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Previous studies reported decreased glutamate levels in the anterior cingulate cortex (ACC) in non-treatment-resistant schizophrenia
and first-episode psychosis. However, ACC glutamatergic changes in subjects at high-risk for psychosis, and the effects of commonly
experienced environmental emotional/social stressors on glutamatergic function in adolescents remain unclear. In this study,
adolescents recruited from the general population underwent proton magnetic resonance spectroscopy (MRS) of the pregenual ACC
using a 3-Tesla scanner. We explored longitudinal data on the association of combined glutamate-glutamine (Glx) levels, measured by
MRS, with subclinical psychotic experiences. Moreover, we investigated associations of bullying victimization, a risk factor for
subclinical psychotic experiences, and help-seeking intentions, a coping strategy against stressors including bullying victimization,
with Glx levels. Finally, path analyses were conducted to explore multivariate associations. For a contrast analysis, gamma-
aminobutyric acid plus macromolecule (GABA+) levels were also analyzed. Negative associations were found between Glx levels and
subclinical psychotic experiences at both Times 1 (n= 219, mean age 11.5 y) and 2 (n= 211, mean age 13.6 y), as well as for over-time
changes (n= 157, mean interval 2.0 y). Moreover, effects of bullying victimization and bullying victimization × help-seeking intention
interaction effects on Glx levels were found (n= 156). Specifically, bullying victimization decreased Glx levels, whereas help-seeking
intention increased Glx levels only in bullied adolescents. Finally, associations among bullying victimization, help-seeking intention, Glx
levels, and subclinical psychotic experiences were revealed. GABA+ analysis revealed no significant results. This is the first adolescent
study to reveal longitudinal trajectories of the association between glutamatergic function and subclinical psychotic experiences and
to elucidate the effect of commonly experienced environmental emotional/social stressors on glutamatergic function. Our findings
may deepen the understanding of how environmental emotional/social stressors induce impaired glutamatergic neurotransmission
that could be the underpinning of liability for psychotic experiences in early adolescence.
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INTRODUCTION
Schizophrenia is a major psychiatric disorder characterized by
positive (hallucinations and delusions), negative (blunted affect,
social withdrawal, and anhedonia), and cognitive symptoms. The

two major theories for the pathology of schizophrenia are the
dopamine hypothesis and the glutamate hypothesis. The dopamine
hypothesis can explain the pathology of positive symptoms,
because dopamine 2 (D2) receptor (D2DR) antagonists reduce the
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severity of positive symptoms. However, D2DR antagonists do not
improve negative or cognitive symptoms. Since N-methyl-D-
aspartate (NMDA) glutamate receptor antagonists such as phency-
clidine, ketamine, and dizocilpine induce positive, negative, and
cognitive symptoms, the glutamate hypothesis has been estab-
lished [1, 2]. The causes of NMDA receptor hypofunction in
schizophrenia are thought to be varied, including reduced levels
of co-agonists such as D-serine and glycine, increased antagonist
levels, and reduced NMDA channel expression and trafficking [3]. In
addition, it should be noted that, even if none of these possible
causes exist, decreased synaptic levels of glutamate would
theoretically result in receptor hypofunction because the NMDA
receptor is a glutamate receptor. NMDA receptor hypofunction in
schizophrenia spectrum disorders has been revealed by genetic
[4, 5], neuroimaging (e.g., magnetic resonance [MR] spectroscopy
[MRS], positron emission tomography [PET], and single photon
emission computed tomography) [6–8], neurophysiological (e.g.,
mismatch negativity) [9], postmortem [10, 11], and animal studies
[12, 13]. In addition, glutamate modulating treatments for schizo-
phrenia have been explored [14]. However, so far, there is limited
support from neuroimaging studies including MRS for the hypoth-
esis that glutamatergic abnormalities may be a major neural
substrate of schizophrenia [2].
The anterior cingulate cortex (ACC) plays an important role not

only in higher cognitive function, including working memory and
decision making [15, 16], but also in adaptation to complexity and
uncertainty [17]. Additionally, the ACC serves as part of the limbic
system and is involved in emotional processing [18, 19].
Furthermore, the ACC is involved in social cognition and sociality
[20, 21]. The ACC is subdivided into dorsal and ventral areas, which
are mainly involved in cognitive function and emotional proces-
sing, respectively [22]. Psychiatric disorders, including schizophre-
nia, can impair various aspects of psychological function. Several
previous MR imaging (MRI) studies have reported structural and
functional changes in the ACC in schizophrenia spectrum
disorders, including first-episode psychosis (FEP). For example, a
meta-analytic study revealed that gray matter volume decreased
in the dorsal and ventral ACC in FEP [23]. In addition, a meta-
analytic resting-state functional MRI (fMRI) study reported the
default mode network’s within-network hypoconnectivity, includ-
ing the ventral ACC, in FEP [24]. As for high-risk for psychosis, less
cortical gray matter in the ACC was found in individuals at clinical
high-risk who later transitioned to psychosis [25]. According to a
recent fMRI study, ACC functional connectome is implicated in
clinical high risk for psychosis [26].
Several recent MRS meta-analytic studies have reported

decreases or increases in ACC glutamate levels in schizophrenia
spectrum disorders, and the change direction seems to differ
according to clinical staging. Glutamate and combined glutamate-
glutamine (Glx) levels in the medial frontal cortex and ACC are
lower in schizophrenia [27] and glutamate levels in the dorsal ACC
are lower in non-treatment-resistant schizophrenia [28], whereas
Glx and glutamate levels in the dorsal ACC are higher in
treatment-resistant schizophrenia [28]. This discrepancy based
on different treatment responses may be linked to the finding
from a recent meta-analysis that higher-than-normal glutamate
variability in patients with schizophrenia is likely to be found in
older subjects [29]. In addition, higher Glx levels in the dorsal ACC
and structural changes, such as lower cortical thickness and higher
mean diffusivity, in some ACC components were associated in
patients with treatment-resistant schizophrenia [30]. The results of
ACC glutamatergic levels in FEP were controversial until several
years ago [31], whereas recent 7-tesla MRS studies revealed lower
glutamate levels in the dorsal ACC in patients with FEP [32, 33].
Some meta-analytic studies reported higher frontal and ACC Glx
levels in individuals who are at increased genetic [7] or clinical risk
of developing psychosis [34], while another meta-analytic study
revealed no significant changes in frontal glutamate or Glx levels

in clinical high-risk or genetically high-risk groups [35]. As for
associations of glutamatergic function with clinical characteristics,
Griffiths et al. reported that ACC glutamate and Glx levels were
positively associated with memory function in patients with
schizophrenia [36]. Another recent study reported that dorsal ACC
Glx levels were negatively associated with psychotic symptoms
and positively associated with spatial executive function in ultra-
high-risk patients [37]. Demro et al. revealed a positive correlation
between ACC glutamate levels and grandiosity in adolescents at
increased clinical risk for psychosis [38]. In summary, while results
regarding ACC glutamate alterations in individuals at high-risk for
psychosis are not yet completely conclusive and patients with
treatment-resistant schizophrenia demonstrate higher glutamate
levels in the dorsal ACC, ACC glutamate levels are lower-than-
normal and lower glutamate levels are associated with more
severe clinical symptoms and lower cognitive function in other
clinical stages of schizophrenia spectrum disorders including non-
treatment-resistant schizophrenia and FEP. It is important to
consider how these findings are associated with the NMDA
receptor hypofunction hypothesis. A recent MRS study reported
no acute effects of ketamine administration on ACC Glx levels in
healthy subjects [39]. Some previous studies suggested elevated
glutamate levels following NMDA receptor hypofunction (e.g.,
ketamine-evoked glutamate elevation in mice hippocampus) [40].
However, to the best of our knowledge, there has been no direct
evidence of increased ACC glutamate levels induced by NMDA
receptor hypofunction. As mentioned above, a pre-existing
decrease in synaptic glutamate levels could theoretically result
in NMDA receptor hypofunction. Thus, we assume that the lower-
than-normal levels of ACC glutamate found in non-treatment-
resistant schizophrenia and FEP should be in favor of the
glutamate hypothesis. Therefore, it can be hypothesized that
lower ACC Glx levels may be related to psychotic characteristics at
an early stage of psychotic disorder.
The associations between longitudinal changes in psychotic

symptoms and those in ACC glutamatergic function in patients
with schizophrenia spectrum disorders are almost unknown so far.
Some recent longitudinal MRS studies have explored changes in
ACC glutamatergic levels over antipsychotic treatment periods
[41–43], but they reached different conclusions. For example,
Bojesen et al. reported a lower glutamate-to-creatine ratio in the
dorsal ACC in antipsychotic-naïve patients with FEP both at
baseline and after antipsychotic treatment [43]. In addition, some
studies reported different glutamatergic levels over antipsychotic
treatment periods between ACC and another region [43]. Kubota
et al. conducted a meta-analysis and reported decreased frontal
Glx levels after treatment in patients with schizophrenia [44]. The
different results across studies may be because of differences in
brain regions of interest, in antipsychotic compounds used at
baseline and during treatment, and in stages of schizophrenia
spectrum disorders. To the best of our knowledge, there is no
medium- or large-scale longitudinal study of ACC glutamatergic
function in subjects at high-risk for psychosis, despite there being
a previous small-scale study [45]. In addition, there is no
longitudinal study of the association between psychotic symp-
toms and ACC glutamatergic function in subjects who keep
antipsychotic-naïve throughout the studied period.
Subclinical psychotic experiences, also called psychotic-like

experiences, can be found in the general population as a
subthreshold phenotype, implying an underlying continuum of
psychosis from subclinical to clinical levels. Longitudinal birth
cohort studies have revealed that subclinical psychotic experi-
ences in early adolescence are a risk factor for the later onset of
schizophrenia [46]. Fisher et al. reported that children with
psychotic symptoms at age 11 were at an elevated risk of
developing schizophrenia by age 38 (relative risk 7.24) when
compared to those without [47]. In addition, according to Zammit
et al., the risk of psychotic disorders even at age 18 was greater in
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those with suspected as well as definite psychotic experiences at
age 12 [48], suggesting that subclinical psychotic experiences in
early adolescence can be representative to psychotic experiences
around the time of the first episode. Furthermore, a recent study
on data from Adolescent Brain Cognitive Development℠ study
reported that early adolescents with persistent distressing
subclinical psychotic experiences were likely to show large
psychopathological and cognitive impairment [49]. Although a
previous meta-analysis showed a 5% prevalence rate of subclinical
psychotic experiences in the general population [50], the rate of
subclinical psychotic experiences may be much higher among
early adolescents. According to Kelleher et al., psychotic
symptoms were reported by 21% of the early adolescents (ages
11–13 years) and 7% of the mid-adolescents (ages 13–16 years)
[51]. Thus, it is rational to focus on subclinical psychotic
experiences in a general early adolescent population. However,
as far as we know, no previous study has explored the association
between ACC glutamatergic levels and subclinical psychotic
experiences in early adolescents.
Early life stress is a risk factor for schizophrenia onset. Increased

emotional and social stress is associated with psychosis and
subclinical psychotic experiences [52]. Bullying is a major social
problem affecting adolescents all over the world. Being bullied in
adolescence is associated with adverse mental health outcomes
including psychotic symptoms [53, 54]. On the other hand, help-
seeking behavior of adolescent bullied victims has a positive effect
on their outcomes, which means that help-seeking is a protective
coping strategy against stressors such as being bullied [55, 56].
However, it remains unclear how environmental emotional/social
stressors biologically cause subclinical psychotic experiences in
adolescents. Previous studies reported associations between
stress-related factors and ACC glutamatergic function. Ho et al.
reported a positive correlation in depressed adolescents between
dorsal ACC glutamate levels and levels of pro-inflammatory
cytokines, that may be induced by psychological stress [57].
Naismith et al. revealed a positive correlation in young adults with
affective disorders between ventral ACC Glx levels and delayed
circadian phase, which may be related to psychological distress
[58]. Other previous studies reported associations between
environmental emotional/social stressors and ACC glutamatergic
function. Ventral ACC glutamatergic levels are lower-than-normal
in youths traumatized by a natural disaster [59] and a terror attack
[60], which are rare but not common environmental stressors. To
the best of our knowledge, no previous study has explored the
effects of commonly experienced environmental emotional/social
stressors on ACC glutamatergic function in human adolescents. In
addition, no previous study has explored its moderating effects of
a help-seeking strategy, while the effect of a help-seeking strategy
may be different with and without stressors.
Gamma-aminobutyric acid (GABA) is synthesized from gluta-

mate by glutamate decarboxylase (GAD). GABA functions as an
inhibitory neurotransmitter, while glutamate acts as an excitatory
neurotransmitter. GABAergic neurons, including parvalbumin-
expressing interneurons, orchestrate gamma-band oscillation
[61], contributing to higher cognitive function. Expression of
GAD67 messenger ribonucleic acid and other GABA-related
transcripts is decreased in the postmortem ACC of patients with
schizophrenia [62–64]. Recent MRS meta-analytic studies indicate
lower-than-normal GABA levels in the dorsal ACC but not the
ventral ACC in schizophrenia [65] and FEP [28]. Additionally, GABA
levels are reported as normal in the ventral ACC in individuals at
ultra-high risk for psychosis [65]. However, as far as we know, no
previous study has investigated the association between ACC
GABA levels and subclinical psychotic experiences in early
adolescents. Previous MRS studies explored associations of
psychological stressors with ACC GABA levels in adults, but the
results were inconclusive [66–69]. To the best of our knowledge,
there is a lack of exploration into the effects of commonly

experienced environmental emotional/social stressors on ACC
GABAergic function in early adolescents.
In this context, we hypothesized an association over time

between ACC glutamatergic levels and subclinical psychotic
experiences in the general adolescent population. Specifically, it
was hypothesized that the association of these two variables
should be consistent over time and that the association between
differences over time in these two variables should be present. In
addition, we hypothesized an effect of bullying victimization on
ACC glutamatergic levels and its moderating effect of help-
seeking intentions in the general adolescent population. We
thought that the ventral (pregenual) ACC was a better region to
focus on compared to the dorsal ACC to test our hypotheses. This
was because both being bullied and having psychotic experi-
ences, especially the former, are related to emotional dysregula-
tion [22, 70], and because several previous neuroimaging studies
reported the roles of the ventral ACC both in psychosis [71–73]
and in emotional social stress [74–76]. Thus, in this study, we
explored the association of pregenual ACC glutamate levels with
subclinical psychotic experiences over time using a two-time-
point longitudinal dataset with more than 200 adolescents
recruited from the Tokyo TEEN Cohort (TTC) study [77, 78]. We
measured pregenual ACC Glx levels using MRS technique.
Additionally, we investigated the association between emotionally
and socially stressful events and glutamatergic function. Specifi-
cally, we explored the effects of bullying victimization as well as of
help-seeking intentions on pregenual ACC Glx levels. For a
contrast analysis, GABA levels were also analyzed under our
hypothesis that there is no association of GABAergic function in
the pregenual ACC with subclinical psychotic experiences or
bullying victimization/help-seeking intentions in the early adoles-
cents. We expected this study to elucidate neural substrates of
adolescent psychotic experiences according to the glutamate
hypothesis of schizophrenia.

MATERIALS AND METHODS
Overview and recruitment
This study was conducted as part of the population-neuroscience study of
the TTC (pn-TTC) study, in which early adolescents were recruited from the
general population [78]. The participants in the pn-TTC study were
subsampled from a larger participant group in the TTC study, a large-scale
longitudinal population-based cohort survey involved 3,171 early adoles-
cents living in the Tokyo metropolitan area [77]. Written informed assent
and consent were obtained from each participant and her/his primary
parent, respectively, before participation. All protocols were approved by
the research ethics committees of the Graduate School of Medicine and
Faculty of Medicine at the University of Tokyo (approval nos. 3150, 10057,
and 10069), Tokyo Metropolitan Institute of Medical Science (approval no.
12–35), and the Graduate University for Advanced Studies (SOKENDAI)
(approval no. 2012002). The details of the overview and recruitment are
described in Supplementary Method 1 and elsewhere [20, 21]. Age and sex
of each participant were identified by self-report. In addition, trends in
gender dysphoria were identified by self-report, although they were not
analyzed in this study. Race or ethnicity was not asked in the TTC study,
because most participants in the TTC study had the same ethnic and racial
origin. The pn-TTC data were collected from October 2013 to February
2016 for Time 1 and from April 2016 to March 2018 for Time 2. The interval
between the two visits in the pn-TTC study was set to approximately two
years. MRS data were obtained from 253 adolescents (134 boys and 119
girls, mean 11.5 y) at Time 1 and 237 adolescents (128 boys and 109 girls,
mean 13.6 y) at Time 2. We had previously published studies including MRS
data also used in this study [20, 21]. Data were analyzed from January 2019
to September 2023.

Image acquisition and analysis
MRI scanning was conducted on a Philips Achieva 3T system (Philips
Medical Systems, Best, The Netherlands) with an 8-channel receive head
coil. Most participants visited twice, at Times 1 and 2, with an interval of
approximately two years. Each participant underwent a series of MRI scans
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including fluid-attenuated inversion recovery (FLAIR), a T1 three-
dimensional (3D) magnetization-prepared rapid gradient echo sequence
(3D-MPRAGE), MR angiography (MRA), and MRS sequences. However, not
all participants underwent all the above-mentioned sequences for various
reasons, such as interruption of scanning due to participant fatigue. Similar
to our previous studies, subjects with any abnormal brain organic findings
detected by radiologists using 3D-MPRAGE, FLAIR, and MRA data were
excluded from the current study.
For MRS, 1H-MRS spectra were collected from a 30 × 30 × 30 mm3 voxel

of interest (VOI) in the pregenual ACC with the MEGA-PRESS method [79].
The reason the MEGA-PRESS method was chosen is that, while glutamate
was the primary target metabolite in this study, it was deemed meaningful
to explore not only glutamate but also GABA. The pregenual ACC VOI was
positioned anterior and close to the corpus callosum genu tip and
centered on the interhemispheric fissure (Fig. 1a, b). Spectral data were
obtained using the following parameters: repetition time/echo time, 2000
ms/68ms; 320 acquired transients; 2048 sample points; bandwidth, 2000
Hz; and 16-step phase cycle. Acquisition time was approximately 10min
42 s. MEGA-editing was achieved with 15-ms Gaussian editing pulses
applied at 1.90 ppm (ON) and 7.46 ppm (OFF) in alternate spectral lines.
Water suppression was achieved using the multiply optimized insensitive
suppression train (MOIST) water suppression techniques (for Philips
scanners).
All MRS data were at first processed using the Gannet 3.2 toolbox [80].

MRS VOIs were coregistered to the corresponding T1-weighted images
using GannetCoRegister. Regarding the longitudinal analysis, displacement
over time of the center of the MRS VOI was calculated based on the
coordinate of the MRS VOI’s center originating at the center of the anterior
commissure after the coregistration of T1-weighted images to the MNI-
ICBM152 template. In addition, using GannetSegment, T1-weighted
images were segmented by Statistical Parametric Mapping 12 (SPM12,
www.fil.ion.ucl.ac.uk/spm), and then the tissue fraction (f) of gray matter
(GM), white matter (WM) and cerebrospinal fluid (CSF) for the VOI was
quantified (Supplementary Fig. 1). Regarding the longitudinal analysis, the
changes in the tissue fraction of GM, WM, and CSF for the VOI were
calculated. Visual inspection was performed for coregistration and
segmentation (Supplementary Fig. 2).

Next, MEGA-PRESS difference spectra were analyzed to obtain Glx levels
with the LCModel package version 6.3 [81], a frequency domain spectral
fitting program (Fig. 1c, d). A recent study reported that Glx levels
estimated from MEGA-PRESS difference spectra explained 96 percent of
the variance of the known Glx concentration of phantoms [82]. This fitting
method provides the concentrations [institutional units (i.u.)] of the
metabolites including Glx. The control parameter sptype for the LCModel
analysis was set to mega-press-3. The LCModel software automatically
performs frequency-and-phase correction based on the water-suppressed
and unsuppressed reference spectra and automatically conducts water
scaling and fitting to calculate neurometabolite levels by referencing to
the unsuppressed water peak. For partial volume correction, the 1H-MRS
visible water concentration (mM) in the VOI was calculated according to
the formula [(43300fGM+ 35880fWM+ 55556fCSF)/(1 − fCSF)] provided by
the LCModel manual (http://s-provencher.com/pub/LCModel/manual/
manual.pdf), and subsequently inputted into the LCModel analysis. The
concentrations of water (mM) in GM, WM, and CSF are 43300, 35880, and
55556, respectively. Cramer-Rao lower bounds (CRLB) were used to express
uncertainties in quantifying metabolite levels. Only metabolite spectra with
an LCModel-estimated uncertainty of <20% standard deviations (SDs) were
included in this study to reject low-quality spectra.
Moreover, for a contrast analysis, all MRS data analyzed in the Glx

analysis were processed for analysis of GABA plus macromolecule (GABA+)
using GABA analysis toolkit ‘Gannet’ (Supplementary Fig. 3). Using
GannetFit, edited GABA signals were fitted and GABA+ levels were
assessed. GannetCoRegister and GannetSegment were used as described
above. To correct for partial volume effects, data were processed using
GannetQuantify, which combines modeled peak areas from GannetFit and
voxel tissue fractions from GannetSegment with preset values for GABA
and water relaxation and visibility [83]. Only metabolite spectra with
Gannet fit error of <20% SDs were included in this study to reject low-
quality spectra.

Psychological and environmental evaluation
Data of subclinical psychotic experiences were obtained longitudinally at
Times 1 and 2. Four questions administered in the Diagnostic Interview

Fig. 1 Longitudinal proton magnetic resonance spectroscopy (MRS) measurements of a representative participant. Voxel-of-interest (VOI)
placements for the participant at Time 1 (a) and Time 2 (b) are demonstrated. A VOI for 1H MRS was placed at the anterior cingulate cortex
(ACC) in 3D-T1 anatomical images (left, axial plane; middle, sagittal plane; right, coronal plane). VOIs were highlighted for visual purposes. The
analysis results of 1H MRS spectra of the participant collected at Time 1 (c) and Time 2 (d) are shown. MEGA-editing was achieved with 15-ms
Gaussian editing pulses applied at 1.90 ppm (ON) and 7.46 ppm (OFF) in alternate spectral lines. Actual spectra (the difference between edit
ON and OFF spectra) (gray line) and their LCModel fits (red line) are displayed, where co-edited Glx signal peaks (~3.75 ppm) are clearly
detectable.
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Schedule for Children (DISC-C) were used in the current study to assess
subclinical psychotic experiences [46]. A total score of subclinical psychotic
experiences can range from 0 (low) to 8 (high). Bullying victimization data
were obtained at Time 1 using two self-administered questions and one
parent-administered question [77, 84]. Participants were dichotomized into
non-bullied victims (0) and bullied victims (1). Help-seeking intention data
were obtained at Time 1. Help-seeking intentions were assessed using the
same method as in our previous study [85]. Participants were dichot-
omized into those without help-seeking intentions (0) and those with help-
seeking intentions (1). Information on socioeconomic status (SES) was
obtained longitudinally (Times 1 and 2). SES was classified based on the
annual household income and SES scores can range from 1 (low income)
to 11 (high income) [77]. In principle, the averaged SES scores were
included in the analysis models. In the present analysis, two subtests
(information, picture completion) of the Wechsler Intelligence Scale for
Children – Third Edition (WISC-III) were collected and used for calculation
of intelligence quotient (IQ) at Time 1. Our rationale for only using the two
subtests of WISC-III is as follows. The full version of the WISC-III was
conducted for 28 children one year after the initial survey using the two
subtests. Using multiple regression analysis with full IQ as a dependent
variable and the results of the two subtests as independent variables, a
formula for estimating IQ from the two subtests was created and the
estimated IQ explained 78% of the variance of the full IQ [77]. Detailed
explanations regarding psychological and environmental evaluation are
described in the Supplementary Method 2.

Statistical analysis
Power analyses were conducted (Supplementary Method 3). All statistical
analyses, except where noted, were performed using Statistical Package for
Social Science (SPSS) software version 27 (IBM Corp.). The statistical
significance level was set to p< 0.05 (two-tailed). In principle, subjects with
both Glx and subclinical psychotic experience data were included in our
current analyses. Mean imputation was performed for missing covariates data.
First, we investigated the association of Glx levels with subclinical

psychotic experiences at each time point. Partial Spearman’s correlation
between Glx levels and subclinical psychotic experiences was assessed,
adjusted for age at MRI scanning, sex, SES, and IQ. In addition, we
investigated whether the Glx level changes and changes in subclinical
psychotic experiences between the two time points were associated.
Partial Spearman’s correlation between Glx level changes and changes in
subclinical psychotic experiences between the two time points was
assessed, adjusted for MRI scan interval, sex, SES, and IQ. Multiple testing
correction with the Benjamini and Hochberg false discovery rate (FDR)
method was performed using p.adjust in R 4.0.5.
Second, the effects of bullying victimization and help-seeking intention

on Glx levels at Times 1 and 2 were investigated. Glx levels were adjusted
for age, sex, SES, and IQ in a linear regression model. After checking
whether all the assumptions were met, a three-factor mixed-design
analysis of variance (ANOVA) was conducted with age-sex-SES-IQ-adjusted
Glx levels as the dependent factor, bullying victimization and help-seeking
intention as between-subjects factors, and time as a within-subjects factor.
Finally, we performed path analysis to determine the relationships

among variables including bullying victimization, help-seeking intention,
age-sex-SES-IQ-adjusted Glx levels, and subclinical psychotic experiences
using partial least squares structural equation modeling (PLS-SEM), which
is a non-parametric analysis technique. All subjects enrolled in the ANOVA
study were included. Basically, in this analysis, paths from bullying
victimization to Glx levels and paths from Glx levels and subclinical
psychotic experiences were regarded as the main connections, and the
moderating effects of help-seeking intention on paths from bullying
victimization to Glx levels were also investigated. We created a time lagged
model, where latent variables at two time points were separately included,
and a latent change score model, where latent baseline (intercept)
variables and latent change (slope) variables were included. The PLS-SEM
analyses were implemented using the SmartPLS 4.0 software, which allows
us to estimate direct and moderating (interaction) effects. Bootstrapping
method with 5,000 random resamples was used. The fit of the PLS-SEM
model was evaluated using standardized root mean residual (SRMR), which
is provided by the SmartPLS 4.0 software. An SRMR value of less than 0.10
indicates an acceptable fit to the model [86]. Indirect effects were also
assessed using PLE-SEM models.
For a contrast analysis, GABA+ levels were statistically analyzed in ways

similar to those used in Glx analysis. The details are described in the
Supplementary Method 4.

RESULTS
Overview of the analyzed data
The flow chart of subject inclusion and exclusion is shown in
Supplementary Table 1. Demographics and basic results in this
study are presented in Table 1. For the longitudinal dataset
analyzed (n= 157), the mean displacement of the center of the
MRS VOI was 5.2 mm, equal to the diagonal of a 1.7 mm cube, and
the mean changes in the tissue fraction of GM, WM, and CSF for
the VOI were −2.7%, 1.7%, and 1.0%, respectively. Bullying
victimization was not significantly associated with help-seeking
intention (Supplementary Table 2).

Associations over time between Glx levels and subclinical
psychotic experiences
Associations over time between Glx levels and subclinical
psychotic experiences were investigated. Subclinical psychotic
experiences were significantly negatively associated with Glx
levels at both time points (Time 1, n= 219, ρ = −0.14, FDR-
corrected p= 0.045, uncorrected p= 0.042; Time 2, n= 211, ρ =
−0.14, FDR-corrected p= 0.045, uncorrected p= 0.045) (Fig. 2a, b),
and changes in subclinical psychotic experience over time were
significantly negatively associated with Glx level changes (n= 157,
ρ = −0.21, FDR-corrected p= 0.026, uncorrected p= 8.5 × 10−3)
(Fig. 2c).

Effects of bullying victimization and help-seeking intention on
Glx levels
The effects of bullying victimization and help-seeking intention on
Glx levels were investigated. All the assumptions of an ANOVA,
such as the normal distribution of age-sex-SES-IQ-adjusted Glx
levels, were met. The main effects of bullying victimization (F= 13,
p= 4.1 × 10−4) and bullying victimization × help-seeking intention
interaction effects (F= 8.4, p= 4.3 × 10−3) on age-sex-SES-IQ-
adjusted Glx levels were significant (n= 156) (Fig. 3), while there
were no significant effects of help-seeking intention (F= 1.3,
p= 0.26), time (F= 0.31, p= 0.58), time × bullying victimization
interaction (F= 0.038, p= 0.85), time × help-seeking intention
interaction (F= 2.1, p= 0.15), or time × bullying victimization ×
help-seeking intention interaction (F= 1.7, p= 0.19). Specifically,
the bullied group showed lower ACC Glx levels than the non-
bullied group for all participants. Post hoc Bonferroni tests
revealed that while the help-seeking and non-help-seeking groups
showed similar Glx levels within the non-bullied group (F= 2.5,
p= 0.12), the help-seeking group showed higher Glx levels than
the non-help-seeking group within the bullied group (F= 6.0,
p= 0.016).

PLS-SEM analysis
Path analyses were performed to determine the relationships
among variables including bullying victimization, help-seeking
intention, age-sex-SES-IQ-adjusted Glx levels, and subclinical
psychotic experiences using PLS-SEM. First, a time lagged model
was created, and the PLS-SEM test revealed that the current model
fitted the data well (n= 156, SRMR= 0.000) (Fig. 4a). Specifically,
the path coefficient (PC) from bullying victimization to Glx levels at
Time 1 (PC = −0.92, p= 0.045), PC from bullying victimization to
Glx levels at Time 2 (PC = −1.16, p= 0.036), PC from Glx levels at
Time 1 to Glx levels at Time 2 (PC= 0.18, p= 0.019), PC from Glx
levels at Time 1 to subclinical psychotic experiences at Time 1 (PC
= −0.23, p= 0.002), and PC from subclinical psychotic experi-
ences at Time 1 to subclinical psychotic experiences at Time 2
(PC= 0.303, p= 0.000) were significant, whereas the PC from Glx
levels at Time 2 to subclinical psychotic experiences at Time 2 was
trend-level significant (PC = −0.17, p= 0.072). The PC from Glx
levels at Time 1 to subclinical psychotic experiences at Time 2 was
not significant (PC = −0.11, p= 0.14). In addition, help-seeking
intention significantly moderated the path from bullying victimi-
zation to Glx levels at Time 2 (PC= 1.2, p= 0.033) but not the path
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from bullying victimization to Glx levels at Time 1 (PC= 0.63,
p= 0.21). As for total indirect effects, Glx levels at Time 1 had a
significant impact on subclinical psychotic experiences at Time 2
(PC = −0.10, p= 0.005), and bullying victimization had a trend-
level significant impact on subclinical psychotic experiences at
Time 2 (PC= 0.39, p= 0.057). As for specific indirect effects,
subclinical psychotic experiences at Time 1 significantly mediated
the association between Glx levels at Time 1 and subclinical
psychotic experiences at Time 2 (PC = −0.071, p= 0.018). No
further indirect effects were observed.
Next, a latent change score model was created, while the PLS-

SEM test revealed that the current model fitted the data slightly
poorly (n= 156, SRMR= 0.11) (Fig. 4b). Specifically, the PC from
bullying victimization to baseline Glx levels (PC = −1.4, p= 0.008),
PC from baseline Glx levels to differences in Glx levels (PC= 0.97,
p= 0.000), and PC from baseline subclinical psychotic experiences
to differences in subclinical psychotic experiences (PC= 0.97,
p= 0.000) were significant, while the PC from baseline Glx levels
to baseline subclinical psychotic experiences (PC = −0.17,
p= 0.092) was trend-level significant. The PC from bullying
victimization to differences in Glx levels (PC= 0.082, p= 0.56),
PC from baseline Glx levels to differences in subclinical psychotic
experiences (PC= 0.15, p= 0.98), and PC from differences in Glx
levels to differences in subclinical psychotic experiences were
non-significant (PC = −0.19, p= 0.98). In addition, help-seeking
intention significantly moderated the path from bullying victimi-
zation to baseline Glx levels (PC= 1.4, p= 0.014) but not the path
from bullying victimization to differences in Glx levels (PC= 0.000,
p= 1.0). As for total indirect effects, bullying victimization and
bullying victimization × help-seeking intention interaction had
significant effects on differences in Glx levels (bullying victimiza-
tion, PC = −1.4, p= 0.007; bullying victimization × help-seeking
intention, PC= 1.4, p= 0.012). As for specific indirect effects,
baseline Glx levels significantly mediated the association between
bullying victimization and differences in Glx levels (PC = −1.4,
p= 0.007) and the association between bullying victimization ×

help-seeking intention interaction and differences in Glx levels
(PC= 1.4, p= 0.012). Baseline subclinical psychotic experiences
mediated the association, at a trend level, between baseline Glx
levels and differences in subclinical psychotic experiences (PC =
−0.17, p= 0.090). No further indirect effects were observed.

Contrast analysis
Analyses of GABA+ levels did not reveal any significant results
(Supplementary Results 1, Supplementary Figs. 4–6).

DISCUSSION
In this study, we revealed a negative association between Glx
levels in the pregenual ACC and subclinical psychotic experiences
at both Times 1 and 2, as well as for changes over time. Moreover,
we found significant bullying victimization and bullying victimiza-
tion × help-seeking intention interaction effects on Glx levels.
Specifically, bullying victimization decreased Glx levels, whereas
help-seeking intentions increased Glx levels only in adolescents
with bullying victimization. Finally, our PLS-SEM analysis revealed
associations among bullying victimization, help-seeking inten-
tions, Glx levels, and subclinical psychotic experiences.
We revealed a negative association between Glx levels in the

pregenual ACC and subclinical psychotic experiences at both
Times 1 and 2 (Fig. 2a, b). To the best of our knowledge, this is the
first longitudinal study of the association between glutamatergic
function in the pregenual ACC and subclinical psychotic
experiences in the general adolescent population, and the first
to reveal a negative association between Glx levels and subclinical
psychotic experiences at two time points. Recent 7-tesla MRS
studies have reported lower glutamate and glutamine levels in the
dorsal ACC in patients with schizophrenia [87] and FEP [32, 33, 88]
compared to healthy controls. This seems in line with our findings
despite different subregions of interest within the ACC and
different subclinical/clinical stages. In addition, other recent 7-tesla
MRS studies have reported lower glutamate levels in the

Table 1. Demographics and basic results for subjects with both subclinical psychotic experience and Glx data.

Time 1 (N= 219) Time 2 (N= 211) Times 1 and 2 (N= 157)

N/Mean %/SD N/Mean %/SD N/Mean %/SD

Age (y)a 11.5 0.7 13.6 0.6 2.0b 0.5b

Sex

Boys 114 52.1 111 52.6 85 54.1

Girls 105 47.9 100 47.4 72 45.9

SESa 8.1c 2.5c 8.3 2.5 8.2 2.5

IQa 108.5 13.0 108.9 12.6 109.2 12.9

BV

Negative 154 70.3 152 72.0 115 73.2

Positive 64 29.2 59 28.0 42 26.8

Missing 1 0.5 0 0.0 0 0.0

HSI

Negative 41 18.7 36 17.1 27 17.2

Positive 176 80.4 172 81.5 129 82.2

Missing 2 0.9 3 1.4 1 0.6

SPEs a 1.4 1.4 0.7 1.1 −0.7b 1.5b

Glx levels (i.u.)a 6.9 0.6 6.5 0.7 −0.4b 0.8b

SD standard deviation, SES socioeconomic status, IQ intelligence quotient, BV bullying victimization, HSI help-seeking intention, SPE subclinical psychotic
experience, Glx combined glutamate-glutamine, i.u. institutional units.
aMeans (standard deviations) are presented.
bChanges over time (Time 2 − Time 1) are presented.
cOne subject had missing data.
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pregenual ACC in patients with residual schizophrenia [89] and
FEP [90] compared to healthy subjects. This seems in line with our
findings despite different subclinical/clinical stages, and it is
suggested that our findings may extend the already known
findings of lower glutamate levels in the pregenual ACC after

psychosis onset to those before onset (subclinical psychotic
experiences). In contrast, as described above, recent meta-
analyses reported higher ACC glutamate levels [91] and higher
Glx and glutamate levels in the dorsal ACC (middle cingulate
cortex) in treatment-resistant schizophrenia [28]. Combining our
findings with the above studies, it is suggested that ACC
glutamate substrates in adolescent subclinical psychotic experi-
ences, FEP, and residual schizophrenia may be different from
those in treatment-resistant schizophrenia. As mentioned above,
the results on ACC glutamatergic levels in genetic high-risk
subjects are so far controversial [7, 35]. In addition, a recent 7-tesla
MRS study has reported no alterations in glutamate levels in the
dorsal ACC in patients with 22q11.2 deletion syndrome, char-
acterized by an increased risk of psychosis [92]. Taken together,
genetic risk factors for psychosis may have a smaller effect on
glutamatergic levels in the ACC (especially its pregenual part)
compared to environmental factors, examples of which will be
discussed below. Future studies will be necessary to reveal in
more detail how various risk factors for psychosis affect ACC
glutamatergic levels.
We revealed a negative association of ACC Glx level changes

with changes in subclinical psychotic experiences over a period of
two years (Fig. 2c). This is concordant with our findings of a
negative association between ACC Glx levels and subclinical
psychotic experiences at each time point (Fig. 2a, b). Given
negative associations between Glx levels and subclinical psychotic
experiences at two time points as well as for over-time changes,
our findings suggest that Glx levels in the pregenual ACC may in
the future be able to help assess the current state of or within-
person changes in psychotic experiences, although further studies
are needed to verify its utility.
We found significant bullying victimization and bullying

victimization × help-seeking intention interaction effects on Glx
levels (Fig. 3). Specifically, the bullied group showed lower ACC Glx
levels than the non-bullied group for all participants. To the best
of our knowledge, this is the first study to elucidate the association
of commonly experienced environmental emotional/social stres-
sors with glutamatergic function in human adolescents. Previous

Fig. 3 Effects of bullying victimization and help-seeking intention
on longitudinal Glx levels. Light blue-colored bars represent Glx
levels at Time 1, and pink-colored bars represent Glx levels at Time 2.
Bullying victimization and bullying victimization × help-seeking
intention interaction had significant effects on Glx levels. The bullied
group showed lower ACC Glx levels than the non-bullied group for
all participants. Post hoc tests revealed that while the help-seeking
and non-help-seeking groups showed similar Glx levels within the
non-bullied group, the help-seeking group showed higher Glx levels
than the non-help-seeking group within the bullied group. BV
bullying victimization, HSI help-seeking intention, Glx combined
glutamate-glutamine, i.u. institutional units.

Fig. 2 Associations over time between Glx levels and signs of subclinical psychotic experiences. a The association at Time 1, b the
association at Time 2, and c the association between longitudinal changes are illustrated. Significant negative associations between Glx levels
in the pregenual ACC and subclinical psychotic experiences at both Times 1 (a) and 2 (b) as well as between over-time changes in the two
variables were found (c). Glx combined glutamate-glutamine, SPE subclinical psychotic experience, i.u. institutional units.
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studies have reported lower ACC glutamatergic levels in
traumatized youths [59, 60]. Recent mouse studies have reported
that exposure to social stress decreases Glx levels in the medial
prefrontal cortex (mPFC) [93] and reduces the ratio of vesicular
glutamate 1 transporter to vesicular GABA transporter, represent-
ing the ratio of glutamate to GABA in the synapse, in the prelimbic
cortex of the mPFC [94], homologous to the human pregenual
ACC [95]. These studies are in line with our findings. A recent
adolescent arterial spin-labeling study has reported increased
activation in the ventral ACC during a social exclusion task, which
was positively correlated with the extent of previous exposure to
bullying victimization [74]. We assume that Glx levels in the
ventral ACC may affect the regional blood flow changes in
response to social rejection. In summary, our finding regarding the
negative effect of bullying victimization on ACC Glx levels
suggests a neurobiological basis of the psychosis-inducing effects
of bullying victimization. In addition, while the help-seeking and
non-help-seeking groups showed similar Glx levels within the
non-bullied group, the help-seeking group showed higher Glx
levels than the non-help-seeking group within the bullied group.
A recent study has reported increased glutamate and Glx levels in
the ventral ACC after brief mindfulness training, which is a
preventive strategy for psychological well-being [96]. It is
suggested that acts of self-care such as help-seeking intentions
and meditation may promote psychological well-being through
increased Glx levels in the ventral ACC. Our finding suggests a
neurobiological substrate for the antipsychotic role of help-
seeking intentions against adversity. Combining with our other
results discussed above (Fig. 2a–c), our findings elucidated neural
substrates underlying the association among bullying victimiza-
tion, help-seeking intention, and subclinical psychotic experiences
according to the glutamate hypothesis of schizophrenia. In
addition, it should be crucial for supporting healthy adolescent
brain development to implement adolescent education to prevent

bullying and promote help-seeking behavior in case of being
bullied.
Our PLS-SEM analysis revealed associations among bullying

victimization, help-seeking intentions, Glx levels, and subclinical
psychotic experiences. Specifically, with a time lagged model
(Fig. 4a), Glx levels at Time 1 had a significant indirect total impact
on subclinical psychotic experiences at Time 2, which suggests
that Glx levels affect subclinical psychotic experiences even two
years later. In addition, subclinical psychotic experiences at Time
1 significantly mediated the association between Glx levels at
Time 1 and subclinical psychotic experiences at Time 2, which
suggests that lower Glx levels may result in persistent subclinical
psychotic experiences. Given that persistent subclinical psychotic
experiences are associated with later transition to clinical
psychosis [97] and poor psychological outcomes in adolescence
[98], it is suggested that lower Glx levels in early adolescence may
act as a risk factor for various psychological symptoms through
persistent subclinical psychotic experiences. Moreover, bullying
victimization had a trend-level significant indirect effect on
subclinical psychotic experiences at Time 2. To the best of our
knowledge, this is the first study to reveal the neurometabolic
basis of the phenomenon on the association between bullying
victimization and subsequent psychotic symptoms [53, 54].
In addition, with a latent change score model (Fig. 4b), the PC

from bullying victimization to baseline Glx levels was significant
and the PC from baseline Glx levels to baseline subclinical
psychotic experiences was trend-level significant. This finding is
mostly in line with our above-mentioned results (Figs. 2a,b, 3, 4a).
However, the PC from differences in Glx levels to differences in
subclinical psychotic experiences was not significant, suggesting
no relationships between latent change scores of Glx levels and of
subclinical psychotic experiences. This finding is not in line with
our above-mentioned results on the association of ACC Glx level
changes with changes in subclinical psychotic experiences over a

Fig. 4 Results of PLS-SEM analysis for the associations among bullying victimization, help-seeking intention, Glx, and subclinical
psychotic experiences. Path analyses were performed to determine the relationships among variables including bullying victimization, help-
seeking intention, age-sex-SES-IQ-adjusted Glx levels, and subclinical psychotic experiences using PLS-SEM. Results of a the time lagged
model and of b the latent change score model are illustrated here. Squares represent observed variables and circles represent latent variables.
Solid arrows represent direct effects and dashed arrows represent moderation effects. Path coefficients (p values in parentheses) are shown on
corresponding arrows. Indirect effects were also assessed. In the time lagged model (a), Glx levels at Time 1 had a significant total indirect
effect on subclinical psychotic experience at Time 2, and bullying victimization had a trend-level significant total indirect impact on subclinical
psychotic experience at Time 2. In the latent change score model (b), bullying victimization and bullying victimization × help-seeking
intention interaction had significant total indirect effects on differences in Glx levels. BV bullying victimization, HSI help-seeking intention,
GLX combined glutamate-glutamine, SPE subclinical psychotic experience, T1 Time 1, T2 Time 2 BASE baseline, DIFF difference.
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period of two years (Fig. 2c), which may have to be cautiously
interpreted. Moreover, help-seeking intention significantly mod-
erated the path from bullying victimization to baseline Glx levels.
Bullying victimization and bullying victimization × help-seeking
intention interaction had significant effects on differences in Glx
levels. This finding is in line with our above-mentioned results
(Figs. 3 and 4a).
Our contrast analysis revealed no association of pregenual ACC

GABA+ levels with subclinical psychotic experiences (Supplemen-
tary Fig. 4), which is in concordance with our hypothesis. Our
findings are consistent with previous research showing no
alterations in pregenual ACC GABA+ levels in patients with
schizophrenia, those with FEP, and high-risk individuals [28, 65].
Rowland et al. reported lower-than-normal ACC GABA+ levels in
older but not younger patients with schizophrenia and their
steeper-than-normal age-related decline in schizophrenia [99].
Thus, it may be suggested that pregenual ACC GABA+ levels are
likely to be normal in the early stages of schizophrenia spectrum
disorders, although further studies are required to confirm this
suggestion. An adolescent electroencephalogram study from our
group reported a positive association between longitudinal
changes in psychological difficulties and those in auditory
duration mismatch negativity, a marker for decreased glutama-
tergic neurotransmission, while no such association was found in
the gamma-band auditory steady-state response, reflecting
GABAergic interneuron function [100]. It is suggested that this
supports our current findings despite different modalities and
brain regions of interest. We also found no association of
pregenual ACC GABA+ levels with bullying victimization or
help-seeking intentions (Supplementary Fig. 5). A recent study
of healthy adults reported no association between ACC GABA
levels and perceived stress [101], supporting our findings. Further
studies are required to explore this phenomenon in more detail.
This study had several limitations. First, neurometabolite levels

measured using MRS include not only synaptically acting
neurotransmitters but also pools (not used as neurotransmitters).
Thus, the exact synaptic glutamate signaling status could not be
assessed using this technique. Second, accurate separate quanti-
fication of glutamate and glutamine, whose molecular structures
are very similar, is usually challenging with MRS techniques,
especially the MEGA-PRESS method, due to the low efficiency in
editing signals of the two metabolites [82]. Thus, Glx has often
been analyzed instead of each of the two metabolites. In studies
that report findings on Glx levels including our current study, Glx
levels are usually interpreted as reflecting glutamatergic function.
Although this is at least partly correct since Glx is the combined
pool of glutamate and glutamine and glutamate is synthesized
from glutamine, it should be noted that Glx levels do not perfectly
account for the glutamatergic function. Third, our results using Glx
estimates from MEGA-PRESS difference spectra should be carefully
interpreted as some previous studies reported a positive but
relatively low correlation between Glx estimates from MEGA-
PRESS difference spectra and Glx estimates from spectra with the
widely used PRESS sequence [102]. In contrast, as mentioned
above, MEGA-PRESS difference spectra can mostly accurately
estimate Glx concentrations of phantoms [82]. Further studies are
expected to explore to what extent or how accurately MEGA-
PRESS difference spectra can estimate actual Glx levels in the
human brain. Fourth, the acquisition of spectra was limited to only
one VOI and only one MRS sequence in this study because of time
constraints and our desire to avoid participants tolerating undue
stress. It would have been ideal to acquire spectra from another
VOI as the control region and to add another MRS sequence such
as PRESS. Fifth, the sample size of the bullied and non-help-
seeking group was small (n= 9). Thus, our results should be
cautiously interpreted. Sixth, while our study and some previous
studies revealed similar findings of lower Glx levels in subjects
with higher psychotic features [32, 33, 88, 90], this similarity

should be carefully interpreted. As mentioned above, psychotic
experiences at the age of around 12 are a risk factor for psychotic
disorders at age 18 [48]. However, it is unclear so far to what
extent and how accurately psychotic experiences in early
adolescence can be linked to being at clinical high-risk or the
onset of FEP. Further studies are expected to solve this question.
Finally, adolescent patients with schizophrenia were not examined
in this study, as those with evident psychiatric or neurological
disorder were excluded. However, all the participants were drug
naïve for psychotropic drugs in this study, which should be rather
a strong point for adolescent brain imaging research.
To the best of our knowledge, this is the first study to reveal a

longitudinal trajectory of the association between ACC glutama-
tergic function and subclinical psychotic experiences in the
general adolescent population and to elucidate the effect of
commonly experienced environmental emotional/social stressors
on glutamatergic function, which can be related to psychosis. Our
findings may deepen the understanding of how environmental
emotional/social stressors induce impaired glutamatergic neuro-
transmission that could be the underpinning of liability for
psychotic experiences in early adolescence.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are not
publicly available due to ethical reasons but are available from the corresponding
author on reasonable request.

REFERENCES
1. Uno Y, Coyle JT. Glutamate hypothesis in schizophrenia. Psychiatry Clin Neu-

rosci. 2019;73:204–15.
2. McCutcheon RA, Krystal JH, Howes OD. Dopamine and glutamate in schizo-

phrenia: biology, symptoms and treatment. World Psychiatry. 2020;19:15–33.
3. Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S, et al. Circuit-

based framework for understanding neurotransmitter and risk gene interactions
in schizophrenia. Trends Neurosci. 2008;31:234–42.

4. Ripke S, Neale BM, Corvin A, Walters JTR, Farh K-H, Holmans PA, et al. Biological
insights from 108 schizophrenia-associated genetic loci. Nature. 2014;511:421–7.

5. Timms AE, Dorschner MO, Wechsler J, Choi KY, Kirkwood R, Girirajan S, et al.
Support for the N-methyl-D-aspartate receptor hypofunction hypothesis of
schizophrenia from exome sequencing in multiplex families. JAMA Psychiatry.
2013;70:582–90.

6. Pilowsky LS, Bressan RA, Stone JM, Erlandsson K, Mulligan RS, Krystal JH, et al.
First in vivo evidence of an NMDA receptor deficit in medication-free schizo-
phrenic patients. Mol Psychiatry. 2006;11:118–9.

7. Wenneberg C, Glenthøj BY, Hjorthøj C, Buchardt Zingenberg FJ, Glenthøj LB, Rostrup
E, et al. Cerebral glutamate and GABA levels in high-risk of psychosis states: a
focused review and meta-analysis of (1)H-MRS studies. Schizophr Res.
2020;215:38–48.

8. Bressan RA, Erlandsson K, Stone JM, Mulligan RS, Krystal JH, Ell PJ, et al. Impact
of schizophrenia and chronic antipsychotic treatment on [123I]CNS-1261
binding to N-methyl-D-aspartate receptors in vivo. Biol Psychiatry.
2005;58:41–46.

9. Nagai T, Kirihara K, Tada M, Koshiyama D, Koike S, Suga M, et al. Reduced
mismatch negativity is associated with increased plasma level of glutamate in
first-episode psychosis. Sci Rep. 2017;7:2258.

10. De Rosa A, Fontana A, Nuzzo T, Garofalo M, Di Maio A, Punzo D, et al. Machine
learning algorithm unveils glutamatergic alterations in the post-mortem schi-
zophrenia brain. Schizophrenia. 2022;8:8.

11. Hu W, MacDonald ML, Elswick DE, Sweet RA. The glutamate hypothesis of
schizophrenia: evidence from human brain tissue studies. Ann N Y Acad Sci.
2015;1338:38–57.

12. Maksymetz J, Byun NE, Luessen DJ, Li B, Barry RL, Gore JC, et al. mGlu(1)
potentiation enhances prelimbic somatostatin interneuron activity to rescue
schizophrenia-like physiological and cognitive deficits. Cell Rep. 2021;37:109950.

13. Balu DT, Li Y, Puhl MD, Benneyworth MA, Basu AC, Takagi S, et al. Multiple risk
pathways for schizophrenia converge in serine racemase knockout mice, a
mouse model of NMDA receptor hypofunction. Proc Natl Acad Sci USA.
2013;110:E2400–2409.

14. O’Donnell P, Dong C, Murthy V, Asgharnejad M, Du X, Summerfelt A, et al. The
D-amino acid oxidase inhibitor luvadaxistat improves mismatch negativity in

N. Okada et al.

9

Molecular Psychiatry



patients with schizophrenia in a randomized trial. Neuropsychopharmacology.
2023;48:1052–9.

15. Bojesen KB, Broberg BV, Fagerlund B, Jessen K, Thomas MB, Sigvard A, et al.
Associations between cognitive function and levels of glutamatergic metabo-
lites and gamma-aminobutyric acid in antipsychotic-naïve patients with schi-
zophrenia or psychosis. Biol Psychiatry. 2021;89:278–87.

16. Gehring WJ, Willoughby AR. The medial frontal cortex and the rapid processing
of monetary gains and losses. Science. 2002;295:2279–82.

17. Soltani A, Izquierdo A. Adaptive learning under expected and unexpected
uncertainty. Nat Rev Neurosci. 2019;20:635–44.

18. Etkin A, Egner T, Kalisch R. Emotional processing in anterior cingulate and
medial prefrontal cortex. Trends Cogn Sci. 2011;15:85–93.

19. Lukow PB, Kiemes A, Kempton MJ, Turkheimer FE, McGuire P, Modinos G. Neural
correlates of emotional processing in psychosis risk and onset - a systematic
review and meta-analysis of fMRI studies. Neurosci Biobehav Rev.
2021;128:780–8.

20. Okada N, Yahata N, Koshiyama D, Morita K, Sawada K, Kanata S, et al. Neuro-
metabolic and functional connectivity basis of prosocial behavior in early
adolescence. Sci Rep. 2019;9:732.

21. Okada N, Yahata N, Koshiyama D, Morita K, Sawada K, Kanata S, et al. Neuro-
metabolic underpinning of the intergenerational transmission of prosociality.
Neuroimage. 2020;218:116965.

22. Bush G, Luu P, Posner MI. Cognitive and emotional influences in anterior cin-
gulate cortex. Trends Cogn Sci. 2000;4:215–22.

23. Radua J, Borgwardt S, Crescini A, Mataix-Cols D, Meyer-Lindenberg A, McGuire
PK, et al. Multimodal meta-analysis of structural and functional brain changes in
first episode psychosis and the effects of antipsychotic medication. Neurosci
Biobehav Rev. 2012;36:2325–33.

24. O’Neill A, Mechelli A, Bhattacharyya S. Dysconnectivity of large-scale functional
networks in early psychosis: a meta-analysis. Schizophr Bull. 2019;45:579–90.

25. Fortea A, Batalla A, Radua J, van Eijndhoven P, Baeza I, Albajes-Eizagirre A, et al.
Cortical gray matter reduction precedes transition to psychosis in individuals at
clinical high-risk for psychosis: a voxel-based meta-analysis. Schizophr Res.
2021;232:98–106.

26. Collin G, Seidman LJ, Keshavan MS, Stone WS, Qi Z, Zhang T, et al. Functional
connectome organization predicts conversion to psychosis in clinical high-risk
youth from the SHARP program. Mol Psychiatry. 2020;25:2431–40.

27. Merritt K, McGuire PK, Egerton A, Aleman A, Block W, Bloemen OJN, et al. Asso-
ciation of age, antipsychotic medication, and symptom severity in schizophrenia
with proton magnetic resonance spectroscopy brain glutamate level: a mega-
analysis of individual participant-level data. JAMA Psychiatry. 2021;78:667–81.

28. Nakahara T, Tsugawa S, Noda Y, Ueno F, Honda S, Kinjo M, et al. Glutamatergic
and GABAergic metabolite levels in schizophrenia-spectrum disorders: a meta-
analysis of (1)H-magnetic resonance spectroscopy studies. Mol Psychiatry.
2022;27:744–57.

29. Merritt K, McCutcheon RA, Aleman A, Ashley S, Beck K, Block W, et al. Variability
and magnitude of brain glutamate levels in schizophrenia: a meta and mega-
analysis. Mol Psychiatry. 2023;28:2039–48.

30. Ochi R, Plitman E, Patel R, Tarumi R, Iwata Y, Tsugawa S, et al. Investigating
structural subdivisions of the anterior cingulate cortex in schizophrenia, with
implications for treatment resistance and glutamatergic levels. J Psychiatry
Neurosci. 2022;47:E1–e10.

31. Squarcina L, Stanley JA, Bellani M, Altamura CA, Brambilla P. A review of altered
biochemistry in the anterior cingulate cortex of first-episode psychosis. Epide-
miol Psychiatr Sci. 2017;26:122–8.

32. Wang AM, Pradhan S, Coughlin JM, Trivedi A, DuBois SL, Crawford JL, et al.
Assessing brain metabolism with 7-t proton magnetic resonance spectroscopy
in patients with first-episode psychosis. JAMA Psychiatry. 2019;76:314–23.

33. Reid MA, Salibi N, White DM, Gawne TJ, Denney TS, Lahti AC. 7T Proton mag-
netic resonance spectroscopy of the anterior cingulate cortex in first-episode
schizophrenia. Schizophr Bull. 2019;45:180–9.

34. Romeo B, Petillion A, Martelli C, Benyamina A. Magnetic resonance spectroscopy
studies in subjects with high risk for psychosis: a meta-analysis and review. J
Psychiatr Res. 2020;125:52–65.

35. McCutcheon RA, Merritt K, Howes OD. Dopamine and glutamate in individuals
at high risk for psychosis: a meta-analysis of in vivo imaging findings and their
variability compared to controls. World Psychiatry. 2021;20:405–16.

36. Griffiths K, Egerton A, Millgate E, Anton A, Barker GJ, Deakin B, et al. Impaired
verbal memory function is related to anterior cingulate glutamate levels in
schizophrenia: findings from the STRATA study. Schizophrenia. 2022;8:60.

37. Wenneberg C, Nordentoft M, Rostrup E, Glenthøj LB, Bojesen KB, Fagerlund B,
et al. Cerebral glutamate and gamma-aminobutyric acid levels in individuals at
ultra-high risk for psychosis and the association with clinical symptoms and
cognition. Biol Psychiatry Cogn Neurosci Neuroimaging. 2020;5:569–79.

38. Demro C, Rowland L, Wijtenburg SA, Waltz J, Gold J, Kline E, et al. Glutamatergic
metabolites among adolescents at risk for psychosis. Psychiatry Res.
2017;257:179–85.

39. Silberbauer LR, Spurny B, Handschuh P, Klöbl M, Bednarik P, Reiter B, et al. Effect
of ketamine on limbic GABA and glutamate: a human in vivo multivoxel mag-
netic resonance spectroscopy study. Front Psychiatry. 2020;11:549903.

40. Schobel SA, Chaudhury NH, Khan UA, Paniagua B, Styner MA, Asllani I, et al.
Imaging patients with psychosis and a mouse model establishes a spreading
pattern of hippocampal dysfunction and implicates glutamate as a driver.
Neuron. 2013;78:81–93.

41. Egerton A, Broberg BV, Van Haren N, Merritt K, Barker GJ, Lythgoe DJ, et al.
Response to initial antipsychotic treatment in first episode psychosis is related
to anterior cingulate glutamate levels: a multicentre (1)H-MRS study (OPTiMiSE).
Mol Psychiatry. 2018;23:2145–55.

42. McQueen G, Sendt KV, Gillespie A, Avila A, Lally J, Vallianatou K, et al. Changes in
brain glutamate on switching to clozapine in treatment-resistant schizophrenia.
Schizophr Bull. 2021;47:662–71.

43. Bojesen KB, Ebdrup BH, Jessen K, Sigvard A, Tangmose K, Edden RAE, et al.
Treatment response after 6 and 26 weeks is related to baseline glutamate and
GABA levels in antipsychotic-naïve patients with psychosis. Psychol Med.
2020;50:2182–93.

44. Kubota M, Moriguchi S, Takahata K, Nakajima S, Horita N. Treatment effects on
neurometabolite levels in schizophrenia: a systematic review and meta-analysis
of proton magnetic resonance spectroscopy studies. Schizophr Res.
2020;222:122–32.

45. Egerton A, Stone JM, Chaddock CA, Barker GJ, Bonoldi I, Howard RM, et al.
Relationship between brain glutamate levels and clinical outcome in individuals
at ultra high risk of psychosis. Neuropsychopharmacology. 2014;39:2891–9.

46. Poulton R, Caspi A, Moffitt TE, Cannon M, Murray R, Harrington H. Children’s self-
reported psychotic symptoms and adult schizophreniform disorder: a 15-year
longitudinal study. Arch Gen Psychiatry. 2000;57:1053–8.

47. Fisher HL, Caspi A, Poulton R, Meier MH, Houts R, Harrington H, et al. Specificity
of childhood psychotic symptoms for predicting schizophrenia by 38 years of
age: a birth cohort study. Psychol Med. 2013;43:2077–86.

48. Zammit S, Kounali D, Cannon M, David AS, Gunnell D, Heron J, et al. Psychotic
experiences and psychotic disorders at age 18 in relation to psychotic experi-
ences at age 12 in a longitudinal population-based cohort study. Am J Psy-
chiatry. 2013;170:742–50.

49. Karcher NR, Loewy RL, Savill M, Avenevoli S, Huber RS, Makowski C, et al. Per-
sistent and distressing psychotic-like experiences using adolescent brain cog-
nitive development℠ study data. Mol Psychiatry. 2022;27:1490–501.

50. van Os J, Linscott RJ, Myin-Germeys I, Delespaul P, Krabbendam L. A systematic
review and meta-analysis of the psychosis continuum: evidence for a psychosis
proneness-persistence-impairment model of psychotic disorder. Psychol Med.
2009;39:179–95.

51. Kelleher I, Keeley H, Corcoran P, Lynch F, Fitzpatrick C, Devlin N, et al. Clin-
icopathological significance of psychotic experiences in non-psychotic young
people: evidence from four population-based studies. Br J Psychiatry.
2012;201:26–32.

52. Muddle S, Jones B, Taylor G, Jacobsen P. A systematic review and meta-analysis
of the association between emotional stress reactivity and psychosis. Early Inter
Psychiatry. 2022;16:958–78.

53. Moore SE, Norman RE, Suetani S, Thomas HJ, Sly PD, Scott JG. Consequences of
bullying victimization in childhood and adolescence: a systematic review and
meta-analysis. World J Psychiatry. 2017;7:60–76.

54. van Dam DS, van der Ven E, Velthorst E, Selten JP, Morgan C, de Haan L.
Childhood bullying and the association with psychosis in non-clinical and
clinical samples: a review and meta-analysis. Psychol Med. 2012;42:2463–74.

55. Smith PK, Shu S. What good schools can do about bullying: findings from a
survey in English schools after a decade of research and action. Childhood.
2000;7:193–212.

56. Hunter S, Boyle J. Coping and appraisal in victims of school bullying. Br J Educ
Psychol. 2004;74:83–107.

57. Ho TC, Teresi GI, Segarra JR, Ojha A, Walker JC, Gu M, et al. Higher levels of pro-
inflammatory cytokines are associated with higher levels of glutamate in the
anterior cingulate cortex in depressed adolescents. Front Psychiatry.
2021;12:642976.

58. Naismith SL, Lagopoulos J, Hermens DF, White D, Duffy SL, Robillard R, et al.
Delayed circadian phase is linked to glutamatergic functions in young people
with affective disorders: a proton magnetic resonance spectroscopy study. BMC
Psychiatry. 2014;14:345.

59. Yang ZY, Quan H, Peng ZL, Zhong Y, Tan ZJ, Gong QY. Proton magnetic reso-
nance spectroscopy revealed differences in the glutamate + glutamine/creatine
ratio of the anterior cingulate cortex between healthy and pediatric post-

N. Okada et al.

10

Molecular Psychiatry



traumatic stress disorder patients diagnosed after 2008 Wenchuan earthquake.
Psychiatry Clin Neurosci. 2015;69:782–90.

60. Ousdal OT, Milde AM, Craven AR, Ersland L, Endestad T, Melinder A, et al. Pre-
frontal glutamate levels predict altered amygdala-prefrontal connectivity in
traumatized youths. Psychol Med. 2019;49:1822–30.

61. Chen G, Zhang Y, Li X, Zhao X, Ye Q, Lin Y, et al. Distinct inhibitory circuits
orchestrate cortical beta and gamma band oscillations. Neuron.
2017;96:1403–e6.

62. Woo TU, Walsh JP, Benes FM. Density of glutamic acid decarboxylase 67 mes-
senger RNA-containing neurons that express the N-methyl-D-aspartate receptor
subunit NR2A in the anterior cingulate cortex in schizophrenia and bipolar
disorder. Arch Gen Psychiatry. 2004;61:649–57.

63. Hashimoto T, Bazmi HH, Mirnics K, Wu Q, Sampson AR, Lewis DA. Conserved
regional patterns of GABA-related transcript expression in the neocortex of
subjects with schizophrenia. Am J Psychiatry. 2008;165:479–89.

64. Thompson M, Weickert CS, Wyatt E, Webster MJ. Decreased glutamic acid
decarboxylase(67) mRNA expression in multiple brain areas of patients with
schizophrenia and mood disorders. J Psychiatr Res. 2009;43:970–7.

65. Simmonite M, Steeby CJ, Taylor SF. Medial frontal cortex GABA concentrations in
psychosis spectrum and mood disorders: A meta-analysis of proton magnetic
resonance spectroscopy studies. Biol Psychiatry. 2023;93:125–36.

66. Hasler G, van der Veen JW, Grillon C, Drevets WC, Shen J. Effect of acute psy-
chological stress on prefrontal GABA concentration determined by proton
magnetic resonance spectroscopy. Am J Psychiatry. 2010;167:1226–31.

67. Sheth C, Prescot AP, Legarreta M, Renshaw PF, McGlade E, Yurgelun-Todd D.
Reduced gamma-amino butyric acid (GABA) and glutamine in the anterior
cingulate cortex (ACC) of veterans exposed to trauma. J Affect Disord.
2019;248:166–74.

68. Michels L, Schulte-Vels T, Schick M, O’Gorman RL, Zeffiro T, Hasler G, et al.
Prefrontal GABA and glutathione imbalance in posttraumatic stress disorder:
preliminary findings. Psychiatry Res. 2014;224:288–95.

69. Rosso IM, Weiner MR, Crowley DJ, Silveri MM, Rauch SL, Jensen JE. Insula and
anterior cingulate GABA levels in posttraumatic stress disorder: preliminary
findings using magnetic resonance spectroscopy. Depress Anxiety.
2014;31:115–23.

70. Mahady Wilton MM, Craig WM, Pepler DJ. Emotional regulation and display in
classroom victims of bullying: Characteristic expressions of affect, coping styles
and relevant contextual factors. Soc Dev. 2000;9:226–45.

71. Shen X, Jiang F, Fang X, Yan W, Xie S, Zhang R. Cognitive dysfunction and
cortical structural abnormalities in first-episode drug-naïve schizophrenia
patients with auditory verbal hallucination. Front Psychiatry. 2022;13:998807.

72. Roig-Herrero A, Planchuelo-Gómez Á, Hernández-García M, de Luis-García R,
Fernández-Linsenbarth I, Beño-Ruiz-de-la-Sierra RM, et al. Default mode network
components and its relationship with anomalous self-experiences in schizo-
phrenia: a rs-fMRI exploratory study. Psychiatry Res Neuroimaging.
2022;324:111495.

73. Kim H, Shon SH, Joo SW, Yoon W, Lee JH, Hur JW, et al. Gray matter micro-
structural abnormalities and working memory deficits in individuals with schi-
zophrenia. Psychiatry Investig. 2019;16:234–43.

74. Kiefer M, Sim E-J, Heil S, Brown R, Herrnberger B, Spitzer M, et al. Neural sig-
natures of bullying experience and social rejection in teenagers. PLoS ONE.
2021;16:e0255681.

75. Herrmann L, Ade J, Kühnel A, Widmann A, Demenescu LR, Li M, et al. Cross-
sectional study of retrospective self-reported childhood emotional neglect and
inhibitory neurometabolite levels in the pregenual anterior cingulate cortex in
adult humans. Neurobiol Stress. 2023;25:100556.

76. Kaiser RH, Clegg R, Goer F, Pechtel P, Beltzer M, Vitaliano G, et al. Childhood
stress, grown-up brain networks: corticolimbic correlates of threat-related early
life stress and adult stress response. Psychol Med. 2018;48:1157–66.

77. Ando S, Nishida A, Yamasaki S, Koike S, Morimoto Y, Hoshino A, et al. Cohort
Profile: The Tokyo Teen Cohort study (TTC). Int J Epidemiol. 2019;48:1414–1414g.

78. Okada N, Ando S, Sanada M, Hirata-Mogi S, Iijima Y, Sugiyama H, et al.
Population-neuroscience study of the Tokyo TEEN Cohort (pn-TTC): cohort
longitudinal study to explore the neurobiological substrates of adolescent
psychological and behavioral development. Psychiatry Clin Neurosci.
2019;73:231–42.

79. Edden RA, Barker PB. Spatial effects in the detection of gamma-aminobutyric
acid: improved sensitivity at high fields using inner volume saturation. Magn
Reson Med. 2007;58:1276–82.

80. Edden RA, Puts NA, Harris AD, Barker PB, Evans CJ. Gannet: a batch-processing
tool for the quantitative analysis of gamma-aminobutyric acid–edited MR
spectroscopy spectra. J Magn Reson Imaging. 2014;40:1445–52.

81. Provencher SW. Automatic quantitation of localized in vivo 1H spectra with
LCModel. NMR Biomed. 2001;14:260–4.

82. Sanaei Nezhad F, Anton A, Michou E, Jung J, Parkes LM, Williams SR. Quantifi-
cation of GABA, glutamate and glutamine in a single measurement at 3 T using
GABA-edited MEGA-PRESS. NMR Biomed. 2018;31:e3847.

83. Gasparovic C, Song T, Devier D, Bockholt HJ, Caprihan A, Mullins PG, et al. Use of
tissue water as a concentration reference for proton spectroscopic imaging.
Magn Reson Med. 2006;55:1219–26.

84. Solberg ME, Olweus D. Prevalence estimation of school bullying with the
Olweus Bully/Victim Questionnaire. Aggressive Behav. 2003;29:239–68.

85. Ando S, Nishida A, Usami S, Koike S, Yamasaki S, Kanata S, et al. Help-seeking
intention for depression in early adolescents: Associated factors and sex dif-
ferences. J Affect Disord. 2018;238:359–65.

86. Kline RB. Principles and practice of structural equation modeling, 4th ed. New
York: The Guilford Press; 2016.

87. Wijtenburg SA, Wang M, Korenic SA, Chen S, Barker PB, Rowland LM. Metabolite
alterations in adults with schizophrenia, first degree relatives, and healthy
controls: a multi-region 7T MRS study. Front Psychiatry. 2021;12:656459.

88. Jeon P, Limongi R, Ford SD, Mackinley M, Dempster K, Théberge J, et al. Pro-
gressive changes in glutamate concentration in early stages of schizophrenia: a
longitudinal 7-Tesla MRS study. Schizophr Bull Open. 2021;2:sgaa072.

89. Kumar J, Liddle EB, Fernandes CC, Palaniyappan L, Hall EL, Robson SE, et al.
Glutathione and glutamate in schizophrenia: a 7T MRS study. Mol Psychiatry.
2020;25:873–82.

90. Godlewska BR, Minichino A, Emir U, Angelescu I, Lennox B, Micunovic M, et al.
Brain glutamate concentration in men with early psychosis: a magnetic reso-
nance spectroscopy case-control study at 7T. Transl Psychiatry. 2021;11:367.

91. Kumar V, Manchegowda S, Jacob A, Rao NP. Glutamate metabolites in treatment
resistant schizophrenia: A meta-analysis and systematic review of (1)H-MRS
studies. Psychiatry Res Neuroimaging. 2020;300:111080.

92. Vingerhoets C, Tse DH, van Oudenaren M, Hernaus D, van Duin E, Zinkstok J,
et al. Glutamatergic and GABAergic reactivity and cognition in 22q11.2 deletion
syndrome and healthy volunteers: a randomized double-blind 7-Tesla phar-
macological MRS study. J Psychopharmacol. 2020;34:856–63.

93. Zhang H, Yan G, Xu H, Fang Z, Zhang J, Zhang J, et al. The recovery trajectory of
adolescent social defeat stress-induced behavioral, (1)H-MRS metabolites and
myelin changes in Balb/c mice. Sci Rep. 2016;6:27906.

94. Zhang Y, Li JT, Wang H, Niu WP, Zhang CC, Zhang Y, et al. Role of trace
amine‑associated receptor 1 in the medial prefrontal cortex in chronic social
stress-induced cognitive deficits in mice. Pharmacol Res. 2021;167:105571.

95. Laubach M, Amarante LM, Swanson K, White SR. What, if anything, is rodent
prefrontal cortex? eNeuro. 2018;5:ENEURO.0315–18.2018.

96. Tang Y-Y, Askari P, Choi C. Brief mindfulness training increased glutamate
metabolism in the anterior cingulate cortex. NeuroReport. 2020;31:1142–5.

97. Dominguez MD, Wichers M, Lieb R, Wittchen HU, van Os J. Evidence that onset
of clinical psychosis is an outcome of progressively more persistent subclinical
psychotic experiences: an 8-year cohort study. Schizophr Bull. 2011;37:84–93.

98. De Loore E, Gunther N, Drukker M, Feron F, Sabbe B, Deboutte D, et al. Per-
sistence and outcome of auditory hallucinations in adolescence: a longitudinal
general population study of 1800 individuals. Schizophr Res. 2011;127:252–6.

99. Rowland LM, Krause BW, Wijtenburg SA, McMahon RP, Chiappelli J, Nugent KL,
et al. Medial frontal GABA is lower in older schizophrenia: a MEGA-PRESS with
macromolecule suppression study. Mol Psychiatry. 2016;21:198–204.

100. Usui K, Kirihara K, Araki T, Tada M, Koshiyama D, Fujioka M, et al. Longitudinal
change in mismatch negativity (MMN) but not in gamma-band auditory steady-
state response (ASSR) is associated with psychological difficulties in adoles-
cence. Cereb Cortex. 2023;3:11070–9.

101. Busler JN, Coello E, Liao H, Taylor J, Zhao W, Holsen LM, et al. Perceived stress,
cortical GABA, and functional connectivity correlates: A hypothesis-generating
preliminary study. Front Psychiatry. 2022;13:802449.

102. Maddock RJ, Caton MD, Ragland JD. Estimating glutamate and Glx from GABA-
optimized MEGA-PRESS: Off-resonance but not difference spectra values cor-
respond to PRESS values. Psychiatry Res Neuroimaging. 2018;279:22–30.

ACKNOWLEDGEMENTS
This work is a part of the Tokyo TEEN Cohort Study, and the authors would like to
thank all researchers, investigators, and participants for their substantial support in
sample collection and management. This work was supported by MEXT/JSPS
KAKENHI, grant numbers JP21K15709 (NO), JP22H04926 (NO), JP22H05211 (SA),
JP16H06398 (AN), JP16H06395 (KK), JP16H06399 (KK), JP16K21720 (KK), JP16H06280
(KK), JP17H04244 (KK), JP21H05171 (KK), and JP21H05174 (KK), JST Moonshot R&D,
grant number JPMJMS2021 (KK), AMED, grant numbers JP18dm0307001 (KK),
JP18dm0307004 (SKo and KK), and JP19dm0207069 (SKo and KK), and NIH, grant
numbers MH-094268 Silvio O. Conte Center (AS), MH-092443 (AS) and MH-105660
(AS). This work was also partially supported by WPI-IRCN, UTIAS.

N. Okada et al.

11

Molecular Psychiatry



AUTHOR CONTRIBUTIONS
AN, MH-H, and KK supervised the entire project. NO, AN, and KK designed this study.
RAEE and AS contributed to technical support. NO, NY, DK, KM, KS, SKa, SF, NS, RT, MM,
SKo, TA, YK, KE, SY, SA, AN, and KK contributed to data collection. NO, NY, SY, and AN
arranged the data. NO analyzed the data. NO, NY, DK, KM, KS, SKa, SF, NS, RT, MM, SKo,
TA, YK, KE, SY, SA, AN, MH-H, RAEE, AS, and KK interpreted the results. NO and KK wrote
the manuscript. All the authors reviewed and approved the final manuscript.

FUNDING
Open Access funding provided by The University of Tokyo.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-023-02382-8.

Correspondence and requests for materials should be addressed to Naohiro Okada.

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 licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence 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 licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

N. Okada et al.

12

Molecular Psychiatry

https://doi.org/10.1038/s41380-023-02382-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Longitudinal trajectories of anterior cingulate glutamate and subclinical psychotic experiences in early adolescence: the impact of bullying victimization
	Introduction
	Materials and methods
	Overview and recruitment
	Image acquisition and analysis
	Psychological and environmental evaluation
	Statistical analysis

	Results
	Overview of the analyzed�data
	Associations over time between Glx levels and subclinical psychotic experiences
	Effects of bullying victimization and help-seeking intention on Glx�levels
	PLS-SEM analysis
	Contrast analysis

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




