mean # standard deviation. *Calculated using one-way ANOVA or Welch’s ANOVA where appropriate. "Calculated using chi-
square test. “Calculated using independent samples t-test. “Calculated using Bonferroni or Games-Howell post-hoc test where appropriate.
Abbreviations: PET, positron emission tomography; L-SADS, depressed patients with low levels of social avoidance; H-SADS, depressed patients with high
levels of social avoidance; NA, not applicable; HAMD- 17, Hamilton Rating Scale for Depression with 17 items; BDI, Beck Depression Inventory; SADS, Social
Avoidance and Distress Scale; ANOVA, analysis of variance.

minimize possible diurnal variations in mGluR5.>**’ For attenuation correction, the CT-based transmission scan was
conducted before [''C]JABP688 injection. Following bolus injection of a mean dose of 639.2 + 55.0 MBq [''C]ABP688
with a mean specific activity of 16.4 = 7.3 GBq/umol, dynamic emission data were acquired in list mode for 60 min.
These emission data were reconstructed using the 2-dimensional ordered-subset expectation maximization (OSEM-2D)
algorithm into 21 frames of the following duration: 2 x 15,3 x305s,3 x605s,2x90s,3 x120s,2 x 1805s,4 x 300 s,
and 2 x 600 s. The reconstructed PET frames had a matrix size of 256 x 256 x 109 and a voxel size of 1.33 x 1.33 x
1.50 mm®. Corrections for attenuation, random and scatter coincidences, detector dead-time, decay, and detector
normalization were applied to these frames.

All participants were scanned using a 3-Tesla MRI scanner (Magnetom Verio; Siemens, Erlangen, Germany) with
a 12-channel transmit/receive phased array head coil (iPAT, Siemens, Erlangen, Germany). The structural MRI data were
obtained using a 3-dimensional T1-weighted magnetization-prepared rapid gradient echo (3D TIMPRAGE) sequence
with the following scan 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 mm®, matrix size = 416 x 512, and number of slices = 160. To minimize head movement
during the MRI and PET scans, all participants’ heads were fixed to the sponges as comfortably as possible.

Image Analysis
The spatial preprocessing step of [''C]ABP688 PET was performed using Statistical Parametric Mapping 12 (SPM12;
The Wellcome Centre for Human Neuroimaging, London, UK; www.fil.ion.ucl.ac.uk). Realignment was performed to

correct the motion of all reconstructed PET frames. For each subject, the structural MRI image was coregistered to the

mean PET image obtained from the realignment step. The coregistered structural MRI images were spatially normalized

2044 "o Neuropsychiatric Disease and Treatment 2022:18

Dove!


http://www.fil.ion.ucl.ac.uk
https://www.dovepress.com
https://www.dovepress.com

Dove Kim et al

to the standard anatomical space using the Montreal Neurological Institute (MNI) template with the nonlinear deforma-
tion field, and the estimated transform was applied to the corresponding PET frames.

Based on the parameter estimation implemented in the PMOD software v3.8 (PMOD Technologies Ltd., Ziirich,
Switzerland), the non-displaceable binding potential (BPxp) of [''C]JABP688 was derived from kinetic modeling using
the simplified reference tissue model 2 (SRTM2)*°
proposed for this tracer.”**'3* During the [''CJABP688 BPyp calculation process, regional time-activity curves were

with cerebellar gray matter as a reference region as previously

extracted from spatially normalized PET frames by averaging all the voxels within each ROI defined based on structural
T1 MRI image. [''C]JABP688 BPyp values were obtained from the 26 predefined ROIs in the frontal cortex using the
automated anatomical labeling (AAL) atlas,’ which included the superior frontal cortex (SFC), middle frontal cortex
(MFC), opercular part of the inferior frontal cortex (IFCoperc), triangular part of the inferior frontal cortex (IFCtriang),
medial part of the superior frontal cortex (SFCmedial), supplementary motor area (SMA), paracentral lobule (PCL),
orbital part of the superior frontal cortex (SFCorb), medial orbital part of the superior frontal cortex (SFCventmed),
orbital part of the middle frontal cortex (MFCorb), orbital part of the inferior frontal cortex (IFCorb), gyrus rectus (REC),
and olfactory cortex (OLF). The left and right brain regions were analyzed separately, given their structural and
functional asymmetry and deficits in MDD.*®*” Representative mean images of [''C]JABP688 BPyp, PET, and 3-Tesla
MRI in controls are shown in Figure 1.

Statistical Analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) v23.0 (IBM Corp.,
Armonk, NY, USA). Levene’s test was performed to assess the equality of variances for [''C]ABP688 BPyp in each
ROI, and p values less than 0.05 were considered significant. For [''C]JABP688 BPyp, in the frontal regions, independent
samples #-tests were used to compare the mean values between whole MDD patients and healthy controls. Either one-
way analysis of variance (ANOVA) with Bonferroni post-hoc test or Welch’s ANOVA with Games-Howell post-hoc test
was used when three groups (ie, L-SADS patients, H-SADS patients, and healthy controls) were compared. Considering

['"C]ABP688
BPyp

BP\p value

o a (ab 6‘3 C) (I}
A \ 4 _
40000.0
£ 30000.0 . A ‘
[11C]:EB: 688 . 20000.0 .
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Figure | Representative mean images of ['' CJABP688 BPyp, PET, and 3-Tesla MRI for 18 healthy controls. The [''CJABP688 PET image is generated by averaging the
reconstructed 2| frames of dynamic image.
Abbreviations: BPyp, non-displaceable binding potential; PET, positron emission tomography; MRI, magnetic resonance imaging.
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the exploratory perspective of the ROI-based between-group comparison analyses, when no significant group differences
were found at the Bonferroni-corrected p < 0.0019 (0.05/26), significant results were identified at the threshold of the
two-tailed uncorrected p < 0.05. Effect size was also calculated for one-way ANOVA or Welch’s ANOVA.

In the entire patient group, the ROI-based Pearson’s correlation analyses were performed to investigate the relation-
ship between the SADS scores and [''CJABP688 BPy, values in the frontal regions with significant group differences. In
the analyses, a two-tailed p < 0.05 was considered significant.

Results

The demographic/clinical characteristics and PET scan information for the patient and healthy control groups are
summarized in Table 1. There were no significant group differences in age, gender distribution, or PET scan parameters
(Table 1). Patient subgroups (ie, L-SADS patients and H-SADS patients) did not differ significantly in terms of the
aforementioned variables, duration of the current episode, age of onset, HAMD-17 score, or BDI score (Table 2). The
SADS score was significantly higher in the H-SADS patient group than in both the L-SADS patient and healthy control
groups (Table 2). There was no significant difference in the SADS score between the L-SADS patient group and healthy
control group (Table 2).

Between-Group Comparisons for in vivo mGIuR5 Availability
An independent samples #-test revealed that there were no significant differences between entire MDD patients and
healthy controls in all subregions of the frontal cortex (uncorrected p > 0.05).

Between-group comparisons with one-way ANOVA or Welch’s ANOVA revealed significant group differences in
mGIuRS5 availability in the bilateral SFC (right: effect size = 0.49, uncorrected p = 0.031, left: effect size = 0.50,
uncorrected p = 0.021), bilateral MFC (right: effect size = 0.45, uncorrected p = 0.041, left: effect size = 0.49,
uncorrected p = 0.024), right IFCoperc (effect size = 0.44, uncorrected p = 0.043), bilateral SFCmedial (right: effect
size = 0.52, uncorrected p = 0.014, left: effect size = 0.44, uncorrected p = 0.045), left SMA (effect size = 0.44,
uncorrected p = 0.045), bilateral SFCorb (right: effect size = 0.47, uncorrected p = 0.029, left: effect size = 0.45,
uncorrected p = 0.038), bilateral SFCventmed (right: effect size = 0.43, uncorrected p = 0.049, left: effect size = 0.44,
uncorrected p = 0.045), bilateral MFCorb (right: effect size = 0.55, uncorrected p = 0.009, left: effect size = 0.49,
uncorrected p = 0.023), and bilateral IFCorb (right: effect size = 0.47, uncorrected p = 0.032, left: effect size = 0.48,
uncorrected p = 0.027) (Table 3). Pairwise group comparisons with Bonferroni or Games-Howell post-hoc test showed
that the L-SADS patients had significantly lower [''C]JABP688 BPyp, in the bilateral SFC (right: uncorrected p = 0.024,
left: uncorrected p = 0.029) and left MFC (uncorrected p = 0.032) compared to healthy controls (Table 3; Figure 2). The
L-SADS patients also showed significantly lower [''C]JABP688 BPyp, in the right SFCmedial than both the H-SADS
patients (uncorrected p = 0.042) and healthy controls (uncorrected p = 0.024) (Table 3; Figure 2). The L-SADS patients
also had significantly lower [''CJABP688 BPyp, in the bilateral SFCorb (right: uncorrected p = 0.040, left: uncorrected
p = 0.048), bilateral MFCorb (right: uncorrected p = 0.008, left: uncorrected p = 0.037), and bilateral IFCorb (right:
uncorrected p = 0.034, left: uncorrected p = 0.032) compared to the H-SADS patients (Table 3; Figure 2). No significant
group differences were found between H-SADS patients and healthy controls (Table 3; Figure 2).

Relationship Between Levels of Social Avoidance and in vivo mGIuR5 Availability

In the entire patients, the ROI-based Pearson’s correlation analyses showed significant positive correlations between the
SADS score and the [''CJABP688 BPyp in the right SFCmedial (= 0.450, p = 0.046), bilateral SFCorb (right: »=0.458, p =
0.042, left: » = 0.463, p = 0.040), bilateral MFCorb (right: » = 0.499, p = 0.025, left: » = 0.451, p = 0.046), and bilateral
IFCorb (right: » = 0.450, p = 0.046, left: » = 0.503, p = 0.024) (Figure 3). There was a tendency of positive correlations in the
bilateral SFC (right: » = 0.389, p = 0.090, left: » = 0.396, p = 0.084) and left MFC (» = 0.401, p = 0.080).

Discussion
In this study, we found significantly lower mGluR5 availability in the frontal regions in the L-SADS patients than in both
H-SADS patients and healthy controls. We also observed that the H-SADS patient group had no significant differences in
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Table 3 The ROI-Based Between-Group Comparisons of [''CJABP688 BPyp

Regions [''C]ABP688 BPnp Between-Group Post-Hoc Test
Comparison (Uncorrected p value)
(@) (b) (o) F value Cohen’s avsb bvsc [avsc
L-SADS H-SADS Healthy (Uncorrected f value
Patients Patients Controls p value)
(n=11) (n=9) (n=18)
Lateral | Rt. SFC 042 £ 0.07 | 0.50 £ 0.10 | 0.50 + 0.06 4.30 (0.031%) 0.49 0.159 1.000 | 0.024*
surface | src 042+ 008 | 051 +0.11 | 051006 | 432 (0.021% 0.50 0074 | 1000 | 0.029*
Rt. MFC 0.52 £ 0.08 | 0.60 £0.11 | 0.60 + 0.08 3.51 (0.041%) 0.45 0.114 1.000 0.059
Lt. MFC 0.50 £ 0.08 | 0.59 £0.11 | 0.59 +0.07 4.16 (0.024%) 0.49 0.083 1.000 | 0.032*
Rt. IFCoperc 0.54 £ 0.10 | 0.64 £0.14 | 0.64 +0.11 3.45 (0.043%) 0.44 0.132 1.000 0.057
Lt. IFCoperc 0.52 £ 0.08 | 0.58 £0.12 | 0.58 + 0.09 1.63 (0.210) 0.31 NA NA NA
Rt. IFCtriang 0.48 £ 0.07 | 0.55+0.10 | 0.54 + 0.07 2.75 (0.078) 0.40 NA NA NA
Lt. IFCtriang 0.48 £ 0.07 | 0.56 £ 0.12 | 0.54 + 0.07 2.41 (0.105) 0.37 NA NA NA
Medial Rt. SFCmedial 0.48 £ 0.08 | 0.58 £0.11 | 0.57 + 0.07 4.79 (0.014%) 0.52 0.042%* 1.000 | 0.024*
surface Lt. SFCmedial 0.52 £ 0.07 | 0.61 £0.12 | 0.59 + 0.08 3.40 (0.045%) 0.44 0.075 1.000 0.101
Rt. SMA 0.37 £ 0.06 | 0.44 £0.09 | 0.43 + 0.06 2.73 (0.079) 0.40 NA NA NA
Lt. SMA 0.42 £ 0.06 | 0.49 £0.10 | 0.48 + 0.07 3.38 (0.045%) 0.44 0.081 1.000 0.095
Rt. PCL 0.28 + 0.06 | 0.34 £ 0.06 | 0.33 +0.08 1.84 (0.174) 0.32 NA NA NA
Lt. PCL 0.25 £ 0.05 | 0.30 £ 0.06 | 0.29 + 0.06 2.43 (0.102) 0.37 NA NA NA
Orbital | Rt. SFCorb 0.56 £ 0.09 | 0.68 £0.12 | 0.65 + 0.09 3.91 (0.029%) 0.47 0.040%* 1.000 0.094
surface Lt. SFCorb 0.56 £ 0.09 | 0.68 £0.13 | 0.64 +0.10 3.59 (0.038%) 0.45 0.048* 1.000 0.133
Rt. SFCventmed | 0.67 £0.08 | 0.78 £ 0.13 | 0.75 £ 0.10 3.29 (0.049%) 0.43 0.066 1.000 0.144
Lt. SFCventmed | 0.75+0.10 | 0.89 £ 0.18 | 0.85 % 0.12 3.40 (0.045%) 0.44 0.055 1.000 0.156
Rt. MFCorb 0.53 £0.08 | 0.67 £0.13 | 0.61 +0.09 5.38 (0.009*¥) 0.55 0.008%** 0.362 0.124
Lt. MFCorb 0.55+0.10 | 0.68 £0.15 | 0.65 %+ 0.09 4.21 (0.023%) 0.49 0.037%* 1.000 0.062
Rt. IFCorb 0.54 £ 0.08 | 0.65+0.13 | 0.61 +0.07 3.81 (0.032%) 0.47 0.034%* 0.868 0.162
Lt. IFCorb 0.52 £ 0.08 | 0.64 £0.13 | 0.60 + 0.09 4.02 (0.027%) 0.48 0.032%* 1.000 0.109
Rt. REC 0.72 £ 0.09 | 084 £0.17 | 0.80 +0.12 2.40 (0.105) 0.37 NA NA NA
Lt. REC 0.73£0.09 | 087 £0.17 | 0.83 £0.12 3.11 (0.057) 0.42 NA NA NA
Rt. OLF 0.68£0.11 | 0.80£0.17 | 079 +0.14 2.45 (0.101) 0.37 NA NA NA
Lt. OLF 0.74+0.13 | 0.86 £0.15 | 0.86 +0.15 2.69 (0.082) 0.39 NA NA NA

Notes: [''CJABP688 BPyp values are indicated as mean # standard deviation. The results of one-way ANOVA with Bonferroni post-hoc test or Welch’s ANOVA
with Games-Howell post-hoc test are presented in this table. The statistical significance is indicated as *Uncorrected p < 0.05 and **Uncorrected p < 0.01. Cohen’s
f value represents the effect size for one-way ANOVA or Welch’s ANOVA.
Abbreviations: RO, region of interest; BPyp, non-displaceable binding potential; L-SADS, depressed patients with low levels of social avoidance; H-SADS, depressed
patients with high levels of social avoidance; Rt, right; SFC, superior frontal cortex; Lt, left; MFC, middle frontal cortex; IFCoperc, inferior frontal cortex (opercular
part); NA, not applicable; IFCtriang, inferior frontal cortex (triangular part); SFCmedial, superior frontal cortex (medial part); SMA, supplementary motor area; PCL,
paracentral lobule; SFCorb, superior frontal cortex (orbital part); SFCventmed, superior frontal cortex (medial orbital part); MFCorb, middle frontal cortex (orbital

part); IFCorb, inferior frontal cortex (orbital part); REC, gyrus rectus; OLF, olfactory cortex; ANOVA, analysis of variance.
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Figure 2 Box plots of the ROI-based between-group comparisons in ['' CJABP688 BPyp values. (A—C) The L-SADS patient group had significantly lower [''C]ABP688
BPnp in the bilateral SFC (right: uncorrected p = 0.024, left: uncorrected p = 0.029) and left MFC (uncorrected p = 0.032) compared to control group. (D) In addition, the
L-SADS patient group showed significantly lower ['' CJABP688 BPyp in the right SFCmedial relative to both the H-SADS patient group (uncorrected p = 0.042) and control
group (uncorrected p = 0.024). (E-J) Moreover, the L-SADS patient group had significantly lower ['' CJABP688 BPyp in the bilateral SFCorb (right: uncorrected p = 0.040,
left: uncorrected p = 0.048), bilateral MFCorb (right: uncorrected p = 0.008, left: uncorrected p = 0.037), and bilateral IFCorb (right: uncorrected p = 0.034, left:
uncorrected p = 0.032) compared with the H-SADS patient group. In box plots, the statistical significance is indicated as *Uncorrected p < 0.05 and **Uncorrected p < 0.01.
Abbreviations: ROI, region of interest; BPyp, non-displaceable binding potential; L-SADS, depressed patients with low levels of social avoidance; SFC, superior frontal
cortex; MFC, middle frontal cortex; SFCmedial, superior frontal cortex (medial part); H-SADS, depressed patients with high levels of social avoidance; SFCorb, superior
frontal cortex (orbital part); MFCorb, middle frontal cortex (orbital part); IFCorb, inferior frontal cortex (orbital part).

mGIuRS5 availability in the frontal regions compared to the healthy control group. Furthermore, in the entire patient
group, significant positive correlations were found between the levels of social avoidance and mGIuRS availability in
certain frontal regions. To the best of our knowledge, this is the first PET study to explore the relationship between the
levels of social avoidance and in vivo mGluRS5 availability in patients with MDD.

As mentioned earlier, we classified the patient group into the L-SADS and H-SADS groups based on the SADS score.
Compared to the healthy control group, the L-SADS patient group had similar levels of social avoidance but significantly
lower mGluRS availability in the frontal cortex, whereas the H-SADS patient group showed no significant differences in
mGluRS5 availability in the frontal cortex compared to the healthy control group. These results indicate that mGluRS5
availability increases in the frontal cortex as levels of social avoidance increase within patient groups, which is consistent
with our hypothesis that mGluRS5 availability in the frontal regions would differ in patients with MDD according to the
levels of social avoidance. In addition, these results suggest that the level of social avoidance affects changes in mGIluRS5
availability in the frontal cortical regions in MDD.

The molecular underpinnings and mechanisms involved in social avoidance in MDD remain unclear; however, there
is a growing body of evidence that group I mGlu receptors, such as mGIuRS, are important in the physiological and
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Figure 3 Scatter plots of the correlations between the SADS score and [''C]JABP688 BPyp in the entire MDD patient group. The SADS score had significant positive
correlations with ['' CJABP688 BPyp in the (A) right SFCmedial (r = 0.450, p = 0.046), (B and C) bilateral SFCorb (right: r = 0.458, p = 0.042, left: r = 0.463, p = 0.040),
(D and E) bilateral MFCorb (right: r = 0.499, p = 0.025, left: r = 0.451, p = 0.046), and (F and G) bilateral IFCorb (right: r = 0.450, p = 0.046, left: r = 0.503, p = 0.024). Yellow
and blue dots indicate the L-SADS patient group and the H-SADS patient group, respectively. {Cross marks indicate MDD patients with comorbid social phobia. The solid
and dotted lines indicate the regression lines and 95% confidence intervals, respectively.

Abbreviations: SADS, Social Avoidance and Distress Scale; BPyp, non-displaceable binding potential; MDD, major depressive disorder; SFCmedial, superior frontal cortex
(medial part); SFCorb, superior frontal cortex (orbital part); MFCorb, middle frontal cortex (orbital part); IFCorb, inferior frontal cortex (orbital part); L-SADS, depressed
patients with low levels of social avoidance; H-SADS, depressed patients with high levels of social avoidance.

behavioral sequelae associated with stressful social stimuli.’”®** Several preclinical studies have reported that
antagonism'* %% and genetic deletion'” of mGIuR5 block or reduce conditioned fear. Systemic administration of
MPEP also blocks both the acquisition and expression of conditioned fear in a rodent model."> The mGIuR5 blockade
may attenuate ionotropic glutamate-mediated postsynaptic excitability, which leads to reduced fear and avoidance.*®
These preclinical studies suggest that mGluRS5 plays a crucial role in the acquisition and expression of social fear-related
memory.>® In addition, other studies have shown that mGIluR5 antagonism has anxiolytic effects in animal models*'**
and that mGluR5 suppression normalizes social interactions in mouse models of social deficits.*>**® Furthermore, down-
regulation of mGIuR5 has been suggested to be associated with lower anxiety symptoms in patients with MDD.’ Based
on these studies, we may explain our results as an association between high levels of social avoidance and increased
mGluRS5 availability in the frontal cortical regions that are critically involved in the pathophysiology of both MDD and
social avoidance/fear.>**’

We observed no significant differences in frontal mGIuRS availability between the MDD patient group as a whole and
healthy controls. This is likely because of the increased mGluRS5 availability in the H-SADS patient subgroup. This result
suggests that high levels of social avoidance may be associated with a phenotype that masks a general deficit in mGIluRS5
availability in MDD and that social avoidance or fear should be considered a clinical factor influencing mGIuRS signal
changes in MDD. Our results are in line with those of two previous PET investigations,”® in which no significant
differences in mGluRS5 availability were observed between patients with MDD and healthy control subjects, which may
reflect the clinical heterogeneity of MDD. More mGluRS PET studies on various MDD subgroups according to clinical
characteristics are needed for further analyses.

In this study, the frontal cortex was selected as the a priori ROI based on previous in vivo PET investigations in MDD
patients,™® in which significantly low mGIuRS5 levels were observed. In addition, this region is a crucial cerebral region
in rodent studies of fear-related tasks that examine the role of glutamatergic signaling.'® We found that mGluR5
availability in the right SFCmedial, bilateral SFCorb, bilateral MFCorb, and bilateral IFCorb showed significant
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differences between the groups and had positive correlations with levels of social avoidance in the entire patient group.
These regions are subregions of the prefrontal cortex (PFC), which plays a crucial role in fear conditioning®' and social—
emotional processing.*® Previous studies have also suggested that prefrontal dysfunction is associated with social deficits
in psychiatric disorders.*”>' Thus, our results are consistent with the role of the PFC in the mechanisms underlying the
expression of social avoidance/fear”' and with previous neuroimaging findings reporting prefrontal dysfunction in
MDD.>*® Our PET findings are also in line with a previous report that the PFC is critically involved in top-down
neural mechanisms related to social avoidance in the human brain.’’ Future multimodal imaging studies with
a combination of [''C]JABP688 PET and resting-state or task-related functional MRI may shed light on the downstream
effects of altered frontal mGluRS5 availability on social avoidance and related functional abnormalities in MDD.

The interpretation of our results should be considered in light of some limitations. First, compared with previous

studies,* 7860

the age of the patients in our study was significantly different, but the disease severity and sex distribution
were not. In our study, all patients were drug-naive young adults, with a mean age of 23.2 years. This minimized the
confounding effects of age and psychotropic medications on in vivo mGluRS5 availability but may not allow general-
ization of our findings to other groups of patients with MDD. Future studies in an MDD cohort with a wider age range
are needed. Second, the relatively small cohort sizes for each group (L-SADS patient group: n = 11, H-SADS patient
group: n = 9, healthy control group: n = 18) reduced the statistical power to identify significance in the analyses. In
particular, the correlations between the SADS score and [''C]JABP688 BPyp in the MDD patient group as a whole might
have been driven by differences in mGIluRS availability between the L-SADS and H-SADS patient subgroups. Future
studies on a larger cohort of patients with a greater range of SADS scores are necessary to confirm our results. Third,
quantification of the [''C]JABP688 BPyp was performed using the simplified reference tissue model, rather than the gold
standard two-tissue compartment model (2TCM) with the arterial input function.”®®' The arterial input function for
2TCM is measured using invasive methods such as radial artery cannulation, and the resulting discomfort can be
a confounding factor in data acquisition. Moreover, inaccuracies in the measured plasma metabolite fractions could be
a source of variance in the parameter estimation using 2TCM. In our study, the cerebellar gray matter was used as the
reference region based on postmortem studies reporting that specific mGluR5 binding is negligible in this region.*®*¢
However, an in vitro binding study with ['®*F]F-PEB, another PET radioligand for mGIuR35, reported small but
measurable mGIuR5 signals in the cerebellar gray matter.”* Therefore, our analysis method might have underestimated

the mGluR5 BPyp values.

Conclusion

Our in vivo PET molecular imaging study using [''CJABP688 showed significant differences in frontal mGluRS
availability depending on the level of social avoidance in drug-naive non-smoking MDD patients. These results suggest
that social avoidance should be considered as one of the clinical factors involved in mGluRS5 signaling changes in
depression. Future PET molecular imaging studies are required in various MDD subgroups with specific clinical
characteristics to clarify further the role of mGluR5-mediated neurotransmission in MDD.
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