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Torre, Enrique Santamarı́a and Patricia Robledo

Cannabis Use Induces Distinctive Proteomic Alterations in Olfactory Neuroepithelial Cells of
Schizophrenia Patients
Reprinted from: J. Pers. Med. 2021, 11, 160, doi:10.3390/jpm11030160 . . . . . . . . . . . . . . . . 31

Diana Z. Paderina, Anastasiia S. Boiko, Ivan V. Pozhidaev, Anna V. Bocharova, Irina A.

Mednova, Olga Yu. Fedorenko, Elena G. Kornetova, Anton J.M. Loonen, Arkadiy V. Semke,

Nikolay A. Bokhan and Svetlana A. Ivanova

Genetic Polymorphisms of 5-HT Receptors and Antipsychotic-Induced Metabolic Dysfunction
in Patients with Schizophrenia
Reprinted from: J. Pers. Med. 2021, 11, 181, doi:10.3390/jpm11030181 . . . . . . . . . . . . . . . . 47

Atsumi Nitta, Naotaka Izuo, Kohei Hamatani, Ryo Inagaki, Yuka Kusui, Kequan Fu,

Takashi Asano, Youta Torii, Chikako Habuchi, Hirotaka Sekiguchi, Shuji Iritani, Shin-ichi

Muramatsu, Norio Ozaki and Yoshiaki Miyamoto

Schizophrenia-Like Behavioral Impairments in Mice with Suppressed Expression of Piccolo in
the Medial Prefrontal Cortex
Reprinted from: J. Pers. Med. 2021, 11, 607, doi:10.3390/jpm11070607 . . . . . . . . . . . . . . . . 57

Naotaka Izuo and Atsumi Nitta

New Insights Regarding Diagnosis and Medication for Schizophrenia Based on Neuronal
Synapse–Microglia Interaction
Reprinted from: J. Pers. Med. 2021, 11, 371, doi:10.3390/jpm11050371 . . . . . . . . . . . . . . . . 75
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Preface to ”Psychoneurobiology Research and

Personalized Treatment of Schizophrenia”

Schizophrenia is a common disease characterized by psychotic symptoms (e.g., delusions,

hallucinations, blunted affect) and disturbances of cognitive function (e.g., memory, abstraction,

attention). If not treated properly, patients may experience serious consequences in terms of social

function.

Much endeavor in several disciplines of medical science has been made to overcome the

paucity of effective treatments for unmet needs, including cognitive impairment associated with

schizophrenia. Accordingly, psycho-neuro-biological approaches have been attempted, leading to

the development of innovative compounds, as well as non-pharmacological therapeutics, including

cognitive rehabilitation and neuromodulation (e.g., non-invasive brain stimulation). These endeavors

should bear individualized medicine in mind to optimize the risk/benefit ratios of pharmacotherapy

and other modalities of intervention.

This Book, contributed to by experts from various regions of the globe, provides up-to-date

information on the phenomenology, underlying mechanisms, and treatment of schizophrenia, and

especially facilitates the development of personal therapeutics for this enigmatic illness.

Tomiki Sumiyoshi

Editor
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Psychoneurobiological approaches have been used to develop effective treatments for
unmet needs in schizophrenia, e.g., some types of cognitive disturbances. To overcome the
paucity of breakthrough therapeutics, observations from molecular biology, brain sciences,
and their combinations need to be integrated. Besides the development of innovative
compounds, there has been a trend towards non-pharmacological therapeutics, including
cognitive rehabilitation and neuromodulation (e.g., non-invasive brain stimulation), tar-
geting schizophrenia. These endeavors should bear individualized medicine in mind to
optimize the risk/benefit ratios of pharmacotherapy and other modalities of intervention.
This Special Issue, consisting of 10 articles, provides a forum for researchers interested in
the phenomenology, underlying mechanisms, and treatment of schizophrenia.

Structural and functional anomalies in the brains of individuals with schizophre-
nia have been identified to promote more effective intervention strategies for the ill-
ness. Accordingly, Takahashi et al. [1] observed derangement of temporal lobe structures
(e.g., Heschl’s gyrus) in subjects with schizotypal disorder. As similar anatomical findings
have been noted in patients with schizophrenia, the finding suggests a common neural sub-
strate across these schizophrenia-spectrum disorders. These lines of morphological changes
that are characteristic of schizophrenia are often reflected in neurophysiological observa-
tions. Thus, Higuchi et al. [2] examined the P300 component of event-related potentials
derived from EEG in people with vulnerability to developing schizophrenia, or in those in
an “at-risk mental state (ARMS)”. At baseline, the P300 latencies in ARMS subjects who
later converted to schizophrenia were longer compared to those in ARMS non-converters,
providing a feasible electrical marker to facilitate early intervention into psychosis.

The search for objective markers to predict a variety of clinical manifestations as-
sociated with schizophrenia is enriched by the use of biochemical and genetic findings;
for example, Barrera-Conde et al. [3] report the relationship between cannabis use and
expressions of RNA-related proteins in olfactory neuroepithelium (ON) cells from clinical
samples. This approach is expected to help understand the link between specific proteomic
alterations and the increased risk of substance abuse in patients with the illness. Reducing
the chance of metabolic syndrome (MetS) caused by antipsychotic drugs has been a major
concern from the standpoint of precision medicine. Among several subtypes of serotonin
(5-HT) receptors, Paderina et al. [4] found that allelic variants of genes encoding 5HT2C re-
ceptors (HTR2C) were associated with the incidence of MetS in patients with schizophrenia,
highlighting the importance of genetic examinations before starting medications.

It is noteworthy that neurobiological findings in preclinical research have frequently
advanced the knowledge in this field, to improve clinical studies. Accordingly, Nitta et al. [5]
present animal data on single-nucleotide polymorphisms (SNPs) of genes encoding Piccolo,
a presynaptic cytomatrix protein. Specifically, mutant mice with reduced expression of
Piccolo in their prefrontal cortex exhibited behavioral and neurochemical abnormalities
reminiscent of schizophrenia. The same group of investigators also provide a review of
the dysregulated immune system implicated in the pathophysiology of the disease [6].
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In particular, the role of the overactivation of synaptic pruning (elimination) by microglia
is discussed, suggesting that modulation of the interaction between microglia and synapses
may provide an avenue to novel therapeutics.

In addition to psychotic symptoms, some of the key areas of cognitive function,
e.g., neurocognition, social cognition, and metacognition, have attracted growing interest to
improve social outcomes, or functionality, in schizophrenia patients. Here, Birules et al. [7]
examined the time course of the effect of metacognitive training (MCT) on cognitive insight
in patients with schizophrenia. The results indicate the benefits of MCT for reducing
self-certainty, a component of mega-cognition, which became evident after repeated ad-
ministrations. On the other hand, Okano et al. [8] report an expert consensus on which
assessment tools are to be used to evaluate social cognition in Japanese populations. Con-
siderations were placed on reliability and validity, as well as international comparability
and clinical usefulness. This initiative to develop a comprehensive set of social cognition
tests is embodied by the Evaluation Study of Social Cognition Measures in Japan (ESCoM),
as reported by Kubota et al. [9]. As a novel treatment approach, Yamada et al. [10] are
conducting a clinical trial to determine if transcranial direct current stimulation on the
temporal lobe sulcus regions alleviates social cognition impairment in schizophrenia.

Overall, the information provided by the authors contributing to this Special Issue
will facilitate the development of personal therapeutics of greater clinical value.
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Abstract: Duplicated Heschl’s gyrus (HG) is prevalent in patients with schizophrenia and may reflect

early neurodevelopmental anomalies. However, it currently remains unclear whether patients with

schizotypal disorder, a prototypic disorder within the schizophrenia spectrum, exhibit a similar HG

gyrification pattern. In this magnetic resonance imaging study, HG gyrification patterns were exam-

ined in 47 patients with schizotypal disorder, 111 with schizophrenia, and 88 age- and sex-matched

healthy subjects. HG gyrification patterns were classified as single, common stem duplication (CSD),

or complete posterior duplication (CPD). The prevalence of the duplicated HG patterns (CSD or

CPD) bilaterally was higher in the schizophrenia and schizotypal groups than in healthy controls,

whereas no significant difference was observed between the schizophrenia and schizotypal groups.

Schizophrenia patients with the right CPD pattern had less severe positive symptoms, whereas the

right single HG pattern was associated with higher doses of antipsychotic medication in schizotypal

patients. The present study demonstrated shared HG gyrification patterns in schizophrenia spectrum

disorders, which may reflect a common biological vulnerability factor. HG patterns may also be

associated with susceptibility to psychopathology.

Keywords: magnetic resonance imaging; schizophrenia; schizotypal disorder; gyrification; superior

temporal gyrus; neurodevelopment

1. Introduction

Heschl’s gyrus (HG), which is also termed as transverse temporal gyrus, is a convo-
lution on the superior temporal plane that hosts the primary auditory cortex (Brodmann
area (BA) 41) [1,2]. Its gyral pattern markedly varies across individuals, with approxi-
mately 30% to 50% of healthy subjects having HG duplication, particularly on the right
hemisphere [3–5]. In cases of HG duplication, cytoarchitectonic evidence suggests that
the auditory koniocortex (BA41) is restricted to the anterior HG, whereas the posterior
HG may correspond to BA42/22 as part of the associative auditory cortex [1–5]. This
anatomical variant may reflect differences in cytoarchitectonic development during the
gestational period [6,7], with duplicated HG potentially reducing HG functional activity
during auditory processing [8]. However, it currently remains unclear whether patients
with schizophrenia, who have an early neurodevelopmental pathology [9,10] and are char-
acterized by altered volume/thickness and functional connectivity of HG [11–13], exhibit
an altered HG gyrification pattern. In a recent magnetic resonance imaging (MRI) study,
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we demonstrated that HG duplication was prevalent in first-episode schizophrenia [14],
whereas another MRI study in which HG duplication patterns in chronic schizophrenia
were specifically examined failed to find significant differences [15]. Although gyrification
patterns generally remain stable after birth in healthy subjects [6], this discrepancy may
be partly explained by the potential impact of illness chronicity and/or antipsychotic
medication on the morphology of the superior temporal plane [16].

Schizotypal disorder [17] or schizotypal personality disorder [18], a prototypical
schizophrenia spectrum disorder without overt/sustained psychosis, may have biologi-
cal, neurocognitive, and phenomenological similarities with schizophrenia as a common
vulnerability factor [19,20]. Our recent whole brain analyses revealed that schizophrenia
and schizotypal patients both exhibit increased cortical folding, which may be related
to neural dysconnectivity due to aberrant neurodevelopmental processes [21], in diverse
cortical regions [22,23]. Furthermore, schizotypal patients share decreased functional
connectivity in the HG, which may reflect vulnerability to psychopathology [24,25], with
patients with overt schizophrenia [26,27]. These previous findings suggest an altered HG
gyrification pattern in schizotypal subjects, but no MRI studies to date have specifically
examined it. Therefore, it currently remains unclear whether an altered HG gyrification
pattern, if present, is specific to schizophrenia or is commonly observed in schizophrenia
spectrum disorders.

The present MRI study compared HG gyrification patterns (single convolution, par-
tially duplicated, or fully duplicated) between an expanded sample of schizophrenia
patients of different illness stages (i.e., first-episode [14] and chronic), schizotypal dis-
order, and healthy controls. Based on biological commonalities among schizophrenia
spectrum disorders as a vulnerability factor [16,19,20] and our previous findings of first-
episode schizophrenia [14], we predicted that HG duplication will be more prevalent in the
schizophrenia and schizotypal groups than in healthy controls. Based on the potential early
neurodevelopmental pathology of schizophrenia [9,10] and the notion that the gyrification
pattern generally remains stable after birth [6,7], we also predicted no influence of illness
chronicity on the HG pattern in schizophrenia. Furthermore, we examined the relationship
between HG patterns and other clinical variables (e.g., symptom severity and medication)
in the patient groups.

2. Materials and Methods

2.1. Subjects

Subjects in the present cross-sectional study consisted of 47 patients with schizotypal
disorder (or schizotypal personality disorder), 111 with schizophrenia, and 88 age- and
sex-matched healthy subjects (Table 1). The patients were from our observational study
(i.e., not from randomized clinical trials), whereas the controls were selected from our MRI
database of healthy subjects on the basis of age and sex. They were all physically healthy
at MRI and had no previous history of severe obstetric complications, serious head trauma,
serious medical diseases (e.g., neurological illness, thyroid dysfunction, diabetes, and
hypertension), steroid use, or substance abuse. All subjects were right-handed, Japanese
(aged 14 to 46 years), and were screened for gross brain abnormalities by neuroradiologists
at the time of scanning. Among 246 subjects, HG patterns in 64 schizophrenia and 64 control
subjects were reported in our previous study [14], which demonstrated that HG duplication
was more prevalent in first-episode schizophrenia. The study was conducted in accordance
with the Declaration of Helsinki. The Committee on Medical Ethics of Toyama University
approved the present study (No. I2013006) on 5 February 2014. After the purpose and
procedures of the present study were fully explained, written informed consent was
received individually from each study participant. When participants were <20 years old,
written consent was also received from a parent/guardian.
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Table 1. Demographic/clinical parameters and brain measurements of subjects.

C SzTypal Sz Group Comparisons

Male/female 49/39 29/18 59/52 Chi squared = 0.98, p = 0.613
Age (years) 24.1 ± 6.0 25.0 ± 5.4 25.8 ± 5.4 F (2, 243) = 2.38, p = 0.095
Height (cm) 166.3 ± 7.8 165.9 ± 8.7 164.5 ± 8.0 F (2, 243) = 1.34, p = 0.264

Education (years) 15.7 ± 3.0 13.1 ± 2.0 13.5 ± 2.0 F (2, 243) = 26.23, p < 0.001; Sz, SzTypal < C
Parental education (years) 1 13.0 ± 2.3 12.3 ± 1.7 12.5 ± 2.0 F (2, 234) = 1.81, p = 0.166

Age of onset (years) - - 22.2 ± 4.7 -
Duration of illness (years) - - 3.6 ± 4.1 -

Dose of medication (HPD equivalent, mg/day) - 4.8 ± 5.7 10.1 ± 8.8 F (1, 156) = 14.64, p < 0.001; SzTypal < Sz
Duration of medication (years) - 1.5 ± 3.0 2.7 ± 3.6 F (1, 156) = 3.70, p = 0.056

Medication type (typical/atypical/mixed) 2 - 14/26/0 40/65/4 Fisher’s exact test, p = 0.636
Total SAPS scores 3 - 16.0 ± 9.2 27.2 ± 20.9 F (1, 147) = 11.86, p < 0.001; SzTypal < Sz
Total SANS scores 3 - 41.9 ± 21.7 49.8 ± 22.8 F (1, 147) = 3.93, p = 0.049; SzTypal < Sz

Values represent means ± standard deviations (SDs) unless otherwise stated. C, controls; HPD, haloperidol; SANS, scale for the assessment
of negative symptoms; SAPS, scale for the assessment of positive symptoms; Sz, schizophrenia; SzTypal, schizotypal disorder. 1 Data
missing for one control, four SzTypal, and four Sz subjects. 2 Seven SzTypal patients were antipsychotic-naïve. Two Sz patients were
antipsychotic-free at scanning. 3 Data missing for two SzTypal and seven Sz patients.

Patients with schizotypal disorder and schizophrenia who met the ICD-10 research
criteria [28] were recruited from the outpatient and inpatient clinics of the Department
of Neuropsychiatry, Toyama University Hospital. Patients were diagnosed by experi-
enced psychiatrists (M.K., T.T. and M.S.) in a structured interview (the Japanese version
of Comprehensive Assessment of Symptoms and History [29]), in addition to clinical
symptoms scored using the Japanese version of Scale for the Assessment of Negative and
Positive Symptoms (SANS/SAPS [30,31]) and a detailed chart review. Cognitive and social
functions were not systematically evaluated. The recruitment strategy and sample charac-
teristics of our clinic-based schizotypal group who required clinical care for distress/issues
stemming from their schizotypal features were described in detail previously [32,33]. All
schizotypal patients fulfilled the DSM-IV criteria of the schizotypal personality disorder on
Axis II, whereas 13 had previously experienced transient quasipsychotic episodes fulfilling
a DSM Axis I diagnosis of brief psychotic disorder [18]. Although the risk of developing
psychosis was previously reported to be higher in schizotypal patients than in the general
population [34], none in the present study developed overt schizophrenia during the clini-
cal follow-up period (mean = 3.0 ± 2.6 years). The schizophrenia group was divided into
first-episode (illness duration ≤ 1 year (N = 48) or first psychiatric hospitalization (N = 16))
and chronic (illness duration ≥ 3 years (N = 41)) subgroups to examine the effects of illness
chronicity. The medication status and other clinical data are summarized in Table 1.

Control subjects were recruited from the community (N = 29), hospital staff (N = 27),
and university students (N = 32). They were screened using a questionnaire consisting of
15 items regarding their present/previous medical history and family histories of illness [35]
and were excluded if they had any personal or family history of psychiatric illness among
their first-degree relatives.

2.2. MRI Procedure

Brain MRI was performed using the 1.5-T Magnetom Vision (Siemens Medical System,
Inc, Erlangen, Germany) at Toyama University Hospital. Three-dimensional gradient-echo
sequence FLASH yielded a sagittal series of 160–180 contiguous T1-weighted slices with
a thickness of 1.0 mm. Imaging parameters were as follows: time to echo = 5 ms, time
repetition = 24 ms, flip angle = 40◦, field of view = 256 mm, matrix size = 256 × 256, and
voxel dimension = 1.0 × 1.0 × 1.0 mm.

2.3. Assessment of HG Gyrification Patterns

As described in detail previously [14], HG patterns on each hemisphere were classified
as follows: single HG, common stem duplication (CSD), and complete posterior duplication
(CPD) [2–5]. Anatomical landmarks for this classification were facilely identified on coronal,
axial, and sagittal views simultaneously displayed using Dr. View software (Infocom,
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Tokyo, Japan) (Figure 1). Briefly, a single HG pattern had no duplication (i.e., one HG
per hemisphere), whereas the CPD pattern was defined by completely separate gyri (two
(N = 134) or three (N = 6) gyri per hemisphere in this study). The CSD pattern was
characterized by a gyrus that was partially split by the sulcus intermedius (SI), which forms
a “heart-shaped” HG. Eight subjects (6.5%) in the present study who had a separate HG
posterior to the HG with partial duplication were considered to have the CSD pattern.α

Figure 1. Coronal, sagittal, and axial views of sample MRI of Heschl’s gyrus (HG; colored in blue) and
schematic drawings of the superior temporal surface on an axial view (right) of different gyrification
patterns. A, anterior; CPD, complete posterior duplication; CSD, common stem duplication; FTS,
first transverse sulcus; HS, Heschl’s sulcus; L, lateral; P, posterior; M, medial; PT, planum temporale;
PP, planum polare; sHG, second Heschl’s gyrus; sHS, second Heschl’s sulcus; SI, sulcus intermedius.

All pattern classifications were performed by one rater (T.T.) without knowledge of
the subjects’ identity (e.g., sex and diagnosis). The HG pattern in a subset of 15 randomly
selected brains (30 hemispheres) was assessed independently by two raters (T.T. and D.S.),
and each HG pattern was then reclassified after at least 4 weeks by T.T., who was blinded
to the first HG classification; inter- (T.T. and D.S.) and intrarater reliabilities (Cronbach’s α)
were 0.83 and 1.00, respectively.

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) or the χ2 test was performed to assess the
significance of group differences in clinical/demographic data.

The HG pattern distribution on each hemisphere was compared across the groups by
the χ2 test. As the HG duplication was more prevalent in the patient groups regardless
of its subtype, the odds ratio was calculated to estimate the association between HG
duplication (CSD or CPD) and relative risk of developing schizophrenia/schizotypal
disorder. Analysis of covariate (ANCOVA) was used to examine the potential contribution
of HG pattern to total SANS/SAPS scores, with the HG type as an independent variable
and the medication dose/duration as covariates. Significant effects yielded in ANCOVA
were then analyzed using post hoc Newman–Keuls tests. The relationship between the HG
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gyrification pattern and other clinical variables (i.e., onset age and duration of illness (only
for the schizophrenia group), and medication status (dose and duration)) was assessed by
nonparametric Kruskal–Wallis tests due to the non-normal distribution of these variables
(tested by Kolmogorov–Smirnov test). The relationship between the HG type and SAPS
score in schizophrenia was also tested by the Kruskal–Wallis test because of the skewed
distribution of the score (Kolmogorov–Smirnov test, p = 0.018). In order to estimate
potential interaction effects of illness stages (first-episode vs. chronic) and other factors (e.g.,
medication), each subgroup was also tested independently. To test for potential sampling
bias, an independent contribution of demographic variables (age, sex, height, education,
and parental education) on HG pattern was investigated using stepwise regression analysis.
The significance of differences was defined as p < 0.05.

3. Results

3.1. Demographic and Clinical Data

Groups were matched for age, sex, and parental education, but control subjects
had a higher education level than patients with either disorder (Table 1). As expected,
schizophrenia patients had significantly more severe symptom ratings (SANS/SAPS) and
higher medication doses than schizotypal patients.

3.2. HG Pattern Distributions

The schizophrenia (left, χ2 = 20.56, p < 0.001; right, χ2 = 11.84, p = 0.003) and schizoty-
pal (left, χ2 = 4.20, p = 0.040; right, χ2 = 4.09, p = 0.043) groups had a significantly higher
prevalence of duplicated HG patterns bilaterally (i.e., CSD or CPD) than healthy controls,
whereas no significant differences were observed in the HG pattern between the schizophre-
nia and schizotypal groups (χ2 < 2.73, p > 0.098) (Table 2, Figure 2). When we examined
subjects with HG duplication only, no group difference was noted in HG patterns (CSD vs.
CPD; χ2 < 0.66, p > 0.416). The odds ratio of HG duplication was 3.90 (left, 95% confidence
interval (CI) = 2.14 to 7.12) and 2.91 (right, 95% CI = 1.56 to 5.42) for schizophrenia, and 2.12
(left, 95% CI = 1.03 to 4.37) and 2.22 (right, 95% CI = 1.02 to 4.83) for schizotypal disorder.

HG patterns were also compared between the first-episode and chronic subgroups of
schizophrenia, but no significant differences were observed (left, χ2 = 0.00, p = 0.998; right,
χ2 = 2.23, p = 0.328).

Sex did not significantly affect HG patterns (χ2 < 2.61, p > 0.112), whereas HG dupli-
cation (i.e., CSD or CPD) was more frequent in the right hemisphere (χ2 = 4.77, p = 0.029)
when all diagnostic groups were combined.

Stepwise analysis of demographic variables using the entire sample revealed that
the HG pattern was predicted by height (beta = 0.160, t = 2.45, p = 0.015) and education
(beta = −0.152, t = −2.32, p = 0.021) only for the right hemisphere (adjusted R2 = 0.031).
For validation purposes, we then assessed the relationship between these variables and
right HG pattern using the Kruskal–Wallis test; however, only the education level had a
trend-level relationship with the HG pattern (H = 5.878, p = 0.053).
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Table 2. Gyrification pattern of Heschl’s gyrus (HG) in subjects.

Healthy Controls

Right HG pattern (N (%))

Single CSD CPD Total

Left HG
pattern
(N (%))

Single 25 (28.4) 13 (14.8) 12 (13.6) 50 (56.8)
CSD 8 (9.1) 9 (10.2) 6 (6.8) 23 (26.1)
CPD 5 (5.7) 5 (5.7) 5 (5.7) 15 (17.0)
Total 38 (43.2) 27 (30.7) 23 (26.1) 88 (100.0)

Schizotypal Disorder

Right HG pattern (N (%))

Single CSD CPD Total

Left HG
pattern
(N (%))

Single 7 (14.9) 5 (10.6) 6 (12.8) 18 (38.3)
CSD 2 (4.3) 10 (21.3) 3 (6.4) 15 (31.9)
CPD 3 (6.4) 7 (14.9) 4 (8.5) 14 (29.8)
Total 12 (25.5) 22 (46.8) 13 (27.7) 47 (100.0)

Schizophrenia

Right HG pattern (N (%))

Single CSD CPD Total

Left HG
pattern
(N (%))

Single 11 (9.9) 11 (9.9) 6 (5.4) 28 (25.2)
CSD 8 (7.2) 25 (22.5) 12 (10.8) 45 (40.5)
CPD 4 (3.6) 15 (13.5) 19 (17.1) 38 (34.2)
Total 23 (20.7) 51 (45.9) 37 (33.3) 111 (100.0)

CSD, common stem duplication; CPD, complete posterior duplication.

Figure 2. Distribution of Heschl’s gyrus (HG) gyrification patterns in schizophrenia (Sz), schizotypal
(SzTypal), and healthy control (HC) groups. Error bars show 95% confidence intervals. CPD, complete
posterior duplication; CSD, common stem duplication.

3.3. Relationship between the HG Pattern and Clinical Variables

The right HG pattern significantly affected the total SAPS score in the schizophrenia
group (ANCOVA, F (2, 99) = 4.47, p = 0.014), with a lower score being observed in patients
with the CPD pattern (mean = 19.8, SD = 15.9) than in those with the CSD (mean = 30.0,
SD = 22.6; p = 0.038) or single (mean = 32.5, SD = 21.9; p = 0.027) pattern. This relationship
was replicated using a nonparametric Kruskal–Wallis test (H = 6.61, p = 0.037) and post hoc
pairwise comparisons (CPD < CSD (p = 0.033) or single (p = 0.022)). Furthermore, subgroup
analysis demonstrated that this relationship was specific to first-episode schizophrenia
(ANCOVA, F (2, 60) = 3.78, p = 0.028; Kruskal–Wallis test, H = 7.78, p = 0.020). The chronic
schizophrenia patients with left single HG (mean = 37.9, SD = 13.2) had a higher SAPS
score than those with left CSD (mean = 26.4, SD = 26.0; p = 0.011) or left CPD (mean = 24.7,
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SD = 13.1; p = 0.053) (Kruskal–Wallis test, H = 6.70, p = 0.035), but this relationship was not
observed using ANCOVA with medication dose and duration as covariates (F (2, 34) = 0.66,
p = 0.526).

Onset age, illness duration, and medication were not related to the HG pattern in
the schizophrenia group as a whole (H < 4.81, p > 0.090). However, based on subgroup
analyses, patients with left CPD received a lower medication dose (mean = 4.9 mg/day,
SD = 3.1) than those with single HG (mean = 15.1 mg/day, SD = 10.0; p = 0.005) or CSD
(mean = 11.4 mg/day, SD = 10.1; p = 0.064) only in the chronic subgroup (Kruskal–Wallis
test, H = 8.31, p = 0.016).

No relationship was observed between the HG pattern and symptom severity in the
schizotypal group (F (2, 40) < 1.46, p > 0.244). However, the right HG pattern significantly
affected the medication dose (H = 5.71, p = 0.017). Schizotypal patients with the single HG
pattern (mean = 8.4 mg/day, SD = 8.3) were characterized by a higher medication dose
than in those with the CSD (mean = 3.6 mg/day, SD = 4.1) or CPD (mean = 3.4 mg/day,
SD = 4.0) pattern.

4. Discussion

The present study of HG gyrification patterns in the schizophrenia spectrum demon-
strated that the prevalence of HG duplication was higher in schizophrenia patients re-
gardless of the illness stage and that schizotypal disorder patients share a similar HG
gyrification pattern. Furthermore, the HG pattern was associated with the severity of
psychotic symptoms in schizophrenia patients and with the necessity for a high dose of
antipsychotics in both patient groups. The present study supports the gross morphology
of the HG reflecting a neurobiological basis for vulnerability factors commonly observed in
the schizophrenia spectrum.

As predicted, HG duplication (CSD or CPD) was more prevalent in schizophrenia
patients in both the first-episode and chronic stages, and was not related to illness duration.
However, previous longitudinal MRI studies demonstrated active gray matter atrophy in
the superior temporal region, particularly during the early illness stages of schizophre-
nia [36,37]. These previous and present studies support the altered sulcogyral pattern in
schizophrenia being a stable trait marker associated with neurodevelopmental anoma-
lies [38,39], and the altered HG pattern and atrophy of superior temporal structures having
independent mechanisms [14]. Although Hubl et al. [15] reported that the prevalence of
duplicated HG was only slightly higher in hallucinating schizophrenia patients than in
healthy controls, this negative result may be partly attributed to the small sample size
(13 patients and 13 controls) and their anatomical definition that treated the CSD pattern
as a variant of single HG. As we demonstrated that HG duplication was more prevalent
in schizophrenia regardless of its subtype (CSD or CPD), the schizophrenia cohort by
Hubl et al. [15] must have had a higher prevalence of HG duplication according to the
traditional HG classification (single vs. duplicated (CSD or CPD)).

One of the main results of the present study was that schizotypal patients considered
to share vulnerability-associated biological characteristics with schizophrenia [20] exhibited
an altered HG pattern similar to that in patients with schizophrenia. The HG gyrification
pattern is thought to reflect neurodevelopmental processes during gestation [7]. Thus, the
present results are consistent with previous studies demonstrating shared alterations in
neurodevelopmental markers, such as malformation of the adhesio interthalamica [40,41]
and widespread cortical hypergyria [23], in schizophrenia spectrum disorders. Conversely,
an altered orbitofrontal sulcogyral pattern was specific to schizophrenia and not observed
in schizotypal patients [42]. This may support the emergence of overt/sustained psychosis
being mitigated by a less deviant frontal neurodevelopmental change in the milder form
of schizophrenia spectrum disorders, which may explain the less severe prefrontal atro-
phy [33,43] and frontal–striatal–temporal dysconnectivity [44] in schizotypal patients than
in schizophrenia patients. Collectively, these findings and the present study support the
hypothesis that temporal changes underlie vulnerability to schizophrenia, whereas latent
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dysfunction becomes clinically apparent as the emergence of psychotic symptoms due to
additional frontal pathology [45].

The present study replicated the findings of our first-episode schizophrenia study [14]
in an expanded schizophrenia group with differing illness stages in that a relationship
was observed between the CPD pattern and less susceptibility to psychotic symptoms.
Furthermore, our study suggested that the single HG pattern in schizophrenia is asso-
ciated with poor treatment response (i.e., prolonged positive psychotic symptoms and
need for higher doses of antipsychotics) at chronic stages. We also suggested that schizo-
typal patients with the single HG pattern need higher doses of antipsychotics than those
with other HG patterns to control their severe symptoms (e.g., distress and/or transient
quasipsychotic symptoms). As the brain gyrification pattern may reflect underlying neural
connectivity [21], our study is partly consistent with functional neuroimaging studies
in which schizophrenia [26] and schizotypal [27] patients both exhibited abnormal con-
nectivity involving the superior temporal plane, which may underlie the vulnerability
to psychopathology [24,25,46]. However, the functional role of the HG gyrification pat-
tern remains controversial; duplicated HG is associated with reduced HG activity during
word-listening tasks [8] and learning disabilities [4,47], whereas individuals with HG
duplications exhibited advanced auditory skills with an expanded activation area [48,49].
Therefore, further studies are needed to elucidate the functional significance of gross HG
gyrification patterns under both normal and pathological conditions.

Several limitations need to be addressed. First, it was not possible to reliably assess
group differences in the prevalence of HG multiplications (i.e., ≥3 gyri or CSD with in-
dependent second HG) because only 14/246 (5.7%) subjects (eight schizophrenia, three
schizotypal, and three control subjects) had these patterns. As HG multiplications func-
tion in advanced auditory processing [48,49], further studies are needed using a larger
cohort to establish whether this rare HG pattern is associated with the pathophysiology of
schizophrenia spectrum disorders. Regarding the sample issue, the smaller sample size of
healthy controls (N = 88) compared with schizophrenia (N = 111) and their high education
level may have biased our findings. The lower prevalence of the single HG pattern in our
control subjects (left, 56.8%; right, 43.2%) than in previous post mortem or MRI studies
(up to 75%) [3] may be partly due to these sampling problems. Multiplicity of statistical
analyses should be also noted. Second, as described above, the functional significance of
HG gyrification patterns was not directly demonstrated in the present morphological MRI
study. Moreover, cognitive functioning was not systematically evaluated in schizophrenia
spectrum patients. The HG corresponds to the primary auditory cortex, but also plays a
role in the processing of other cognitive domains, including memory and emotion [50,51].
Therefore, future multimodal neuroimaging studies are needed to investigate the func-
tion/connectivity of the brain in different HG patterns and its role, particularly in cognitive
functioning, in the schizophrenia spectrum. Lastly, atypical sulcogyral patterns in other
brain regions (e.g., the orbitofrontal cortex) have also been demonstrated in neuropsychi-
atric disorders, such as bipolar [52] and autism spectrum [53] disorders, suggesting that
the sulcogyral phenotype represents a transdiagnostic trait marker. Therefore, the disease
specificity of the present results on HG gyrification patterns warrants further study.

5. Conclusions

This MRI study demonstrated that the prevalence of HG duplications bilaterally was
significantly higher in schizotypal patients than in healthy controls. This was similarly ob-
served in patients with overt schizophrenia. In contrast to active gray matter changes in the
superior temporal plane during the early stages of schizophrenia [12], the HG gyrification
pattern was independent of the illness stage of schizophrenia, but it was partly associated
with susceptibility to psychotic symptoms in schizophrenia spectrum disorders. Therefore,
the HG gyrification pattern may be a trait marker commonly observed in schizophrenia
spectrum disorders, which represents vulnerability to psychopathology due to early neu-
rodevelopmental abnormalities. The present cross-sectional study should be interpreted
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with caution due to the limitations described above, in addition to the hypothesis that
brain gyrification can change over time during the course of schizophrenia [54]. However,
our study supports the notion that gross brain morphologic features (e.g., cortical folding)
can aid in the classification of neuropsychiatric diseases (e.g., diagnosis and prediction of
treatment response) in combination with multimodal neuroimaging data [16]. Furthermore,
as clinical high-risk individuals with later psychosis onset may be characterized by more
prominent gross brain characteristics [16], the HG pattern in a high-risk cohort in future
studies should be assessed to test its possible role as a predictive marker of psychosis,
which may lead to the development of specific and targeted preventive strategies [55].
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Abstract: We measured P300, an event-related potential, in subjects with at-risk mental states (ARMS)

and aimed to determine whether P300 parameter can predict progression to overt schizophrenia.

Thirty-three subjects with ARMS, 39 with schizophrenia, and 28 healthy controls participated in the

study. All subjects were antipsychotic-free. Subjects with ARMS were followed-up for more than

two years. Cognitive function was measured by the Brief assessment of Cognition in Schizophrenia

(BACS) and Schizophrenia Cognition Rating Scale (SCoRS), while the modified Global Assessment of

Functioning (mGAF) was used to assess global function. Patients with schizophrenia showed smaller

P300 amplitudes and prolonged latency at Pz compared to those of healthy controls and subjects with

ARMS. During the follow-up period, eight out of 33 subjects with ARMS developed overt psychosis

(ARMS-P) while 25 did not (ARMS-NP). P300 latency of ARMS-P was significantly longer than that

of ARMS-NP. At baseline, ARMS-P elicited worse cognitive functions, as measured by the BACS and

SCoRS compared to ARMS-NP. We also detected a significant relationship between P300 amplitudes

and mGAF scores in ARMS subjects. Our results suggest the usefulness of prolonged P300 latency

and cognitive impairment as a predictive marker of later development of schizophrenia in vulnerable

individuals.

Keywords: P300; event-related potentials; clinical high-risk; psychosis; at risk mental state; schizophrenia;

cognition; latency

1. Introduction

Patients with schizophrenia suffer from impairments of several types of cognitive
functions which are considered to affect quality of life (QOL) and social functions [1].
Therefore, early detection and intervention into cognitive disturbances of schizophrenia are
needed to achieve a satisfactory outcome for patients. For the same reason, the im-portance
of intervention into the prodromal stage of schizophrenia and other psychotic disorders
has also been recognized [2–4]. For this purpose, operational criteria to detect putative
prodromal symptoms of psychosis have been used worldwide [5], and are designated
as ultra-high risk, clinical high risk, or at-risk mental state (ARMS). These criteria allow
for the identification of subjects with ~30% risk of developing psychosis over a two-year
period [6], mostly schizophrenia-spectrum disorders [7]. For better prediction, the use of
objective biomarkers, such as those based on brain morphology, neurophysiology, and
neuropsychology, has been proposed [8–12]. For example, event-related potentials (ERPs),
such as duration mismatch negativity (MMN) and P300, have been reported to provide

17



J. Pers. Med. 2021, 11, 327

sensitive and feasible electrophysiological tools [13,14]. These measures of ERPs have also
been suggested to provide biological substrates for some aspects of cognitive disturbances
in patients with schizophrenia and ARMS subjects [9,15,16].

P300 was discovered in 1960s and has been shown to reflect a putative electrophysio-
logical basis of cognitive functions, such as attention-dependent information processing
and immediate memory [17–19], which are impaired in schizophrenia [20,21]. Specifically,
patients with schizophrenia have been reported to elicit smaller amplitudes and pro-longed
latencies of P300 compared to those in healthy control subjects [22–24]. In fact, a recent
meta-analysis reported that the effect sizes of amplitude reduction and latency prolon-
gation are as large as 0.83 and 0.48, respectively [25]. As in the case for schizophrenia,
abnormalities in P300 have been reported in other neuropsychiatric disorders, such as
mood disorders (e.g., bipolar disorder and major depression), developmental disorders
(e.g., attention deficit hyperactivity disorder), and Parkinson’s disease [26–31]. Therefore,
P300 may be considered to provide a biomarker of schizophrenia, especially in patients in
whom these diseases are excluded.

Potential P300 abnormalities have also been examined in subjects with ARMS [32–38].
To our knowledge, five studies to date have attempted to determine whether P300 pa-
rameters (e.g., amplitude and latency) at baseline can predict later onset of overt psy-
chosis [33–37]. Two studies [34,36], but not others [33,35,37] reported differences in ampli-
tude between ARMS subjects who later developed psychosis (ARMS-P) and those who did
not (ARMS-NP). On the other hand, these previous ARMS studies did not find associations
between baseline P300 latency and later psychosis onset [33,35,37]. These negative results
may contradict the concept that prolonged P300 latency would reflect trait abnormality of
schizophrenia irrespective of illness stages, including the prodromal stage [25]. The reasons
for these inconsistent findings in ARMS remain unclear but may include the difference in
clinical profiles of participants, e.g., medication status that has been reported to alter P300
parameters [9,39,40]. Thus, further investigations to examine the potential ability of P300
latency to predict later onset of psychosis in high-risk subjects would be desired.

In this study, we reported P300 amplitudes and latencies in subjects with antipsychotics-
free ARMS or schizophrenia in comparison with healthy control subjects. On the basis of
P300 abnormalities as a trait marker of schizophrenia [25], we hypothesized that baseline
P300 latency in ARMS subjects would predict onset of psychosis. We also explored whether
abnormal P300 parameters would be associated with cognitive and functional deficits in
these subjects.

2. Materials and Methods

2.1. Participants

Thirty-three ARMS subjects (male/female, 23/10; mean age 19.2 ± 4.6 years), recruited
from University of Toyama Hospital or Toyama Prefectural Mental Health Centre [41],
as well as 39 schizophrenia patients (male/female, 16/23; mean age 24.4 ± 7.2 years)
participated in this study. Diagnosis was made by experienced psychiatrists based on
ICD-10 for schizophrenia and the Comprehensive Assessment of At-Risk Mental State
(CAARMS) for ARMS [42]. We also recruited 28 healthy volunteers (male/female, 16/12;
mean age 21.7 ± 5.0 years) from our community. All subjects were physically healthy
and had well hearing ability. A psychiatric and treatment history was collected from the
subjects themselves, their families, and medical records. Exclusion criteria included the
following: subjects with a history of substance abuse or dependence, seizure, and head
injury. Eligible patients were confirmed to be physically healthy by physical examinations
and standard laboratory tests. Healthy volunteers and their first-degree relatives did not
have any psychiatric disorders. Subjects with an estimated premorbid IQ less than 70 were
also excluded.

For the clinical assessments, experienced psychiatrists administered the Positive and
Negative Syndrome Scale (PANSS) [43]. The Japanese adult reading test (JART) [44] was
performed to estimate premorbid IQ. The Brief Assessment of Cognition in Schizophrenia
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(BACS) [45,46], Schizophrenia Cognition Rating Scale (SCoRS) [47–49] and modified Global
Assessment of Functioning (mGAF) [50] were used to evaluate cognitive and social func-
tions. BACS was standardized by z-scores, with the mean score of Japanese healthy controls
set to zero and the standard deviation set to one [51]. Furthermore, the BACS composite
score was calculated by averaging the z-scores of the six primary BACS measurements [45].
The demographic data at baseline evaluation for healthy control, ARMS and schizophrenia
is shown in Table 1.

Table 1. Demographic data, cognitive functions and P300 parameters

H ARMS Sch
Effect Size Group Comparison

(n = 28) (n = 33) (n = 39)

Male/female 16/12 23/10 16/23 - χ2 = 6.00, p = 0.05, n.s.
Age (years) 21.7 (5.0) 19.2 (4.6) 24.4 (7.2) - F(2,97) = 7.93, p = 0.001 **, ARMS < Sch

Age of onset (years) - - 24.4 (6.6) - -
Duration of illness (years) - - 2.7 (3.0) - -

JART a 102.5 (7.4) 96.9 (10.0) 99.3 (11.1) - F(2,85) = 1.91, p = 0.15, n.s.
PANSS: positive symptom - 13.1 (3.7) 16.7 (5.8) - p = 0.003 **, ARMS < Sch

negative symptom - 19.5 (7.2) 19.1 (7.4) - p = 0.81, n.s.
general psychopathology - 34.9 (8.9) 36.5 (9.1) - p = 0.45, n.s.

mGAF - 46.5 (9.1) 34.1 (8.6) - p < 0.001 **, ARMS > Sch
SCoRS - 4.7 (2.2) 5.8 (2.3) - p = 0.069, n.s.

BACS a,b: verbal memory −0.16 (1.1) −0.54 (1.4) −1.46 (1.6) 0.12 F(2,86) = 5.81, p = 0.004 **, H, ARMS > Sch
working memory 0.10 (0.8) −0.9 (1.3) −1.32 (1.3) 0.15 F(2,86) = 7.99, p = 0.001 **, H > ARMS, Sch

motor function −0.15 (1.0) −1.31 (1.7) −2.04 (1.5) 0.18 F(2,86) = 9.45, p < 0.001 **, H > ARMS, Sch
verbal fluency 0.096 (1.0) −0.96 (1.2) −1.44 (1.3) 0.19 F(2,86) = 9.84, p < 0.001 **, H > ARMS, Sch

attention 0.70 (0.8) −0.22 (1.5) −1.60 (1.3) 0.32 F(2,86) = 20.97, p < 0.001 **, H > ARMS > Sch
executive function 0.29 (1.1) −0.36 (1.3) −1.47 (1.9) 0.16 F(2,86) = 8.64, p < 0.001 **, H, ARMS > Sch
composite score c 0.14 (0.5) −0.72 (1.0) −1.55 (1.2) 0.28 F(2,86) = 17.52, p < 0.001 **, H > ARMS > Sch

P300 Amplitude (µV):T3 9.26 (4.5) 6.12 (3.1) 5.14 (2.6) 0.20 F(2,97) = 11.76, p < 0.001 **, H > ARMS, Sch
T4 9.30 (5.5) 6.50 (4.1) 4.04 (3.0) 0.20 F(2.97) = 12.19, p < 0.001 **, H > ARMS, Sch
Fz 13.59 (7.2) 8.46 (6.3) 4.80 (4.2) 0.27 F(2,97) = 17.89, p < 0.001 **, H > ARMS > Sch
Cz 19.51 (8.6) 13.08 (6.3) 7.07 (3.6) 0.40 F(2,97) = 32.33, p < 0.001 **, H > ARMS > Sch
Pz 20.57 (8.9) 15.66 (4.9) 9.4 (3.9) 0.37 F(2,97) = 28.39 p < 0.001 **, H > ARMS > Sch

P300 Latency (msec):T3 327.8 (35.9) 325.5 (32.5) 347.1 (52.9) 0.07 F(2,97) = 2.78, p = 0.067, n.s.
T4 326.3 (29.5) 320.1 (39.0) 343.4 (52.6) 0.06 F(2,97) = 2.88, 0.061, n.s.
Fz 323.6 (30.9) 322.9 (38.6) 343.9 (52.7) 0.05 F(2,97) = 2.76, p = 0.068, n.s.
Cz 314.8 (29.1) 315.3 (36.1) 340.5 (52.2) 0.08 F(2,97) = 4.43, p = 0.014 *, H, ARMS < Sch
Pz 313.5 (29.5) 314.9 (32.5) 339.0 (45.7) 0.10 F(2,97) = 5.17, p = 0.007 **, H, ARMS < Sch

Values represent mean (SD). ARMS; at-risk mental state, H; healthy controls, Sch; schizophrenia. JART; Japanese Adult Reading Test,
PANSS; Positive and Negative Syndrome Scale, mGAF; modified Global Assessment Functioning. P300 data represent peak amplitudes (µV)
and latencies (msec) for each group [mean (SD)]. All participants were antipsychotic-free at the time of measurement P300. Demographic
differences between groups were examined with one-way analysis of variance (ANOVA), Student’s t-test or the chi-square test (* p < 0.05,
** p < 0.01). Effect sizes are represented in η2. a BACS and JART data were missing for some healthy control patients. b BACS was
standardized by creating z-scores, with the mean score of Japanese healthy controls set to zero and the standard deviation set to one [45].
c BACS composite score was calculated by averaging all z-scores of the six primary measures from the BACS [46].

Subjects with ARMS were clinically followed-up at our hospital. When the severity of
psychotic symptoms exceeded the criteria of CAARMS, the subject was regarded as ARMS-
P. In this study, eight out of the 33 (24.2%) subjects with ARMS developed schizophrenia
during the observation period (1.0 ± 1.1 years). Twenty-five subjects who did not develop
psychosis were defined as ARMS-NP. The observation period for ARMS-NP was more than
two years, with average 3.5 ± 2.3 years. The demographic data at baseline evaluation for
ARMS-NP and ARMS-P is shown in Table 2.

No subject was on antipsychotic medications. All ARMS-NP patients (twenty-five),
five of eight ARMS-P patients and thirty one out of thirty-nine schizophrenia patients were
antipsychotic naïve. Other subjects were antipsychotic free at least 2 weeks.

This protocol was approved by the Committee on Medical Ethics of the University
of Toyama. After complete and detail description of the study was provided, written
informed consent was obtained from the participants in agreement with the Declaration
of Helsinki. If a subject was under 20 years old, written consent was also obtained from a
parent or legal guardian.
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Table 2. Demographic data, cognitive functions and P300 parameters in clinical high-risk subjects.

ARMS-NP (n = 25) ARMS-P (n = 8) Group Comparison

Male/female 17/8 6/2 χ2 = 0.14, p = 0.70, n.s.
Age (years) 18.7 (3.8) 20.5 (6.6) p = 0.33, n.s.

JART 98.1 (9.6) 93.3 (11.1) p = 0.25, n.s.
PANSS: positive symptom 12.9 (4.1) 13.8 (2.1) p = 0.53, n.s.

negative symptom 19.6 (8.0) 19.2 (4.3) p = 0.85, n.s.
general psychopathology 34.1 (9.1) 37.2 (8.4) p = 0.40, n.s.

mGAF 48.6 (9.0) 41.7 (7.9) p = 0.096, n.s.
SCoRS 4.1 (1.9) 6.6 (2.0) p = 0.004 **

BACS: verbal memory −0.36 (1.4) −1.1 (1.3) p = 0.21, n.s.
working memory −0.65 (1.1) −1.70 (1.8) p = 0.060, n.s.

motor function −1.09 (1.8) −2.02 (1.4) p = 0.20, n.s.
verbal fluency −0.78 (1.1) −1.50 (1.4) p = 0.16, n.s.

attention 0.06 (1.5) −1.12 (1.4) p = 0.063, n.s.
executive function −0.17 (0.96) −0.94 (2.2) p = 0.17, n.s.

composite score −0.50 (0.94) −1.40 (1.25) p = 0.038 *
Amplitude (µV):T3 6.06 (3.0) 6.30 (3.8) p = 0.85, n.s.

T4 7.18 (3.9) 4.37 (4.4) p = 0.099, n.s.
Fz 8.94 (6.6) 6.96 (5.7) p = 0.45, n.s.
Cz 14.14 (6.0) 9.79 (6.7) p = 0.094, n.s.
Pz 16.27 (5.2) 13.76 (3.3) p = 0.21, n.s.

Latency (msec):T3 318.9 (30.5) 346.5 (31.8) p = 0.039 *
T4 317.2 (40.0) 329.0 (36.6) p = 0.49, n.s.
Fz 315.9 (35.7) 344.7 (41.3) p = 0.65, n.s.
Cz 306.5 (34.5) 342.7 (27.3) p = 0.011 *
Pz 307.7 (29.3) 337.5 (33.3) p = 0.022 *

Values represent mean (SD). ARMS; at-risk mental state, ARMS-p; ARMS patients later transitioned to overt
psychosis, ARMS-NP; ARMS patients who did not transition to overt psychosis, JART; Japanese Adult Reading
Test, PANSS; Positive and Negative Syndrome Scale, mGAF; modified Global Assessment Functioning, SCoRS;
Schizophrenia Cognitive Rating Scale, BACS; Brief Assessment of Cognition in Schizophrenia. P300 data represent
peak amplitudes (µV) and latencies (msec) for each group [mean (SD)]. Demographic differences between groups
were examined with Student’s t-test or the chi-square test (* p < 0.05, ** p < 0.01).

2.2. Electroencephalogram (EEG) Recording

ERPs were recorded at the time of clinical assessments using an auditory odd-ball
paradigm, based on an established method [9,22,39]. Subjects were directed to lay awake
on a bed, open their eyes, and watch a red circle shown on a display monitor. The patients
were observed carefully, and if the patients were in poor conditions (asleep, too many
eye blinks or eye movements, frequent body movement, unwilling to participate in the
examination), we gave instructions again or stopped the recording.

EEGs were recorded with a 32-channel DC-amplifier (EEG-2100 version 2.22J, Nihon
Kohden Corp., Tokyo, Japan). Recordings were performed using 19 or 32 channel Electrocap
(Electrocap Inc., Eaton, OH) or in a wave-shielded and sound-attenuated room. Audi-
tory stimuli were delivered binaurally through headphones with variable inter-stimulus
intervals ranging from 1.5 to 2.5 s. Target tones of 2000 Hz were randomly presented in
a series of standard tones of 1000 Hz, with the presentation probability of 0.2 for target
tones. Numbers of the standard and target (deviant) tones were 200 and 50, respectively.
All tones were 50 ms in duration with a rise–fall time of 10 ms. Subjects were requested
to press a button as promptly and accurately as possible in response to infrequent target
tones. EEGs were recorded at 19 (located at FP1, FP2, F3, F4, F7, F8, C3, C4, P3, P4, O1,
O2, T3, T4, T5, T6, Fz, Cz, and Pz) or 29 (Fp1, Fp2, F3, F4, F7, F8, FC3, FC4, C3, C4, T3, T4,
CP3, CP4, TP7, TP8, P3, P4, T5, T6, O1, O2, FPz, Fz, FCz, Cz, CPz, Pz, and Oz) electrodes
with average reference. In this paper, only midline (Fz, Cz, and Pz) and temporal lobe (T3,
and T4) electrodes were presented according to a previous study [9]. The bandwidth was
0.16–120 Hz with a 60 Hz notch filter. Electrode impedance was less than 10 kΩ. Data were
collected with a sampling rate of 500 Hz. Averaging of ERP waves and related procedures
were performed using EPLYZER II software (Kissei Comtec, Co. Ltd. Nagano, Japan). The
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epoch was 700 ms, including a 100 ms pre-stimulus baseline. EEG responses with target
tones were averaged off-line. We averaged all pre-stimulus amplitudes (from −100 to 0 ms)
and defined it as zero-point. The peak of P300 was observed 250–400 ms after the target
sound started. We defined it as time-window, and a positive maximum peak was detected
within this time window by EPLYZAR II software. P300 amplitude was defined as the
difference between the zero-point and peak, and its latency was defined as the interval
from 0 ms to the timing of the peak. Before averaging ERPs, we manually checked the
raw waveforms with care and removed all epochs without a typical P300 shape due to eye
movement or blinking, facial muscle movement, sweating, or basic rhythms.

2.3. Statistical Methods

We used Statistical Package for Social Sciences (SPSS) version 25 (SPSS Japan Inc.,
Tokyo, Japan) for statistical analyses. Groups were compared for demographic and clinical
data using a one-way analysis of variance (ANOVA) or Chi-square test. We used analysis
of covariance (ANCOVA) with group as a between-subject variable and age as a covariate
to evaluate group differences in P300 amplitude and latency, SCoRS score and GAF score.
BACS domains were corrected by age and gender, as reported previously [45]. Bonferroni’s
tests were employed as post hoc analysis to follow-up results yielded by ANCOVA. Corre-
lation analyses were carried out to study the relationship between the amplitude of P300 vs.
performance on clinical and neuropsychological tasks by Spearman’s rank correlation test.
In these correlational analyses, we used amplitudes at Pz as a representative parameter,
according to previous studies [52,53].

For data from the six subtests on the BACS, Bonferroni’s tests were performed for
multiple comparisons. In subjects with ARMS, P300 amplitude and latency were normally
distributed, with no differences between ARMS-P and ARMS-NP demographics; therefore,
they were compared by an independent sample t-test.

For all statistical analyses, Shapiro–Wilk analysis and Levene’s test were performed to
test normality, and significance level was defined as p < 0.05.

3. Results

3.1. Profiles of Subjects

Demographic and clinical data of the participants with healthy controls, ARMS and
schizophrenia is shown in Table 1. There was a significant group difference in age and
PANSS positive symptom between ARMS and schizophrenia, while the male/female ratio
and JART scores did not differ. mGAF scores in patients with schizophrenia were worse
than those of subjects with ARMS. Scores on the composite score of the BACS was lowest
for schizophrenia group, followed by ARMS, compared to healthy control group. As shown
in Table 2, compared to ARMS-NP group, ARMS-P group was not different in gender,
age, JART, PANSS, and mGAF, but ARMS-P had worse scores on the BACS and SCoRS
at baseline.

3.2. Group Comparison of P300 in Healthy Control, ARMS, and Schizophrenia

Grand average waveforms of P300 for healthy control, ARMS, and schizophrenia are
shown in Figure 1. Average P300 amplitudes and latencies of these three groups at the T3,
T4, Fz, Cz, and Pz leads are shown in Table 1. Statistical analysis revealed that patients
with schizophrenia showed smallest P300 amplitudes, followed by ARMS and healthy
control, at midline electrodes. P300 latencies at Cz and Pz in schizophrenia were longer
than those in healthy controls and ARMS. P300 latency in subjects with ARMS do not differ
from those in healthy control.
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Figure 1. P300 waveforms at the T3, T4, Fz, Cz, and Pz leads. Grand average waveforms in healthy
controls (Control, blue lines), subjects with at-risk mental states (ARMS, red lines), and patients with
schizophrenia (Schizophrenia, green lines), respectively.

3.3. P300 between ARMS-P and ARMS-NP

Grand average waveforms of P300 in ARMS-P and ARMS-NP are shown in Figure 2.
For comparison, waveforms of schizophrenia and controls are also drawn. P300 amplitudes
appeared to be most profoundly reduced in patient with schizophrenia, followed by
ARMS-P and ARMS-NP, in comparison with healthy controls. However, the difference in
amplitude between ARMS-P and ARMS-NP was not significant.

P300 latencies of patients with schizophrenia and ARMS-P appeared to be longer than
those of ARMS-NP and healthy controls. Statistical analysis revealed that ARMS-P subjects
elicited significantly more prolonged latencies at the T3, Cz, and Pz leads compared with
those of ARMS-NP subjects (Table 2).

3.4. Relationship between P300 and Cognitive Functions

We examined correlations between P300 parameters and cognitive functions. As
shown in Table 3, in entire (ARMS, schizophrenia, and healthy controls combined) sub-
jects, P300 amplitudes at Pz were significantly positively correlated with mGAF scores,
performance on some BACS domains (motor function, attention, and executive function)
and BACS composite score. Furthermore, P300 latencies were negatively correlated with
composite and attention scores of the BACS. In subjects with ARMS as a whole, scores on
the mGAF were positively correlated with P300 amplitudes. Such relationship was found
in ARMS-NP (rs = 0.57, p = 0.019) but not in ARMS-P subgroups (data not shown). No sig-
nificant relationships were observed between performance on the BACS and P300 latency
in ARMS subjects. In subjects with schizophrenia, BACS composite scores and PANSS
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general psychopathology mildly correlated with P300 amplitude, but no relationships were
observed between latency and other clinical/cognitive measurements.

Figure 2. P300 waveforms at the T3, T4, Fz, Cz, and Pz leads. Grand average waveforms for subjects
with ARMS who later developed psychosis (ARMS-P; red lines) and those who did not (ARMS
non-converters) (ARMS-NP; brown lines). For comparison, waveforms of healthy controls (black
lines) and those of patients with schizophrenia (gray lines) are also shown.

Table 3. Correlations between P300 parameters and clinical symptoms.

Entire Subject a ARMS (n = 33) Schizophrenia (n = 39)

Amplitude (µV) Latency (msec) Amplitude
(µV) Latency (msec) Amplitude

(µV) Latency (msec)

rs p rs p rs p rs p rs p rs p
JART −0.03 0.77 0.08 0.44 −0.08 0.65 0.07 0.71 0.10 0.56 0.01 0.95

PANSS: positive symptom −0.15 0.20 0.02 0.86 −0.08 0.68 0.05 0.78 0.12 0.47 −0.11 0.50
negative symptom −0.19 0.12 0.21 0.09 −0.30 0.09 0.15 0.41 −0.28 0.10 0.31 0.06

general psychopathology −0.22 0.07 0.08 0.51 −0.08 0.68 0.17 0.34 −0.34 0.04 * −0.022 0.90
mGAF 0.46 0.003 ** −0.14 0.29 0.48 0.02 * 0.09 0.67 0.14 0.46 −0.095 0.61
SCoRS −0.22 0.07 0.17 0.16 −0.11 0.54 0.16 0.36 −0.17 0.33 0.11 0.52

BACS: verbal memory 0.25 0.01 −0.10 0.35 0.02 0.65 −0.02 0.92 0.31 0.06 −0.04 0.80
working memory 0.21 0.04 −0.19 0.06 −0.21 0.23 −0.15 0.40 0.28 0.10 −0.12 0.48

motor function 0.41 <0.001 b −0.22 0.04 0.03 0.86 −0.28 0.10 0.27 0.10 −0.14 0.54
verbal fluency 0.28 0.007 −0.24 0.02 −0.03 0.87 −0.17 0.34 0.17 0.31 −0.85 0.62

attention 0.50 <0.001 b −0.33 0.001 b 0.06 0.74 −0.16 0.36 0.43 0.01 −0.24 0.14
executive function 0.36 0.003 b −0.15 0.14 0.06 0.74 −0.002 0.99 0.37 0.03 −0.20 0.22

BACS composite score 0.43 <0.001 ** −0.28 0.006 * 0.01 0.95 −0.22 0.20 0.34 0.04 * −0.16 0.33

Data were calculated by Spearman’s rank correlation (* p < 0.05, ** p < 0.01). a “Entire subject” means schizophrenia, ARMS, and healthy
control (n = 100). As shown in Table 1, PANSS, mGAF and SCoRS were measured only in ARMS and schizophrenia patients (n = 72).
b BACS subdomains survived after Bonferroni’s correction for multiple comparison.
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4. Discussion

To our knowledge, this is the first report that subjects with ARMS who later developed
overt schizophrenia (ARMS-P) elicited prolonged P300 latencies at baseline com-pared to
those in subjects who did not develop psychosis. Progression to schizophrenia was also
associated with disturbances of cognition and social functioning at baseline, as represented
by poorer performances on the BACS in ARMS-P subjects compared to those of ARMS-NP.
We further demonstrated a significant correlation between P300 amplitudes and global
functioning in ARMS subjects.

As shown on Tables 1 and 2, attention deficits in ARMS-P, but not ARMS-NP subjects,
as measured by the BACS, were greater than −1 (z-score), which was comparable to those
in overt schizophrenia. Consistent with previous studies [17,19], our results indicated that
P300 amplitudes and latencies in the entire patients were significantly associated with
performance on the digit symbol substitution test in the BACS (Table 3). These findings
accord with the notion that P300 reflects attention-dependent information processing and
provides a feasible marker of neurophysiological abnormalities shared by different clinical
stages of schizophrenia [17–21,54]. P300 and other EEG parameters have been shown to be
influenced by several factors, such as volition and medication status the latter including
antipsychotic drugs [9,39,40,55]. Although some previous studies of P300 used subjects
with ARMS receiving these drugs [34,35,56], all of the participants studied here were
antipsychotic-free, which is one of the strengths of our study.

P300 parameters have been investigated in the context of prediction of people par-
ticularly vulnerable to developing psychosis [32–36,38,56,57]. Reduced P300 amplitudes
in subjects with ARMS as a whole, studied here, compared to those in healthy controls
is consistent with previous findings [32–36,38,56,57]. By contrast, the lack of difference
in P300 amplitudes between ARMS-P and ARMS-NP differs from the findings in some
previous studies [34,36]. Importantly, no study has reported prolonged latency in ARMS-P
subjects compared to ARMS-NP subjects. Part of these discrepant results may be related
to the difference in study conditions and/or backgrounds of subjects; one study [34] used
longer (100 ms) duration for the target tone, unlike the present study used 50 ms duration
of target tone. Further, other studies [34,35,56] used patients who were treated with antipsy-
chotic drugs, while our study concerned only antipsychotic-free patients. The discrepancy
in presence/absence of prolonged P300 latency between a previous study [33] that also
used antipsychotic-free patients and the current one may be explained by the difference in
demographic data, such as age, a factor known to prolong P300 latency [58,59].

The origins of the P300 are considered to involve the temporal-parietal junction, me-
dial temporal cortex, and lateral prefrontal cortex [60,61]. For example, volume reductions
of these brain regions have been found to be correlated with decreased P300 amplitudes in
ARMS subjects [35,56]. Further, the supramarginal gyrus, a part of temporal-parietal junc-
tion whose function is impaired in schizophrenia [62], has been regarded as one of the main
generators of P300, because its damage results in deterioration of P300 activity [63]. Thus,
the aberrant functions of these brain areas, such as temporal gyrus, may cause prolongation
of P300 latency in schizophrenia and ARMS. Further, re-ductions in P300 amplitudes and
prolonged latency are also present in unaffected relatives of patients [64–67], suggesting
genetic backgrounds for these neurophysiological phenotypes. Specifically, data from a
meta-analysis performed by Bramon et al. (2005) indicate a significant prolongation of P300
latency in relatives of schizophrenia patients, while its amplitudes were not affected [64].
Further efforts to characterize these electro-physiological manifestations in the prodromal
stage of schizophrenia are likely to broaden the views on trait markers of the illness.

Cognitive and social functioning has been recognized to provide an important target
of early intervention for people susceptible to developing psychosis. The SCoRS was
developed for measuring daily activity skills in patients with schizophrenia [49]. Further,
we found this assessment tool is also useful for evaluation of real-world activities in people
with ARMS [47]. Importantly, SCoRS scores in the ARMS-P group were worse than those
in ARMS-NP group (Table 2). To our knowledge, our observation is the first to indicate that
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daily-living skills linked to cognition, evaluated in this way, are more profoundly impaired
who later convert to schizophrenia compared to non-converters. These findings overall
add to the concept that poor functionality provide a trait marker for psychosis.

There have been attempts to identify neural substrates for neuropsychological dis-
turbances of individuals in early stages of schizophrenia. Accordingly, P300 indices at Pz
elicited significant correlations with mGAF and BACS scores in entire subjects (healthy con-
trols, ARMS subjects and patients with schizophrenia combined) (Table 3). These findings
are consistent with the concept that changes of cognitive and social functions, measured
behaviorally, are reflected by some electrophysiological parameters in individuals with
schizophrenia or the clinical high-risk state [9,38,39]. On the other hand, P300 amplitudes
were related to mGAF, but not BACS scores in the ARMS subjects. Further study with a
larger number of subjects should clarify the contribution of P300 activities to functional
outcomes in ARMS.

Finally, it would be worthwhile to discuss the clinical implications of our findings.
The present results indicate prolonged P300 latency may provide a potential biomarker
for schizophrenia. This is supported by the lack of a significant effect of antipsychotic
treatments on P300 latency, unlike the case for its amplitudes, as demonstrated in a meta-
analysis [68], suggesting the robustness of P300 latency as a trait-marker of schizophrenia.
On the other hand, a number of other candidates for biomarkers of the disease have
been reported, and attempts have been made to combine multiple indicators to improve
predictive accuracy [69,70]. In this line, P300 latency may help improve diagnostic accuracy
when used with other indices.

Several limitations of this study should be considered. First, the small sample size,
especially for ARMS-P subjects, might have limited the statistical power and restricted
the generalizability of our results. Second, given the evidence of age-related changes of
P300 [59,71], the higher age of schizophrenia patients as compared with other groups might
have biased our results. However, this may not be relevant to the difference in P300 laten-cy
between the ARMS-P and -NP groups (the main find of the current study), as they shared
similar ages.

In conclusion, the present study suggests, for the first time, the ability of P300 latency
to predict the development of schizophrenia in vulnerable subjects. Our observations also
confirm that poor cognitive function and daily-living skills are associated with the risk of
development of schizophrenia. When combined with other indices of different modalities,
P300 latency may provide a diagnostic marker. Further study is warranted to investigate
if P300 latency would be linked to outcomes and other clinical features of individuals at
high-risk for schizophrenia and related psychoses.
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Abstract: A close epidemiological link has been reported between cannabis use and schizophrenia

(SCZ). However, biochemical markers in living humans related to the impact of cannabis in this

disease are still missing. Olfactory neuroepithelium (ON) cells express neural features and offer

a unique advantage to study biomarkers of psychiatric diseases. The aim of our study was to

find exclusively deregulated proteins in ON cells of SCZ patients with and without a history of

cannabis use. Thus, we compared the proteomic profiles of SCZ non-cannabis users (SCZ/nc) and

SCZ cannabis users (SCZ/c) with control subjects non-cannabis users (C/nc) and control cannabis

users (C/c). The results revealed that the main cascades affected in SCZ/nc were cell cycle, DNA

replication, signal transduction and protein localization. Conversely, cannabis use in SCZ patients

induced specific alterations in metabolism of RNA and metabolism of proteins. The levels of targeted

proteins in each population were then correlated with cognitive performance and clinical scores. In

SCZ/c, the expression levels of 2 proteins involved in the metabolism of RNA (MTREX and ZNF326)

correlated with several cognitive markers and clinical signs. Moreover, use duration of cannabis

negatively correlated with ZNF326 expression. These findings indicate that RNA-related proteins

might be relevant to understand the influence of cannabis use on SCZ.

Keywords: cannabis; schizophrenia; proteomics; olfactory neuroepithelium; metabolism; RNA;

ZNF326; MTREX

1. Introduction

The complexity of schizophrenia (SCZ), involving intricate interactions between envi-
ronmental factors and genetics, hinders the identification of the molecular mechanisms
underlying its development [1]. State of the art techniques are being used to find biomark-
ers and ease clinical practice. In this sense, proteomic tools, allowing the study of a large
number of proteins at a time, can provide an integrated picture of the biological dysfunc-
tions associated with SCZ [2]. Serum, plasma and cerebrospinal fluid studies reveal an
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effect on proteins related to the innate immune system and a highly reported downreg-
ulation of Apolipoprotein A-I1 (APOA1) [3–5], which might mediate the impact of SCZ
on the peripheral immune response [6,7]. On the other hand, postmortem brain studies
have shown deregulations in metabolic pathways, calcium signalling and cytoskeleton
assembly in several brain areas in SCZ [8–10]. However, other neuropsychiatric condi-
tions present similar affectations [11]. In fact, the two most referenced biomarkers of SCZ,
namely Fructose-bisphosphate aldolase C (ALDOC) and Glial fibrillary acidic protein
(GFAP), are also altered in major depression and bipolar disorder [12]. Thus, postmortem
brains from individuals diagnosed with different mental conditions appear to have great
similarities that hamper the identification of exclusive biomarkers for SCZ. Additionally,
the impossibility of correlating these biochemical findings with cognitive dysfunctions
and environmental cues specific for each condition highlights the necessity to use other
substrates. In this context, the olfactory neuroepithelium (ON) has emerged as a useful
tool. This specialized epithelial tissue can be easily obtained from living subjects and it
contains multipotent progenitors that express neural markers [13–16]. Therefore, the main
advantage of ON cells is that ongoing environmental factors and molecular alterations can
be evaluated during the progression of the disease.

Years of epidemiological research in psychotic disorders suggest that cannabis use
is a specific environmental factor for SCZ. The incidence of cannabis use is two to four
times higher among SCZ patients, and its consumption doubles the risk of psychosis
in a dose- and time-dependent manner [17,18]. Moreover, an endocannabinoid system
imbalance, including alterations in the expression of the cannabinoid receptor 1 (CB1) in
postmortem brains and a diminished production of the enzymes involved in the synthesis
of endocannabinoids, has been observed in postmortem and peripheral samples of SCZ
patients [19,20]. Additionally, cannabis and SCZ have a shared effect on some cellular func-
tions. Indeed, protein metabolism via AKT/mTOR, cytoskeleton organization, and calcium
signalling are affected in human samples from SCZ patients [2], and after cannabinoid ex-
posure in cultured cells [21,22] and mice models [23,24]. Moreover, plasmatic samples from
heavy cannabis users and SCZ patients share an effect on oxidative stress response [7,25].
However, whether the coexistence of both factors has equal or distinct consequences is less
clear. In fact, in a synchrotron-based infrared spectroscopy study, significant differences
in the protein spectra were reported in ON cells from SCZ cannabis users compared to
non-users [26]. Additionally, we recently demonstrated that the functional signature of
the CB1 and serotonin 2A receptor (CB1-5HT2AR) heteromer in ON cells is differentially
regulated in SCZ patients depending on cannabis use [27].

Therefore, the aim of this study was to find exclusively deregulated proteins in ON
cells of SCZ patients with and without a history of chronic cannabis use. We applied
mass spectrometry-based quantitative proteomics followed by a functional analysis to
characterize the proteomic changes specifically induced by cannabis use in ON cells from
SCZ patients, as compared to controls that use cannabis or not. The primary outcome of
the study, i.e., the expression levels of the target proteins, were correlated with cannabis
consumption, and with secondary cognitive and clinical outcomes associated with SCZ.

2. Materials and Methods

2.1. Study Design

SCZ patients without a history of chronic cannabis use (SCZ/nc, n = 5), SCZ pa-
tients with a reported history of chronic cannabis use (SCZ/c, n = 5), chronic cannabis
users without any psychiatric diagnosis (C/c, n = 5), and control subjects non-cannabis
users (C/nc, n = 5) between 18 and 45 years old (both males and females), were recruited
to conduct a cross-sectional study. Every subject gave written informed consent after a
complete description of the study and the procedures involved. Cannabis users had to
consume more than 5 cannabis cigarettes per week during at least 6 months. On the day of
testing, subjects were told to refrain from cannabis use for at least 12 h before testing to
avoid the potential confounding of acute cannabis intoxication in both neuropsychological
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and proteomic studies. The exclusion criteria were: (i) meeting criteria for any severe
mental disorder according to the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5); (ii) history of severe mental illness among first degree relatives;
(iii) history of severe congenital, medical or neurological illness; (iv) show medical condi-
tions with nasal repercussions (rhinitis or bleeding); and (v) use of other drugs of abuse.
SCZ-diagnosed participants were receiving antipsychotic medication at the time of the
study. All subjects underwent a physical, psychiatric and neuropsychological evaluation,
as previously described [16]. This study was approved by the local Institutional ethics
committee (CEIC-PSMAR).

2.2. Clinical and Neuropsychological Evaluation

Neuropsychological assessments were carried out in all subjects. Executive functions
were tested with the semantic verbal fluency test. Attention performance was evaluated
using the direct spatial span (SSP) and digit direct series. Working memory was addressed
using the inverse spatial span and digit inverse series using the Cambridge neuropsycho-
logical test automated battery (CANTAB 2017), and the digit span of the Wechsler Adult
Intelligence Scale (WAIS-III). Emotional recognition was evaluated with the CANTAB
test. Clinical outcomes included the global assessment of functioning (GAF), and the
neurological soft signs (NSS) scores.

2.3. Quantification of Cannabis Metabolites

To estimate the amount of cannabis consumed by cannabis users, the plasma con-
centrations of its main non-psychoactive metabolite, namely, 11-nor-9-carboxy-∆-9-THC
(THC-COOH), were calculated. Briefly, 1 mL of plasma was transferred into a glass tube
and spiked with d3-∆-9-THC as the internal standard. A protein precipitation with 2 mL of
0.1% formic acid in acetonitrile was performed prior to a solid phase extraction with Oasis
Prime HLB 3 cm3, 60 mg column (Waters Co., Milford, MA, USA). The supernatant was
diluted with MilliQ water and loaded. Subsequently, 2 mL of 25% of methanol was added
twice. Elution was carried out twice with 2 mL of 90:10 acetonitrile:methanol (ACN:MeOH).
The organic phase was evaporated to dryness under a nitrogen stream at < 39 ◦C and <15
psi pressure. Analytes were reconstituted in 50 µL of 90:10 ACN:MeOH and 50 µL of MilliQ
water. Quantification of THC-COOH in plasma was performed using an Agilent 1200
series HPLC system (Agilent Technologies) coupled to a 6410 Triple Quadrupole LC-MS
(Agilent Technologies) mass spectrometer with an electrospray interface.

2.4. Nasal Exfoliation and Cell Culture

ON samples were obtained by nasal brushing. Samples from the middle and upper
turbinates were maintained in 250 µL of cold Dulbecco’s Modified Eagle Medium/Ham
F-12 (DMEM/F12) enriched with 10% FBS, 2% glutamine and 1% streptomycin–penicillin
(GibcoBRL), as previously described [27]. At 80% confluence, cells were expanded using
0.25% trypsin (GibcoBRL) and replated in 75 cm2 flasks. Then, cells were expanded until
passage four was reached and stored in liquid nitrogen with 20% FBS and 10% dimethyl
sulfoxide (Sigma-Aldrich, Madrid, Spain). The aliquots from all subjects (n = 20) were
unfrozen at the same time and harvested in 75 cm2 flasks under standard conditions using
enriched DMEM/F12 medium.

2.5. Quantitative Proteomics in ON Cells

Physical protein extraction was performed using sterile scrappers and PBS 1X. After
centrifugation, the pellet was kept frozen at −80 ◦C until homogenization using lysis
buffer (7 M urea, 2 M thiourea, and 50 mM DTT). The homogenates were then subjected
to in-solution digestion, peptide purification and reconstitution prior to mass spectro-
metric analysis (MS/MS). Data acquisition was performed as previously described [28]
using ProteinPilot v5.0 (Sciex) as a search engine, ParagonTM Algorithm (v.4.0.0.0) [29]
for database searching and a non-lineal fitting method to calculate the false discovery
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rate (FDR) (1% Global FDR or better). Data analysis was performed by sequential win-
dow acquisition of all theoretical mass spectra–mass spectrometry (SWATH-MS), and the
TripleTOF 5600+ mass-spectrometer was configured as previously described [30]. The
library generation-associated ProteinPilot group file was loaded into PeakView® 2.1 (Sciex),
and peaks from SWATH runs were extracted with a peptide confidence threshold of 99%
confidence (Unused Score ≥1.3) and FDR lower than 1%. ProteinPilot was used to ex-
tract the MS/MS spectra of the assigned peptides, and only proteins quantified with at
least two unique peptides were considered. For more detailed information about the
SWATH-MS library generation, please refer to the extended experimental procedures in
the Supplementary Information.

2.6. Pathway Analysis, Statistics and Bioinformatics

The peer-reviewed pathway database REACTOME [31] was used to functionally
characterize the proteomic alterations detected in every comparison. This database hi-
erarchically classifies cellular functions in 27 cascades. We established a 0.01 p-value
threshold, and the functional proteome results obtained were ordered based on their FDR.
All calculations were performed using SPSS (SPSS Inc., Chicago, IL, USA). Normality
and homoscedasticity for continuous variables were tested using Shapiro–Wilk W and
Levene tests. Demographic categorical variables were evaluated using Chi-squared tests
and continuous normally distributed variables were evaluated using one-way ANOVAs
followed by the least significance difference (LSD) post-hoc test. Neuropsychological calcu-
lations were corrected for tobacco use duration. Not normally distributed variables were
compared using Kruskal–Wallis and Dunn’s post-hoc test. Vulcano plot representations
and Spearman correlation plots were depicted using GraphPad prism 8.0 Software (La
Jolla California, CA, USA). Venn diagrams for proteomic comparisons were designed using
BioVenn platform [32].

3. Results

3.1. Demographics and Neuropsychological Outcomes

The demographic data are shown in Table 1. The groups did not differ in age, sex or
dosage of tobacco use. However, SCZ/c showed a significantly higher duration of tobacco
use (years) when compared to all other groups (p < 0.05). The analysis of cannabis use
patterns between C/c and SCZ/c revealed no significant differences. The neuropsychologi-
cal evaluation (Table 2) revealed significantly lower verbal fluency scores for SCZ/nc and
SCZ/c as compared to C/nc (p < 0.05), but not when compared to C/c. GAF scores were
significantly lower in SCZ/nc and SCZ/c when compared to C/nc and C/c (p < 0.001).
Finally, significantly more NSS were present in SCZ patients regardless of cannabis use
when compared to C/nc (p < 0.01) and C/c (p < 0.05).

3.2. Plasmatic Concentrations of THC-COOH

The plasmatic concentrations of THC-COOH were not significantly different between
the groups (C/c: 34.92 ± 17.55 ng/mL; SCZ/c: 11.22 ± 15.91 ng/mL).

3.3. Proteomic Analyses

Our proteomic workflow was fundamentally based on a triangular approach [33],
whereby a relatively small number of cases and controls are analyzed by hypothesis-free
discovery proteomics in great depth, leading to the quantification of thousands of proteins.
Using this workflow, we observed specific changes in protein abundance in C/nc vs. SCZ
patients and in SCZ/nc vs. SCZ/c, underpinning the importance of analyzing independent
factors (disease/cannabis), instead of merely contrasting SCZ versus control cases. Firstly,
C/c, SCZ/nc and SCZ/c were compared to C/nc subtracting exclusively deregulated
proteins for each population. Then, each group of SCZ patients was compared to C/c
to subtract the effect of cannabis use on control subjects. In the end, each group of SCZ
(SCZ/nc and SCZ/c) was compared to obtain proteomic biomarkers that were only affected
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by SCZ or by SCZ plus cannabis use. For the summary followed in the proteomic data
analysis, see Supplementary Figure S1.

Table 1. Demographic characteristics of the different groups included in the study.

Control Subjects
(C/nc)

Cannabis Users
(C/c)

Schizophrenia
Non-Cannabis

(SCZ/nc)

Schizophrenia
Cannabis (SCZ/c)

Age (years) 31.4 ± 5.5 29.2 ± 5.6 37 ± 10.1 41.4 ± 6.2
Gender (M-F) 3/2 4/1 2/3 5/0
Tobacco use
Users—n (%) 5 (100%) 4 (80%) 4 (80%) 5 (100%)

Units per week µ 53.8 ± 50.2 36.4 ± 40.6 91.2 ± 91.0 147 ± 62.6
Use duration (years) µ 11.4 ± 4.9 10.4 ± 10.0 5.8 ± 6.8 24.2 ± 9.6 *,+,#

Cannabis use
Age first use (years) µ - 15.4 ± 2.5 - 17.2 ± 3

Units per week µ - 16.2 ± 10.2 - 19.4 ± 14.6
Use duration (years) µ - 12.2 ± 7.2 - 17.6 ± 11.5

Antipsychotic
treatment

Clozapine/Olanzapine - - 1/5 3/5
Aripiprazole - - 2/5 1/5
Paliperidone - - 1/5 1/5
Risperidone - - 1/5 -

Data are shown as mean ± SD. * p < 0.05 vs. C/nc; +p < 0.05 vs. C/c; # p < 0.05 vs. SCZ/nc. (µ) Indicates continuous non-normally
distributed variables.

Table 2. Neuropsychological and clinical data of the different groups.

Control Subjects
(C/nc)

Cannabis Users
(C/c)

Schizophrenia
Non-Cannabis

(SCZ/nc)

Schizophrenia
Cannabis (SCZ/c)

Direct series score 8.8 ± 0.4 8.2 ± 1.8 7.4 ± 1.5 8.8 ± 2.2
Inverse series score µ 6.3 ± 1.3 8.2 ± 5.5 4.4 ± 1.5 8.8 ± 2.1
Verbal fluency score 26 ± 1.2 22.8 ± 4.5 18.8 ± 6.9 17.2 ± 5.3 *,+

Direct spatial span 7.4 ± 0.6 5.6 ± 1.9 5.2 ± 1.5 5.6 ± 1.7
Inverse spatial span 7.6 ± 2.9 5.8 ± 1.5 5.6 ± 3 5.6 ± 1.7

Emotional recognition 65.9 ± 8.6 73.8 ± 7.4 58.2 ± 22.5 58.9 ± 10.2
Global assessment of

functioning µ 99 ± 5 96 ± 5.5 67 ± 8.4 ***,+,++ 63 ± 2.7 ***,+,++

Neurological soft signs µ 2.8 ± 1.1 5.2 ± 3.1 14.8 ± 8.6 **,+ 13.2 ± 2.3 **,+

Data are shown as mean ± SD of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001 versus C/nc; + p < 0.05; ++ p < 0.01 versus C/c. (µ) Indicates
continuous non-normally distributed variables.

3.3.1. Quantitative and Functional Proteomic Profile of ON Cells from SCZ Patients as
Compared to C/nc

The proteomic analysis of ON cells from C/c, SCZ/nc and SCZ/c as compared to
C/nc showed 1185, 1209 and 1584 deregulated proteins, respectively. The Venn diagrams
(Figure 1a) showed that in C/c, 550 proteins were upregulated (554 in SCZ/nc and 758
in SCZ/c). On the other hand, 635 proteins were downregulated in C/c (655 in SCZ/nc
and 826 in SCZ/c); 371 proteins were commonly upregulated in C/c, SCZ/nc and SCZ/c;
211 were exclusively upregulated in SCZ/c and 44 in SCZ/nc. In addition, 474 proteins
were commonly downregulated in C/c, SCZ/nc and SCZ/c; 169 were exclusively down-
regulated in SCZ/c and 37 in SCZ/nc. In total, 845 proteins were commonly deregulated
in C/c, SCZ/nc and SCZ/c as compared to C/nc. The pathway analysis of the 845 com-
monly deregulated proteins (Figure 1b) revealed programmed cell death (37 proteins;
log(10)FDR = 4.5), metabolism of proteins (225 proteins; log(10)FDR = 4.2), extracellular
matrix organization (47 proteins; log(10)FDR = 3.5), vesicle-mediated transport (87 proteins;
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log(10)FDR = 2.7), immune system (241 proteins; log(10)FDR = 2.0), protein localization
(22 proteins; log(10)FDR = 1.4) and cellular responses to external stimuli (67 proteins;
log(10)FDR = 1.2).

Figure 1. Characterization of the proteome of ON cells from control subjects non-cannabis users (C/nc), control cannabis
users (C/c), schizophrenia patients non-cannabis users (SCZ/nc) and schizophrenia patients cannabis users (SCZ/c). (a)
Proteomic alterations in C/c, SCZ/nc and SCZ/c as compared to C/nc. The upregulated and downregulated proteins in
C/c-C/nc, SCZ/nc-C/nc and SCZ/c-C/nc are represented in two different Venn diagrams. (b) Enrichment pathway analysis
of the 845 proteins commonly deregulated in C/c, SCZ/nc and SCZ/c as compared to C/nc. (c) Enrichment pathway analysis
of the exclusively deregulated proteins in C/c, (d) SCZ/nc (e) and SCZ/c versus C/nc. (f) Proteomic alterations in SCZ/nc
and SCZ/c as compared to C/c. The upregulated and downregulated proteins when SCZ/nc-C/c and SCZ/c-C/c are
compared are represented in two Venn diagrams. (g) Functional characterization of the 43 proteins deregulated in SCZ/nc
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and the 154 proteins deregulated in SCZ/c as compared to C/c. (h) Functional characterization of the 115 proteins
deregulated in SCZ/c as compared to SCZ/nc. Data from the pathway analysis are represented as minus the logarithm (10)
of the FDR.

The exclusive impact of cannabis on C/c was represented by 102 proteins (Figure 1c),
wherein the main pathways affected included the immune system (79 proteins; log(10)FDR
= 10.9), metabolism of RNA (21 proteins; log(10)FDR = 1.7), cellular responses to external
stimuli (19 proteins; log(10)FDR = 1.6) and protein localization (7 proteins; log(10)FDR = 1.4).
When comparing the two groups of SCZ vs. C/nc, we detected a substantial differ-
ence (Figure 1d). SCZ/nc only showed 81 exclusively deregulated proteins, whereas 380
were deregulated in SCZ/c. The functional characterization of the 81 proteins deregu-
lated in SCZ/nc indicated that most of them were involved in cell cycle (16 proteins;
log(10)FDR = 2.0), DNA replication (6 proteins; log(10)FDR = 1.7) and cellular responses
to external stimuli (11 proteins; log(10)FDR = 1.2). On the other hand, the 380 proteins
deregulated in SCZ/c (Figure 1e) were associated with metabolism of RNA (61 proteins;
log(10)FDR = 8.3), cellular responses to external stimuli (54 proteins; log(10)FDR = 7.1) and
metabolism of proteins (104 proteins; log(10)FDR = 2.8).

3.3.2. Quantitative and Functional Proteomic Profile of ON Cells from SCZ Patients as
Compared to C/nc

To identify disease-exclusive protein markers, and tease out the effect of cannabis
use, the exclusively deregulated proteins in SCZ/nc and SCZ/c were compared to C/c
(Figure 1f). In total, 53 proteins were deregulated in SCZ/nc, whereas 164 proteins were
differentially expressed in SCZ/c. In SCZ/nc, 30 proteins were upregulated and 101
in SCZ/c.

On the other hand, 23 proteins were downregulated in SCZ/nc and 63 in SCZ/c. The
Venn diagram revealed that only 10 proteins were commonly upregulated in SCZ/nc and
SCZ/c as compared to C/c, wherein none were commonly downregulated. The functional
characterization of the 43 exclusively deregulated proteins in SCZ/nc (Figure 1g) indicated
that signal transduction (2 proteins; log(10)FDR = 0.6) and protein localization (2 proteins;
log(10)FDR = 0.6) were the mainly enriched functions. The 154 exclusively deregulated
proteins in SCZ/c unveiled metabolism of RNA (21 proteins; log(10)FDR = 1.4) as the
only deregulated cascade. Thus, the profile of deregulated protein pathways in SCZ/c
patients as compared to C/c is quantitatively larger and functionally different to the
profile observed in SCZ/nc. To further evaluate the specific proteins involved SCZ/nc
vs. SCZ/c, we assessed their functional differences. The results showed that 115 proteins
were differentially expressed (Figure 1h). These proteins were associated with metabolism
of RNA (28 proteins; log(10)FDR = 7.6), cellular responses to external stimuli (27 proteins;
log(10)FDR = 7.2), metabolism of proteins (40 proteins; log(10)FDR = 2.7) and developmental
biology (25 proteins; log(10)FDR = 2.4). A detailed list of the proteins involved in each
comparison can be found in the Supplement Material.

3.3.3. Specific Proteins Markers of SCZ Depending on Cannabis Use

To identify specific protein markers in ON cells of SCZ/nc, we designed a Venn
diagram including the 81 proteins exclusively deregulated in SCZ/nc as compared to
C/nc; the 115 proteins differently expressed in SCZ/nc as compared to SCZ/c; and the 43
proteins exclusively different between SCZ/nc and C/c (Figure 2a). In total, 3 proteins were
commonly deregulated in these comparisons: (i) Cyclin-dependent-like kinase 5 (CDK5),
(ii) LSM2 Homolog, U6 Small Nuclear RNA and mRNA Degradation-Associated (LSM2),
and (iii) Tyrosine-tRNA ligase, mitochondrial (YARS2). The expression of CDK5 was
significantly reduced in SCZ/nc (p < 0.01) as compared to C/nc. In addition, a significant
increase in the expression of this protein was observed in SCZ/c when compared to
SCZ/nc (p < 0.01) (Figure 2b). LSM2 was downregulated in SCZ/nc as compared to C/nc
(p < 0.01) and vs. C/c (p < 0.01), and presented a different expression in SCZ/c vs. SCZ/nc
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(p < 0.01) (Figure 2c). YARS2 was significantly downregulated in SCZ/nc as compared to
C/c (p < 0.01), and vs. SCZ/c (p < 0.01) (Figure 2d).

−

−

−

−
− −

−

−

Figure 2. Specific proteomic markers of schizophrenia patients non-cannabis users (SCZ/nc). (a) Venn diagram comparing
SCZ/nc to control subjects non-cannabis users (C/nc), control cannabis users (C/c) and schizophrenia patients cannabis
users (SCZ/c). Graphical representation of CDK5 (b), LSM2 (c) and YARS2 (d), which were commonly deregulated in
SCZ/c as compared to C/nc, C/c and SCZ/nc. ** p < 0.01; versus C/nc; ++ p < 0.01 versus C/c; ## p < 0.01 versus SCZ/nc.

To identify specific protein markers in the ON cells of SCZ/c, the 380 proteins exclu-
sively deregulated in SCZ/c as compared to C/nc, the 115 proteins differently expressed
in SCZ/c as compared to SCZ/nc, and the 154 proteins exclusively differing between
SCZ/c and C/c, were compared (Figure 3a). Seven proteins were commonly deregulated
in these three comparisons; (i) CDK5 regulatory subunit-associated protein 3 (CDKRAP3);
(ii) Haloacid dehalogenase-like hydrolase domain-containing 5 (HDHD5); (iii) Exosome
RNA helicase MTR4 (MTREX); (iv) Unconventional myosin-Ib (MYO1B); (v) 40S ribosomal
protein S20 (RPS20); (vi) Nucleoporin SEH1 (SEH1L), and (vii) DBIRD complex subunit
ZNF326 (ZNF326). CDK5RAP3 was significantly upregulated in SCZ/c as compared to
C/nc, C/c and SCZ/nc (p < 0.001, p < 0.05, p < 0.05, respectively) (Figure 3b). HDHD5
was not significantly altered when the four groups were compared together. MTREX
was downregulated in SCZ/c (p < 0.001) and SCZ/nc (p < 0.05) as compared to C/nc.
SCZ/c showed a significant downregulation in its expression as compared to C/c (p < 0.05)
(Figure 3c). MYO1B was significantly upregulated in SCZ/c as compared to C/nc (p < 0.01)
and C/c and SCZ/nc (p < 0.05) (Figure 3d). RPS20 was downregulated in SCZ/c only, as
compared to non-cannabis users (p < 0.001 vs. C/nc and p < 0.05 vs. SCZ/nc) (Figure 3e).
SEH1L was significantly upregulated in SCZ/c as compared to C/nc (p < 0.01), C/c and
SCZ/nc (p < 0.05) (Figure 3f). Finally, ZNF326 was significantly upregulated in SCZ/c as
compared to C/nc (p < 0.001) and C/c and SCZ/nc (p < 0.05) (Figure 3g).
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Figure 3. Specific proteome markers of schizophrenia patients cannabis users (SCZ/c). (a) Venn diagram comparing SCZ/c
to control subjects non-cannabis users (C/nc), schizophrenia patients non-cannabis users (SCZ/nc), and control cannabis
users (C/c). Graphical representation of CDK5RAP3 (b), MTREX (c), MYO1B (d), RPS20 (e), SEH1L (f), and ZNF326 (g),
which were commonly deregulated in SCZ/c as compared to C/nc, C/c and SCZ/c. Data are represented as the mean ±

minimum to maximum peak intensity. * p < 0.05; ** p < 0.01; *** p < 0001 versus C/nc; + p < 0.05 versus C/c; # p < 0.05;
versus SCZ/nc.

3.4. Correlations between Specific Protein Markers, Cannabis Use and Cognitive Performance

A Spearman correlation plot was designed to evaluate the association between the
expression levels of target proteins identified in SCZ/nc and in SCZ/c with cognitive
performance, cannabis use patterns, and clinical signs in the entire population. For proteins
related to SCZ/nc, the results showed that higher LSM2 expression was correlated with
better GAF (r = 0.50, p < 0.05) and less NSS (r = −0.54, p < 0.05), whereas higher YARS2
levels were associated with better attentional performance in the direct series score test
(r = 0.53, p < 0.05) (Data not shown). For proteins related to SCZ/c, MYO1B negatively
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correlated with plasmatic THC-COOH concentration (r = −0.80, p < 0.05) (Figure 4a), and
ZNF326 positively correlated with cannabis use duration (r = 0.81, p < 0.01) (Figure 4b).
MTREX showed a positive correlation with attentional performance in the direct spatial
span test (r = 0.52, p < 0.05) (Figure 4c), and with better verbal fluency scores (r = 0.50,
p < 0.05) (Figure 4d). Moreover, MTREX positively correlated with GAF (r = 0.73, p < 0.001)
(Figure 4e), and correlated negatively with NSS (r = −0.65, p < 0.01) (Figure 4f). In addition,
ZNF326 negatively correlated with attention in the direct spatial span test (r = −0.57,
p < 0.01) (Figure 4j); with working memory in the inverse spatial span test (r = −0.51,
p < 0.05) (Figure 4g); and with emotional recognition scores (r = −0.55, p < 0.05) (Figure 4h).
Finally, higher ZNF326 correlated with lower GAF (r = −0.49, p < 0.05) (Figure 4i) and
higher NSS (r = 0.52, p < 0.05) (Figure 4j). CDK5RAP3 correlated with GAF (r = −0.5,
p < 0.05) and NSS (r = 0.47, p < 0.05) (Supplement Figure S2a,b). MYO1B levels were
negatively correlated with GAF scores (r = −0.56, p < 0.05) and positively with NSS
(r = 0.48, p < 0.05) (Supplementary Figure S2c,d). Finally, RPS20 was positively associated
with GAF (r = −0.50, p < 0.05) (Supplementary Figure S2e), while SEH1L showed a
significant negative correlation with this parameter (r = 0.48, p < 0.05) (Supplementary
Figure S2f).

Figure 4. Association studies of protein markers, cannabis use and neurocognitive performance. (a) THC-COOH (ng/mL
plasma) and MYO1B correlation. (b) Use duration and ZNF326 spearman correlation. (c) MTREX and direct spatial span
correlation. (d) MTREX and verbal fluency score correlation. (e) MTREX and GAF correlation. (f) MTREX and NSS
correlation. (g) ZNF326 and direct spatial span correlation. (h) ZNF326 and inverse spatial span correlation. (i) ZNF326 and
emotional recognition correlation. (j) ZNF326 and GAF correlation. (k) ZNF326 and NSS correlation. In the correlation
matrixes, only the significant correlations are colored. Darker squares indicate lower p-values.

4. Discussion

In this study we revealed a quantitative shared impact of cannabis use and SCZ. These
results are consistent with recent GWAS studies showing a significant common genetic risk
of SCZ and cannabis use [29]. Interestingly, when assessing the exclusively deregulated
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proteins, we observed a functional selectivity among the different groups. Thus, the most
significantly deregulated pathway in C/c was the immune system cascade, while in SCZ/c
metabolism of RNA, cell responses to external stimuli and metabolism of proteins showed
strong and significant alterations. In SCZ/nc, smaller but significant deregulations were
observed in cell cycle, DNA replication and cell responses to external stimuli cascades.
These findings indicate that despite the common proteomic changes induced by cannabis
use and SCZ, there might be specific changes prompted in the proteome depending on
whether these two factors are present together or separately. In fact, when we subtracted
the effect of cannabis comparing both groups of SCZ patients with C/c, we found a more
similar profile between SCZ/nc and C/c, with small deregulations in protein localization
and signal transduction, than in SCZ/c and C/c, which showed larger changes only in
metabolism of RNA. Moreover, when the exclusively deregulated proteins were compared
in both groups of SCZ patients, differences were obtained for metabolism of RNA and
cellular responses to external stimuli. Again, these comparisons revealed functional differ-
ences in the proteomic alterations induced by the presence of SCZ depending on whether
patients use cannabis or not.

Therefore, to identify specific proteins that could be proteomic markers of SCZ with or
without the concomitant use of cannabis, we assessed separately the commonly deregulated
proteins in SCZ/nc and in SCZ/c with respect to all the other groups. In SCZ/nc, we
found three protein markers: CDK5, LSM2 and YARS2. These proteins were significantly
downregulated in SCZ/nc, but not in SCZ/c. CDK5 is a cyclin-dependent kinase that
controls the development of the central nervous system [34]. In the mature brain, it
is associated with cognitive processes [35], and in vitro, it modulates oxidative stress
responses [36]. According to the REACTOME database, it participates in developmental
biology, which functionally differentiates SCZ/nc from SCZ/c. The observed reduction
in CDK5 expression is consistent with previous studies showing a significant decline in
CDK5 expression in postmortem brain samples of antipsychotic-treated SCZ patients,
but not in drug-naïve individuals [37]. Markedly, our data indicate that cannabis use
may counteract the effects of SCZ on CDK5. Further studies may shed light on whether
cannabis use also opposes antipsychotic efficiency through this mechanism. Secondly,
the downregulation of LSM2, which encodes for a key protein of the spliceosome [38],
is in agreement with previously reported global changes in alternative splicing in SCZ
patients [39]. LSM2 participates in metabolism of RNA, which differentiated SCZ/nc from
SCZ/c, and presented a positive correlation with GAF and a negative correlation with NSS,
indicating that it may be relevant for the clinical alterations observed in SCZ. Thirdly, we
show a decrease in YARS2, a tyrosyl-tRNA synthetase located in the mitochondria, involved
in metabolism of proteins, which differentiated SCZ/nc from SCZ/c. Its downregulation
may lead to respiratory chain dysfunctions causing mitochondrial oxidative stress [40],
which has been observed in postmortem brain samples from SCZ patients [41,42]. Moreover,
lower levels of YARS2 could be correlated with worse attention performance, consistent
with previous studies reporting that an oxidative imbalance increases negative symptoms’
severity in SCZ patients [43]. Once more, cannabis use seems to counteract the molecular
changes in YARS2 in ON cells of SCZ/c, hypothetically via CB1 receptors expressed in the
mitochondrial membranes [44], which have been proven to modulate respiration in this
organelle [45].

In SCZ/c, we identified expression level changes in seven proteins: CDK5RAP3,
HDHD5, MYO1B, MTREX, RPS20, SEH1L, and ZNF326. CDK5RAP3, a regulator of CDK5,
was significantly upregulated in SCZ/c with respect to all other groups. It is genetically
associated with SCZ [46], and participates in cell cycle. It modulates hippocampal aging
because its transcriptional upregulation lowers neurogenesis [47]. Higher levels of this pro-
tein were associated with less GAF and more NSS in the entire population. MYO1B, SEH1L
and RPS20 were also deregulated, specifically in SCZ/c, and were associated with clinical
outcomes (GAF and NSS). They are involved in the metabolism of proteins cascade, which
includes the AKT-mTOR pathway that is thought to play a role in the interaction between
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SCZ and cannabinoids exposure in humans [48] and in mice models [24]. In fact, MYO1B,
SEH1L and RPS20 directly or indirectly interact with AKT-mTOR [49–51]. Interestingly, we
found a negative correlation between MYO1B and plasmatic concentrations of THC-COOH
in SCZ/c and C/c. THC-COOH is the last molecule arising from ∆

9-tetrahidrocannabinol
degradation [52], which might point to the role of this unconventional myosin in cannabis
metabolism. Finally, MTREX and ZNF326, which are involved in the metabolism of RNA
cascade, were found to be deregulated in SCZ/c as compared to the rest of the groups. In
fact, metabolism of RNA was consistently deregulated in SCZ/c in every functional com-
parison. Although prior studies have found deregulations in ribosomal and RNA-related
proteins in human samples from SCZ patients [53,54], our data revealed functional differ-
ences in metabolism of RNA exclusively linked to the coexistence of cannabis consumption
and SCZ. According to REACTOME, MTREX and ZNF326 are involved in the same step
of pre-mRNA processing prior to protein translation. However, we found that MTREX
was significantly downregulated in SCZ/nc and SCZ/c, while ZNF326 was upregulated in
SCZ/c, but both of these alterations correlated with worse cognitive performance and more
clinical signs of SCZ. Thus, a lower peak intensity of MTREX was associated with worse
spatial attention, verbal fluency, and GAF scores, but with more NSS. On the other hand,
higher peak intensity levels of ZNF326 were related with worse attention, working mem-
ory, emotional recognition, and clinical signs. Moreover, cannabis use duration positively
correlated with ZNF326 expression. These data indicate that either a decrease in MTREX or
an increase in ZNF326 expression may have a negative effect on RNA metabolism, which
could impact neurocognitive functioning.

The results of our study need to be interpreted considering its strengths and limita-
tions. The main strength of our data relies on the translational power of ON cell models
to investigate biomarkers of neuropsychiatric disorders, such as SCZ. In addition, the
evaluation of cannabis’ effects on separate cohorts of SCZ patients is unique, since there is
an absence of studies comparing these populations. The main limitation of our study was
the small number of subjects per group, thus, additional follow-up studies on a larger scale,
including longitudinal and epidemiological studies, will be needed to further corroborate
these findings.

In summary, we revealed a quantitative shared effect of SCZ and cannabis use in
the proteomic profile of ON cells, consistent with the genetic similarities previously de-
scribed [29]. We found that cannabis use in controls has a significant impact on the immune
system, while it alters metabolism of RNA and metabolism of proteins in SCZ patients.
Additionally, SCZ/nc show small but significant differences in cell cycle, DNA replica-
tion, proteins localization and signal transduction. In this group, we identified significant
changes in two functionally relevant proteins (YARS2 and LSM2) associated to attentional
processes, GAF and NSS scores. On the other hand, in ON cells from SCZ/c we found
significant changes in six proteins relevant to clinical scores (MYO1B, MTREX, ZNF326,
RPS20, CDK5RAP3, SEH1L) and two for cannabis use (MYO1B, ZNF326). Moreover, in
SCZ/c, we identified consistent deregulation in metabolism of RNA in every comparison,
and expression levels of MTREX and ZNF326, which take part in this pathway, correlated
with several aspects of cognitive performance.
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Abstract: Background: Antipsychotic-induced metabolic syndrome (MetS) is a multifactorial disease

with a genetic predisposition. Serotonin and its receptors are involved in antipsychotic-drug-induced

metabolic disorders. The present study investigated the association of nine polymorphisms in the

four 5-hydroxytryptamine receptor (HTR) genes HTR1A, HTR2A, HTR3A, and HTR2C and the gene

encoding for the serotonin transporter SLC6A4 with MetS in patients with schizophrenia. Methods:

A set of nine single-nucleotide polymorphisms of genes of the serotonergic system was investigated

in a population of 475 patients from several Siberian regions (Russia) with a clinical diagnosis of

schizophrenia. Genotyping was performed and the results were analyzed using chi-square tests.

Results: Polymorphic variant rs521018 (HTR2C) was associated with higher body mass index in

patients receiving long-term antipsychotic therapy, but not with drug-induced metabolic syndrome.

Rs1150226 (HTR3A) was also associated but did not meet Hardy–Weinberg equilibrium. Conclusions:

Our results indicate that allelic variants of HTR2C genes may have consequences on metabolic

parameters. MetS may have too complex a mechanistic background to be studied without dissecting

the syndrome into its individual (causal) components.

Keywords: schizophrenia; antipsychotics; body mass index; weight gain; metabolic syndrome;

serotonin; genes; pharmacogenetics

1. Introduction

Antipsychotics are important therapeutic agents for patients with schizophrenia, but
long-term use of these drugs increases the risk of developing type 2 diabetes mellitus,
hyperlipidemia, and hypertension [1–6]. These drugs are known to increase the prevalence
of metabolic syndrome (MetS), which is a clustering of well-known cardiovascular risk
factors and is known to be augmented in a variety of psychiatric disorders [6]. Apart from
increasing the likelihood of serious cardiovascular and malignant pathologies, significant
weight gain can also affect compliance and cause a decrease in the quality of life of patients
with schizophrenia, since, in addition to the stigma of schizophrenia, there is the stigma of
obesity [7].
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Several G protein-coupled receptors, mainly dopamine, serotonin, and noradrenaline
receptors, are traditional molecular targets for antipsychotics [8]. The efficacy of classi-
cal antipsychotics was mainly associated with the antagonism of dopamine type 2 (D2)
receptors. Atypical antipsychotics are far more complex D2 receptor antagonists and
act beyond D2 antagonism, involving other receptor targets that regulate dopamine and
other neurotransmitters. Therefore, atypical antipsychotics have fewer adverse effects
like parkinsonism, hyperprolactinemia, apathy, etc., which are all linked to the strong
blockade of D2 receptors [9]. A variety of mechanisms contribute to how treatment with
antipsychotic drugs results in metabolic syndrome [3,10,11]. Roughly three components
can be distinguished, related to behavioral (reward-seeking, neuropsychoimmunolog-
ical), hypothalamic endocrine (appetite/satiety), and peripheral (adipocytes, immune
system, abdominal organs) regulation [10]. Serotonergic (serotonin, 5-Hydroxytryptamine,
5-HT) neurotransmission appears to be involved in all three of them as well as in the
pathophysiology of schizophrenia [12]. Circuits regulating the intensity of reward-seeking
and distress-avoiding behaviors are controlled by the habenuloid complex via ascend-
ing monoaminergic terminals originating in the upper brainstem [13–15]. Mesencephalic
5-HT neurons projecting to the striatum, prefrontal cortex, and amygdaloid complex in-
crease the intensity of distress-avoiding behavior directly and also indirectly by inhibiting
dopaminergic and adrenergic neurons [16–18]. Serotonergic neurotransmission also has a
key role concerning obesity through both cerebral and peripheral mechanisms [11,19,20].
Moreover, most atypical antipsychotic drugs have a considerable affinity to certain 5-HT
receptors [18,21,22].

Seven types of 5-HT receptors have been identified, all but one (5-HT3) being G-protein
coupled receptors (GPCRs) [18,23]. When also considering subtypes, at least 13 of these
GPCRs can be distinguished [23]. 5-HT1A is a post-synaptic receptor in limbic forebrain
structures and a somatodendritic autoreceptor of 5-HT neurons of the raphe nuclei. 5-HT1A
is also expressed by cholinergic neurons within both the brain and the gastrointestinal
system. 5-HT1A inhibits neuronal firing and neurotransmitter release via Gi/o-protein-
coupled K+ channels (GIRK channels) [23]. Receptors of type 5-HT2 are widely distributed
within the brain [24] but also have an important role in vascular contractility (5-HT2A,
5-HT2B), colonic motor function (5-HT2B), and voiding (5-HT2C) [18,23,25–27]. 5-HT2 sub-
types are coupled to Gq/11, which increases inositol 1,4,5-triphosphate levels and facilitates
neuronal depolarization but, due to the activation of GABAergic interneurons, frequently
inhibit their targets [18]. A characteristic of 5-HT2C (and, to a lesser extent, 5-HT2A) is
constitutive activity, which enables clozapine to have inverse agonistic effects [28]. 5-HT3
subtypes are expressed by central and peripheral neurons where they induce rapid depolar-
ization/repolarization by the opening of non-selective cation channels [23]. 5-HT3 within
the lower brainstem is involved in vomiting and consists of 5-HT3A subunits, while 5-HT3
subtypes on the peripheral (autonomic and somatosensory) neurons have profound effects
on the cardiovascular system and regulate motility and secretion throughout the whole
gastrointestinal system [23]. This peripheral 5-HT3 consists of a heteromeric combination
of 5-HT3A and 5-HT3B subunits.

Several HTR genes are involved in the regulation of metabolic homeostasis, including
HTR1B, HTR1F, HTR2A/2C, HTR3, and HTR6 [11,19,20]. As MetS has a significant genetic
component [29,30], genes encoding for these 5-HT receptors can be considered good
candidates for genetic association studies particularly aimed at studying the molecular
mechanism responsible for drug-induced weight gain. Most often studied are single-
nucleotide polymorphisms (SNPs) of the HTR2A and HTR2C genes, since the effect of
atypical antipsychotics on hypothalamic 5-HT2A/2C, in particular, is believed to contribute
to drug-induced weight gain [7,10,11,31]. Moreover, polymorphic variants of the HTR2A
gene are associated with higher body mass index (BMI) [32], greater waist circumference,
and other components of metabolic syndrome [33]. Single-nucleotide polymorphisms of
the HTR2C gene are also associated with obesity, weight gain, and BMI [34–38]. In a study
by Yuan et al. [38], several haplotypes of the promoter region of HTR2C were identified
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and associated with obesity and diabetes. A pharmacogenetic study of other genes of the
serotonergic system (HTR3A, HTR3B) did not reveal associations with weight gain induced
by antipsychotics [39].

Studying the association of functional genetic variants with specific clinical phe-
nomena can be applied to elucidate their mechanistic background [40]. We applied this
investigational method several times in attempts to clarify a possible role of 5-HT neu-
rotransmission in the mechanism of two side effects of (atypical) antipsychotic drugs:
dyskinesia [41–44] and hyperprolactinemia [45]. Therefore, studying the contribution of
5-HT neurotransmission in the mechanisms of MetS can be considered a logical next step.
However, due to the complex involvement of genuine metabolic as well as endocrine,
immunological, and behavioral mechanisms [46–50], body weight is also considered in
this study.

2. Materials and Methods

2.1. Patients

This study was conducted according to the protocol approved by the Bioethical
Committee of the Mental Health Research Institute of the Tomsk National Research Medical
Center of the Russian Academy of Sciences (Protocol 187, approval on 24.04.2018). After
obtaining informed consent we recruited 475 patients with schizophrenia being treated
at the clinics of the Research Institute of Mental Health of the Tomsk National Research
Medical Center, the Tomsk Clinical Psychiatric Hospital, the Hospital of the Siberian State
Medical University, the Kemerovo Regional Clinical Psychiatric Hospital, and the N.N.
Solodnikova Clinical Psychiatric Hospital of Omsk in the Russian Federation.

The main criteria for the inclusion of patients in the study were a verified diagnosis
of schizophrenia according to ICD-10 (International Classification of Diseases, 10th revi-
sion) criteria as assessed by applying a structured clinical interview (Structured Clinical
Interview for the DSM [SCID]), age 18–65 years, the patient’s informed consent, Caucasian
appearance, and the absence of severe organic pathology or somatic disorders in the stage
of decompensation.

The antipsychotic and concomitant therapy received at the time of the examination
(drugs, dosages used, duration of current drug use) were assessed, as well as previous
antipsychotic and concomitant somatic therapy during the preceding six months. We used
the chlorpromazine equivalent (CPZeq) daily dosage to standardize the dose, efficacy, and
side effects of antipsychotics [51].

MetS was diagnosed according to the criteria of the International Diabetes Federation
(IDF, 2005) [52], including the definition of abdominal obesity (waist circumference more
than 94 cm in men, or more than 80 cm in women) and the presence of any two of the
following four signs:

1. Concentration of triglycerides (TG) above 1.7 mmol/L, or lipid-lowering therapy;
2. Concentration of high-density lipoproteins (HDL) of less than 1.03 mmol/L in men,

or less than 1.29 mmol/L in women;
3. Blood pressure (BP) greater than or equal to 130/85 mm Hg, or the usage of antihy-

pertensive therapy;
4. Concentration of glucose in blood serum greater than or equal to 5.6 mmol/L, or

previously diagnosed type 2 diabetes mellitus.

2.2. Genetic Analysis

Blood samples for biochemical and pharmacogenetic studies were taken by antecubital
venipuncture in vacutainer tubes with SiO2 as a clot activator (to obtain serum) or with
EDTA (to isolate genomic DNA by the standard phenol–chloroform method).

Genotyping of nine single-nucleotide polymorphisms (SNPs) of genes of the seroton-
ergic system HTR1A (rs1423691, rs878567), HTR2A (rs6314), HTR3A (rs2276302, rs1150226),
HTR2C (rs1414334, rs521018, rs498177), and SLC6A4 (rs16965628) was carried out using a
MassARRAY® Analyzer 4 mass spectrometer (Agena Bioscience ™) and a QuantStudio ™
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3D Digital PCR System Life Technologies amplifier (Applied Biosystems) using TaqMan
Validated SNP Genotyping Assay kits (Applied Biosystems) based at The Core Facility
“Medical Genomics”, Tomsk National Research Medical Center of the Russian Academy
of Sciences.

2.3. Statistical Analysis

Statistical analysis was carried out using SPSS software, release 23.0. The Hardy–
Weinberg equilibrium (HWE) of genotypic frequencies was tested by the chi-square test.
Pearson’s chi-squared test was used for between-group comparisons of genotypic and
allelic frequencies at a significance level of p < 0.05. Assessment of the association of
genotypes and alleles of the studied polymorphic variants of genes with a pathological
phenotype was carried out using the odds ratio (OR) with a 95% confidence interval for
the odds ratio (95% CI).

3. Results

A total of 475 patients receiving long-term antipsychotic therapy were examined.
Metabolic syndrome was diagnosed in 126 patients (26.5%). Table 1 presents the main
demographic and clinical parameters of the studied patient groups.

Table 1. Demographic and clinical parameters of the studied patient groups.

Parameter
Patients without MetS,

n = 349 (73.5%)
Patients with MetS,

n = 126 (26.5%)
p-Value

Gender
Women 142 (40.7%) 72 (57.1%)

0.001
Men 207 (59.3%) 54 (42.9%)

Age, years
M ± SD

38.72 ± 11.43 43.75 ± 11.72 <0.0001

duration of illness, years
Me [Q1; Q3].

12.0 [6.0; 20.0] 17.0 [9.0; 22.0] 0.001

CPZeq, dose
Me [Q1; Q3].

400.0 [225.0; 750.0] 400.0 [203.0; 741.0] 0.919

Body mass index (BMI)
M ± SD

24.45 ± 4.83 30.45 ± 6.36 <0.0001

Note. Me [Q1; Q3]—median and quartiles (first and third); MetS: metabolic syndrome; CPZeq: chlorpromazine equivalent; M ± SD—mean
and standard deviation.

In our sample, MetS was more often diagnosed in women with schizophrenia. The
patients with MetS were significantly older (p < 0.0001), and the duration of illness in these
patients was significantly longer than that in patients without MetS (p = 0.001). The study
groups also showed significant differences in body mass index (p < 0.0001).

Deviation from the HWE was found for the rs1150226 polymorphic variant of the
HTR3A gene; hence, this polymorphism was excluded from further consideration. As the
HTR2C gene is located on the X chromosome, its polymorphic variants should not meet
HWE. Taking this localization into account, the distributions of the genotype and allele
frequencies of the studied HTR2C genes (rs1414334, rs521018, and rs498177) were analyzed
separately in the groups of women (n = 214) and men (n = 261).

There were no statistically significant differences in any of the eight studied SNPs of
genes of the serotonergic system and metabolic syndrome in patients with schizophrenia
receiving antipsychotic therapy for a long time. Statistically significant associations were,
however, revealed in groups of patients with BMI of <25 and BMI of >25 (Table 2).

Statistically significant differences in the distribution of genotype frequencies were
found for the polymorphic variant rs521018 of the HTR2C gene in the group of women
with schizophrenia (p = 0.033). Carriage of the heterozygous genotype GT causes a predis-
position to increased weight gain in women receiving antipsychotic treatment (OR 1.97;
95% CI: 1.09–3.55).
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Table 2. Distributions of alleles and genotypes of HTR2C single-nucleotide polymorphism (SNPs) in
groups of patients with body mass index (BMI) values of <25 and >25.

SNP
Genotypes,

Alleles
BMI < 25 BMI > 25 OR 95% CI χ

2 p Value

HTR2C
rs521018

GG 12 (13.8) 5 (5.2) 0.34 0.12–1.02

6.85 0.033GT 38 (43.7) 58 (60.4) 1.97 1.09–3.55

TT 37 (42.5) 33 (34.4) 0.71 0.39–1.29

G 62 (35.6) 68 (35.4) 0.99 0.65–1.52
0.00 0.965

T 112 (64.4) 124 (64.6) 1.01 0.66–1.55

4. Discussion

The complexity of 5-HT signaling lies in the large number of receptor genes en-
coding for seven main 5-HT receptor types with several further subtypes, dimerization
with other receptor proteins, and RNA editing and alternative splicing of receptor tran-
scripts [20,23,53,54]. Several serotonin receptors are involved in the regulation of metabolic
homeostasis, such as 5-HT1A, 5-HT2A, 5-HT2C, 5-HT3, and 5-HT6 [7,11,20]. Agonists of
5-HT1A and 5-HT2C have opposite effects on food intake: 5-HT1A receptors increase food
intake, while 5-HT2C receptors decrease appetite [55,56]. The selective 5-HT2C agonist lor-
caserin has been approved in the USA for supportive treatment in weight management [57].
Among all 5-HT receptors, the 5-HT2C are most strongly involved in the pharmacological
action of serotonin [54]. Particularly, 5-HT2C expressed by a subset of pro-opiomelanocortin
neurons in the hypothalamic arcuate nucleus and the brainstem nucleus of the solitary tract
have a crucial role in mediating anti-orexigenic activity [56,58]. In humans, antagonization
of the 5-HT2C receptor by atypical antipsychotics such as clozapine and olanzapine leads
to weight gain [59–61].

In our study, we failed to establish an association between eight HTR genotypes and
MetS. This may be due to the limited number of patients with MetS, but it is more likely due
to the complex involvement of serotonergic transmission as well as other neurotransmitters
in the mechanisms of the separate components of MetS. When studying one of these
(indirect) components, we could find a relationship between rs521018 of HTR2C and
increased body weight.

Many allelic variants of the HTR2C gene have been studied in the context of weight
gain induced by antipsychotic therapy. These include rs6318*G, rs3813928*A, rs1414334*C,
rs498207*A, rs518147*C, rs498177*C, and rs521018*T. A study by Mulder and colleagues
showed that the rs1414334*C allele is associated with MetS in patients taking clozapine
(OR 9.20; 95% CI 1.95–43.45) or risperidone (OR 5.35; 95% CI 1.26–22.83) [62]. In a study by
Bai et al., the polymorphic variant rs498177 showed a significant association with MetS in
female patients, and allele C was associated with an increased risk of MetS (p = 0.0007) [63].
However, the haplotype of the polymorphic variants rs521018*A and rs498177*C in the
HTR2C gene significantly reduces the risk of MetS (adjusted p = 0.0108) in women [63].

Unfortunately, rs1150226 of HTR3A did not meet the HWE criterion as the A allele
was significantly associated with higher BMI (data not shown). Antipsychotic drugs can
also interfere with the expression of various receptors and the release of neurotransmitters.
Polymorphic variants of the HTR3A gene (rs2276302, rs1062613, and rs1150226) have
been shown to be associated with the response to clozapine therapy [64], which may
contribute to weight gain [37,60]. Antipsychotics such as clozapine and olanzapine cause
significant metabolic overload but are considered effective treatments for patients who
do not respond to other therapies. Therefore, rs1150226 should be studied again in an
independent patient population.

Further study of the molecular genetic factors of MetS and the mechanisms by which
antipsychotics affect metabolic parameters is necessary to assess the risk of metabolic
disorders and the implementation and individual approach to therapeutic tactics. It is
possibly useful to expand the studied sample and to include in the analysis other risk
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factors for the development of MetS, such as the antipsychotic therapy used, smoking, and
lifestyle, as well as to study individual components of MetS in patients.

5. Conclusions

Our study did not show an association of serotonin receptor genes with MetS in
patients with schizophrenia. However, associations of one of the studied polymorphic
variants with an increased BMI were revealed. Metabolic syndrome is a complicated
symptoms complex that consists of separate components, including obesity, dyslipidemia,
impaired glucose metabolism, and arterial hypertension. Serotonin is involved in these
pathophysiological processes to varying degrees. We suggest that the involvement of
serotonergic neurotransmission in MetS should be better studied after dissecting the
syndrome into its individual (causal) components.
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5. Ijaz, S.; Bolea, B.; Davies, S.; Savović, J.; Richards, A.; Sullivan, S.; Moran, P. Antipsychotic polypharmacy and metabolic syndrome
in schizophrenia: A review of systematic reviews. BMC Psychiatry 2018, 18, 275. [CrossRef] [PubMed]

6. Penninx, B.W.J.H.; Lange, S.M.M. Metabolic syndrome in psychiatric patients: Overview, mechanisms, and implications. Dialogues

Clin. Neurosci. 2018, 20, 63–73. [CrossRef] [PubMed]
7. Panariello, F.; De Luca, V.; de Bartolomeis, A. Weight gain, schizophrenia and antipsychotics: New findings from animal model

and pharmacogenomic studies. Schizophr. Res. Treatment 2011, 2011, 459284. [CrossRef]

52



J. Pers. Med. 2021, 11, 181
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Abstract: Piccolo, a presynaptic cytomatrix protein, plays a role in synaptic vesicle trafficking in

the presynaptic active zone. Certain single-nucleotide polymorphisms of the Piccolo-encoding

gene PCLO are reported to be associated with mental disorders. However, a few studies have

evaluated the relationship between Piccolo dysfunction and psychotic symptoms. Therefore, we

investigated the neurophysiological and behavioral phenotypes in mice with Piccolo suppression

in the medial prefrontal cortex (mPFC). Downregulation of Piccolo in the mPFC reduced regional

synaptic proteins, accompanied with electrophysiological impairments. The Piccolo-suppressed mice

showed an enhanced locomotor activity, impaired auditory prepulse inhibition, and cognitive dys-

function. These abnormal behaviors were partially ameliorated by the antipsychotic drug risperidone.

Piccolo-suppressed mice received mild social defeat stress showed additional behavioral despair.

Furthermore, the responses of these mice to extracellular glutamate and dopamine levels induced by

the optical activation of mPFC projection in the dorsal striatum (dSTR) were inhibited. Similarly, the

Piccolo-suppressed mice showed decreased depolarization-evoked glutamate and -aminobutyric

acid elevations and increased depolarization-evoked dopamine elevation in the dSTR. These suggest

that Piccolo regulates neurotransmission at the synaptic terminal of the projection site. Reduced

neuronal connectivity in the mPFC-dSTR pathway via suppression of Piccolo in the mPFC may

induce behavioral impairments observed in schizophrenia.

Keywords: piccolo; presynaptic cytomatrix protein; medial prefrontal cortex; dorsal striatum;

schizophrenia; optogenetics

1. Introduction

Psychiatric disorders appear as abnormal behavioral and mental patterns that cause
severe distress or disability to the individual. Schizophrenia, one of serious psychiatric
disorders, is characterized by three major symptoms, positive and negative symptom and
cognitive deficit, as well as an accompanying neurological phenomenon [1–3]. Current
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clinical treatments for schizophrenia have been proven effective for positive symptoms,
with only a few being effective for negative symptoms and cognitive deficit. Therefore,
elucidating pathophysiological conditions related to schizophrenia is imperative for the
early development of highly effective therapeutic treatments.

Many genetic and environmental risk factors are commonly involved in schizophrenia,
and the overlap between such risk factors plays a potential role in its development. In
addition, some parts of the brain such as the frontal cortex, amygdala, hippocampus, and
thalamus are involved in schizophrenia, and the disconnection between such parts in the
brain, rather than impairment in one part of the brain, results in its symptoms. Especially,
many patients with schizophrenia exhibit functional, structural, and metabolic abnor-
malities in the prefrontal cortex (PFC) in neuroimaging studies reporting on the effects
of antipsychotic medications and cognitive remediation therapy [4]. The dopaminergic
dysfunction in the PFC and high density of the binding of the antipsychotic drug chlor-
promazine in the PFC in schizophrenic patients support this notion [5]. D2 receptors are
typically distributed in the subcortical regions, such as the striatum; however, functional
brain imaging studies have shown that the density of striatal D2 receptors is altered in
schizophrenia patients without medication [6]. Therefore, it is thought that altered neuronal
activity and connection in the PFC by the genetic and environmental insults is associated
with the pathophysiology of schizophrenia [7–9].

Piccolo, a presynaptic protein encoded by the PCLO gene, plays a role in synaptic vesi-
cle trafficking by interacting with several proteins in the presynaptic active zone [10–14]. Ul-
trastructurally, the presynaptic active zone is an electron-dense, largely detergent-resistant
cytomatrix comprising multiple scaffolding proteins, including Munc18, SNAP-25, and
Piccolo [15,16], hypothesized to function as synaptic vesicle regulators in neurotransmis-
sion process due to their interaction [17]. Piccolo has been reported to be involved in
cognitive function, synaptic plasticity, and psychostimulant-induced psychosis [18,19]. A
genome-wide association study showed that single-nucleotide polymorphisms (SNPs) in
the PCLO gene were significantly associated with bipolar disorder and major depressive
disorder. Indeed, the SNP rs13438494 in intron 24 of PCLO, which disturbs the splicing
pattern of PCLO mRNA to decrease expression [20], is associated with bipolar disorder [21].
Symptoms of drug dependence-related parameters, such as the age of first exposure to a
psychostimulant, tobacco dependence, and fentanyl requirement for pain relief in human,
have been associated with Piccolo SNPs [22]. In addition, SNP rs2522833 in exon 19 of
PCLO, causing amino acid substitution (from serine to alanine) in the Ca2+ binding C2A
domain of Piccolo, induce the mild increase of synaptic transmission [23]. Its C allele is the
top risk variant of major depressive disorder [24] and also associated with the reduced re-
gional brain volume [25,26], lower memory performance [27], and increased activity in the
left amygdala during processing of fearful faces [28]. There is no consensus of the clinical
association between the functional status of Piccolo and mental disorders. Piccolo physio-
logically expresses at the terminals of glutamatergic and GABAergic neurons [11]. Since
Piccolo alteration in its function or expression could change the balance of circuit activity,
the phenotypic effects to the brain circuits and behavior are necessary to be investigated.

Therefore, in the present study, we investigate whether or not the suppressed expres-
sion of the Pclo gene in the medial PFC (mPFC) of mice using adeno-associated virus (AAV)
Pclo miRNA vectors affects the neurophysiological function. We also investigated whether
or not a causal relationship between Piccolo dysfunction and behavioral impairments in
mental disorders could be established.

2. Materials and Methods

2.1. Animals

Seven-week-old C57BL/6J male mice (Nihon SLC, Hamamatsu, Japan) were used
for this study to avoid the effects of the estrous cycle. The weights of the mice ranged
from 21–26 g. The number of mice used was described in each experiment. The mice
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were housed in a 12-h light–dark cycle (lights on at 8:00) with food and water available
ad libitum.

All procedures were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and Guidelines for the Care and Use of
Laboratory Animals at the University of Toyama (Approval No. A2018PHA-5).

2.2. Drugs

Risperidone (Sigma-Aldrich, St. Luis, MO, USA, R3030, 0.01 mg/kg) dissolved with
saline was administered by intraperitoneal (i.p.) injections 30 min before each behavioral
test. Especially, administration was performed on each day of the novel object recognition
and fear-conditioning test. Saline was injected to the control mice as a vehicle. Bicuculine
and NBQX were purchased from Tocris Bioscience (Bristol, UK).

2.3. Production and Microinjection of AAV Vector

This study used an AAV vector production protocol described in earlier studies [29,30].
Viral vectors (AAV1) were designed to express an antisense sequence for Pclo (TGCTGATC-
CCAAACTGTCACCTCCAAGTTTTGGCCACTGACTGACTTGG AGGTCAGTTTGGGAT)
and an enhanced GFP sequence (AAV- Pclo miRNA/EGFP vectors) based on murine miR-
155 as a backbone (BLOCK-iT; Invitrogen Japan K493500, Thermo Fisher Scientific, Tokyo,
Japan) under cytomegalovirus promotor. Viral vectors containing only the enhanced GFP
sequence (AAV-EGFP vectors) were used as controls. All procedures were performed
in accordance with the Guideline for Recombinant DNA Experiment by the Ministry of
Education, Culture, Sports, Science and Technology, Japan and were approved by the Gene
Recombination Experiment Safety Committee at the University of Toyama (Approval No.
G2015PHA-14).

The microinjection of AAV vectors (0.7 µL/side, 0.1 µL/min) into the mPFC of the
mice (+1.6 mm anterior, ±0.3 mm lateral from the bregma, and +1.6 mm ventral from the
skull) according to the brain atlas [31] was performed as described in a previous report [32].
The mice were used for experiments four weeks after the AAV-injections. Four weeks after
AAV injection, behavioral experiments were conducted in the following order: locomotor
activity test, spatial working test, novel object recognition test, and spatial working test.
After the serial experiments, samples from these mice were used for immunostaining,
Western blotting, or quantitative real-time polymerase chain reaction (PCR). Another group
of mice was used for electrophysiological recordings or in vivo microdialysis four weeks
after the AAV-injection.

2.4. Quantitative Real-Time PCR

All reactions were performed in duplicate using the following cycling protocol: en-
zyme heat activation for 10 min at 95 ◦C, 40 cycles of denaturation at 95 ◦C for 30 s,
annealing at 59 ◦C for 40 s, and extension at 72 ◦C for 60 s. Piccolo primers used for
real-time PCR were as follows: 5′-TGCCTGGTTTCTTCTCAGATGT-3′ (forward: 753–774
base pairs [bp]) and 5′-GAGTCTGATATCAAATCAAAAGGGT-3′ (reverse: 816–840 bp),
5′-GTCAAAACAGCCAGCAGTCC-3′ (forward: 14,607–14,626 bp) and 5′-GTCCATGAG-
ATCGGAGATGG-3′ (reverse: 14,752–14,771 bp). A 36B4 transcript quantified using the for-
ward primer 5′-ACCCTGAAGTGCTCGACATC-3′ and reverse primer 5′-AGGAAGGCCTT-
GACCTTTTC-3′ was used as the internal control.

2.5. Western Blotting

Western blotting was performed using standard methods [33] with the following
primary antibodies: anti-Piccolo (abcam ab20664, Cambridge, UK; 1:1000), anti-phospho-
synapsin I (Phosphosolutions 1560-6267, Aurora, CA, USA; 1:1000), anti-synapsin I (Enzo
Life Sciences BML-SA495, Farmingdale, NY, USA; 1:1000), anti-synaptophysin (Sigma-
Aldrich S5768; 1:1000), anti-munc18 (BD Biosciences 610336, San Jose, CA, USA; 1:1000),
anti-SNAP-25 (BD Biosciences 610366; 1:1000), and anti-α-Tubulin (Santa Cruz Biotech-
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nology sc-5546, Santa Cruz, CA, USA; 1:1000). Proteins were detected using horseradish
peroxidase-conjugated secondary antibodies (GE Healthcare, Amersham, UK; NA9310,
1:5000) and the ECL Prime kit (GE Healthcare, RPN2332).

2.6. Electrophysiological Recordings

A 64-channel multi-electrode dish system (Alpha MED Sciences, Tokyo, Japan) was
employed, as described in an earlier study [18]. We used MED-P515A probes (Alpha MED
Sciences) with a 150-µM interpolar distance as electrodes, a chamber depth of 10 mm,
and 64 planar microelectrodes in an 8 × 8 array. For paired pulse facilitation, two field
excitatory postsynaptic potentials (fEPSPs) were evoked with twin pulses at interpulse
intervals of 20, 60, and 100 ms. The ratio of the second versus the first potential was
determined. Long-term potentiation (LTP) was elicited by theta burst stimulation (TBS;
20 trains, each train of 4 pulses at 100 Hz, intertrain interval of 200 ms, total train duration
of 40 ms). After the TBS stimulation, fEPSPs were recorded for 60 min at 1-min intervals
per slice.

2.7. In Vivo Microdialysis

In vivo microdialysis was performed as described in a previous study [34,35]. The
guide cannula was placed into the mPFC (+1.6 mm anterior, 0.3 mm lateral from the
bregma, and +1.6 mm ventral from the skull) or dSTR (1.2 mm anterior, 1.0 mm lateral
from the bregma and 2.7 mm ventral from the skull) (26). Dialysate was collected at a flow
rate of 0.5 or 1.0 µL/min for dopamine (DA) or glutamate (Glu) in 10- or 15-min fractions,
respectively, and injected into the high-performance liquid chromatography (HPLC) system
(HTEC-500; Eicom, Kyoto, Japan). To measure GABA, dialysate was collected at a flow rate
of 0.5 µL/min in 30-min fractions using a fraction collector and mixed with a cocktail of
ortho-phthalaldehyde (4 mmol/L) and carboxylic acid solutions (pH 9.5) containing 0.04%
mercaptoethanol for 1.5 min. The mixed dialysate solution was continuously autoinjected
into the HPLC system.

2.8. Optogenetic Stimulation

For optogenetic stimulation, AAV- Pclo miRNA/EGFP or AAV-EGFP vectors mixed
with AAV9 vectors expressing ChIEF under the human synapsin promoter were microin-
jected into the mPFC (+1.7 mm anterior, 0.3 mm lateral from the bregma, and +1.5 mm
ventral from the skull) (Paxinos and Franklin, 2008). ChIEF is a light-sensitive protein that
is generated by introducing some mutagenesis to the original channelrhodopsin 2 (ChR2),
and its activation in response to the light resembles more natural spiking patterns than
ChR2 [36]. Four weeks after the microinjection, guide cannula (AGFL-4, Eicom) for an
optical fiber and in vivo microdialysis probe (A-FL-4-01, Eicom) were implanted in the
dSTR (+1.2 mm anterior, 1.0 mm lateral from the bregma and 2.7 mm ventral from the
skull). For optogenetic stimulation, the mice received blue light pulses (pulse width, 15 ms;
frequency, 10 Hz; intensity, 5 mW, laser, 473 nm) for 15 min (ESFI-700, Eicom) under the
control of stimulation scheduler (ESST-800, Eicom).

2.9. Behavioral Analyses

• Locomotor activity test

To measure the locomotor activity in a novel environment, a mouse was placed in a
transparent acrylic cage (45 × 45 × 40 cm), and its locomotion was measured every 5 min
for a total duration of 60 min using a Scanet MV-40 (Melquest, Toyama, Japan).

• PPI test

An SR-LAB system (San Diego, CA, USA) was used to measure the startle response
and prepulse inhibition (PPI). The test session began by placing a mouse in a plastic cylinder
and leaving it undisturbed for 10 min. The background noise level in each chamber was
70 dB. The intensity of the startle stimulus was 120 dB. The prepulse sound (74 or 78, 82,
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and 86 dB) was presented 100 ms before the startle stimulus. Four combinations of prepulse
and startle stimuli were used (74 and 120, 78 and 120, 82 and 120, and 86 and 120 dB). The
extreme outliers determined by Smirnov–Grubbs test were removed.

• Novel object recognition test

Mice were individually habituated to an open-field box (30 × 30 × 45 cm) for 3 days.
During the acquisition phase, two objects were placed symmetrically in the center of the
chamber for 10 min, and the mouse’s exploratory behavior was analyzed. Twenty-four
hours later, one object was replaced by a novel object, and the exploratory behavior of the
mouse was analyzed again for 10 min. Discrimination of novel object was assessed by
counting the total time and number of contacts.

• Contextual learning test

In the contextual learning test, the mice were trained and tested for two consecutive
days. The test was performed in operant chambers. Contextual fear conditioning was
measured using the FCC mode system (Melquest, Toyama, Japan). Training involved
allowing the subjects to freely explore the operant chamber for 2 min. Thereafter, electrical
foot shocks (0.6 mA, five seconds) with an auditory cue were automatically delivered
through a grid floor using customized programming four times with 15-second intervals.
The mice were returned to their home cages after completing the conditioning procedure.
Twenty-four hours after training, the mice were brought back to the same chamber, and
freezing behavior was observed and recorded for 4 min.

• Y-maze test (spontaneous alternation behaviors)

The Y-maze test was conducted using an apparatus with three identical arms. In this
test, a mouse was placed at the end of one arm of the apparatus and allowed to move
freely during an 8-min session. An alternation was defined as entry into all three arms on
consecutive choices. The percentage of spontaneous alternation behavior was calculated as
follows: [(Alternations)/(Total number of arms entered − 2)] × 100.

• Mild social defeat stress exposure

Before the social interaction and forced swimming tests, the mice were subjected to
subthreshold levels of social defeat stress. This consisted of three consecutive 5-min defeat
sessions in a single day, with 15 min of rest between each session. During this time, the mice
were directly exposed to an aggressive male ICR mouse (>8 weeks old; Nihon SLC). The
social interaction test was performed 48 h after the exposure and subsequently followed by
the forced swimming test 96 h after the exposure.

• Social interaction test

The social interaction test comprised two 150-s phases, separated by a duration of
30 s. During the first phase, a stress-exposed mouse was placed in the open-field arena
(45 × 45 × 40 cm) of an empty wire-mesh enclosure (8 × 10 × 8 cm). During the second
phase, the mouse was placed in the open-field arena, with an ICR mouse present in the
wire-mesh enclosure. The social interaction time, i.e., the duration in which the subject
mouse stayed within the interaction zone (14 × 27 cm around the wire-mesh enclosure) was
measured. During the 30-s break between each phase, the subject mouse was transferred
back to its home cage. The ICR mouse used for the test had no previous interaction with
the subject mouse.

• Forced swimming test

The forced swimming test was performed as previously described in a previous
study [32]. In brief, the mice were placed in a transparent polycarbonate cylinder (21 cm in
diameter × 22.5 cm high) containing water at 22 ◦C at a depth of 18 cm. The mice were
then forced to swim for 6 min. The duration of immobility was measured in 1-min as a
period using a SCANET MV-40AQ (Melquest).
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2.10. Statistical Analyses

All data are expressed as the mean ± standard error of the mean. Statistical differences
between the two groups were determined using Student’s t-test. Statistical analyses
related to the behavioral test was re-performed by one-way ANOVA and post-hoc multiple
comparisons using Tukey’s test. In the microdialysis analysis, statistical differences were
determined by a repeated measures two-way ANOVA followed by Bonferroni’s post-hoc
test when F ratios were significant (p < 0.05). All statistical analyses were performed by
Prism version 5 (Graph Pad Software, San Diego, CA, USA).

3. Results

3.1. Mice with a Suppressed Piccolo Expression in the mPFC

First, mice with a suppressed Piccolo expression in the mPFC (miPiccolo mice) were
produced via AAV- Pclo miRNA/EGFP vector microinjection (Figure 1A, upper panel).
Immunohistochemical studies showed an obvious EGFP expression in the mPFC of miPic-
colo mice (Figure 1A, lower panel). The Pclo mRNA expression in the mPFC of miPiccolo
mice was downregulated to about half that of control Mock mice (Student’s t-test, n = 6,
Pclo (753–840): p = 0.0001, Pclo (14607–14771): p = 0.0401; Figure 1B). The Piccolo pro-
tein expression in the miPiccolo mice was also suppressed in the mPFC (Student’s t-test,
n = 6, p = 0.0122; Figure 1C). The miPiccolo mice also showed a decreased expression of
presynaptic protein SNAP-25 in the mPFC, while the Munc18 and Synaptophysin levels
remained unchanged (Student’s t-test, n = 6, SNAP-25: p = 0.0007, Munc18: p = 0.4016,
Synaptophysin: p = 0.6339; Figure 1D). Furthermore, the degree of phosphorylation at the
CaMKII regulatory site in Synapsin I (Ser603) was lower in miPiccolo than in Mock mice
(Student’s t-test, n = 6, p = 0.0038; Figure 1E).

3.2. Diminished Synaptic Properties in the mPFC by Piccolo Suppression

To examine the synaptic properties of mPFC neurons, electrophysiological recordings
of mPFC slices from miPiccolo mice were conducted. Analyses of paired-pulse facilitation,
an indicator of presynaptic functions, revealed that miPiccolo mice had significantly lower
ratios at an interstimulus interval of 20 and 60 ms than Mock mice (Student’s t-test, n = 5,
Interval 20: p = 0.0331, Interval 60: p = 0.0073, Interval 100: p = 0.7503; Figure 2A).

Next, LTP was examined in the mPFC. The suppression of Piccolo diminished LTP
induction (average of 55–60 min, Student’s t-test, n = 6, p = 0.0055; Figure 2B, right panel).
Repeated theta-burst stimulation was then used to determine the LTP saturation, which
indicated the functional retention of synaptic modification. The Mock mice had greater LTP
saturation than the miPiccolo mice (average of 55–60 min, Student’s t-test, n = 6, p = 0.0001;
Figure 2C, right panel), suggesting that presynaptic dysfunction diminished the synaptic
plasticity in the mPFC of miPiccolo mice.

3.3. Reduction in Depolarization-Evoked Glutamate and Dopamine Elevation in the mPFC by
Piccolo Suppression

To clarify the changes in neurotransmission, the high-potassium ion (K+)-induced ele-
vation of extracellular neurotransmitter levels in the mPFC of miPiccolo mice was assessed
using an in vivo microdialysis method. Accordingly, miPiccolo mice were found to have
significantly lower basal levels of extracellular Glu in the mPFC than Mock mice (Student’s
t-test, n = 6, p = 0.0300; Figure 3A, left panel). In contrast, there was no marked difference
in the basal levels of extracellular DA between miPiccolo and Mock mice (Student’s t-test,
n = 5, p = 0.8845; Figure 3B, left panel). An increase in the extracellular neurotransmit-
ter levels by high-K+-induced (100 mM) depolarization was observed in both Mock and
miPiccolo mice (Figure 3A,B, right panel). However, there was a significant reduction in
the depolarization-evoked Glu and DA elevation in the mPFC of miPiccolo mice (ANOVA
with repeated measurement, Glu: n = 6, F(9,90) = 4.232, p = 0.0001; Figure 3A, right panel
and DA: n = 5, F(8,64) = 6.701, p < 0.0001; Figure 3B, right panel).
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Figure 1. Generation of miPiccolo mice. (A) Upper panel, Sequence of AAV-EGFP or AAV- Pclo miRNA/EGFP vectors.
The AAV vector was constructed using the cytomegalovirus immediate-early promoter (CMV) to drive EGFP or Pclo

miRNA/EGFP. ITR: inverted terminal repeats, IRES: internal ribosomal entry site, WRPE: woodchuck hepatitis virus
post-transcriptional regulatory element, pA: polyadenylation signal sequences. Lower panel, a fluorescent microscopic
image of GFP in the mPFC of miPiccolo mouse (sagittal section). (B) The expression of Pclo mRNA was measured by
quantitative real-time RT-PCR and presented as relative to the expression of the housekeeping gene 36B4 (n = 6). * p < 0.05,
** p < 0.01 vs. Mock (Student’s t-test). (C) The expression of Piccolo was measured by Western blotting and presented as
relative to the expression of GAPDH (n = 6). * p < 0.05 vs. Mock (Student’s t-test). (D) The expression of presynaptic proteins
in the mPFC. The bar graphs show the quantification of the expression of each protein compared with the expression of
α-tubulin (n = 6). ** p < 0.01 vs. Mock (Student-t test). (E) The phosphorylation of Synapsin I in the mPFC was measured by
Western blotting and presented as relative to the expression of Synapsin I (n = 6). ** p < 0.01 vs. Mock (Student’s t-test).
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Figure 2. An electrophysiological analysis in the mPFC of miPiccolo mice. (A) Ratio of paired-pulse
facilitation in the mPFC (n = 5). Representative slope pairs evoked with 60-ms interstimulus intervals
are shown for the brain slice acutely prepared from the Mock and miPiccolo mice. * p < 0.05 vs. Mock
(Student’s t-test). (B) Left panel: Long-term potentiation (LTP) in the mPFC (n = 5). fEPSP: field
excitatory postsynaptic potential, TBS: theta burst stimulation (TBS). Right panel: The potentiation
rate was calculated by comparing the average slope 55–60 min after the TBS (n = 5). ** p < 0.01 vs.
Mock (Student’s t-test). (C) Left panel: Saturation of LTP in the mPFC (n = 5). Right panel: The
potentiation rate was calculated by comparing the average slope 55–60 min after the first TBS (n = 5).
** p < 0.01 vs. Mock (Student’s t-test).
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Figure 3. In vivo brain microdialysis in the mPFC and dSTR of miPiccolo mice. (A) Left panel: Basal extracellular levels of
glutamate (Glu) in the mPFC (n = 6). * p < 0.05 vs. Mock (Student’s t-test). Right panel: High K+-stimulated (100 mM, 20 min)
Glu elevation in the mPFC (n = 6). ** p < 0.01 vs. Mock (ANOVA with repeated measurement followed by Bonferroni’s post-hoc

test). (B) Left panel: Basal extracellular levels of dopamine (DA) in the mPFC (n = 5). Right panel: High-K+-stimulated (100 mM,
15 min) DA elevation in the mPFC (n = 5). * p < 0.05, ** p < 0.01 vs. Mock (ANOVA with repeated measurement followed by
Bonferroni’s post-hoc test). (C) Left panel: A fluorescence microscopic image of GFP in the dSTR of miPiccolo mouse (sagittal
section). Right panel: An image of the AAV vector injection site in the mPFC and the optical fiber and dialysis showing the
cannulation site in the dSTR of the mouse. (D) Left panel: Basal extracellular levels of Glu in the dSTR (n = 6). ** p < 0.01
vs. Mock (Student’s t-test). Right panel: Change in the Glu levels by optogenetic stimulation (15 min) in the dSTR (n = 6).
* p < 0.05, ** p < 0.01 vs. Mock (ANOVA with repeated measurement followed by Bonferroni’s post-hoc test). (E) Left panel:
Basal extracellular levels of DA in the dSTR (n = 6). Right panel: Change in the DA levels by optogenetic stimulation (15 min)
in the dSTR (n = 6). * p < 0.05, ** p < 0.01 vs. Mock (ANOVA with repeated measurement followed by Bonferroni’s post-hoc

test). (F) Left panel: Basal extracellular levels of Glu in the dSTR (n = 6). * p < 0.05 vs. Mock (Student’s t-test). Right panel:
High-K+-stimulated (100 mM, 10 min) Glu elevation in the dSTR (n = 6). * p < 0.05, ** p < 0.01 vs. Mock (ANOVA with repeated
measurement followed by Bonferroni’s post-hoc test). (G) Left panel: Basal extracellular levels of DA in the dSTR (n = 6). Right
panel: High-K+-stimulated (100 mM, 10 min) DA elevation in the dSTR (n = 6). ** p < 0.01 vs. Mock (ANOVA with repeated
measurement followed by Bonferroni’s post-hoc test). (H) Left panel: Basal extracellular levels of GABA in the dSTR (n = 6).
Right panel: High-K+-stimulated (100 mM, 10 min) GABA elevation in the dSTR (n = 6). * p < 0.05, ** p < 0.01 vs. Mock (ANOVA
with repeated measurement followed by Bonferroni’s post-hoc test).
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3.4. Diminished Neuronal Responses in the mPFC-dSTR Pathway by Piccolo Suppression

Changes to the neuronal function in the mPFC might significantly influence other
brain regions. We therefore examined the brain region projecting from the mPFC by
injecting an AAV-EGFP vector to the mPFC in order to visualize neuronal terminus with
GFP fluorescence, indicating the projection from mPFC to dSTR (Figure 3C, left panel).

To investigate the neuronal function in the mPFC-dSTR pathway, changes in the
extracellular Glu and DA levels in the dSTR were measured in response to optogenetic
activation. Optogenetic stimulation of mPFC-dSTR projection was achieved by the local in-
jection of an AAV vector expressing the light-sensitive protein CHIEF and laser stimulation
in the dSTR (Figure 3C, right panel). The basal level of Glu without optical stimulation was
significantly decreased in the dSTR of miPiccolo mice compared with CHIEF-AAV injection
group, while that of DA was not markedly changed (Student’s t-test, Glu: n = 6, p = 0.0014;
Figure 3D, left panel and DA: n = 6, p = 0.6458; Figure 3E, left panel). Optical stimulation in
the dSTR induced an increase in extracellular Glu and a decrease in extracellular DA levels
through photosensory protein expression in the mPFC of Mock mice via the AAV-ChIEF
vector injection (Figure 3D,E, right panel). However, responses to the optical stimulation of
mPFC projections in the dSTR of miPiccolo mice were diminished (ANOVA with repeated
measurement, Glu; n = 6, F(14,140) = 3.517, p < 0.0001; Figure 3D, right panel and DA: n = 6;
F(11,110) = 5.943, p < 0.0001; Figure 3E, right panel). These results suggest that Piccolo
induces abnormal behavior via the regulation of mPFC-dSTR projection in the extracellular
Glu and DA levels in the dSTR.

To determine whether decrease of DA in dSTR under optical stimulation is mediated
by glutamatergic transmission, NBQX, an antagonist for AMPA type of glutamate receptors,
was applied to the microdialysis. The application of NBQX (20 µM) without optical
stimulation reduced the extracellular DA in the dSTR (Supplementary Figure S1A). In
comparison, NBQX application with optical stimulation induced a transient increase in the
extracellular DA in the dSTR, which seems to be a relatively slight change compared to the
condition without NBQX (Supplementary Figure S1B). These data suggest that blockade
of glutamatergic transmission decreases the extracellular DA increase in the dSTR under
optical stimulation.

3.5. Enhanced Depolarization-Evoked Dopamine Elevation Via Disinhibition of GABAergic
Regulation in the dSTR by Piccolo Suppression

The high-K+-induced elevation in extracellular neurotransmitters in the dSTR was
measured to confirm the diminished connections in the mPFC-dSTR pathway in miPiccolo
mice. miPiccolo mice showed significantly lower basal levels of extracellular Glu in the
dSTR than Mock mice (Student’s t-test, n = 6, p = 0.0135; Figure 3F, left panel), which
is consistent with the results obtained in Figure 3D, left panel. In contrast, there was
no observable differences in the basal DA or GABA levels between Mock and miPiccolo
mice (Student’s t-test, DA: n = 6, p = 0.9375; Figure 3G, left panel and GABA: n = 6,
p = 0.2835; Figure 3H, left panel). The miPiccolo mice exhibited a greater reduction in
depolarization-evoked Glu and GABA elevation in the dSTR than Mock mice (ANOVA
with repeated measurement, Glu: n = 6, F(12,120) = 5.572, p < 0.0001; Figure 3F, right panel
and GABA: n = 6; F(5,50) = 2.672, p = 0.0323; Figure 3H, right panel). Conversely, miPiccolo
mice exhibited an enhanced depolarization-evoked DA elevation in the dSTR compared
with Mock mice (ANOVA with repeated measurement, n = 6; F(14,140) = 2.207, p = 0.0102;
Figure 3G, right panel). Taken together, these findings indicate that depolarization due to
high-K+ stimulation induced elevations of extracellular Glu, DA, and GABA levels in the
dSTR, and these responses were enhanced in miPiccolo mice.

To investigate the regulation of extracellular DA level by GABAergic transmission,
bicuculline, a GABA receptor antagonist, was applied to the microdialysis. Without op-
tical stimulation, bicuculline (50 µM) elevated the extracellular DA levels in the dSTR
(Supplementary Figure S1C). The effects of the blockade of the GABAergic transmission
with optical stimulation was examined. However, all mice that received the combination of
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optical stimulation and bicuculline application (10–50 µM) to the dSTR died (n = 3) during
or just after the measurement. Mice receiving bicuculline application (20–50 µM) during
optical stimulation showed increased extracellular DA levels before death (Supplemen-
tary Figure S1D). Collectively, these results suggest blockade of GABAergic transmission
elevates the extracellular DA levels in the dSTR.

3.6. Disruption of Locomotor Activity, Sensorimotor Gating, and the Cognitive Function by
Piccolo Suppression

The miPiccolo mice showed a significantly increased locomotor activity in a novel
environment compared to Mock mice (one-way ANOVA followed by Tukey’s post-hoc test,
n = 12; Mock-Saline vs. miPiccolo-Saline, p = 0.0117; Figure 4A, right panel). Significant
impairment in the 78-dB prepulse/120-dB pulse trial was observed in miPiccolo mice
compared to Mock mice when the acoustic startle response and PPI (psychometric measure
of sensorimotor gating) were measured (one-way ANOVA followed by Tukey’s post-hoc
test, n = 11–12, 78–120 db, Mock-Saline vs. miPiccolo-Saline p = 0.0383, Figure 4B).
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Figure 4. Behavioral analyses of miPiccolo mice. (A) The locomotor activity in a novel environment was measured every
5 min for 60 min (n = 12). * p < 0.05 vs. Mock-Saline, ## p < 0.01 vs. miPiccolo-Saline (one-way ANOVA followed by
Tukey’s post-hoc test). (B) Prepulse inhibition (PPI) was measured by presenting a semi-random series of prepulse of various
intensities (74, 78, 82, 86 decibels) paired with the acoustic startle stimulus (120 db) to the mice (n = 12). * p < 0.05 vs.
Mock-Saline, # p < 0.05 vs. miPiccolo-Saline (one-way ANOVA followed by Tukey’s post-hoc test). (C) An indication of the
time spent approaching the novel object in the trial phase of the novel object recognition test. Risperidone was administered
30 min before the acquisition and test phase (n = 12). *** p < 0.001 vs. Mock (one-way ANOVA followed by Tukey’s post-hoc

test). (D) Spatial context learning was assessed based on the freezing time at 24 h after a conditioning session. Risperidone was
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administered 30 min before the training and test (n = 12). ** p < 0.01 vs. Mock (one-way ANOVA followed by Tukey’s
post-hoc test). (E) Spatial working memory was assessed based on spontaneous alterations in the Y-maze test (n = 12).
* p < 0.05 vs. Mock (one-way ANOVA followed by Tukey’s post-hoc test). Risperidone (0.01 mg/kg, i.p) was administered
30 min before the behavioral test.

To examine the role of Piccolo in the mPFC on learning and memory, Mock and
miPiccolo mice were subjected to behavioral tests requiring precise cognitive control. First,
the novel object recognition test was performed to measure the ability of the mice to
recognize a familiar object. The Mock mice showed cognitive preference, as indicated
by a longer exploration time for the novel object than for a familiar object. However, the
miPiccolo mice showed a significantly shorter exploration time for the novel object than
did the Mock mice (one-way ANOVA followed by Tukey’s post-hoc test, n = 12, Mock-Saline
vs. miPiccolo-Saline, p < 0.0001; Figure 4C).

In the spatial context learning test, we found that the miPiccolo mice exhibited sig-
nificantly less freezing than Mock mice for context-elicited fear following conditioning
(one-way ANOVA followed by Tukey’s post-hoc test, Mock-Saline vs. miPiccolo-Saline,
p = 0.0064; Figure 4D).

To determine the performance of immediate spatial working memory, the mice were
subjected to the Y-maze test. There was decreased spontaneous alternation in the Y-maze
test in the miPiccolo mice (one-way ANOVA followed by Tukey’s post-hoc test, Mock-Saline
vs. miPiccolo-Saline p = 0.0189; Figure 4E). As expected, the miPiccolo mice displayed
schizophrenia-like behavioral impairments related to positive symptoms and cognitive
deficits. Therefore, we evaluated the effect of risperidone (0.01 mg/kg) in Mock and
miPiccolo mice. The miPiccolo mice receiving risperidone exhibited a marked reduction in
locomotor activity in a novel environment compared to miPiccolo mice receiving saline
(one-way ANOVA followed by Tukey’s post-hoc test, n = 12, miPiccolo-Saline vs. miPiccolo-
Risperidone p = 0.0017; Figure 4A, right panel). In addition, risperidone treatment reversed
the PPI impairment induced by Piccolo suppression in the mPFC (one-way ANOVA
followed by Tukey’s post-hoc test, n = 11–12, 82–120 db, miPicclo-Saline vs. miPiccolo-
Risperidone p = 0.0332, Figure 4B). In contrast, risperidone treatment did not improve the
cognitive deficits in miPiccolo mice at doses effective for alleviating hyperlocomotion and
PPI deficit (Figure 4C–E).

3.7. Stress Vulnerability Induced by Piccolo Suppression

To determine changes in stress sensitivity induced by Piccolo suppression in the mPFC,
the miPiccolo mice were exposed to mild social defeat stress, after which the behavioral
tests were performed. There were no marked differences in the interaction time in the
social interaction test or the immobility time in the forced swim test between non-stress-
and stress-exposed Mock mice (Figure 5A,B). However, stress-exposed miPiccolo mice had
a significantly shorter interaction time in the social interaction test than non-stress-exposed
miPiccolo mice (one-way ANOVA followed by Tukey’s post-hoc test, n = 14, miPiccolo/non-
stress vs. miPiccolo/stress p = 0.0049; Figure 5A). Similarly, a significant difference in
the immobility time in the forced swim test was observed between non-stress- and stress-
exposed miPiccolo mice (one-way ANOVA followed by Tukey’s post-hoc test, n = 13–14,
miPiccolo/non-stress vs. miPiccolo/stress p = 0.0003; Figure 5B). Thus, miPiccolo mice are
suggested to be vulnerable to stress exposure.
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Figure 5. Stress sensitivity in miPiccolo mice. (A) After exposure to mild social defeat stress, the
time in the interaction zone was measured for 10 min (n = 14). †† p < 0.01 vs. miPiccolo/non-stress
(one-way ANOVA followed by Tukey’s post-hoc test). (B) After exposure to mild social defeat stress,
the immobility time in water was measured for the final 5 min during a 6-min time frame (n = 13–14).
††† p < 0.001 vs. miPiccolo/non-stress (one-way ANOVA followed by Tukey’s post-hoc test).

4. Discussion

In the CNS, the synaptic proteins in the cytomatrix at the active zone (CAZ) in the
presynaptic neuron maintain the structural and functional integrity of the synaptic vesicle
pools and recruit L-type voltage-dependent Ca2+ channels to the presynaptic membrane.
This allows the exocytosis of neurotransmitters from the synaptic vesicles [37]. Piccolo, a
CAZ protein, can therefore regulate synaptic strength at the presynaptic neurons. In the
present study, we showed that local Piccolo suppression in the mPFC resulted in dimin-
ished paired-pulse facilitation and LTP in the same brain region. Supporting this result,
we observed reductions in the basal levels of extracellular Glu and depolarization-evoked
elevations in extracellular Glu levels, which reflects the presynaptic Glu content, in the
mPFC of miPiccolo mice. Our observations in electrophysiological and neurochemical anal-
yses suggest that Piccolo suppression causes deficits in synaptic strength due to reduced
neurotransmitter exocytosis from synaptic vesicles in the glutamatergic interneuron of the
mPFC, whose impairment is related schizophrenia [38]. Furthermore, we observed changes
in levels of CAZ proteins associated with the exocytosis of synaptic vesicles (Synapsin I
phosphorylation and SNAP-25 expression) in the mPFC of miPiccolo mice, which supports
this notion. Thus, Piccolo modulates the synaptic vesicle reserve pool and homeostasis of
CAZ protein in vivo. Previously, Yang et al. generated brain-specific SNAP-25 knockout
mice by crossbreeding of CaMKIIα-Cre mice of SNAP-25 flox mice [39]. The resultant
mice exhibited schizophrenia-like behaviors accompanied by the reduction of SNAP-25
expression in the cortical and hippocampal regions. However, these mice also show the
potent increase of glutamate levels in the cortex, which is opposite to the clinical evidence
of schizophrenia, that is the glutamatergic dysfunction. In our present study, suppressed
expression of Piccolo decreased the extracellular glutamate levels in the prefrontal cortex,
following the clinical consensus. Schizophrenia-like behavioral impairments in prefrontal

69



J. Pers. Med. 2021, 11, 607

downregulation of Piccolo are probably not mediated by observed reduction of SNAP-25.
Piccolo may play a vital role in the regulation of neurotransmitter release.

In combination experiments of microdialysis and optogenetics, we found that optical
stimulation of the mPFC-dSTR projection induced the elevation of Glu and reduction of
DA. The application of NBQX in the dSTR inhibited the reduction of the extracellular DA
level, suggesting that the activation of mPFC-dSTR projection negatively regulated the
extracellular DA level in the dSTR mediated by glutamatergic transmission. However,
without optical stimulation, the application of NBQX in the dSTR reduced the DA levels,
suggesting that the extracellular DA levels in the dSTR receive positive regulation by
the local glutamatergic system. Therefore, the relationship between extracellular DA in
the dSTR and its regulation by glutamatergic transmission is complicated. In addition,
bicuculline application to the dSTR increased the extracellular levels of DA, which suggests
that the DA in the dSTR is under the regulation of GABAergic transmission. This does
not contradict the elevation of extracellular DA levels observed with the combination of
bicuculline application and optical stimulation, although the mice suffered a fatal outcome.
Our notion that extracellular DA levels in the dSTR are regulated by glutamatergic and
GABAergic transmission is supported by the findings of previous studies. In the neuronal
circuits in the STR, glutamatergic projection neurons from the PFC provide excitatory
input to GABA neurons in the STR, and GABA neurons in the STR regulate the DA
nerve terminals projected from the substantia nigra [40,41]. However, the DA responses
in the dSTR under optical and depolarizing stimulation are completely different. This
discrepancy may be due to limitations in the methodology, as optogenetic stimulation of the
terminals from the mPFC may increase the D2 autoreceptor activity or induce changes in the
cholinergic neurotransmission, and depolarizing stimulation may also exert a wide range
of mechanisms that could alter DA release. Further analyses of the neuronal composition
of the projection from mPFC to dSTR and the relationship between glutamatergic and
GABAergic transmissions are necessary. Indeed, our optical stimulation system cannot
excite specific neurons, so the auto receptors of D2 and cholinergic neuronal system could
be regulated. Many mechanisms potentially underlying the DA release alternation via
optical stimulation and depolarization by high K+ should be considered. However, such
experiments involve certain technical limitations at present, so no all phenomenon can be
explained by knockdown of Piccolo in the mPFC alone.

It is well-known that the glutamatergic and dopaminergic neuronal systems in the
PFC control the cognitive functions. Changes in these functions are closely linked to men-
tal disorders, especially schizophrenia. The glutamatergic neuronal system is known to
mediate episodic memory. In schizophrenia patients, the PFC exhibits a reduced gluta-
matergic neuronal activity and NMDA receptor expression compared with that in healthy
persons [42,43]. The dopaminergic neuronal system in the PFC is involved in higher-order
executive functions and working memory [44–47]. Functional abnormalities of DA recep-
tors have been observed in the PFC of schizophrenia patients [48]. In the present study, a
behavioral analysis of Piccolo suppression in the mPFC showed disruptions in episodic
memory, such as object recognition and spatial context learning, as well as working memory.
These disruptions in the cognitive function were not improved by the administration of
the atypical antipsychotic drug risperidone. Similarly, clinically used antipsychotic drugs
are not particularly effective in improving cognitive dysfunction in schizophrenia patients.
Therefore, the reduced glutamatergic and dopaminergic neuronal responses by Piccolo
suppression in the PFC are considered to be similar to the pathophysiological conditions
seen in schizophrenia patients.

Current clinical treatments for schizophrenia have proven effective for ameliorat-
ing positive symptoms, but only a few treatments have been effective against negative
symptoms and cognitive deficits. Therefore, elucidating the pathophysiological conditions
related to schizophrenia is crucial for the early development of efficient therapeutic treat-
ments. The two-hit hypothesis has been proposed as an etiology of schizophrenia. Many ge-
netic and environmental risk factors are commonly involved in schizophrenia. The overlap
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between these risk factors plays a potential role in the development of schizophrenia [49].
The genetic suppression of Piccolo in the mPFC showed the following schizophrenia-like
behavioral impairments: enhanced locomotor activity as a positive symptom; decreased
objective, spatial and working memories as cognitive deficits; and impaired PPI as an
accompanying symptom. Such genetic manipulation made the mPFC highly susceptible
to environmental stress. In addition, exposure of the mice to mild social defeat stress led
to social withdrawal and a diminished motivation similar to the negative symptoms of
schizophrenia. Some observed schizophrenia-like behavioral impairments improved after
treatment with the atypical antipsychotic drug risperidone. Furthermore, at the molecular
and cellular levels, Piccolo suppression in the mPFC led to a reduced expression of the
presynaptic protein SNAP-25. These findings are consistent with the observations made in
the postmortem PFC of schizophrenia patients [50–52]. Some brain regions, such as the
PFC, STR, amygdala, hippocampus, and thalamus, are involved in the pathophysiology
of schizophrenia. Indeed, neuroimaging studies on the effects of antipsychotic medica-
tions and cognitive remediation therapy have shown that many schizophrenia patients
exhibit functional, structural, and metabolic abnormalities in the PFC [4]. Therefore, it has
been hypothesized that neuronal disconnection between the PFC and other brain regions,
rather than abnormalities in a single brain region, is associated with the pathophysiology
of schizophrenia [7–9]. As mentioned above, functional disconnection was noted in the
mPFC-dSTR pathway due to the suppression of Piccolo. Thus, miPiccolo mice had the face
and predictive validities for schizophrenia. Piccolo-suppressed mice may be useful animal
models for schizophrenia, suggesting a decline in the expression or function of Piccolo in
the PFC of schizophrenia patients.

Clinically, SNPs, which reduce the expression of PCLO, are related to the higher risks
of mental disorders [20,22,24]. In contrast, the piccolo levels of the autopsy brains from
patients with schizophrenia are controversial (Supporting Figure S2 and [53]). This is
probably because the most patients diagnosed with schizophrenia received the treatments
of antipsychotics, which are reported to increase the expression of Piccolo (Supporting
Figure S2 and [54]). In the present study, mice with the knockdown of Pclo gene in the
mPFC exhibit similarity in the behavioral patterns. Our findings suggest that Piccolo
expression decreased in the patients with schizophrenia under the untreated conditions.

In conclusion, our findings show that the presynaptic cytomatrix protein Piccolo
plays a functional role in the regulation of neurotransmitter exocytosis from the CAZ
in vivo. Its suppressed expression in the mPFC affects not only the neuronal activity in the
mPFC but also the neuronal transmission mediated by Glu, GABA, and DA in the dSTR.
Such neuronal dysfunction can cause behavioral impairments that resemble schizophrenia
symptoms. Accordingly, the suppressed expression and/or function of Piccolo in the PFC
is considered one aspect of the pathophysiological condition in patients with schizophrenia.
In addition, these Piccolo-suppressed mice may be useful as a novel animal model for
schizophrenia. Further clarification regarding the role of Piccolo in schizophrenia will help
offer new insight into psychiatry and the therapeutic treatment of schizophrenia.
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antipsychotic drug-treated mice.
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Abstract: Schizophrenia is a common psychiatric disorder that usually develops during adolescence

and young adulthood. Since genetic and environmental factors are involved in the disease, the

molecular status of the pathology of schizophrenia differs across patients. Recent genetic stud-

ies have focused on the association between schizophrenia and the immune system, especially

microglia–synapse interactions. Microglia physiologically eliminate unnecessary synapses during

the developmental period. The overactivation of synaptic pruning by microglia is involved in the

pathology of brain disease. This paper focuses on the synaptic pruning function and its molecu-

lar machinery and introduces the hypothesis that excessive synaptic pruning plays a role in the

development of schizophrenia. Finally, we suggest a strategy for diagnosis and medication based

on modulation of the interaction between microglia and synapses. This review provides updated

information on the involvement of the immune system in schizophrenia and proposes novel insights

regarding diagnostic and therapeutic strategies for this disease.

Keywords: schizophrenia; microglia; synaptic pruning; complement; CX3CR1; medication; diagnosis

1. Introduction

Schizophrenia is a severe mental disorder described in the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition and the 11th revision of the International Classifica-
tion of Diseases, and it develops during adolescence and young adulthood in most cases,
with a global prevalence of approximately 1% [1]. Patients with schizophrenia mainly
exhibit positive symptoms, such as hallucinations and delusions; negative symptoms, such
as decreased motivation and anhedonia; and cognitive dysfunction. Previous twin studies
on schizophrenia have estimated heritability at 80% [2]. However, the findings from such
twin studies may be exaggerated because of environmental and patient lifestyle factors [3].
The significance of the interaction between genetic and environmental factors has been
recognized in the pathogenesis of schizophrenia [3].

Genetic studies are effective for determining the causes and pathogenesis of diseases.
Genome-wide association studies (GWASs) are important tools for elucidating the mech-
anisms underlying schizophrenia, including the formation of diseases. The dopamine
hypothesis, the current leading theory of the pathogenesis of schizophrenia [4,5], is sup-
ported by genetic studies indicating that single nucleotide variations (SNVs) related to
dopaminergic transmission, such as DRD2 [6], COMT [7], DISC1 [8], and PCLO [9–11],
are associated with a higher risk of schizophrenia [5,12]. The GWAS conducted by the
Schizophrenia Working Group of the Psychiatric Genomics Consortium has had a no-
table impact on the study of schizophrenia [13]. The study recruited 36,989 patients with
schizophrenia and 113,075 controls and revealed 108 genetic loci associated with the pathol-
ogy of schizophrenia, including DRD2 and several genes related to neuronal transmission,
which supports the conventional pathological theory of schizophrenia. However, 83 of the
108 loci had not been previously reported when the study was conducted, including genes

75



J. Pers. Med. 2021, 11, 371

related to the immune system. It is noteworthy that the major histocompatibility complex
(MHC) locus located on chromosome 6 displayed a higher association with schizophrenia
than any other locus across the genome, which is consistent with the findings of previous
reports [14–17]. This region contains genes related to innate immunity. These genetic
studies have highlighted immune involvement in the etiology of schizophrenia.

The relationship between schizophrenia and the immune system should be inves-
tigated. Human postmortem studies of the brains of patients with schizophrenia have
previously reported abnormal morphology and the accumulation of microglia, the resident
immune cells in the central nervous system [18,19]. In addition, a number of biomarker
studies measuring inflammatory cytokines in the peripheral blood and cerebrospinal fluid
(CSF) [20,21], and imaging studies using positron emission tomography (PET) to detect
neuroinflammation [22,23] have clarified the immunological characteristics of patients
with schizophrenia. Immunological changes modify the pathological state of the neuronal
system in the brain of patients with schizophrenia [24]. Therefore, the association between
immune dysfunction and schizophrenia depends on the background of each individual.
A strategy aiming to modulate the immune system could lead to new medications for
schizophrenia, and simultaneously, the treatment should be personalized according to
certain criteria based on diagnosis via biomarkers to examine the immunological character-
istics of each patient.

Dysfunction of the prefrontal cortex (PFC) is considered to be involved in schizophre-
nia [25,26]. Patients with schizophrenia exhibit volume loss in the PFC [27,28] and distur-
bance of cognitive functions related to the PFC, including attention, cognitive flexibility, and
working memory [29–32]. For example, in the Wisconsin Card Sorting Test, which assesses
the flexibility of thinking associated with the PFC, a higher frequency of perseverative
responses has been observed in patients with schizophrenia [31]. Such functional distur-
bances in the PFC are consistent with the evidence from functional magnetic resonance
imaging studies indicating the lower activity of the PFC with respect to episodic encoding
and retrieval [33], and in response to consummatory pleasure [34]. In 1982, Feinberg sug-
gested that schizophrenia is caused by a fault in programmed synaptic elimination during
adolescence [35]. Thereafter, studies have indicated that synaptic pruning is involved in
the development of neuronal circuits, especially in the PFC, in early adulthood, when most
individuals are diagnosed with schizophrenia [36]. Furthermore, microglial activations
are observed in the PFC of patients with schizophrenia [37]. In a recent decade, synaptic
pruning by microglia has been revealed to be involved in psychiatric diseases in addition
to normal brain development [38–40]. Thus, Feinberg’s suggestion is supported by recent
immunological findings in schizophrenia [35].

In the following sections, we introduce microglial functions in synaptic development
and maintenance focusing on synaptic pruning, and their relevance to schizophrenia
pathology. Afterwards, we provide a novel insight into the diagnosis and treatment of
schizophrenia based on microglia–synapse interactions.

2. Microglia–Synapse Interaction

Microglia are brain cells related to innate immunity, and they are involved in various
physiological and pathological processes [41]. Similar to peripheral macrophages, the acti-
vation of toll-like receptors on the microglial surface mediates their morphological changes
and induces phagocytosis and the release of inflammatory cytokines [42,43]. Microglia are
activated in disease-specific and aging-specific manners to release inflammatory cytokines
and chemokines, and they remove the deposits of pathological proteins by the process of
phagocytosis [44]. In recent decades, it has been revealed that the physiological functions
of microglia are necessary to construct and maintain healthy neuronal circuits. Microglia
dynamically extend their processes to neuronal synapses to survey their conditions [45–48].
The microglia eliminate unnecessary synapses (a process called “synaptic pruning”) during
the appropriate and specific periods of neuronal development [38,39]. Neuronal circuits
then become sophisticated through the selective pruning of synapses with lower activ-
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ity [39]. The pharmacological depletion of microglia by antagonism of colony-stimulating
factor 1 receptor (CSF1R) from postnatal day 2 (P2) to P13 in mice disrupted synaptic prun-
ing and induced poly-innervation of the medial nucleus of the trapezoid body neurons,
instead of healthy mono-innervation [49]. CSF1R antagonism from P14 to P28 increased
synaptic density due to decreased pruning and disturbed glutamatergic transmission [50].
These findings clearly demonstrated the significance of synaptic pruning by microglia in
neuronal development.

Synaptic pruning and phagocytosis share a common machinery mainly regulated by
“find-me”, “eat-me”, and “don’t-eat-me” signals [51,52]. The find-me signal is mediated by
chemo-attractants and their receptors. Chemokine (C-X3-C motif) ligand 1 (CX3CL1), which
is highly expressed in the brain especially in the cerebral cortex and hippocampus [53],
is secreted from neurons or synapses to bind to its receptor CX3C chemokine receptor 1
(CX3CR1) and is exclusively expressed in microglia [54]. Each line of Cx3cl1 and Cx3cr1
knockout mice exhibited delayed and reduced synaptic pruning during the developmental
period [38,39]. The secretion of mature CX3CL1 requires cleavage by a disintegrin and
metalloproteinase domain-containing protein 10 (ADAM10) on the plasma membrane [55].
The pharmacological inhibition of ADAM10 further leads to profound deficits in the
elimination of sensory synapses [55]. ATP is extracellularly released through the pannexin-1
channel to bind purinergic receptors [56]. P2Y12 mediates microglial recruitment to remove
apoptotic cells as well as unnecessary synapses [57–60]. Activity-dependent synaptic
pruning during development was shown to be delayed in P2Y12-deficient mice [58–60].

Phosphatidylserine, usually existing on the inner leaflet of the plasma membrane,
mediates eat-me signals when exposed on the cellular surface [61,62]. Phospholipid scram-
blase 1 [62] and transmembrane protein 16F (TMEM16F) [63], which are calcium-activated
phosphatidylserine scramblases, reversibly expose phosphatidylserine on the cell surface.
Although these scramblases are expressed by neurons and modulate microglia [62], their
functions in synaptic pruning are unclear. Among various receptors of phosphatidylserine,
triggering receptors expressed on myeloid cells 2 (TREM2) and G protein-coupled receptor
56 modulate microglia to induce synaptic pruning and phagocytosis [64,65].

The complement system, discovered by Bordet and Gengou in 1901, is composed
of nine main components (C1–C9), some inhibitory and regulatory substances, and their
membrane receptors (Figure 1) [66–68]. They exert their functions, such as the opsonization
of antigens, the formation of the membrane attack complex (MAC) to destroy bacteria,
and the stimulation of macrophage chemotaxis, via three pathways of enzymatic chain
reaction (classical, alternative, and lectin pathways). In addition to the long-studied,
immune-activating effects, novel functions of complements of synaptic pruning during
development have been revealed [69,70]. C3, expressed in the synaptic regions as a “tag”,
which allows synapse elimination, mediates synaptic pruning and regulates synaptic
density and transmission via its receptor, CR3, on microglia [71,72]. Synaptic C1q and C4
exert a similar tagging function for synaptic pruning [73,74]. The proteomic analysis of the
individual synaptosomes conducted using flowcytometry revealed that the local expression
of proteins related to neuronal transmission, energy metabolism, and the antioxidant
system was altered in the C1q-tagged synaptic fraction [73]. Although it is unclear whether
such an alteration is a trigger or consequence of C1q tagging, these proteins altered in
C1q-tagged synaptic fractions possibly change the neuronal transmission of synapses.

Cell-surface sugar residues further regulate microglial phagocytosis. Galactose pro-
motes phagocytosis by binding to the galectin family [75], and sialic acid suppresses this
function via Siglec [76,77]. The heterozygous mice with glucosamine-2-epimerase/N-
acetylmannosamine kinase, a sialic acid synthase, exhibited a decrease in postsynaptic
marker PSD-95 accompanied by a decrease in sialic acid in the brain and altered the mi-
croglial morphology [78]. The don’t-eat-me signal, similar to sialic acid, is mediated by
CD47 and its receptor signal-regulatory protein alpha (SIRPα). CD47 suppresses synaptic
elimination and phagocytosis by microglia [79].
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Figure 1. An overview of systemic complement activation. The complement system is composed of nine main components
(C1–C9) and regulatory factors. Immunological functions are conducted by three pathways: the classical, alternative, and
lectin pathways. In these pathways, enzymatic chain reactions of the complements proceed to finally form a membrane
attack complex to destroy bacteria and virus-infected cells. MASP, mannose-binding protein-associated serine protease; FD,
factor D; FB, factor B; Bb, factor Bb; P, properdin.

3. Microglia–Synapse Interaction in Schizophrenia

Although synaptic pruning by microglia is essential for the sophistication of neuronal
circuits during the developmental stage, excessive elimination is considered to be involved
in neurological disorders (Figure 2). As predicted by Feinberg, synaptic pruning might
be involved in the pathogenesis of schizophrenia [35], and studies have suggested the
presence of excessive synaptic pruning in schizophrenia. Recently, Sekar et al. revealed that
an allele of C4 located in the MHC locus increases the risk of schizophrenia [74], which has
led to studies searching for a link between the complement system and schizophrenia [80].
The association between C4 and schizophrenia is supported by a study from Sweden that
proposed the possibility of predicting the future risk of this disorder by utilizing blood
analysis during the neonatal period [81]. Higher C4 levels were likewise detected in the
CSF of patients with schizophrenia [82]. The SNVs of the C3 gene with protective or
harmful effects regarding schizophrenia onset were identified by a study that recruited
more than 2000 Han Chinese individuals [83]. C3 mRNA expression was upregulated in
the PFC of those that demonstrated depression followed by suicide [84]. Moreover, the C5
protein levels in the CSF were elevated in patients with schizophrenia [85].
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Figure 2. The microglial synaptic pruning in schizophrenia. (a) Microglia exhibit hyper-ramified morphology in schizophre-
nia due to genetic and environmental factors. (b) Healthy microglia eliminate complement-tagged synapses with lower
activity. In schizophrenia, hyper-ramified microglia prune healthy synapses by the excessive activation of complements.

Since alterations in the complement system of the brain are associated with psychiatric
disorders [74,81], identifying their pathological contribution should help clarify the mecha-
nisms underlying these diseases. Mice overexpressing C4 were generated to investigate the
pathological significance of C4 upregulation in schizophrenia [86]; the overexpression of C4
in utero in the PFC of the mouse resulted in a reduction in spine density due to abnormal
increase in synaptic removal by microglia 21 days after birth and a related decrease in
the frequency and amplitude of miniature excitatory postsynaptic potentials [86]. These
abnormal neuronal connections caused a decrease in social interaction with the mother at
the age of 60 days [86]. Yilmaz et al. generated mice overexpressing human C4A with a
knockout of the murine C4 gene [87]. These mice exhibited enhanced microglial synaptic
pruning in the PFC and a reduction in spine density at 60 days of age [87]. In addition
to decreased social behavior, these mice showed increased anxiety-like behavior and de-
creased novel environment exploration [87]. Such behavioral alterations observed in both
studies are assumed to be equivalent to a part of a schizophrenia symptom. These studies
strongly suggest a link between elevated C4 expression associated with this disorder and
the pathogenesis of schizophrenia, including spine density reduction in the PFC.

The complement-related synaptic impairment in schizophrenia was revealed by a
study with patient-derived induced pluripotent stem cells (iPSCs) [88]. Interestingly, ex-
cessive synaptic pruning observed in schizophrenia appears to involve the impairments
of both neurons and microglia. The microglia-like cells (iMG) differentiated from the
monocytes of patients with schizophrenia exhibited higher phagocytic activity compared to
that of synaptosomes prepared from neurons derived from iPSCs of healthy controls and of
patients with schizophrenia. Although there were no differences in spine density between
the neuronal cultures derived from iPSCs of controls and of patients with schizophrenia,
C4 risk variants increased C3 deposition in the latter culture. Furthermore, the co-culture
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of neurons derived from the iPSCs of patients with schizophrenia with the corresponding
iMG showed a reduction in spine density compared to what was prepared from healthy
subjects. These results support the notion of excessive synaptic pruning mediated by
complements in schizophrenia [88]. The results are expected from the mechanistic analysis
on the malignancy of neurons and microglia in schizophrenia.

The deregulation of brain complements, which is closely related to psychiatric dis-
orders including schizophrenia, is derived from genetic and/or environmental factors.
Maternal infection during the perinatal period is known to increase the risk of schizophre-
nia [89,90]. Based on the evidence that maternal infection reduces synaptic density in the
brain of the offspring [91,92], such an infection has certain impacts on the brain comple-
ment system and possibly increases the risk of schizophrenia. Higher levels of maternal
blood C1q have been reported to be associated with the risk of schizophrenia [93]. In this
report, adenovirus, herpes simplex virus 2, influenza B virus, and Toxoplasma gondii approx-
imately doubled the risk. There was no correlation between C-reactive protein levels and
schizophrenia risk [93]. Toxoplasma infection in humans is a risk factor for schizophrenia,
and it induces behavioral dysfunction in rodent models [94,95]. Severe infection of adult
mice with Toxoplasma has been reported to greatly upregulate C3 and C4 proteins, and
mildly enhance C1q expression [96,97]. In rodent studies, the induction of marked systemic
inflammation by lipopolysaccharide administration increased the levels of C3 and C3R in
the brain [98,99].

Synaptic pruning is further regulated by signaling other than the complement factors.
PolySia is a linear polymer of sialic acid with a degree of polymerization of 8–400, mediat-
ing a don’t-eat-me signal to microglia [100]. The number of hippocampal and dorsolateral
PFC cells with polySia is reduced in the brains of patients with schizophrenia [101,102].
The content of the polisialylated neural cell adhesion molecule (PSA-NCAM) is further
reduced in the PFC of patients with schizophrenia [102]. The serum PSA-NCAM is asso-
ciated with cognitive decline, as evaluated by the Mini-Mental State Examination, and
is further associated with the reduction in gray matter volume [103]. Furthermore, the
SNVs on ST8SIA2, encoding one of the polysialyltransferases, are related to schizophrenia.
Associations between rs3759916 and rs3759914 in the promoter regions of ST8SIA2 and
schizophrenia have been identified in the Japanese population [104]. Another association
between rs3759915 and schizophrenia has been found in Chinese [105] and Spanish popula-
tions [106]. In rodent experiments, ST8SIA2 knockout mice exhibited disturbed mossy fiber
formation and impaired fear-conditioned memory [107]. TREM2, a phosphatidylserine
receptor mediating eat-me signaling, is important for adequate neuronal development by
modulating microglia [64]. TREM2 mRNA levels are increased in the peripheral leukocytes
of patients with schizophrenia [108–110], which is consistent with the results of rodent
studies. However, the pathological roles of these sugar residues, phospholipids, and related
molecules are not fully understood. Further studies clarifying such molecules will lead to
the precise understanding of microglial synaptic pruning in schizophrenia.

4. Potential Diagnosis/Medication for Schizophrenia Based on
Microglia–Synapse Interaction

4.1. Perspective for the Diagnosis of Schizophrenia

Although the deficits in synaptic elimination are involved in the pathogenesis of
schizophrenia, their contribution will differ among patients because these deficits are
derived from the genetic and/or environmental background of the individuals. Obtaining
information on patient’s brain status is expected to help determine the therapeutic direction
for patients with schizophrenia. PET imaging, which visualizes the distribution and
behavior of a specific molecule, is generally utilized. Based on the notion that excessive
synaptic elimination mediates the pathology of schizophrenia, monitoring the synaptic
density or pruning capacity of microglia would help in diagnosis. A small-scale PET
study by Howes et al. reported a reduced synaptic density in the PFC of patients with
schizophrenia, caused by the reduced binding of the radioactive ligand [11C]UCB-J to
its target protein, synaptic vesicle glycoprotein 2A [111,112]. Radio-tracing is strongly
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expected to be used in the context of schizophrenia to enhance clinical evaluation. With
respect to the microglial proteins monitored by PET tracers, the translocator protein 18
kDa (TSPO) has been targeted in neurological diseases, such as Alzheimer’s disease and
multiple sclerosis [113]. However, TSPO tracers were reported to be unable to discriminate
patients with schizophrenia from healthy controls [114]. This is possibly because TSPO is
upregulated in the pro-inflammatory context in glial cells [115], while the morphology of
microglia with longer processes and more branches observed in schizophrenia are different
from those in Alzheimer’s disease and multiple sclerosis [18,19]. In order to discriminate
patients with schizophrenia, a target that reflects microglial pruning activity is suitable.
Scarce radiotracers targeting anti-inflammatory microglia have been developed [116].
Recently, a radioactive ligand that binds to the purinergic receptor P2Y12 was generated
and appears to be undergoing structural optimization to enhance blood–brain barrier (BBB)
penetration [116]. CX3CR1 and complement receptor CR3 are candidate targets on the cell
surface, reflecting phagocytosis and synaptic pruning activity. AZD8797 and SB290157 are
selective antagonists of CX3CR1 and CR3 [117,118], respectively, and have the potential
to be the lead compounds utilized as radioactive tracers for PET imaging to monitor the
synaptic pruning activity of microglia.

The blood biomarkers that reflect the molecular condition of the brain are highly desir-
able because proteins derived from the brain are mixed with those from peripheral tissues
in the circulation and are difficult to discriminate. In schizophrenia, the blood complement
levels in patients are not notably altered. In one report, there were no differences in serum
C1q, C3, and C4 in patients with first-episode psychosis (FEP) occurring at approximately
20 years of age, but a 20% increase in C4 levels was noted in patients more than seven
years after onset [119]. Another study reported a 20% increase in the blood levels of C4
and C9 in drug-free FEP [81]. A meta-analysis of blood complements in patients with
schizophrenia revealed no differences compared to the controls [120]. Elevated C4 levels
have simultaneously been found in the CSF of patients with schizophrenia [82], and another
report further found elevations of C5 in the CSF of patients with this disorder [85], while
the blood leukocyte fraction from drug-free FEP showed no change in C4 mRNA [121].
Therefore, complement upregulation specifically occurs in the brain.

The exosome, which is a nano-sized carrier with a lipid bilayer and is secreted into the
extracellular space, is attracting attention as a promising tool for disease diagnosis [122,123].
Cells actively enclose proteins and nucleic acids into exosomes to transmit signals to
neighboring or distant cells [122,123]. In recent decades, a technique has been developed
for extracting cell-type specific exosomes from blood samples via surface markers. Goetzl
et al. developed a method to collect neuron-derived exosomes (NDE) using the neuronal
surface marker L1CAM [124,125]. Since the proteins and nucleic acids included in the
exosome could escape from nonspecific enzymatic degradation in the blood, their methods
for collecting NDE made it possible to understand the molecular circumstances in the
patient’s brain. This method has already been applied to some neurological diseases,
including schizophrenia. Goetzl et al. further found a severe reduction in MFN2 and
CYPD proteins in the NDE of patients with schizophrenia, suggesting the impairment
of mitochondria in the disease [126]. They collected astrocyte-derived exosomes (ADE)
to determine the upregulation of complement proteins; this suggests that complement
abnormalities occur in astrocytes in schizophrenia [127]. Currently, there are limited reports
on the collection of microglia-derived exosomes (MDE) [128] because microglia largely
share the surface marker with peripheral macrophages. Thus, targeting microglial-specific
surface markers, such as TMEM119 [129], could be beneficial for collecting MDE. Since the
complement system functions through cellular interaction, the application of a combination
of NDE, ADE, and MDE would be a powerful tool to monitor complement abnormalities
in the brain.
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4.2. Perspective for Medication Drug Therapy in Schizophrenia

Clinical trials of anti-inflammatory drugs for schizophrenia have been performed.
Minocycline, a tetracycline-type antibiotic, suppresses the microglial inflammatory re-
sponse [130,131]. Minocycline has been reported to rescue cognitive dysfunction and social
behavioral impairment in animal models of schizophrenia [132,133]. Minocycline abolished
the phagocytosis of patient-derived iMG toward spine density on neurons differentiated
by patient-derived iPSCs [88]. In clinical trials, minocycline treatment improved the work-
ing memory [134], and verbal and visual learning [135] of patients with schizophrenia.
Although minocycline is infrequently prescribed partly because of the increased risk of
autoimmune disease [136], these outcomes demonstrate the clinical effectiveness of this
strategy targeting microglia in schizophrenia. N-acetylcysteine (NAC), a precursor of
antioxidant glutathione, exerts a wide range of protective effects, such as the regulation
of oxidative status, inflammation, and monoamine neurotransmission in rodent models
and human patients [137,138]. NAC showed a beneficial effect mainly on the negative
symptoms of patients with schizophrenia receiving antipsychotic treatment (comprehen-
sively reviewed in [139]). It is possible to achieve these therapeutic effects of NAC by
multiple mechanisms, such as modulation of the oxidative and inflammation statuses,
and neurotransmission.

The complement components are considered not only as diagnostic biomarkers but
also as therapeutic targets. This is partly because the overexpression of C4 in mice in-
duces behavioral impairments related to schizophrenia, which is accompanied by excessive
synaptic pruning by microglia and defects in neuronal transmission in the PFC [86,87].
In addition, C3, C4, and C5 are considered to be upregulated in the brains of patients
with schizophrenia [81–85]. In 2007, eculizumab, a monoclonal antibody against C5, was
approved as a drug for paroxysmal nocturnal hemoglobinuria (PNH) by the FDA [140,141].
However, eculizumab stochastically increases C3 expression in erythrocytes to mediate
the formation of MAC leading to de novo extravascular hemolysis in patients with PNH,
which reduced the clinical benefits of the treatment [142]. To overcome this side effect, pegc-
etacoplan, a peptide-based C3 inhibitor, was developed and administered in an open-label,
phase Ib, prospective, and non-randomized study [143]. Pegcetacoplan was confirmed to
be well-tolerated and resulted in an improved hematological response in patients with
PNH who remained anemic during treatment with eculizumab [143]. Another potential
modulator of synaptic pruning for schizophrenia treatment targets CX3CL1-CX3CR1 sig-
naling. E6011, a monoclonal antibody that selectively binds to CX3CL1, has been developed
for rheumatic diseases [144]. Recently, a phase 2, multicenter, randomized, double-blind,
and placebo-controlled study of E6011 for rheumatoid arthritis was conducted after re-
cruiting 190 patients with active rheumatic arthritis (RA) who inadequately responded to
methotrexate, the first-choice drug for RA treatment. The administration of E6011 once
every two weeks for 24 weeks significantly improved the clinical RA score, which was
evaluated using the American College Rheumatology 20% improvement criteria without
severe adverse events [145,146]. A clinical trial of E6011 for Crohn’s disease has likewise
started [147]. Although clinical studies have not been initiated for schizophrenia, modu-
lators of the C3-CR3 and CX3CL1-CX3CR1 pathways could be potential candidates for
future medications for the behavioral and cognitive symptoms of schizophrenia mediated
by decelerating excessive synaptic pruning.

The activation of the don’t-eat-me signal should be effective for schizophrenia med-
ication. The stimulation of this signal by CD47-SIRPα mediates escape from synaptic
pruning [148,149]. In preclinical studies, the deficiency of CD47 induced impairment of
social behavior [150] and exaggerated cognitive dysfunction in mice [151]. The agonism of
SIRPα could be a potential strategy to suppress synaptic pathology in schizophrenia.

Considering that excessive synaptic pruning occurs before the emergence of clini-
cal symptoms in schizophrenia, the strategy to modulate synaptic pruning should start
preclinically. Thus, such medication should be combined with the monitoring of the
synaptic status in the brain as mentioned above. In addition, there is an increased risk of
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infection because of the suppression of innate immunity, which could ensue with these
medication candidates.

It is necessary for drugs to reach the brain for the treatment of schizophrenia. With
respect to recent drug delivery technology into the brain, conjugations by BBB-penetrating
peptides [152,153] and intranasal administration have been developed [154,155]. The
combination of the synapse-protecting reagent and brain delivery methods could be used
to treat schizophrenia.

5. Conclusions

Microglia have been suggested to play a significant role in excessive synaptic elimina-
tion with respect to the pathology of schizophrenia. Various molecules, such as CX3CL1-
CX3CR1, CD47-SIRPα, and lectins, are physiologically and pathologically involved in this
process. Recent publications indicating the contribution of complement components to
schizophrenia are attracting attention with respect to this relationship. The monitoring
and modulation of microglial synaptic pruning based on the complement system would
be powerful tools for diagnosis and medication in schizophrenia. Further investigation
on synapse–microglia interaction could reveal other molecular targets for diagnosis and
medication. Considering that schizophrenia is a polygenic disease, such medication and
diagnosis should be combined to find excessive pruning in the preclinical stage, and early
medication could maximize the therapeutic effects for schizophrenia. Developments of
the medication and diagnosis focusing on synapse–microglia interaction and its clinical
application to schizophrenia are desired.
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Abstract: Background: Metacognitive training (MCT) has demonstrated its efficacy in psychosis.
However, the effect of each MCT session has not been studied. The aim of the study was to assess
changes in cognitive insight after MCT: (a) between baseline, post-treatment, and follow-up; (b) after
each session of the MCT controlled for intellectual quotient (IQ) and educational level. Method:
A total of 65 patients with first-episode psychosis were included in the MCT group from nine centers
of Spain. Patients were assessed at baseline, post-treatment, and 6 months follow-up, as well as after
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each session of MCT with the Beck Cognitive Insight Scale (BCIS). The BCIS contains two subscales:
self-reflectiveness and self-certainty, and the Composite Index. Statistical analysis was performed
using linear mixed models with repeated measures at different time points. Results: Self-certainty
decreased significantly (p = 0.03) over time and the effect of IQ was negative and significant (p = 0.02).
From session 4 to session 8, all sessions improved cognitive insight by significantly reducing
self-certainty and the Composite Index. Conclusions: MCT intervention appears to have beneficial
effects on cognitive insight by reducing self-certainty, especially after four sessions. Moreover,
a minimum IQ is required to ensure benefits from MCT group intervention.

Keywords: first-episode psychosis; metacognitive training; cognitive insight; sessions; experiment

1. Introduction

Schizophrenia and first-episode psychosis represent one of the most invalidating disorders.
It concurs with high psychosocial disability and is associated with stigma and discrimination.
Although it has a strong genetic basis, psychosocial protective aspects must always be considered
to ensure their acceptance and integration in the community [1,2]. In this line, psychological
aspects in relation to symptoms should be explored. The relationship between cognitive biases and
psychotic symptoms has been well studied. People with psychosis are more likely to present some
characteristic cognitive biases such as personal attributional style [3,4], self-serving bias [5], bias against
disconfirmatory evidence [6], and jumping to conclusions [7,8]. Apart from cognitive distortions,
it has also been found that people suffering from psychosis have more difficulties in social cognition,
in particular in theory of mind (ToM) [9] and emotional recognition [10].

Metacognitive training (MCT) was developed in order to deal with the problems related to
cognitive biases and social cognition in psychosis [11]. Metacognition is broadly defined as cognition
about one’s own cognitions [12]. MCT consists of a manualized group training program of eight
sessions addressed to reduce cognitive biases that are putatively involved in the formation and
maintenance of psychotic symptoms such as jumping to conclusions and overconfidence in errors;
hence, MCT is designed to improve social cognition. Previous research indicates that MCT is an
effective psychological intervention for people with schizophrenia [13]. Specifically, in recent-onset
of psychosis, MCT is an effective treatment for improving psychotic symptoms, cognitive insight,
and attributional style, as well as for reducing irrational beliefs [14]. Moreover, people who attend
MCT deemed it positive in terms of entertainment and usefulness in everyday life, and most of them
will recommend it [11,15,16].

The present study builds on a previously published controlled trial assessing the efficacy of
MCT in a recent-onset of psychosis sample. A remarkable observation from this study was that the
MCT group had a significantly higher improvement in cognitive insight when compared with the
psycho-educational group [14]. Cognitive insight refers to the cognitive processes involved in the
metacognitive ability to examine and question one’s beliefs and appraisals and to re-evaluate anomalous
experiences and misinterpretations. It should be differenced from clinical insight (or unawareness of
insight) and anosognosia, considering these concepts as a lack of awareness of symptoms, their need for
treatment, and its consequences in daily life or problems in basic cognitive processes [17]. The absence of
insight occurs by a failure of objectivity, a loss of ability to put this into perspective, a resistance to correct
information from the other opinions, and an excess of confidence in the conclusions. Cognitive insight,
usually assessed with the Beck Cognitive Insight Scale (BCIS), includes two subscales: self-certainty and
self-reflectiveness [18,19]. Higher self-certainty scores reflect greater confidence about being right and
more resistance to correction, while higher self-reflectiveness scores indicate the willingness to question
one’s thoughts and greater capacity to analyze them with perspective. Increasing cognitive insight
is associated with higher levels of metacognition and fewer symptoms in people with first-episode
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psychosis [20]. Moreover, a positive relationship between cognitive insight and premorbid intelligence
quotient (IQ) and educational level has been described in several studies [21]. MCT enhances the
ability to distance oneself from one’s own thoughts and misinterpretations and to reappraise them.
Reducing self-certainty is one of the core aims of MCT. By reducing this attitude, the overconfidence
bias in one’s own thoughts is reduced and, presumably, the risk of emergence of new delusions
is also decreased [22]. Furthermore, a recent study shows cognitive insight training can improve
meaning-making in patients and help them come to terms with their diagnosis [23].

As MCT is known to improve cognitive insight, it would be of interest to analyze the results of
each subcomponent separately and the effect of each session on self-reflectiveness and self-certainty.
To the best of our knowledge, there is no published study analyzing the effects of each MCT session
in cognitive insight. Therefore, the aim of this study was to assess the changes in cognitive insight
before and after treatment, and then after the follow-up measures and after each session of the MCT
intervention, controlling for IQ and educational level.

Our hypothesis is that the aforementioned changes will progressively increase throughout
treatment and will be maintained at follow-up. We expect that significant changes will be detectable
after two or three sessions because of the complexity of the nuclear construct in the formation
of delusions.

2. Materials and Methods

2.1. Participants

Patients with recent-onset of psychosis were recruited by staffmembers of the nine participating
Spanish mental health centers. A total of 126 patients were recruited and 122 cases were finally
analyzed, as 4 patients did not continue the study after enrollment.

Patients were randomized during inclusion into the experimental or psycho-educational group
by blocks of four from the list of random numbers in each center’s MCT group. In the present study,
the data from the 65 patients belonging to the experimental group (44 men and 21 women) were
analyzed. Of this group, 48 completed the treatment and were evaluated in the post-treatment, and 17
were lost during the intervention, declining to participate. Forty-one patients completed the study, as 7
patients discontinued the treatment.

The inclusion criteria were as follows: (1) presence of one of the following diagnoses
(according to DSM-IV-TR): schizophrenia, psychotic disorder not otherwise specified, delusional
disorder, schizoaffective disorder, brief psychotic disorder, schizophreniform disorder; (2) less than five
years from the onset of symptoms; (3) score during the previous year ≥3 in item delusions, grandiosity,
or suspicions of Positive and Negative Syndrome Scale (PANSS) positive subscale; and (4) age between
17 and 45. The exclusion criteria were as follows: (1) traumatic brain injury, dementia, or intellectual
disabilities (premorbid IQ ≤ 70); (2) substance dependence; and (3) scores on the PANSS ≥ 5 in hostility
and uncooperative and ≥6 in suspiciousness, in order to avoid altering the dynamics of the group.

2.2. Instruments

Patients were assessed by a blinded evaluator at baseline, after each session, post-treatment,
and at six months follow-up. The evaluators were trained in the scales of the study, scoring > 0.70 in
inter-rater reliability. Assessment included clinical, meta-cognitive, social, and neuropsychological
functioning [14]. For the present study, only the data from the Beck Cognitive Insight Scale were
analyzed. By administering the BCIS scale [18,19] after each session, at baseline, at post-treatment,
and at 6 months follow-up, the correction of distorted beliefs and misinterpretations through scores in
the self-reflectiveness and self-certainty subscales could be evaluated.

Beck Cognitive Insight Scale (BCIS) is a self-administered scale assessing cognitive insight yielding
a nine-item self-reflectiveness subscale and a six-item self-certainty subscale, as well as a Composite
Index score. The Composite Index is calculated by subtracting the score for the self-certainty scale
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from that of the self-reflectiveness scale. Higher scores in self-reflectiveness and the Composite Index
indicate higher cognitive insight, while low scores in self-certainty indicate better cognitive insight.
Sensibility and specificity values of the scale are described by Martin et al. [24]. Respondents are
asked to rate how much they agree with each statement using a four-point scale that ranges from
0 (do not agree at all) to 3 (agree completely). Self-report instrument was constructed to contain
two sets of items. The first set included items relevant to objectivity, reflectiveness, and openness
to feedback. The questions were written to capture patients’ recognition that they could be wrong
even when they felt strongly that they were right, that other people could be more objective than they
were, and that they were willing to consider other people pointing out that their beliefs were wrong.
An item was included to evaluate the patients’ acceptance of the notion of alternative explanations.
There were also items about patients being receptive to feedback, being able to make more adaptive
attributions, and being able to admit to inadequate cognitive strategies. Perspective was based on
the recognition that patients had misconstrued peoples’ attitudes towards themselves, that they
had jumped to conclusions too fast, that certain experiences that had seemed real were due to their
imagination, that some of the ideas they believed to be true were false, and that some of their unusual
experiences were due to their being upset or stressed. The second set of items in the BCIS was written
to address decision-making regarding mental products: jumping to conclusions, certainty about being
right, and resistance to correction. These six items addressed patient’s certainty about their beliefs and
conclusions, such as doing something if it feels right, dogmatic rightness, and resistance to feedback
from others [18]. The internal consistency coefficients (Cronbach’s alpha) of the Spanish adaptation of
BCIS for schizophrenia were 0.59 for self-reflectiveness and 0.62 for self-certainty [19].

Premorbid intelligence quotient (IQ) was estimated with the Vocabulary Subtest of the Spanish
adaptation of the Wechsler Adult Intelligence Scale (WAIS-III) [25,26].

Patients were assessed with a sociodemographic and clinical questionnaire created ad hoc at
baseline. We collected data on gender, academic background, cohabitants, and age of onset of
the disease.

2.3. Procedure

As mentioned above, this study builds on a previous multicenter randomized clinical trial in
which one group received MCT, while the control group was a psycho-educational group matched in
frequency and duration. Both interventions were applied in a group setting.

The current study focused on the results of insight scores only in the metacognitive group.
The research process flow-chart is shown in Figure 1.

The project was evaluated by the research and ethics committees of each participating center in
the study. The first evaluation was performed by Sant Joan de Déu Ethics Committee (PIC-73-11).
The participants were informed about the aims of the study and signed informed consent for
participation in the study. The main study was registered in the Clinical Trials registry (Identifier:
NCT02340559).

The intervention consisted of eight weekly group sessions of MCT. All therapists were trained
by Steffen Moritz, author of MCT, and Lisa Schilling. The MCT program included eight modules
(one for each session): module 1: Avoid the only causes and uncontrolled; modules 2 and 7: Jumping
to conclusions; module 3: Cognitive flexibility; modules 4 and 6: Theory of mind; module 5:
Overconfidence in memory errors; and module 8: Depression and low self-esteem.

The software used was R 3.0 (R Foundation for Statistical Computing, Vienna, Austria). Statistical
analysis was performed using linear mixed models with repeated measures at different time points,
with the baseline evaluation as the reference. The dependent variables are the two BCIS subscales and
the Composite Index (a model is estimated for each of them individually), and the IQ and educational
level were included as covariates.

Two analyses were performed. First, three time points were used: the baseline assessment,
the post-treatment assessment, and the six months follow-up. Secondly, the results after each session
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and at the end of the treatment were used in order to determine whether there were MCT sessions that
were more effective than others in improving cognitive insight.

Empirical size effects (Cohen’s d) were also calculated, comparing each evaluation with the
baseline. These analyses used all the available data without the need to impute missing values.

 

 

Figure 1. Research process flow-chart. MCT, metacognitive training.

3. Results

Table 1 shows the sociodemographic characteristics of the sample.

Table 1. Socio-demographic characteristics of the sample. MCT, metacognitive training.

MCT Group

N %

Gender
Men 44 67.7

Women 21 32.3

Marital status
Single 53 81.5

Married 8 12.3
Divorced 4 6.2

Level of education
Primary 26 40.0

Secondary 25 38.5
University 14 21.5

Employment status

Working 14 21.5
Student 12 18.5

Incapacity 13 20.0
Unemployed 19 29.3

Other 7 10.7
Mean SD *

Age 27.05 7.94
Age at onset 25.16 7.79

Years of psychosis duration 2.15 2.01
Number of hospitalizations 1.16 1.54
Antipsychotic dose mg/d ** 472.53 703.89

* SD = Standard Deviation. ** Antipsychotic drug doses are expressed as chlorpromazine equivalence.
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Average attendance in the training program was 5.53/8 sessions (SD= 2.46) in session 1: 50 patients,
session 2: 42, session 3: 28, session 4: 37, session 5: 41, session 6: 36, session 6: 36, and session 8: 40.
No differences were found in the linear mixed model regarding the number of sessions attended and
educational level, so these variables were not controlled for. The results were controlled for intellectual
quotient as a significant influence on insight was found.

Self-certainty decreased significantly (p = 0.03) over time and the effect of IQ was negative and
significant (p = 0.02) (patients with higher IQ obtained lower scores in self-certainty). Changes in
self-reflectiveness throughout the treatment and at the six months follow-up were far from significant
(p = 0.99), but IQ had a positive effect. Those with a higher IQ obtained better results in self-reflectiveness
(p < 0.01). The Composite Index increased over time, but the coefficient was not significant (p = 0.36).
The effect of IQ was significantly positive (p < 0.01), so that patients with higher IQ obtained better
results in the Composite Index.

Figures 2–4 show the scores of BCIS subscales in each session.

 

Figure 2. Changes in self-certainty (SC) in every session and in the post-treatment.

 
Figure 3. Mean of self-reflectiveness (SR) in each session and in the post-treatment.
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Figure 4. Mean of the Composite Index (CI) in each session and in the post-treatment.

Table 2 shows the results regarding the effect of changes in self-certainty, self-reflectiveness,
and the Composite Index in each session. From session 4 to session 8 (ToM, overconfidence in memory
errors, jumping to conclusions, and depression and self-esteem), all sessions improved cognitive
insight by significantly reducing self-certainty. In the post-treatment assessment, changes in cognitive
insight were maintained. No differences by session were found regarding the self-reflectiveness BCIS
subscale. However, a trend towards significance was found regarding the influence of IQ. Regarding
the Composite Index, from session 4 to session 7 (theory of mind, overconfidence in memory errors,
and jumping to conclusions), significant improvements in cognitive insight were found. In session
8 (depression and self-esteem), a trend towards significance was found. These improvements were
maintained post-treatment. IQ was significant in the analysis.
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Table 2. Effects of each session and at the post-treatment in self-certainty, self-reflectiveness, and the Composite Index and influence of intelligence quotient (IQ).

Self-Certainty Self-Reflectiveness Composite Index

Value
Std.

Error
t-Value p-Value

Effect
Size

Value
Std.

Error
t-Value p-Value

Effect
Size

Value
Std.

Error
t-Value p-Value

Effect
Size

Intercept 12.181 2.448 4.976 <0.001 10.280 3.108 3.308 0.001 −1.432 4.276 −0.335 0.738
S1 −0.606 0.395 −1.532 0.127 0.126 0.216 0.534 0.405 0.685 0.064 0.853 0.655 1.303 0.194 0.147
S2 −0.771 0.421 −1.832 0.068 0.112 0.027 0.564 0.048 0.962 0.046 0.832 0.693 1.201 0.231 0.116
S3 −0.785 0.488 −1.608 0.109 0.111 0.311 0.664 0.468 0.640 0.283 1.260 0.815 1.546 0.123 0.326
S4 −1.404 0.449 −3.124 0.002 0.380 0.020 0.591 0.034 0.973 0.013 1.621 0.747 2.170 0.031 0.265
S5 −1.294 0.419 −3.091 0.002 0.364 0.630 0.561 1.123 0.262 0.036 1.956 0.689 2.839 0.005 0.251
S6 −1.357 0.449 −3.020 0.003 0.309 0.657 0.596 1.101 0.272 0.146 2.156 0.739 2.916 0.004 0.321
S7 −1.181 0.441 −2.678 0.008 0.210 0.567 0.591 0.961 0.338 0.085 1.778 0.725 2.451 0.015 0.202
S8 −0.946 0.425 −2.225 0.027 0.242 0.237 0.580 0.410 0.682 0.016 1.346 0.712 1.891 0.060 0.279

Post-treatment −1.564 0.399 −3.920 0.000 0.460 −0.031 0.535 −0.059 0.953 0.062 1.570 0.656 2.392 0.017 0.189
IQ −0.035 0.025 −1.404 0.166 0.062 0.032 1.949 0.056 0.092 0.044 2.107 0.039
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4. Discussion

As expected, the results revealed that cognitive insight improved with the MCT, in particular
regarding the self-certainty subscale. These results were maintained at the six months follow-up.
Regarding the effect of each session in changing cognitive insight, the results indicated that, after the
fourth session, there was an improvement in cognitive insight, particularly in the self-certainty subscale
and in the Composite Index. Moreover, it was found that IQ could have an effect on insight changes,
revealing that people with a higher IQ improved more in insight.

Patients included in the MCT improved their cognitive insight over the course of treatment, in
particular in the self-certainty domain, coinciding with other studies [27]. It is likely that different
mechanisms are involved. Analysing the effect of each session, the results show a significant
improvement in cognitive insight after session 4 (ToM). These results suggest that there is a cumulative
effect over the sessions. Despite this suggestion, not all the sessions seemed to be equally efficient;
some of them had a bigger effect size: ToM (session 4), memory (session 5), and empathy (session 6) are
the sessions with the greatest contribution to reducing self-certainty. Considering that self-certainty is
intended to reduce dogmatic rightness and resistance to feedback from others, these sessions were
the ones that best achieved this aim. Session 4 (ToM) and session 6 (empathy) were the two sessions
focused on working on relationships with the others and the idea that others can have a different point
of view from us, facilitating patients to have more doubt about the certainty of their own thoughts.
Session 5 (memory) tackled the memory errors that everyone can experience in everyday life such as
rebuilding memories with mistakes. The results of the Composite Index coincide with the self-certainty
results, except for the eighth session, where a trend towards significance was found. These results
have some clinical implications. Benoit et al. found that better scores in self-certainty were related to
improvement in speed processing and visual memory in people attending a remediation cognitive
program [28]. Other studies have related self-certainty insight with premorbid IQ, premorbid academic
adjustment, and clinical insight in patients with first-episode psychosis [21], as well as with jumping
to conclusion and weaknesses in cognitive flexibility, assessed with the Wisconsin Card Sorting Test
(WSCT), in At Risk of Mental State subjects [29,30].

Overall, no significant improvements were found regarding self-reflectiveness during the course
of the MCT group. Our results are contradictory to those found by Lam et al. performed in Chinese
people with schizophrenia, which found significant improvements in cognitive insight and increasing
self-reflectiveness, but not self-certainty in those patients included in the MCT condition [15]. There are
some differences with our study; Lam’s study was done with people with schizophrenia, included
inpatients and outpatients, compared with treatment as usual (TAU), was performed twice a week,
and was delivered by occupational therapists. On the other hand, patients from our sample scored
higher in self-reflectiveness at baseline compared with other studies of validation of the instrument and
of intervention [15,31], which suggests a ceiling effect for the self-reflectiveness subscale. Moreover,
it should be taken into account that other authors have not found differences in the self-reflectiveness
subscale between healthy and psychotic populations [22,24]. Additionally, the Composite Index
improved in the same sessions as self-certainty did. Moreover, it should be considered that the biggest
effect size was found in session 3 (cognitive flexibility), although it was not statistically significant,
probably because of the small number of participants in this session.

Considering the different studies regarding this issue, the results obtained are different in both
dimensions of the cognitive insight. In this line, this finding suggests separately studying the
sub-components of cognitive insight because higher cognitive insight does not always lead to the
same psychological functioning. For instance, higher levels of self-reflectiveness are often associated
with depressive mood [32] and with functional capacity [33], while self-certainty has been related
to cognitive function [21,23]. Considering the different effect of each dimension, it should be taken
independently and assessed at baseline in order to better fit the intervention. Moreover, the Composite
Index has been related to social functioning [34]. In this line, it would be useful to implement the MCT
intervention in first-episode patients before psychosocial therapies.
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In the main part of our study, the results suggest that self-reflectiveness was significantly better
in the follow-up regarding the MCT group than in the control group. Self-reflectiveness scores
decreased, while in the MCT group, they were stable [14], considering a possible sleeper effect of the
MCT intervention as suggested by Moritz, Veckenstedt, et al. in a 3-year follow-up study [35] and
Sarin et al. in Cognitive Behavioral Therapy [36]. In the present study, no differences were found in
self-reflectiveness over time, but it did not decrease as it did in the control group. The increase in
self-reflectiveness and consequently in cognitive insight could act as a protective factor against future
psychotic episodes and as a better functioning response, as suggested by Benoit et al. [33].

Intellectual quotient (IQ) is related to cognitive insight changes; patients with a higher IQ are
more likely to improve their cognitive insight (concretely in the Composite Index and a tendency in
self-reflectiveness). These results are in concordance with those of González-Blanch et al. [21] and with
the meta-analysis of Nair et al. [37]. So, taking into consideration this result, it is recommended to
guarantee a minimum IQ before considering patients for MCT intervention in order to maximize benefit.

Some limitations should be considered in the present study. The effect size of the results could be
conditioned by the size of the sample included in each session. Not all the patients attended every
session and some of them had lower attendance rates. Another limitation is that the cumulative effect
of treatment is not controlled because all the patients received the sessions in the same order. However,
there was no progressive increase in the effect size, suggesting that some sessions are more useful than
others. Future studies should consider a randomization of the sessions in order to avoid the learning
effect and to control the real effect of each session independently. The main study was performed before
the launch of the DSM V. Therefore, patients were diagnosed according to DSM-IV-TR criteria. Of note,
the remarkable difference between the two editions concerns subtypes of schizophrenia. Subtypes of
schizophrenia was not a variable of our study. Furthermore, although the main project compared the
effectiveness of MCT over a psychoeducational group, the BCIS in each session was assessed only in
the MCT group. Future researchers should assess BCIS in both groups in order to compare them in
terms of cognitive insight.

A first clear implication of our results is the importance of psychological interventions, such as
metacognitive training, in addressing cognitive biases in first-episode psychosis. In daily clinical
practice, it is sometimes unrealistic to administer complete interventions to all the patients. Therefore,
we believe that the following sessions of the MCT should be a priority: attributional style, memory
mistakes, and stimulating empathy and theory of mind. These modules are more implicated in
reducing self-certainty and in increasing thought flexibility. In turn, improvements in these areas could
prevent the formation of delusions and a new relapse. Considering the present health emergency due
to the COVID-19 pandemic, adapting its application on virtual settings emerges as a new challenge.

In conclusion, MCT could be considered an appropriate psychological intervention to improve
cognitive insight. The study has demonstrated that, after the fourth session, improvements in insight
are evident in those patients who received the MCT intervention. Moreover, IQ is an important
component to take into account before initiating the MCT intervention.
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Abstract: Social cognition is strongly linked to social functioning outcomes, making it a promising

treatment target. Because social cognition measures tend to be sensitive to linguistic and cultural

differences, existing measures should be evaluated based on their relevance for Japanese populations.

We aimed to establish an expert consensus on the use of social cognition measures in Japanese popu-

lations to provide grounds for clinical use and future treatment development. We assembled a panel

of experts in the fields of schizophrenia, social psychology, social neuroscience, and developmental

disorders. The panel engaged in a modified Delphi process to (1) affirm expert consensus on the

definition of social cognition and its constituent domains, (2) determine criteria to evaluate measures,

and (3) identify measures appropriate for Japanese patients with a view toward future quantitative

research. Through two online voting rounds and two online video conferences, the panel agreed

upon a definition and four-domain framework for social cognition consistent with recent literature.

Evaluation criteria for measures included feasibility and tolerability, reliability, clinical effectiveness,

validity, and international comparability. The panel finally identified nine promising measures,

including one task originally developed in Japan. In conclusion, we established an expert consensus

on key discussion points in social cognition and arrived at an expert-selected set of measures. We

hope that this work facilitates the use of these measures in Japanese clinical scenarios. We plan to

further examine these measures in a psychometric evaluation study.

Keywords: mental disorders; schizophrenia; developmental disorders; social cognition; social func-

tion; facial expression recognition; test battery; quality of life; systematic review; needs survey

1. Introduction

Schizophrenia is a severe mental disorder, and many patients with schizophrenia
experience some degree of long-lasting functional impairment. One area that is impaired
throughout the course of the disease is social cognition, which is defined as “the mental
operations that underlie social interactions, including perceiving, interpreting, and generat-
ing responses to the intentions, dispositions, and behaviors of others” [1]. Social cognitive
impairments directly affect patients’ social participation and capacity to build and maintain
social relationships, thereby profoundly decreasing quality of life. This area has garnered
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considerable interest in recent years because the social cognition construct is believed to be
more strongly linked to social functioning outcomes than traditional neurocognition [2],
making it a promising treatment target.

With the emergence of social cognition as a major focus of schizophrenia research,
numerous measures have been developed to assess its various aspects. However, the
complexity and breadth of the social cognition construct, together with a lack of consen-
sus regarding its constituent subdomains, has resulted in an overwhelming variety of
measures based on differing theories and interpretations. Paradoxically, there is a dearth
of widely accepted and standardized measures available for practical use. The Social
Cognition Psychometric Evaluation (SCOPE) study aimed to establish a consensus on the
theoretical structure of social cognition in schizophrenia and to systematically evaluate
the psychometric properties of existing measures [3–5]. Four core theoretical domains of
social cognition were established through expert surveys and RAND expert panel dis-
cussions: emotion processing, attributional style/bias, social perception, and theory of
mind (ToM) [3]. Experts further identified the existing measures best suited to assess these
domains. Two large-scale studies of schizophrenia patients and healthy control groups
were subsequently conducted to examine the psychometric properties of 11 measures.
Three measures showing particularly strong psychometric properties and associations with
functional outcomes were recommended for use in clinical trials: the Hinting task [6], the
Bell Lysaker Emotion Recognition Task (BLERT) [7], and the Penn Emotion Recognition
Task (ER-40) [8].

The SCOPE study represents a significant step forward by providing a provisional
battery of measures and a springboard for future endeavors. However, these results were
based on data collected exclusively in the United States and may not be generalizable
to different cultural contexts. Social cognition tasks are more sensitive to cultural and
linguistic differences than neurocognitive tasks [9]. Stimuli for social cognition tasks often
require the participant to understand social interactions. The “correct” interpretation of a
social situation may be less obvious or even entirely different for people from a different
culture. Stimuli may also include words or ambiguous dialogue with meanings that are not
fully replicable across languages. Furthermore, there are believed to be baseline cultural
differences in social cognitive ability and tendencies [10]. In short, the same measures
established in the United States may not be suitable for assessing social cognition in other,
particularly non-English-speaking, cultures. Thus, the cultural relevance and translatability
of tasks must be individually considered for each culture [11].

Until recently, social cognition research in Asian populations has been limited to spe-
cific domains or been inconsistent in its choice of measures [12–14]. Following the SCOPE
study, Lim et al. conducted a psychometric evaluation study examining a similar array of
social cognition tasks with Singaporean schizophrenia patients and healthy controls [15].
All participants were fluent in English, and tasks were registered verbatim, without any
modifications to the original English versions. The results were consistent with those
of the SCOPE study in that the BLERT and ER-40 showed the strongest psychometric
properties. However, contrary to the SCOPE study, the Hinting task showed less favor-
able characteristics. A possible explanation offered by the authors was that some of the
vignettes used in the task could be culturally sensitive. These results suggest that, even
with a shared language, social cognition tasks may show differing psychometric properties
among populations with different cultural backgrounds. However, this study did not
examine associations with neurocognitive and social functioning measures.
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To our knowledge, no comprehensive psychometric evaluation studies in non-English-
speaking populations have been conducted using either translated or originally non-
English tasks. Such an attempt would face several new challenges. First, many social
cognition tasks include ambiguous phrases or dialogue, which may be difficult to translate
fully. Another factor is the anticipated correlation between familiarity with a culture and
fluency in its language and its effect on task performance. In other words, in a typically
non-English speaking country or cultural group, individuals fluent in English would
be expected to have more insight into Western culture and thus may perform better on
certain Western-developed tasks. The presence of such factors dictates the need to consider
alternative social cognition measures than those originally developed in the Anglosphere.

The present study aimed to identify social cognition measures suitable for use in
Japanese schizophrenia patients. It represents a pioneering attempt to systematically inves-
tigate the utility of social cognition measures for a non-English-speaking population. An
expert panel was assembled and tasked with selecting a comprehensive group of measures
that are relevant for the target population while also consistent with the abovementioned
related studies.

2. Materials and Methods

2.1. Expert Panel Members

Expert panel members were recruited using a reputation-based snowball sampling
procedure. Panel members were chosen from Japanese researchers performing psychologi-
cal, neurobiological, psychophysiological, or neuroimaging research in the area of social
cognition, broadly defined. Experts from fields other than schizophrenia were included
to incorporate important concepts from closely related areas. Ultimately, nine experts
in the areas of social psychology, social neuroscience, schizophrenia, and developmental
disorders agreed to serve as panelists (Table S1). No panelists reported financial conflicts
of interest.

2.2. Key Discussion Points and Candidate Social Cognition Measures

We prepared a draft of items comprising key discussion points for establishing an
expert consensus. This list included the definition and core domains of social cognition,
the target population for the social cognition measures selected in this study, objectives
for their use, and evaluation criteria for final recommendations following a psychometric
evaluation study.

The definition of social cognition was quoted from the NIMH Workshop on Social
Cognition in Schizophrenia [1], as this definition that had already garnered consensus from
several experts in the SCOPE study [3]. We prepared a preliminary list of candidate social
cognition measures to be considered by the expert panel. Measures were selected based
on similar studies examining the psychometric properties of social cognition measures.
The SCOPE study recommendations were given particular importance, although measures
cited as promising but ultimately excluded were also reconsidered. In addition, the authors
inspected the literature for relevant or promising social cognition measures that were
originally developed in Japan or with pre-existing Japanese versions. The resulting list
comprised 15 preliminary candidate measures, including all six measures recommended
by the SCOPE study and two measures developed in Japan. The remaining measures
were selected based on history of use in Japanese populations (Table 1). The principal
investigators and secretariat then prepared a database listing the results of previous studies
that examined the psychometric properties for each measure (Table S3).
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Table 1. Candidate social cognition measures.

Domain/Measure Original Citation
Total Citations

(PubMed)
Citations Per Year

(PubMed)

Emotion Processing

Bell Lysaker Emotion Recognition Task
(BLERT)

Bryson et al., 1997 [7] 44 1.91

Face Emotion Identification Test (FEIT) Kerr and Neale, 1993 [16] 94 3.48
Noh Mask Test Minoshita et al., 2005 [17] 2 0.13

Penn Emotion Recognition Test (ER-40) Kohler et al., 2003 [8] 174 10.24

Theory of Mind

Faux Pas Test Stone et al., 1998 [18] 212 9.64
Hinting Task Corcoran et al., 1995 [6] 145 5.8

Metaphor and Sarcasm Scenario Test
(MSST)

Adachi et al., 2004 [19] 9 0.56

Reading the Mind in the Eyes Test (Eyes) Baron-Cohen et al., 2001 [20] 864 45.47
The Awareness of Social Inference Test

(TASIT)
McDonald et al., 2003 [21] 100 5.88

Attributional Style/Bias

Ambiguous Intentions and Hostility
Questionnaire (AIHQ)

Combs et al., 2007 [22] 59 4.54

Intentionality Bias Task (IBT) Rosset, 2008 [23] 23 1.92
Social Cognition Screening

Questionnaire (SCSQ) *
Roberts et al., 2011 [24] (N/A) (N/A)

Social Perception

Biological Motion (BM) Task Hashimoto et al., 2014 [25] 5 0.83
Social Attribution Task-Multiple Choice

(SAT-MC)
Bell et al., 2010 [26] 20 2

Situational Feature Recognition Test
(SFRT)

Corrigan and Green, 1993 [27] (N/A) (N/A)

* Also measures Theory of Mind.

2.3. The Modified Delphi Process

This study used a modified Delphi process (RAND/UCLA appropriateness method) to
(1) reaffirm consensus on the definition of the social cognition construct and its key domains,
(2) establish criteria for evaluating the appropriateness of social cognition measures for use
in Japanese populations, and (3) rate and select measures based on the established criteria
with a view toward future psychometric evaluation studies (see Figure 1) [28,29]. This
method was also chosen for the SCOPE study as a proven method to develop consensus-
based test batteries, having been successfully used in the development of the MATRICS
battery [30] and VALERO initiative [31] in the field of schizophrenia research [3]. We
defined consensus as when the compilation of item statements reached approval of 80% or
higher [32] in online voting sessions conducted via the Google Forms website. Panelists had
approximately 2 weeks to complete each of the online surveys. Voting was repeated until
consensus was reached on all items. After each round, iterative refinements were made to
the item compilation based on participant feedback.
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Panelists rated the appropriateness of each measure for use in Japanese schizophrenia
patients based on the following criteria: (1) practicality of administration and tolerability
for participants, (2) reliability, (3) utility, (4) convergent and criterion validity, and (5)
international comparability. Panel members were provided with detailed descriptions of
each measure, including psychometric data from the SCOPE study if available, along with
a supplementary database of psychometric indicators for each measure that we compiled
from the literature (Table S3). Ratings were given on a 9-point scale, where 1 was “extremely
inappropriate” and 9 was “extremely appropriate.” Panel members were also encouraged
to provide feedback on individual items through a free form comment section. After each
round, the results were compiled to prepare a summary document that presented the
raw rating, mean, and median scores in histograms, together with individual comments
gathered from each panel member. These documents were shared and used as a basis for
the discussion rounds, where individual rating discrepancies were addressed. Certain
points were agreed upon beforehand; 7 measures were to be selected from the 15 candidates
for inclusion in a subsequent psychometric evaluation study, and the selected measures
were to, as a whole, address as wide a range of social cognition domains as possible.
Discussions were held in the form of online video conferences because of the COVID-19
pandemic and precautions regarding face-to-face group meetings and traveling.

3. Results

The final list of items agreed upon by the expert panel is shown in Table S2.

3.1. Definition and Core Domains of Social Cognition

The panel agreed to maintain the well-known NIMH Workshop definition [1] and the
four-domain structure of emotion processing, attribution style/bias, social perception, and
ToM for social cognition in schizophrenia.
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3.2. Target Population, Purpose of Use, and Evaluation Criteria of Social Cognition Measures

The target population for the social cognition measures selected in this study was
Japanese schizophrenia patients. It was further specified in the panel discussions that
the subsequent psychometric study would target “patients with schizophrenia whose
symptoms have stabilized following the medication adjustment period in the acute phase
and who are undergoing rehabilitation to improve social function.”

The initial focus of this study was to select measures that could be widely used in
clinical practice. However, following discussion, the objectives were expanded to also
consider the suitability of the measures for clinical trials.

A set of criteria to assess social cognition measures following the psychometric study
was discussed and agreed upon among the panel. Feasibility and tolerability criteria were
established in terms of administration time and participant ratings, respectively. Test–retest
reliability would be considered acceptable with correlation coefficients greater than or
equal to 0.6. Utility as a measure would be assessed in terms of floor and ceiling effects,
with emphasis being placed particularly on the absence of floor effects because a task
showing ceiling effects may still be useful for clinical purposes such as screening and
aiding diagnosis. However, if a task is to be used as an outcome for interventional studies,
the absence of both floor and ceiling effects across administration times was agreed to be
favorable. Measures showing clear group differences between patients and healthy controls
would be favored. Correlation with social function outcomes would also be emphasized.
Incremental validity, or, in this case, increased predictive ability of social function outcomes
beyond neurocognition, would also be given consideration. Finally, tasks recommended
in the SCOPE study were agreed to be favorable in terms of international comparability.
Grading criteria were modified so that grades would be considered for each purpose of
use. Specific advantages and precautions for the use of each test would be described in the
final article.

3.3. Panel Ratings and Selection of Social Cognition Measures

Descriptive statistics for the two rounds of panel ratings are provided in Table 2. A
set of consensus measures was selected based on the final ratings. Seven tasks with the
highest mean appropriateness ratings were selected: three tasks representing the emotion
processing domain (the BLERT, ER-40, and Facial Emotion Selection Test (FEST)) and
two tasks each for the domains of attributional style/bias (the Ambiguous Intentions
and Hostility Questionnaire (AIHQ) and the Intentionality Bias Task (IBT)) and ToM (the
Hinting Task and the Metaphor and Sarcasm Scenario Test (MSST)) (Table 3). No social
perception tasks were included in the initially planned selection of seven tasks, prompting
an additional discussion regarding whether the omission of a previously established core
domain was acceptable. Ultimately, it was unanimously agreed to include two tasks
representing social perception: The Social Attribution Task-Multiple Choice (SAT-MC) and
the Biological Motion (BM) task. Thus, a total of nine measures representing each of the
four established core domains comprised the final selection.

Table 2. Results of the expert panel ratings.

Domain/Measure
Median, Mean (SD)

1st Round 2nd Round

Emotion Processing

ER-40 8, 7.1 (1.8) 8, 7.1 (1.7)
FEST * 7, 7.2 (0.8) 8, 7.1 (1.9)

BLERT-J 7, 7.1 (1.6) 7, 7.3 (0.9)
Noh Mask Test 4, 4.2 (1.7) 3, 3.1 (0.9)
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Table 2. Cont.

Domain/Measure
Median, Mean (SD)

1st Round 2nd Round

Theory of Mind

MSST 8, 6.9 (1.9) 8, 6.8 (1.9)
Hinting 8, 7.2 (1.6) 7, 7.1 (1.6)

Eyes 5, 5.2 (2.4) 5, 5.0 (1.6)
Faux Pas 5, 5.0 (2.1) 5, 4.8 (1.8)

TASIT 5, 4.6 (2.8) 5, 4.3 (1.5)

Attributional Style/Bias

AIHQ 7, 6.4 (1.8) 7, 6.2 (1.7)
IBT 6, 6.0 (1.9) 6, 5.8 (0.9)

SCSQ ** 7, 7.2 (1.1) 5, 5.2 (2.0)

Social Perception

SAT 6, 5.7 (2.4) 4, 5.1 (2.3)
SFRT 6, 5.6 (2.1) 4, 4.1 (1.7)

Biological Motion 5, 4.6 (2.0) 4, 4.0 (1.3)
* Japanese version of the FEIT, ** Also measures Theory of Mind.

Table 3. List and descriptions of the final measures.

Domain/Measure Description

Emotion Processing

Penn Emotion Recognition
Test (ER-40)

Measures the ability to identify emotional state from facial expressions. Participants view 40 still
photographs of people’s faces, each expressing a particular emotion (joy, sadness, anger, fear, or no
emotion). Participants are then asked to answer, which emotion is expressed in each photograph.

Performance is indexed as the number of correct answers. The estimated time required is 3–7 min.

Facial Emotion Selection
Test (FEST)

Japanese version of the FEIT. Measures ability to infer emotions from the facial expressions of others.
Participants view 21 photographs and answer which emotion (joy, sadness, anger, fear, surprise,
disgust, or no emotion) it corresponds to. Performance is indexed as the total number of correct

answers. The estimated time required is about 10 min.

Bell Lysaker Emotion
Recognition Task-Japanese

Version (BLERT-J)

Japanese version of the BLERT. Measures the ability to identify emotional state from facial expression,
tone of speech, and body language. Participants view 21 short videos in which an actor portrays

different emotional states (happiness, sadness, fear, disgust, surprise, anger, or no emotion) and must
answer which emotion was portrayed in each video. Performance is indexed as the number of correct

answers. The estimated time required is 7–10 min.

Theory of Mind

Metaphor and Sarcasm
Scenario Test (MSST)

Measures ability to understand metaphorical and sarcastic expressions in dialogue. Participants read
short passages that provide context for a figurative or sarcastic statement and then choose what they
think it means. There are five figurative and five sarcastic statements. The number of correct answers
for each type is summed to produce metaphor and sarcasm scores. For each of the sarcasm scenarios,

one of the incorrect answers is a “landmine answer” representing the statement’s meaning when
taken at face value. The number of times the landmine answer was avoided is tallied as “the

landmine avoidance score.” The estimated time required is 5–10 min.

Hinting Task

Measures the ability to detect sarcasm and indirect requests from others’ statements. Participants are
read passages of dialogue between two characters in 10 different scenarios. In each conversation, one
of the characters tries to indirectly convey a certain intention or request to the other. Participants are

asked what the intention or request is. If the answer is incorrect, the participant is provided with
additional dialogue that further clarifies the intention. First-time correct answers are awarded two

points, and second-time correct answers are awarded one point. Performance is indexed as the total
number of points. The estimated time required is about 7 min.
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Table 3. Cont.

Domain/Measure Description

Attributional Style/Bias

Ambiguous Intentions and
Hostility Questionnaire

(AIHQ)

Assesses hostile social cognitive biases. Participants read passages describing hypothetical, negative
scenarios and answer why they think the situation occurred. Participants then rate the degree to
which they perceived the action to be intentional, how angry it would make them feel, and how

much they would blame the other person on separate Likert scales. Finally, participants answer how
they would respond to the situation. Responses to the open-ended questions are coded by

independent raters to compute Hostility Bias and Aggression Bias indexes, whereas the Likert ratings
are averaged and summed to produce a Blame Score. The estimated time required is 5–10 min.

Intentionality Bias Task
(IBT)

Assesses tendency to assign intentionality to the actions of others. Up to 80 short sentences (fewer in
some versions) depicting another person’s action (such as “He broke the window”) are presented on
a screen. Participants answer whether the behavior is “intentional” or “accidental” within a short
time limit. Performance is indexed as the number of questions answered “intentional” to the total

number of questions. The estimated time required is about 5 min.

Social Perception

Social Attribution
Task-Multiple Choice

(SAT-MC)

Assesses implicit social attribution formation. Participants view a 64-s, animated video of
anthropomorphized geometric shapes enacting a social drama. The video does not include dialogue.
After viewing the video twice, participants answer 19 multiple-choice questions about what happens
or how the shapes feel. Performance is indexed as the total number of correct answers. The estimated

time required is about 10 min.

Biological Motion (BM)
Task

Measures capacity to perceive human body motion at high speed. Participants are presented with
images of moving light spots, either moving in coordination to mimic human body movements

(Biological Motion) or at random (Scrambled Motion). Participants view multiple images and answer
whether each is either Biological Motion or Scrambled Motion. In later parts of the task, random light

spots are added/removed in response to correct/incorrect responses to adjust difficulty and
determine participants’ level of performance.

4. Discussion

Our primary aim was to identify social cognition measures appropriate for Japanese
schizophrenia patients based on the opinions of experts in related fields, with a view
toward future quantitative research. After establishing grounds for measure selection, the
panel rated and discussed the suitability of 15 candidate measures (Table 2), ultimately
arriving at nine measures representing all four domains (Table 3).

We first sought to obtain an expert consensus on the definition and theoretical frame-
work of the social cognition construct. Our proposal of using the same four core domains
established in the SCOPE study was met with some debate in the initial round of surveys.
Several experts questioned the inclusion of the social perception domain, with concerns
about the lack of clarity surrounding its definition and scope and an absence of well-
established tasks. However, it was agreed that such shortcomings underscore the need
for inclusion and further investigation of the construct. Other experts were concerned
about the omission of metacognitive aspects. Nonetheless, the panel ultimately agreed
to adopt the proposed four-domain structure, citing the importance of consistency and
international comparability.

Initially, the target population was not specified to any stage of schizophrenia. How-
ever, it was pointed out that performance on social cognition tasks would vary significantly
depending on what stage the patient was in and that such variance would make it difficult
to adequately evaluate tasks’ psychometric properties. The panel agreed to narrow the
target population to more stable patients, as they would also be the main targets for treat-
ments to improve social functioning. The initial target population also included outpatients
only. However, the panel discussed the need to address social cognitive dysfunctions in
chronic patients hospitalized for reasons other than pure severity of symptoms, such as
those in forensic psychiatric wards or patients with problematic behaviors not directly
related to psychosis. Thus, the phrasing was modified to include such patients.
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Two of the selected measures, the MSST and BM, are novel tasks that have yet to be
systematically examined in the context of social cognition in schizophrenia. Furthermore,
the MSST is a task that was developed in Japan. The panel unanimously agreed that the
nature of this study as one of the first attempts to examine social cognition tasks in a
non-English context dictates the need to consider tasks already established as suitable for
Japanese populations. Although originally intended to evaluate autism spectrum disorder
tendencies in children, it was agreed that the MSST could be applied to assess ToM in
schizophrenia populations. The BM task has been mentioned in the literature in the context
of incorporating social neuroscience paradigms into the field of social cognition [33,34] and
specifically as a promising measure to explore the social perception domain [5]. The panel
deemed the BM suitable for the particular objectives of this study due to its low dependence
on cultural and linguistic factors, which suggests a high level of international comparability.

The AIHQ and SAT-MC were included despite being classified as “not recommended”
in the SCOPE study [4,5]. The AIHQ comprises both open-ended, scorer-rated items
and self-report Likert scales assessing participants’ responses to negative social situations.
Answers for the open-ended questions are coded by two independent raters, which has
been speculated to negatively affect psychometrics such as test–retest reliability. Buck
et al. suggested that the psychometric properties of the AIHQ could be improved by
expanding self-report items and removing the open-ended questions [35]. The Singaporean
psychometric evaluation study conducted by Lim et al. showed more favorable results
for the AIHQ, further suggesting its utility [15]. The SAT-MC was not included in the
initially planned selection of seven tasks but was chosen as the highest rated among
candidate social perception tasks. In the SCOPE study, the SAT-MC showed sub-par
results in basic psychometrics such as test–retest reliability, owing largely to the use of
two independent forms across the two administration times. The use of consistent test
forms across administration times may produce more favorable results. In addition, given
that the SCOPE study evaluated tasks based on suitability for clinical trials, the SAT-MC
may potentially receive more favorable gradings when viewed through the lens of utility
in clinical practice. Furthermore, the SAT-MC has long been considered less affected by
linguistic and cultural differences than other social cognition tasks because it is non-verbal
and less culturally loaded [26,36,37]. A recent cross-cultural study with South Korean
and North American schizophrenia patients and healthy controls showed the SAT-MC to
be consistent across groups and supported its utility across language and cultures [13],
making it a strong candidate for our current study.

Notable omissions included the Eyes test and The Awareness of Social Inference Test
(TASIT), which were both included in the SCOPE recommendations. The Eyes test was seen
as possibly not suitable for Japanese populations due to cultural differences; in Japan, it is
considered rude to stare at someone’s face and it is therefore not customary to read others’
emotions through their eyes. There was also further concern that the Eyes test significantly
overlaps with emotion processing, despite being classified as a measure of ToM. The TASIT,
which uses short but relatively complex video vignettes of actors enacting various social
interactions, received lower ratings mainly due to concerns over translatability. Many
experts also shared the opinion that certain task structures, such as the TASIT, are inherently
more dependent on working memory, with performance on these tasks at risk of reflecting
neurocognitive ability more strongly than social cognitive function.

This study is not without its limitations. First, it was largely influenced by the SCOPE
study, and measures indicated in the SCOPE study therefore received more attention
than others. We attempted to reduce these limitations by reconsidering measures not
recommended by the SCOPE study and conducting a search of literature for Japanese-
developed social cognition measures. Furthermore, our reliance on the SCOPE study
for guidance meant inheriting its limitations regarding the social perception domain and
lack of strong candidate measures to represent it. The expert rating results and ensuing
discussions also suggested that the objectives of the present study may have inadvertently
led to emotion processing tasks being favored because their simpler structures seemingly

113



J. Pers. Med. 2021, 11, 275

make them less vulnerable to changes in psychometrics caused by translation to Japanese.
These observations were addressed in the panel discussions and ultimately influenced
the decision to include a roughly equal number of measures from each of the four core
domains. Another limitation is the relatively small number of experts recruited. Diversity
regarding fields of expertise may have been somewhat limited, with relatively high weight
on the field of schizophrenia and only one expert representing another clinical population
(developmental disorders). Furthermore, this study may have benefited from including
experts from other academic fields, such as cultural anthropology, to provide a more rigid
examination of which tasks may or may not be appropriate for Japanese people.

The present study established an expert consensus on key discussion points and
promising measures for assessing social cognition in Japanese schizophrenia patients.
There is currently a lack of available information regarding the use of social cognition
measures in a non-English-speaking cultural context. We hope that our research will
inform and facilitate future endeavors in other countries. Subsequent phases of this study
will involve a multi-center psychometric evaluation study in Japanese schizophrenia and
healthy control populations using the expert-selected measures. However, a considerable
portion of the selected tasks has yet to be validated in Japanese schizophrenia populations
(BLERT, BM, and MSST) or even translated to Japanese (SAT-MC and IBT). A pilot study
may be warranted to preliminarily confirm the utility and structural validity of the tasks
and to identify any need for modifications. Cross-cultural studies comparing results among
groups of different cultural and linguistic backgrounds may shed further light on which
measures are more suitable for international comparison and collaborative research.
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Abstract: In schizophrenia, social cognitive impairment is considered one of the greatest obstacles to

social participation. Although numerous measures have been developed to assess social cognition,

only a limited number of them have become available in Japan. We are therefore planning this

evaluation study for social cognition measures in Japan (ESCoM) to confirm their psychometric

characteristics and to promote research focused on social cognition. Participants in the cross-sectional

observational study will be 140 patients with schizophrenia recruited from three Japanese facilities

and 70 healthy individuals. In our primary analysis, we will calculate several psychometric indicators

with a focus on whether they can independently predict social functioning. In secondary analyses,

we will assess the reliability and validity of the Japanese translations of each measure and conduct an

exploratory investigation of patient background, psychiatric symptoms, defeatist performance belief,

and gut microbiota as determinants of social cognition. The protocol for this study is registered in

UMIN-CTR, unique ID UMIN000043777.

Keywords: mental disorders; schizophrenia; developmental disorders; social cognition; social func-

tioning; facial expression recognition; test battery; quality of life

1. Introduction

Schizophrenia is a severe mental disorder for which complete recovery is difficult to
achieve by conventional therapies. As a result, patients with schizophrenia continue to
have impaired social functioning. Although the prevalence of schizophrenia is a relatively
low 1% [1], it is one of the top 15 causes of disability worldwide [2].

Social cognition is defined as “the mental operations that underlie social interactions,
including perceiving, interpreting, and generating responses to the intentions, dispositions,
and behaviors of others” [3]. In patients with schizophrenia or other mental disorders, social
cognitive impairment is considered one of the greatest obstacles to social participation,
such as interpersonal relationships, education, and employment [4].

Social cognition has become a major area of schizophrenia research, and the number
of publications on this topic has increased remarkably in the past 20 years [3,5]. Measures
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for assessing social cognitive impairment have been developed from various perspec-
tives. However, many of these measures are based on original theories, and reliability
and validity have not been sufficiently examined for some of them [5]. To address this
problem, the Social Cognition Psychometric Evaluation (SCOPE) study was conducted in
the United States from 2012 to 2017. Through voting and discussion by an expert panel
and two observational studies, six measures from a pool of 108 candidates were ultimately
recommended for assessing social cognitive impairment in schizophrenia and other mental
disorders [5–7]. The SCOPE study made significant advances in the assessment of social
cognitive impairment, contributing a provisional test battery and serving as a foundation
for future work. However, the results were based on data collected in only the United
States, so the generalizability to other cultural contexts remains unclear. Notably, social
cognition tasks are more sensitive than neurocognitive tasks to differences in language and
culture [8].

In fact, there has been little effort to test the reliability and validity of the measures
recommended by the SCOPE study in languages other than English or in cultural areas
outside of the United States. A 2020 study of reliability and validity in Singapore by Lim
et al. found that even among people who use English as a common language, reliability and
validity results may differ by cultural area [9]. Going forward, as therapies are developed
for social cognition, it will be absolutely paramount to examine the effects of cultural
differences in the underlying assessments of social cognition.

In Japan, some researchers have been working on developing a social cognition test
battery for Japanese patients with schizophrenia [10], and validity studies have been
conducted for social cognition measures such as the widely used Japanese versions of
the Facial Emotion Selection Test (FEST) and Social Cognition Screening Questionnaire
(SCSQ) [11,12]. However, reliability and validity have been assessed for only one of the
Japanese versions of the six measures recommended by the SCOPE study. In addition,
the reliability and validity of some social cognition measures currently used in Japan,
including measures unique to Japan, have not been sufficiently assessed. Therefore, in
order to prepare for future international clinical trials, it is necessary to assess not only the
six measures recommended by the SCOPE study, but also the measures unique to Japan.

Considering the above, we previously recruited a panel of Japanese experts on social
cognition who discussed whether social cognition measures developed in the United States
could be introduced in Japan, and the panel selected nine promising measures of social
cognition in Japanese patients using a modified Delphi method [13]. Accordingly, the main
objectives of the present study are to assess these measures selected by the domestic expert
panel simultaneously in the same patients and to examine the relative merits of these social
cognition measures by calculating psychometric indicators. Another objective is to hold an
expert panel discussion of these psychometric indicators to produce recommendations on
social cognition measures for Japanese patients.

To date, there have been studies examining cultural differences in social cognition
measures between Asian and western countries [14] or attempting to establish new social
cognition test batteries suited to their own specific study purposes [15,16]. However, this is
the first study that will comprehensively evaluate the psychometric properties of social
cognition measures in a non-English context using the framework of the SCOPE study.

We will also examine clinical backgrounds, psychiatric symptoms, and defeatist
performance belief as determinants of social cognition. Furthermore, based on the recent
focus on the relation between the gut microbiome and schizophrenia [17], we will also
measure gut microbiota in an exploratory investigation of social cognitive impairment,
for which an effective treatment method has not yet been established. According to an
experiment using germ-free mice, the gut microbiome plays an important role in cognition
and social behavior [18]. When the gut microbiota of patients with schizophrenia were
transplanted into germ-free mice, these animals demonstrated reduced functioning related
to memory, learning, and social behavior compared with those receiving transplants of gut
microbiota from healthy humans [19]. To date, five studies have been conducted on the gut
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microbiota in patients with schizophrenia. These studies have shown that the composition
of the gut microbiota in patients is different from that in healthy individuals [20] and
that gut microbiota composition is associated with symptoms of mental illness [21] and
depression [22]. However, no study has yet examined the relation between social cognition
and the gut microbiota in patients with schizophrenia. Therefore, in secondary analyses, we
will assess the reliability and validity of the Japanese translations of the abovementioned
measures and conduct an exploratory investigation of patient background, psychiatric
symptoms, defeatist performance belief, and gut microbiota as determinants of social
cognition.

2. Methods and Analysis

2.1. Study Participants and Data Collection

This is a cross-sectional study. Patients with schizophrenia will be recruited from the
National Center of Neurology and Psychiatry, Hokkaido University Hospital, and Toho
University Omori Medical Center. Staff at each facility will screen patients based on their
medical records and select eligible patients. Next, these patients will be examined by their
attending physicians, who will confirm whether the patients meet the eligibility criteria.
Healthy individuals will be recruited by methods such as flyers posted or distributed at
the study facilities and e-mails about the study posted on mailing lists. Individuals who
volunteer to participate will be interviewed by staff at the participating facilities, who will
confirm the individuals’ eligibility. Individuals who meet the inclusion criteria will be
given a written explanation of the study by staff at the participating facilities, who will
then obtain written informed consent. The staff will assess measures with individuals who
provide written consent. Anyone involved in the research agrees to participate and agrees
to have details the results of the research about them published.

Of the nine tests recommended by the panel, the Penn Emotion Recognition Task
(ER-40) [23] was excluded from the present study because a similar task, FEST, which
measures cognitive functions related to facial expressions, is already available in Japanese.
In addition, it requires the use of a unique interface and is difficult to administer compared
with other measures in the same environment.

The study period for this cross-sectional study is from institutional review board (IRB)
approval until 31 March 2023. Each measure will be conducted either once or twice. For
healthy individuals, all assessments will be completed on the day that informed consent is
obtained or within 1 week. For patients with schizophrenia, the initial assessment will be
performed on the day that informed consent is obtained (day 0) or within 1 week (Table 1).
In consideration of fatigue in participants, measures may be assessed over multiple days.
In general, however, all measures are scheduled to be completed within several days.

Table 1. Testing schedule.

Day 0–7
Day 0–7 (All Measures
Below to Be Completed

within 2 Days)
Day 14–42

Informed consent (patients,
healthy individuals)

#

Background information
(patients, healthy individuals)

#

M.I.N.I. (patients, healthy
individuals)

#

JART-25 (patients, healthy
individuals)

#

PANSS (patients) #
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Table 1. Cont.

Day 0–7
Day 0–7 (All Measures
Below to Be Completed

within 2 Days)
Day 14–42

BNSS (patients) #

DPB (patients *) #

BACS-J (patients *) #

UPSA-B (patients *) #

SLOF (patients *) #

Japanese versions of social
cognition measures (patients *,

healthy individuals)
# #

Scale of subjective difficulty of
social cognition measures

(patients *, healthy individuals)
#

Gut microbiota (patients, healthy
individuals)

�

Duration (min) 40
180

(Healthy individuals: 80)
70

#: mandatory, �: optional. * Measures with an asterisk next to “patients” are conducted with patients for the
purposes of this study, while measures without an asterisk are conducted as part of standard clinical practice.
BACS-J, Brief Assessment of Cognition for Schizophrenia, Japanese Version; BNSS, Brief Negative Symptom
Scale; DPB, Defeatist Performance Beliefs; JART-25, Japanese Adult Reading Test-25; M.I.N.I., Mini-International
Neuropsychiatric Interview; PANSS, Positive and Negative Syndrome Scale; SLOF, Specific Levels of Functioning
Scale; UPSA-B, University of California, San Diego Performance-based Skill Assessment—Brief.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria for patients with schizophrenia are as follows: (1) primary diagnosis
of schizophrenia based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-
5) at the time of assessment; (2) no hospitalization in the previous 2 months, no changes
in prescriptions in the past 6 weeks, and no changes in prescription dosage in the past
2 weeks; (3) age 20−59 years at the time of obtaining informed consent; and (4) written
informed consent to participate in the study based on an understanding of its objective
and content (capacity to consent).

The inclusion criteria for healthy individuals are as follows: (1) age 20−59 years at
the time of study participation; (2) confirmation of no diagnoses of mental disorders at the
time of study participation; and (3) written informed consent to participate in the study.

For both patients with schizophrenia and healthy individuals, the exclusion criteria are
as follows: (1) physical/mental disorders that prevent implementation of measures during
study participation; (2) insufficient Japanese language ability to respond to self-reported
psychological measures based on a sufficient understanding of the questions; and (3) being
deemed ineligible to participate for any other reason by an attending physician or study
staff.

2.3. Candidate Measures for Social Cognition

2.3.1. Attributional Style Bias

• Ambiguous Intentions and Hostility Questionnaire (AIHQ)

The participant responds to questions about five situations with negative outcomes,
such as questions on the cause of the situation, whether they feel the other person’s
actions are intentional, and how they would respond to the situation. We obtained
permission from the original authors to modify the existing Japanese version of the
questionnaire by expanding the number of self-report items and removing rater-
scored items, as suggested by Buck et al. [24]. The format was changed to address
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the limitations presented in the SCOPE study [5–7]. The estimated time required is
6 min [25].

• Intentionality Bias Task (IBT)

The participant responds to 24 short sentences describing human actions within a time
limit and indicates whether those actions are intentional or accidental. A Japanese
version of the IBT was newly prepared for this study. The 24-question version used
in the SCOPE study [7] was first translated into Japanese, and then back-translated
to English for revision by the original author. In addition, modifications were made
to the time conditions to account for differences in grammatical structure and aver-
age reading speed between English and Japanese. The estimated time required is
5 min [26].

2.3.2. Emotion Processing

• Bell Lysaker Emotion Recognition Task (BLERT)

The participant views videos of actors and, using the actor’s facial expression, tone
of voice, vocal timbre, and upper body movement as clues, responds to multiple-
choice questions asking which emotion was being expressed. A new Japanese version,
refilmed with a Japanese actor and a translated script, was prepared with permission
from the original author. The estimated time required is 7 min [27].

• Facial Emotion Selection Test (FEST)

The participant views photos of Japanese faces of different genders and ages and se-
lects the emotion that most closely matches the expression in the photo from 7 choices
(Ekman’s six basic emotions and emotionless). This test was created in Japan with
reference to the Facial Emotion Identification Task (FEIT) [28]. The estimated time
required is 10 min [11].

2.3.3. Social Perception

• Social Attribution Task-Multiple Choice (SAT-MC)

The participant views animations of moving geometric figures and responds to ques-
tions about the meaning and motive of the figures’ movement. Japanese versions
of both the SAT-MC I and II were newly prepared. The original English texts were
translated to Japanese and then back-translated to English. The back-translations
were reviewed by the original author and modifications were made to the Japanese
translation as deemed necessary. The estimated time required is 10 min [29].

• Biological Motion Task (BM)

The BM consists of two tasks that measure the ability to distinguish biological mo-
tion. In the first task, the participant distinguishes between human movement and
scrambled (nonbiological) motion represented by point-lights. In the second task,
scattered moving point-lights are projected onto human movement and scrambled
motion, and the participant is asked to distinguish between them. The number of
scattered moving point-lights varies depending on the movement in each trial. The
estimated time required is 10 min [30].

2.3.4. Theory of Mind

• Hinting Task (Hinting)

The participant reads and hears a dialogue between two characters and identifies the
true intention behind one character’s indirect speech. A new Japanese version was
prepared with permission from the original author. In this new version, in order for
the participant to take the test by themself on a computer, they answer each question
twice, first without a hint, and then with a hint. The participant answers the questions
aloud and these answers are recorded. Based on the recording, 2 points are given for
correct answers in the no-hint phase, 1 point for correct answers in the hint phase, and
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0 points for not answering any of the questions correctly. The estimated time required
is 6 min [31].

• Metaphor and Sarcasm Scenario Test (MSST)

The participant reads 10 passages involving metaphors and sarcasm and chooses the
answer that most accurately describes the passage. The estimated time required is
8 min [32].

2.4. Other Measurements

• Background information

Information such as sex, age, educational background, medical history, treatment
history, primary disease, history of allergies, and history of side effects will be collected
from medical records or interviews with participants.

• Mini-International Neuropsychiatric Interview (M.I.N.I.)

The M.I.N.I is a structured interview designed to diagnose mental disorders. The
present study uses the version of the M.I.N.I adapted to the DSM-V. The M.I.N.I will
be conducted after obtaining informed consent to confirm history of mental disorders
in healthy participants. For participants with schizophrenia, the M.I.N.I. will be
performed after obtaining consent to determine whether they meet the inclusion
criteria. The interview will take roughly 30 min [33,34].

• Japanese Adult Reading Test-25 (JART-25)

The JART-25, a measure of verbal IQ, consists of 25 two-character kanji compound
words that participants are asked to read aloud. In patients with schizophrenia, the
JART-25 is considered to reflect premorbid verbal IQ. The estimated time required is
5 min [35].

• Positive and Negative Syndrome Scale (PANSS)

The PANSS assesses overall psychiatric symptoms in schizophrenia via interview. The
scale is composed of 30 items: 7 items on positive symptoms, 7 items on negative
symptoms, and 16 items on general psychopathology symptoms. This study will
use the Japanese version of the PANSS, which was translated by the Japan Young
Psychiatrists Organization. The estimated time required is 30 min. Assessment by an
informant (estimated time required: 10 min) is also performed [36,37].

• Brief Negative Symptom Scale (BNSS)

The BNSS is a 13-item scale that assesses negative symptoms in schizophrenia via
interview. The estimated time required is 15 min [38,39].

• Defeatist Performance Beliefs (DPB) Scale

The DPB Scale is a self-administered scale for assessing negative beliefs about oneself.
The estimated time required is 5 min [40,41].

• General Causality Orientations Scale (GCOS)

The GCOS is a self-administered scale that assesses individual tendencies regarding
three different motivational orientations (autonomy, control, and impersonal, which
correspond to intrinsic motivation, extrinsic motivation, and amotivation, respec-
tively). The estimated time required is 10 min [42].

• Self-Assessment of Social Cognition Impairments (ACSo)

The ACSo is a 12-item self-administered questionnaire that examines subjective com-
plaints regarding four different domains of social cognitive impairment. The estimated
time required is 5 min [43,44]. The original French text was translated to Japanese and
then back-translated to French. The back-translation was reviewed by the original
authors and modifications were made to the Japanese translation as deemed necessary.

• Observable Social Cognition Rating Scale (OSCARS)
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The OSCARS is an 8-item scale that comprehensively examines subjective complaints
regarding social cognitive impairment. The scale involves a self-report and an objective
assessment from an informant close to the participant. The estimated time required
is 5 min [45,46]. The original English text was translated to Japanese and then back-
translated to English. The back-translations were reviewed by the original authors
and modifications were made to the Japanese translation as deemed necessary.

• Brief Assessment of Cognition for Schizophrenia, Japanese Version (BACS-J)

The BACS, which is a standardized test battery for which validity has been examined,
was developed to assess cognitive impairment in schizophrenia. The assessment,
which is currently widely used for psychiatric disorders, consists of verbal memory,
working memory, motor speed, attention, verbal fluency, and executive functions. The
estimated time required is 30 min [47,48].

• University of California, San Diego Performance-based Skill Assessment—Brief (UPSA-B)

The UPSA-B measures functioning in two domains: financial management and com-
munication (by telephone), in a role-playing scenario that models daily living. The
estimated time required is 10 min [49,50].

• Specific Levels of Functioning Scale (SLOF)

The SLOF objectively assesses social functioning by integrating the results of inter-
views with the participant and a close informant with results from a self-administered
questionnaire. The estimated time required is 10 min [51,52].

• Gut microbiota

Using a specialized gut microbiota measurement kit, we will measure gut microbiota as
described previously [53,54]. Based on reference sequences, we will categorize bacteria
into operational taxonomic units and calculate the occupancy rate (the percentage of
the gut microbiome occupied by a given bacterium) of each bacterium at the genus
level.

2.5. Sample Size Calculation

The present study aims to simultaneously assess measures of social cognition and
quantitatively determine which measures are psychometrically superior. We will calculate
various psychometric indicators with an emphasis on whether they can independently
predict social functioning; specifically, we will emphasize the incremental validity of social
functioning (defined as a significant increase in the coefficient of determination when social
functioning testing is added after neurocognitive function testing has been included in
advance as an independent variable) as determined by hierarchical multiple regression
analysis. Sample size was calculated based on hierarchical multiple regression analysis.

In multiple regression analysis, f2 indicates effect size. According to Cohen [55], f2

values of 0.02, 0.15, and 0.35 represent small, moderate, and large effect sizes, respectively.
In the present study, Model 1 uses the six cognitive domains assessed by the BACS-J
(verbal memory, working memory, motor speed, attention, verbal fluency, and executive
function) as explanatory variables and social functioning (SLOF and UPSA) as the response
variable. In Model 2, each of the social cognition measures is added one at a time. Based
on a previous study [7], the effect size of Model 1 is assumed to be 0.25, which is halfway
between moderate and large. The present study requires a sample size sufficient to give
an increase in the effect size of Model 2 to large (0.35), that is, to detect social cognition
measures that, when added, boost the predictive ability of social functioning from halfway
between moderate and large. The sample size necessary for detection with α = 0.05 and
β = 0.2 is 99 participants (SAS 9.4). To conduct this analysis, all measures must be completed.
In view of the high dropout rate of 40% in a previous study [7], we assumed a dropout rate
(dropping out at any time before the final analysis) of 30% in the present study; therefore,
we set the target sample size at 140 participants.

The purpose of recruiting healthy individuals for this study is to estimate reference
values for social cognition measures in the general population in an exploratory fashion.
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We will recruit 8 participants in each of eight classifications (men and women in their
20s, 30s, 40s, and 50s). In consideration of dropouts, we set the target sample size at
70 participants.

2.6. Statistical Methods

For participants’ background information, we will calculate summary statistics sepa-
rately for the patient group and the healthy group and compare them between groups. To
examine the relative merits of social cognition measures, we will calculate the following
psychometric indicators. For reliability, in addition to performing correlation analysis
and assessing test–retest reliability, we will calculate Cronbach’s alpha to assess internal
consistency. For changes from the initial test to the retest (learning effect), we will calculate
Cohen’s d and state the respective frequencies of floor/ceiling effects. In addition to per-
forming simple correlation analysis for each social cognition test and social functioning, we
will perform multiple regression analysis to determine the overall extent to which each of
the social cognition measures predicts social functioning. For each social cognition measure,
we will also examine the incremental validity of social functioning (defined as a significant
increase in the coefficient of determination when social functioning testing is added after
neurocognitive function testing has been included in advance as an independent variable)
as determined by hierarchical multiple regression analysis. Furthermore, we will calculate
the means and standard deviations (SDs) for the time required for each social cognition
measure and participants’ subjective assessments of each measure separately for the patient
group and the healthy group. We will also calculate means and SDs of results for each
social cognition measure separately for the patient group and the healthy group, compare
means between the two groups, and note Cohen’s d.

The details of the above statistical analysis will be shown separately in a statistical
analysis protocol that will be drafted by the time final data entry is closed. Interim analysis
will not be conducted. For missing data, we are considering listwise deletion as the first
option. However, if listwise deletion results in a high percentage of missing data, we will
consider statistical analysis that imputes missing data.

3. Ethics and Data Management

3.1. Ethical Considerations

The written explanation and consent form, which have been approved by an IRB,
will be handed to participants. Following thorough written and oral explanations, we
will obtain informed consent from participants based on their own free will. In the event
that information is obtained or changes to the study protocol are made that might affect a
participant’s consent, we will provide this information to the participant promptly. We will
then confirm the participant’s willingness to participate in the study, revise the explanation
form and consent form with IRB approval, and obtain the participant’s informed consent
once again. The protocol for this study is registered in the UMIN Clinical Trials Registry
(UMIN-CTR), unique ID UMIN000043777.

In terms of possible harm, this is a cross-sectional observational study that does
not involve any intervention and is therefore presumed not to inflict any burden related
to invasiveness. However, participants will be burdened financially by transportation
expenses. The measures take 6 h to complete, meaning that we cannot rule out the
possibility of fatigue. In the event of fatigue or any other situation that may make continued
testing inappropriate, we will include breaks, readjust the testing schedule, or take any
other measures necessary to improve the situation. In addition, the principal investigator
or co-investigators will promptly conduct appropriate examination and treatment.

3.2. Patient and Public Involvement

Ken Udagawa of the Community Mental Health & Welfare Bonding Organization
(COMHBO) participated in the research team and joined study group meetings. He gave
us various forms of advice, such as revising expressions in measures and questionnaires
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to make them easier for patients with schizophrenia to understand. In addition, Daisuke
Haga of One More (managed by the Japan Learning Association) performed assessment of
the social cognition measures with 5 patients with schizophrenia in his organization and
gave us information regarding the measures’ usability.

3.3. Data Management and Monitoring and Auditing

Participants’ personal information will be managed by a personal information man-
ager. All samples and information collected during the study will be anonymized at the
time of collection by an anonymization manager to prevent identification of participants
by sample or information. We will anonymize information by assigning a number unique
to the study to each participant’s consent form (which contains personally identifiable
information such as name and address) and test results and then create a correspondence
table. We will store original copies of test forms and data after deleting information that
can be used to identify individual participants (name, address, date of birth, etc.). All
paper materials relating to individuals will be stored in locked document storage cabinets
in the facilities where the research is being conducted (National Center of Neuropsychiatry:
locked cabinet in the Translational Medical Center; Hokkaido University: locked cabinet
in the Department of Psychiatry; Toho University: locked cabinet in the Department of
Neuropsychiatry). The key will be kept by the personal data manager, and the area where
personal data are handled will be within the relevant facility, and the data will always be
stored in a locked cabinet after use.

Electronic data will be stored using flash memory devices that require mandatory en-
cryption and password authentication. Only the principal investigators at each institution
(National Center of Neurology and Psychiatry: Ryo Okubo, Hokkaido University: Naoki
Hashimoto, Toho University: Takahiro Nemoto) will have access to the stored flash memory.
Access may be granted temporarily to persons approved by the principal investigator as
necessary to carry out the research (e.g., data entry and analysis). Measurement of gut
microbiota will be outsourced to a testing company called Cykinso, where samples will be
managed with numbers unique to the study assigned by the study secretariat. Thorough
caution will be taken so that names and other personally identifiable information will not
be given to Cykinso. DNA extract from stool-derived gut bacteria will be disposed of after
analysis is completed.

Because the present study has no intervention, we will not conduct monitoring or
auditing.

4. Discussion

4.1. Dissemination: Process for Final Recommendation

With reference to the results of this study, we will assign all indicators one of three
grades based on criteria that were determined in advance through a vote by an expert panel.
The grades are “appropriate,” “appropriate with reservation,” and “use with caution.”
The appropriateness of each measure depends on its purpose of use, such as for clinical
research (observational studies and interventional studies) or for only clinical purposes
such as screening and rehabilitation assessment. Therefore, when recommendations are
finalized, we will grade the measures according to their intended use and list advantages
and points of caution for each.

The members of the expert panel will grade each measure based on the assessment
criteria determined by an expert panel in 2020 and with reference to the results of a validity
study conducted in 2021 for psychometric assessments. The panel members will vote on
which grade best applies to each measure, with additional rounds of discussion and voting
conducted until a consensus of ≥80% (at least 8 of 9 members) is reached. The number of
members who object to the final vote and their reasons for objecting will be recorded and
appended to the grading results when they are published.

Good practicality is defined as each social cognition domain taking less than 15 min
to administer, while good tolerability is defined as the test having a small burden based on
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subjective assessment by the participants. For test–retest reliability, a correlation coefficient
of ≥0.6 is defined as “appropriate.” For utility as a repeated measure, we will place
importance on the absence of a floor effect in both the first and second measurements.
However, in order to use measures as outcomes in interventional studies, we will place
importance on the absence of both a floor effect and a ceiling effect in both the first and
second measurements.

For validity, we will place importance on a pronounced difference between patients
with schizophrenia and healthy individuals and on a strong correlation with social func-
tioning. We will also examine incremental validity, that is, a further increase in the power
to predict social functioning resulting from the addition of social cognition performance
to neurocognitive performance. For the sake of international comparisons, we will prior-
itize the six measures recommended by the SCOPE study (BLERT, Hinting, ER-40, and
IBT) conducted in the United States when they are equally applicable in Japanese clinical
practice.

At a point between the completion of the data analysis and the conclusion of the
research project, the results will be linked to anonymized data and presented at rele-
vant academic conferences and in academic journals without revealing identification of
participants.

4.2. Prospects for the Future

Generating recommendations for standard measures of social cognition for Japanese
patients may lead to (1) the promotion of education/employment support tailored to social
cognitive impairment, and (2) greater participation by Japanese researchers in interna-
tional collaborations on social cognitive impairment and identification of factors in mental
disorders in general which worsen social function.

Furthermore, through subsequent research using these social cognition measures,
we aim to (1) determine the needs of not only patients with social cognitive impairment
but also healthcare workers, (2) identify social cognitive impairments that prominently
affect forms of social participation such as employment and education, and (3) support the
development of intervention programs to treat social cognitive impairment effectively.

We also hope that our research will help to identify differences in social cognition
between countries and ethnic groups, and inform future efforts to examine social cognitive
impairment in patients with schizophrenia across populations with various biological and
cultural characteristics.
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Abstract: Backgrounds: Social cognition is defined as the mental operations underlying social be-

havior. Patients with schizophrenia elicit impairments of social cognition, which is linked to poor

real-world functional outcomes. In a previous study, transcranial direct current stimulation (tDCS)

improved emotional recognition, a domain of social cognition, in patients with schizophrenia. How-

ever, since social cognition was only minimally improved by tDCS when administered on frontal

brain areas, investigations on the effect of tDCS on other cortical sites more directly related to social

cognition are needed. Therefore, we present a study protocol to determine whether multi-session

tDCS on superior temporal sulcus (STS) would improve social cognition deficits of schizophre-

nia. Methods: This is an open-label, single-arm trial, whose objective is to investigate the efficacy

and safety of multi-session tDCS over the left STS to improve social cognition in patients with

schizophrenia. The primary outcome measure will be the Social Cognition Screening Questionnaire.

Neurocognition, functional capacity, and psychotic symptoms will also be evaluated by the Brief

Assessment of Cognition in Schizophrenia, UCSD Performance-Based Skills Assessment-Brief, and

Positive and Negative Syndrome Scale, respectively. Data will be collected at baseline, and 4 weeks

after the end of intervention. If social cognition is improved in patients with schizophrenia by tDCS

based on this protocol, we may plan randomized controlled trial.

Keywords: neuromodulation; transcranial direct current stimulation (tDCS); schizophrenia; social

cognition; superior temporal sulcus

1. Introduction

The prevalence of schizophrenia is about 0.7% [1], with positive, negative, mood
symptoms, and cognitive dysfunction. The first episode appears after adolescence and
follows a chronic course with repeated remission and exacerbation of psychotic symptoms.
In this process, cognitive and social function decline [2–4]. As a result, 70% of chronic
patients are reported to be unable to find employment [5,6].

Cognitive dysfunction is one of the core symptoms of schizophrenia and exists from
the early stage of onset to the chronic stage [7]. Several domains of neurocognition, such
as learning memory, working memory, executive functioning, verbal fluency, and atten-
tion/information processing, are known to be impaired in schizophrenia [7]. Similarly,
it has been noted in recent years that social cognition [8], i.e., mental operations underlying
social behavior, is also impaired in schizophrenia. Social cognition consists of the domains
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of emotion recognition, social perception, theory of mind (ToM), and attributional bias [9],
whose neural basis differs from that of neurocognition [10]. Moreover, it has been reported
that improvement of social cognition is directly linked to improvement of social function,
whereas there is argument that the association between neurocognition and social function
is mediated by social cognitive function [11]. Therefore, in recent years, the importance of
developing treatments for social cognition has been discussed.

The neural substrates of social cognition may include the orbitofrontal cortex, medial
prefrontal cortex (mPFC), superior temporal sulcus (STS), and amygdala; these brain
regions show a decrease in functional connectivity in schizophrenia [12]. Among these
sites, the amygdala is involved in emotion recognition [13], while the prefrontal cortex
governs ToM [14]. On the other hand, the STS is considered to play a role in both domains
of social cognition [15] (see Table 1 [12–19]).

Table 1. Neural basis of social cognition [12–19].

Domains of Social Cognition Neural Basis

Emotion recognition
Amygdala, superior temporal sulcus, medial prefrontal cortex,

inferior occipital gyrus, etc.

Theory of mind (ToM)
Superior temporal sulcus, medial prefrontal cortex,

middle temporal gyrus, etc.

Attributional bias
Orbitofrontal cortex, insular cortex, striatum, amygdala,

superior temporal sulcus, etc.

Neuromodulation is a method of changing nerve activity by applying electrical stimu-
lation or the other agents to a specific nerve site in the body. Neuromodulation ranges from
noninvasive approaches, such as transcranial magnetic stimulation, to invasive (implanted)
approaches, such as spinal cord stimulation and deep brain stimulation [20]. Among
them, transcranial direct current stimulation (tDCS) is a safe, inexpensive, and feasible
neuromodulation that modifies nerve activity by providing a weak current of 1–2 mA for
about 5–30 min/session [21]. The therapeutic effects of tDCS are thought to be mediated by
promotion of cortical excitability through anodal stimulation [22]. In addition, enhanced
excitatory synaptic transmission via anodal tDCS may promote glutamate transmissions,
and suppress gamma-aminobutyric acid transmissions in the cortex. Moreover, it posi-
tively or negatively modulates the activities of dopamine, serotonin, and acetylcholine
transmissions in the central nervous system. These neural events may change the balance
between excitatory and inhibitory inputs [22,23]. With these mechanisms, tDCS has been
suggested to ameliorate symptoms of several psychiatric disorders, e.g., major depressive
disorder and schizophrenia.

tDCS has been shown to improve several domains of neurocognitive function, espe-
cially working memory, in schizophrenia [24]. On the other hand, only two studies have
been conducted to determine the ability of tDCS to improve social cognitive disturbances
of schizophrenia [25,26]. So far, only one study reported small facilitative effects of tDCS
on emotion recognition with the left dorsolateral prefrontal cortex (DLPFC) as the target
site in schizophrenia [25]. It should be noted that these studies used anodal stimulation on
the frontal areas, i.e., the left DLPFC [26]. As social cognition may be governed mainly by
other brain regions, e.g., the STS [12–19], it is hypothesized that anodal stimulation over
this cortical area would be advantageous for treating social cognition disturbances.

These considerations prompt us to determine whether stimulation of skull surface
above the STS, e.g., T3 or T4 (mid-temporal) of the International 10–20 electroencephalog-
raphy system, would enhance social cognition in patients with schizophrenia. Moreover,
intervention in the STS may affect hallucinations, as the STS is adjacent to the superior
temporal gyrus (STG), and the network of cortical areas containing STGs is involved in
hallucinations [27]. Therefore, we present a study protocol for an open-label, single-arm
trial designed to evaluate the efficacy and safety of tDCS on the left STS. To our knowledge,
this is the first attempt to administer tDCS targeting the STS in patients with schizophrenia.
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2. Study Protocol

2.1. Trial Design

This study investigates the efficacy and safety of multi-session tDCS over the left STS
to improve social cognition for patients with schizophrenia. This is a single-center trial at
National Center of Neurology and Psychiatry, Tokyo, Japan. An open-label, single-arm
study will be conducted on 15 participants with a diagnosis of schizophrenia based on
the Diagnostic and Statistical Manual of Mental Disorders (DSM-5). We selected an open-
label, single-arm design, because there is no precedent for tDCS over the left STS, and
the major focus of this study is to verify the tolerability and safety of tDCS over the STS.
Participants will receive 10 sessions of active tDCS in 5 consecutive days (twice per day)
(see Figure 1). The study design is in accordance with the 2013 Standard Protocol Items:
Recommendations for Interventional Trials (SPIRIT) Statement (Table S1) [28]. This study
was registered within the Japan Registry of Clinical Trials (Trial ID: jRCTs032180026).

Figure 1. Flowchart summarizing the trial procedure. SCSQ, Social Cognition Screening Questionnaire; ECT, electroconvul-
sive therapy; tDCS, transcranial direct current stimulation.

2.2. Participants

Inpatients or outpatients treated at National Center Hospital, National Center of
Neurology and Psychiatry will be enrolled. Participants will be recruited by referrals
from treating psychiatrists. Those psychiatrists will not have any conflicts of interest
with the outcomes of this trial. The principal investigator must provide written informed
consent before starting the trial. After providing the informed consent, participants will be
screened by a treating psychiatrist to establish whether they meet the eligibility criteria.
Participants will be given a gift certificate worth JPY 3000 per day as a reimbursement,
and a gift certificate worth JPY 21000 in a total of 7 days including each tDCS session, and
baseline/follow-up evaluation.

2.3. Inclusion and Exclusion Criteria

Participants must meet the following inclusion criteria:

(1) Diagnosed as schizophrenia in DSM-5.
(2) Aged between 20 and 70.
(3) Being able to understand the objectives and content of the study, and provide consent

to participate in it. (The ability to consent to participate in this study will be considered
insufficient, when patients’ Intelligence Quotient (IQ) is less than 70, or they present
with acute psychiatric symptoms. Those patients will be provided with necessary
medical care separately from this trial.)
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(4) Having Social Cognition Screening Questionnaire (SCSQ) scores of less than 34 points.
Therefore, participants whose scores are 34 or more will be excluded from this study.

Patients with any of the following conditions will be excluded from the study:

(1) Present or past history of severe organic lesions in the brain, dementia, or epilepsy.
(2) With alcohol or substance use disorder that was present within 12 months from

screening.
(3) Contraindicated against electro convulsive therapy or tDCS, e.g., severe cardiovascu-

lar diseases, such as myocardial infarction, or aneurysms at high risk of rupture.
(4) Were treated with tDCS or other neuromodulations within the past 2 months. (We will

ask whether participants have any history of tDCS or other neuromodulations.)
(5) Deemed inappropriate to participate judged by the principal investigator, e.g., when

participants’ psychiatric symptoms are unstable.

The dose of psychotropic drugs will not be changed during the study period. Cognitive
rehabilitation will not be performed during the period. Therefore, we will exclude patients
who are scheduled for cognitive rehabilitation.

2.4. Sample Size Calculation

Total study sample sizes of n = 15 have been recommended by our previous study [29],
assuming an estimated mean UCSD Performance-based Skills Assessment-brief (UPSA-B)
difference from baseline to follow-up of 10.6, with a standard deviation of 15.5. Under
these conditions, the power of the primary analysis was 0.8, so approximately n = 13 was
estimated (one-sample Student’s t-test). Therefore, it was decided to include a total of 15
samples, taking into account the dropouts of the study.

2.5. Intervention

Direct current will be transmitted through 35 cm2 saline-soaked sponge electrodes,
and the intervention will be performed by a 1 × 1 transcranial direct current low-intensity
stimulator (Model 1300 A; Soterix Medical Inc., New York, NY, USA). According to the
International 10–20 electroencephalography system, in each session, the tDCS montage
will place the anode in the left STS and the cathode in the contralateral supraorbital region,
which corresponds to the T3 (mid-temporal) and FP2 (front-polar) regions (see Figure 2).
We will apply 10 sessions of direct current of 2 mA for 20 min in 5 consecutive days (twice
per day, with an interval of 30 min). The intensity, frequency, and duration of the stimulus
are determined based on previous studies [29].

Figure 2. Placement map for the intervention. tDCS montage will place the anode in the left superior temporal sulcus (STS)
and the cathode in the contralateral supraorbital region, which corresponds to the T3 (mid-temporal) and FP2 (front-polar)
regions in the International 10–20 electroencephalography system.
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Trained psychiatrists or researchers will administer tDCS, and they will not evaluate
any outcome measures. Neither tDCS-administrants nor participants will be aware of their
treatment results until all participants have finished their follow-up evaluations.

2.6. Outcomes

Patients receive a psychological evaluation, including a screening evaluation, after
being briefed on the purpose of the study and agreeing to participate in the study. Psycho-
logical assessment data will be collected at baseline and 4 weeks after the final stimulus
(see Table 2). Baseline and follow-up evaluations will be performed by experienced psy-
chologists who are not blinded. Although the interval between the baseline and follow-up
evaluation is more than 5 weeks, which secures adequate washout period, the leaning
effect of psychological evaluation will be a possible limitation.

Table 2. Study schedules.

Study Period

Baseline Intervention Follow-Up

Time point
Within 2 weeks
before the start
of intervention

Day 1 Days 2–4 Day 5
4 weeks after
the end of the

last stimulation
Enrollment

Eligibility screen X
Informed consent X
Sociodemographic

characteristics
X

Intervention
tDCS (twice/day) X X X

Assessments
SCSQ X X

Hinting Task X X
FEST X X

False Belief Task X X
BACS X X

UPSA-B X X
PANSS X X

AQ X X
JART X

Adverse events X X X X X
Prescribed drugs X X X X X

tDCS, transcranial direct current stimulation; SCSQ, Social Cognition Screening Questionnaire; FEST,
Facial Emotion Selection Test; BACS, Brief Assessment of Cognition in Schizophrenia; UPSA-B,
Brief UCSD Performance-based Skills Assessment; PAMSS, Positive and Negative Syndrome Scale;
AQ, Autism-Spectrum Quotient; JART, Japanese Adult Reading Test. The timepoint of follow-up
evaluation will be allowed to be up to 7 days off.

2.6.1. Cognition

The primary outcome is scores on the Social Cognition Screening Questionnaire
(SCSQ) [30], which includes test of attributional style, and theory of mind (ToM). To eval-
uate ToM more accurately, we will also use False Belief Task [31], Hinting Task [32], and
Autism-Spectrum Quotient (AQ) [33]. To evaluate emotion recognition, we will use the
Facial Emotion Selection Test (FEST) [34]. To provide a standard metric for combining test
scores into domains and comparing performance over time, Brief Assessment of Cognition
in Schizophrenia (BACS) scores will be converted to z-scores, which shows performance
relative to healthy people [35]. The premorbid IQ will be also estimated using the Japanese
Adult Reading Test (JART) [36] (see Table 3).
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Table 3. Primary/secondary outcomes.

Primary/Secondary Domain Outcome

Primary outcome
Social cognition

(attributional style, theory of
mind)

Social Cognition Screening
Questionnaire

(SCSQ)

Secondary outcome
Social cognition
(theory of mind)

Hinting Task

Secondary outcome
Social cognition
(theory of mind)

False Belief Task

Secondary outcome
Social cognition

(emotion recognition)
Facial Emotion Selection Test

(FEST)

Secondary outcome Cognition
Brief Assessment of Cognition in

Schizophrenia (BACS)

Secondary outcome Cognition
Autism-Spectrum Quotient

(AQ)

Secondary outcome
Premorbid intelligence

quotient
Japanese Adult Reading Test

(JART)

Secondary outcome
Functional capacity
(daily-living skills)

UCSD Performance-Based Skills
Assessment-Brief (UPSA-B)

Secondary outcome
Global symptoms of

schizophrenia
Positive and Negative Syndrome Scale

(PANSS)

2.6.2. Functional Capacity (Daily-Living Skills)

The functional capacity will be assessed by the UCSD Performance-Based Skills
Assessment-Brief (UPSA-B) [37], which consists of financial and communication skills.

2.6.3. Global Symptoms of Schizophrenia

Global symptoms of schizophrenia will be evaluated by the Positive and Negative
Syndrome Scale (PANSS) [38], which consists of positive syndrome, negative syndrome,
and general psychopathology subscales.

2.6.4. Adverse Events

Adverse events are defined as unwanted experiences seen during tDCS. Serious
adverse events are defined as requiring inpatient treatment, moderate adverse events as
requiring therapeutic intervention, and mild adverse events as requiring no therapeutic
intervention. The treating physician will record the symptoms, date of onset, severity,
treatment given, and association with research interventions. If symptoms are already
present at baseline and do not worsen during tDCS intervention, they are not treated as
adverse events.

All adverse events will be clinically evaluated and monitored throughout the study
period. Previous studies report that the most common adverse events are itching, tingling,
headache, burning sensation, and discomfort [39]. An experienced psychiatrist will check
the presence and extent of adverse events and their association with tDCS before and
after each session and assess safety at all visits during the intervention. We will follow up
any unresolved adverse events after trial completion. The principal investigator will be
responsible for addressing and explaining serious adverse events in the patient. The sub-
investigators will be responsible for reporting any information related to such adverse
events to the principal investigator. The principal investigator will have to report any
serious adverse events to the Clinical Research Review Board, and to the Ministry of
Health, Labor and Welfare. We will cease intervention on a per-patient if we observe severe
adverse events and will also cease the whole study if we observe severe adverse events in
two patients.
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2.6.5. Prescribed Drugs

We will collect information about prescribed drugs throughout the study period.
Those drugs will be classified, in principle, into the four categories: antipsychotics, mood
stabilizers, antidepressants, and benzodiazepines. Furthermore, the equivalent doses of
chlorpromazine, diazepam, and imipramine will be calculated [40].

2.7. Data Collection and Data Management

The assessments will be conducted at baseline and 4 weeks after the end of the last
stimulation (Table 2). All evaluations will be conducted by experienced psychologists.
The data will initially be recorded in a paper file and each participant will be assigned a
code number. These files will be stored in a locked security box. After the follow-up data
are collected, all data in the paper files will be transcribed to the Electronic Data Capture
system (HOPE eACReSS; Fujitsu, Tokyo, Japan), which is a secure system designed for
storage of personal and patient data. The data will be sent to independent data managers to
assess whether the data are collected properly, focusing on the status of consent acquisition,
eligibility of participants, evaluation items, and confirmation of drop-out/terminated
cases. These data managers will also oversee and review the progress of the trial. If a
participant withdraws their consent, they will be dismissed from the study. At the same
time, we will record the dropout rate, and the number of people with adverse events
requiring treatment. We will define a dropout rate of less than 10% as a safety criterion and
perform a quantitative assessment of safety. The Efficacy and Safety Assessment Committee,
whose members are independent of the research and come from the National Center of
Neurology and Psychiatry, will check and assess whether the trial is conducted safely and
properly, and will also decide whether to stop the trial if any severe adverse events or
protocol violations occur. In addition, an on-site data monitor will conduct monitoring
to ensure the trial is performed properly, data is properly recorded, and data reliability
is ensured. If we conduct any necessary protocol modifications, we will report them to
the Clinical Research Review Board, and to the Ministry of Health, Labor and Welfare for
registration in the Japan Registry of Clinical Trials website (https://jrct.niph.go.jp).

2.8. Statistical Analysis

Correlations between baseline values and their changes from baseline of SCSQ, Hint-
ing Task, FEST, BACS, UPSA-B, and PANSS scores, will be evaluated. Correlations will be
examined for chlorpromazine equivalent dose of antipsychotics vs. changes from baseline
of SCSQ, Hinting Task, FEST, BACS, UPSA-B, and PANSS scores. Correlations will also be
examined for the change of UPSA-B scores from baseline and changes of the corresponding
scores from baseline.

Statistical analysis will be conducted using STATA 14, created by StataCorp in TX,
USA. For continuous variables in the SCSQ, Hinting Task, FEST, BACS, UPSA-B, and
PANSS, we will use Student’s t-test. Pearson’s product moment correlation coefficient will
be used for the relationship between clinical variables.

3. Ethics Statement

The study will be performed according to the Declaration of Helsinki and will follow
the Clinical Trials Act in Japan. The protocol has been presented for approval by the Na-
tional Center of Neurology and Psychiatry Clinical Research Review Board (CRB3180006).
The principal investigator (TS) will have the ultimate responsibility for providing informed
consent to all research participants. All participants must agree to participate in the
study. After initial review and approval (September 2018), the institution’s clinical research
review committee will review the protocol and implementation at least annually. Two an-
nual reviews have proceeded to date (https://jrct.niph.go.jp/re/bulletins/detail/312/22,
https://jrct.niph.go.jp/re/bulletins/detail/312/1540). The principal investigator should
submit a safety and progress report to the Review Board at least annually, and the re-
searcher should submit the final report within 3 months of the completion of the study.
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These reports will include a summary of the total number of enrolled participants, se-
rious/nonserious adverse events that occurred, and safety and monitoring committee
reviews [41]. Changes related to the research protocol need to be submitted to the Clinical
Research Review Board for review as a protocol modification. If a participant needs to be
treated due to a moderate or severe adverse event directly caused by tDCS, the participant
will receive the full cost of treatment from clinical trial insurance.
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