
© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/

licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.

For commercial re-use, please contact journals.permissions@oup.com

Cerebral Cortex, January 2021;31: 448–462

doi: 10.1093/cercor/bhaa236

Advance Access Publication Date: 14 September 2020

Original Article

OR I G INAL ART I C L E

Lipid Pathology of the Corpus Callosum in

Schizophrenia and the Potential Role of Abnormal

Gene Regulatory Networks with Reduced Microglial

Marker Expression

Chie Shimamoto-Mitsuyama 1, Akihiro Nakaya1,2, Kayoko Esaki1,

Shabeesh Balan 1, Yoshimi Iwayama1,3, Tetsuo Ohnishi1,

Motoko Maekawa1, Tomoko Toyota1, Brian Dean4,5 and Takeo Yoshikawa 1

1Laboratory of Molecular Psychiatry, RIKEN Center for Brain Science, Wako, Saitama, Japan, 2Laboratory of

Genome Data Science, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Chiba, Japan,
3Support Unit for Bio-Material Analysis, Research Resources Division, RIKEN Center for Brain Science, Wako,

Saitama, Japan, 4The Florey Institute of Neuroscience and Mental Health, Howard Florey Laboratories, The

University of Melbourne, Parkville, Victoria, Australia and 5The Centre for Mental Health, Swinburne

University, Hawthorn, Victoria, Australia

Address correspondence to Takeo Yoshikawa, Laboratory for Molecular Psychiatry, RIKEN Center for Brain Science, 2-1 Hirosawa, Wako, Saitama

351-0198, Japan. Email: takeo.yoshikawa@riken.jp.

Abstract

Structural changes in the corpus callosum have been reported in schizophrenia; however, the underlying molecular

mechanism remains unclear. As the corpus callosum is high in lipid content, we analyzed the lipid contents of the corpora

callosa from 15 patients with schizophrenia and 15 age- and sex-matched controls using liquid chromatography coupled to

tandem mass spectrometry and identified lipid combinations associated with schizophrenia. Real-time quantitative

polymerase chain reaction analyses using extended samples (schizophrenia, n=95; control, n=91) showed low expression

levels of lipid metabolism-related genes and their potential upstream transcription factors in schizophrenia. Subsequent

pathway analysis identified a gene regulatory network where nuclear factor of activated T cells 2 (NFATC2) is placed most

upstream. We also observed low gene expression levels of microglial markers, inflammatory cytokines, and

colony-stimulating factor 1 receptor (CSF1R), which is known to regulate the density of microglia, in the corpus callosum in

schizophrenia. The interactions between CSF1R and several genes in the presently identified gene network originating from

NFATC2 have been reported. Collectively, this study provides evidence regarding lipid abnormalities in the corpora callosa of

patients with schizophrenia and proposes the potential role of impaired “NFATC2-relevant gene network-microglial axis” as

its underlying mechanism.
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Schizophrenia is a major psychiatric illness, which fea-

tures positive and negative symptoms and cognitive deficits.

Although the etiology of schizophrenia is still unclear, structural

changes in the white matter have been repeatedly observed

in affected patients (Woodruff et al. 1995; Downhill Jr et al.

2000; Flynn et al. 2003; Arnone et al. 2008; Maniega et al. 2008;

Collinson et al. 2014; Lener et al. 2015; Cetin-Karayumak et al.

2019). The molecular mechanism(s) underlying these white

matter changes are unclear.

Structural and functional abnormalities involving lipids have

attracted much attention from researchers (Horrobin et al. 1991;

Glen et al. 1994; Yao et al. 2000; Schmitt et al. 2004; McNamara

et al. 2007; Kale et al. 2008; Schwarz et al. 2008; Peters et al.

2012; Taha et al. 2013; Ghosh et al. 2017; Matsumoto et al. 2017).

However, previous postmortem brain studies regarding lipids

havemainly focused on the graymatter (Horrobin et al. 1991; Yao

et al. 2000; Schmitt et al. 2004; McNamara et al. 2007; Taha et al.

2013; Matsumoto et al. 2017). Recent studies have demonstrated

that the contents of specific lipid species are altered in the

whitematter of patientswith schizophrenia (Schwarz et al. 2008;

Ghosh et al. 2017). This is consistent with an earlier study that

reported that polyunsaturated fatty acid (PUFA) concentrations

in the erythrocyte membrane are associated with white-matter

integrity in early-phase psychosis (Peters et al. 2012).

Based on these lines of evidence and the fact that the corpus

callosum is the largest white-matter structure in the brain and

has a high myelin content, which is mainly composed of lipids

(approximately 75–80% of its dry weight) (O’Brien and Sampson

1965; Rumsby 1978),we hypothesized that abnormal lipid home-

ostasis may underlie the pathological changes in the corpus cal-

losum of schizophrenia. We previously reported no significant

differences in the contents of individual fatty acids in total phos-

pholipid fractions extracted from the corpora callosa of patients

with schizophrenia and control subjects (Hamazaki et al. 2017).

In this study, using the same sample set, we performed a

more detailed lipid analysis by leveraging a newly established

liquid chromatography coupled to tandem mass spectrometry

(LC–MS/MS)-based assay, focusing on the structural diversity in

both the polar heads and fatty acid side chains of phospholipids

and sulfatide (SUL; also known as 3-O-sulfogalactosylceramide).

SUL is specifically abundant in the myelin sheath and harbors

a fatty acid linked to a sphingoid base (Halder et al. 2007). The

results provide mechanistic insights into the formation of white

matter structural abnormalities in schizophrenia.

Methods and Materials

Chemicals

LC–MS grade acetonitrile and 2-propanol were purchased from

Thermo Fisher Scientific K.K. (Yokohama, Japan). All lipid stan-

dards were purchased from Avanti Polar Lipids, Inc. (Alabaster,

AL, USA). More detailed information on the lipid standards is

provided in the Supplementary Material.

Postmortem Brain Samples

Postmortem brain samples were provided by the Victorian Brain

Bank at the Florey Institute for Neuroscience andMental Health.

All experimental procedures were approved by the Ethics Com-

mittee of RIKEN. Blocks of the anterior portion of corpus callo-

sum (just posterior of the genu) and Brodmann area 8 (BA8) were

sectioned and rapidly frozen at −80◦C at the Florey Institute;

the samples were then delivered to the RIKEN Center for Brain

Science. Demographic data on the postmortem brain tissues

used in lipid analysis (schizophrenia and control; both n=15)

and in gene expression analysis (schizophrenia, n=95; control,

n=91) are shown in Table 1.

Lipid Extraction

Lipids were extracted from the postmortem brains using a mod-

ified Bligh and Dyer method (Bligh and Dyer 1959). The method-

ological details are provided in the Supplementary Material.

LC–MS/MS Analysis

To quantitatively evaluate the contents of diverse lipid species,

we established an LC–MS/MS method using a hybrid triple

quadrupole/linear ion trap MS (QTRAP 4500, ABSciex, Tokyo,

Japan) coupled to an Agilent 1100 Series high performance

liquid chromatography system (Agilent Technologies, Santa

Clara, CA, USA) by referring to the method of Castro-Perez

et al. (2010). Using this method, we detected five phospholipid

classes (phosphatidylcholine [PC], phosphatidylethanolamine

[PE], phosphatidylinositol [PI], phosphatidylserine [PS], and

phosphatidylglycerol [PG]), one lysophospholipid (lysophos-

phatidylcholine [LPC]) class, and one sphingolipid class (SUL).

In total, 121 lipid species were detected in the human corpus

callosum samples. Individual lipid classes in each brain

sample were separated on an Atlantis T3 Column (particle

size: 3 μm, 2.1× 150 mm, Waters, Milford, MA). After sample

injection (10 μL), the composition of the mobile phase was

maintained at 55% A (acetonitrile/water (40:60, v/v) containing

10 mM ammonium acetate and 0.1% acetic acid) and 45%

B (acetonitrile/isopropanol (10:90, v/v) containing 10 mM

ammonium acetate and 0.1% acetic acid) for 3.5 min. For the

next 32.5 min, the gradient was increased in a linear fashion

to 100% B and was held at this composition for 3.5 min.

Then, the system was returned to 55% A and 45% B, and

the column was re-equilibrated for an additional 6.5 min

before the next run. The flow rate was 115 μL/min. MS/MS

data acquisition was performed in the multiple reaction

monitoring (MRM) mode. The optimized MRM parameters are

shown in Supplementary Table S1. Individual lipid species were

quantified by referencing the spiked internal standard and the

calibration curve of each lipid standard.

Data Analyses of Lipidomic Data

Differences in lipid levels between the schizophrenia and con-

trol groups were statistically evaluated by Mann–Whitney U test

(two-tailed) with false discovery rate (FDR) correction (two-stage

linear step-up method of Benjamini et al. (2006)).

To categorize the samples, we performed multivariate

analysis. First, we pretreated the lipidomic data by autoscaling

(mean-centering and dividing by the standard deviation [SD]

of each variable). Then, we performed a partial least squares-

discriminant analysis (PLS-DA) to evaluate the lipid contents for

their ability to discriminate between schizophrenia and control

subjects. Next, we performed cluster analysis by generating

a heat map using lipids with PLS-DA variable importance in

projection (VIP) scores > 1.0, based on the Euclidean distance

measure and Ward clustering algorithm (Ward Jr 1963).

The relevant lipids that distinguished the two groups were

selected using the results of univariate (Mann Whitney U test,

P < 0.05) and multivariate analyses (PLS-DA VIP score>1.0).
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Table 1 Demographic data for control and schizophrenia brains

Sample set 1a Sample set 2b

Con (n=15) SZ (n=15) P value Con (n=91) SZ (n=95) P value

Sex (male/female) 8/7 8/7 – 71/20 70/25 –

Age (years, mean±SD) 57.27±12.96 57.87±13.67 0.927 47.88±16.58 45.92± 17.37 0.393

PMI (hours, mean±SD) 43.11±17.74 42.93±12.81 0.798 42.08±13.89 41.71± 13.87 0.920

Brain pH (mean±SD) 6.34±0.23 6.18± 0.27 0.059 6.33±0.21 6.26± 0.25 0.050

History (years, mean±SD) – 24.64±14.25 – – 18.41± 14.38 –

CPz.eq (mean±SD) – 706.3±457.8 – – 620.5± 575.2 –

Suicide (n) 0 3 – 1 44 –

aSamples for lipid analysis.
bSamples for gene expression analyses.

Con, control; CPz.eq, chlorpromazine equivalents; SZ, schizophrenia.

The predictive accuracy of the selected lipids as the variables

was evaluated by the receiver operating characteristic (ROC)

curve analysis. Fisher’s exact test (two-tailed) was used to

test the enrichment of specific side chains in the selected

lipid species. Correlations between the amounts of lipids and

confounding factors (age, postmortem interval (PMI), brain pH,

chlorpromazine equivalent dose and illness duration) were

estimated using Spearman’s rank correlation coefficient. The

P values of the correlations were applied to the FDR method

(two-stage linear step-up method of Benjamini et al. (2006)) to

account for multiple comparisons.

The data processing and the statistical analysis were per-

formed using GraphPad Prism 7 software (GraphPad Software,

San Diego, CA) and MetaboAnalyst 4.0 (http://www.metaboana

lyst.ca/faces/home.xhtml).

Gene Expression Analysis

Target gene expression was measured by real-time quantitative

polymerase chain reaction using TaqMan assays as previously

described (Ide et al. 2019; Ohnishi et al. 2019). TaqMan probes

for the genes of interest (Applied Biosystems, Foster City, CA,

USA) are listed in Supplementary Table S2. GAPDH was used as

an internal control. Outliers were defined as datapoints ±2 SDs

from themean andwere removed from statistical analyses.Data

were statistically evaluated by the Mann–Whitney U test (two-

tailed) with FDR correction (two-stage linear step-up method

of Benjamini et al. (2006)) or Dunn’s multiple comparison for

post hoc testing after a Kruskal–Wallis test. The correlations

among the expression levels of altered genes in schizophrenia

and individual confounding factors were assessed using the

Spearman’s rank correlation coefficient. The P values of the

correlations were applied to the FDR method (two-stage lin-

ear step-up method of Benjamini et al. (2006)) to account for

multiple comparisons. Analysis of covariance (ANCOVA) was

conducted to examine differences in gene expression levels

between patients with schizophrenia and controls while con-

sidering the covariates such as brain pH and PMI. Statistical

analyses were performed using GraphPad Prism 7 software and

the EZR software package (Kanda 2013).

Identification of Potential Transcription Factors
Controlling Dysregulated Lipid Metabolism-Related
Genes in the Corpus Callosum

To identify the potential upstream transcription factors that

could control the expression of genes dysregulated in the

corpus callosum, we performed in silico analysis to identify

common transcription factors regulating the genes.We arbitrar-

ily defined the promoters of the candidate genes as the regions

spanning 1000 bp upstream and 100 bp downstream of the

transcriptional start site, which included 1) FANTOM5 defined

promoter regions (http://fantom.gsc.riken.jp/5/), 2) CpG islands,

3) DNase I hypersensitivity regions, and 4) regionswithH3K4me3

marks, derived from ENCODE (https://www.encodeproject.org/).

We next predicted the putative transcription factor binding sites

in the promoter regions of the selected genes using TRANSFAC

(TRANSFAC matrix table, Release 2017.3; http://genexplain.co

m/transfac/) with default parameters. We then selected the

transcription factors that bind the target promoter sequences

of at least five lipid metabolism-related genes of interest in the

direction of transcription.

Exploration of the Schizophrenia-Related Gene Network

We generated amolecular interactionmap containing the genes

of interest using Ingenuity PathwayAnalysis (IPA) software (QIA-

GEN, Hilden, Germany). To investigate whether any polymor-

phisms in the genes of interest are associated with schizophre-

nia, we used the Oxford Brain Imaging Genetics Server (version

2.0; http://big.stats.ox.ac.uk/) (Elliott et al. 2018).

Results

Quantitative Analysis of Corpus Callosum Lipids Using
LC–MS/MS

Using our newly established LC–MS/MS system, we analyzed

the corpus callosum samples from patients with schizophre-

nia and unaffected controls (both n=15). These same samples

were examined in our previous study (Hamazaki et al. 2017),

in which we reported that none of the individual fatty acid

contents in the total phospholipid fractions differed between

the disease and control groups. Using our assay system, we

quantified 121 lipid species, and among them, the levels of 18

phospholipid species and 2 SULs were lower (Mann–Whitney U

test, P <0.05) in patients with schizophrenia compared to those

in controls (Supplementary Table S3). However, after applying

FDR to adjust for multiple comparisons, the differences became

insignificant (Supplementary Table S3). The results were consis-

tent with our previous study, in which no significant differences

were found in the contents of fatty acids in the total phospho-

lipid fractions extracted from the same subjects (Hamazaki et al.

2017).
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In contrast, PLS-DA followed by cluster analysis using the

lipidomic data demonstrated that PLS-DA 2D and 3D score

plots partially separated the schizophrenia and control groups

(Supplementary Fig. S1A and B). A heat map of lipids with PLS-

DA VIP scores > 1.0 discriminated seven patients from the other

subjects, based on lipid content patterns (left seven columns,

Fig. 1A). These preliminary data suggest that this distinct cluster

represents a subgroup of schizophrenia patients in terms of the

lipid pathology.

Considering these results, we surmised that the unbalanced

combination ofmultiple lipidsmay affect the pathology of a sub-

set of schizophrenia patients, although the impact of individual

lipids was small. To find the combination of lipids associated

schizophrenia, we used the results of both univariate (Mann–

Whitney U test, P < 0.05) and multivariate analyses (PLS-DA VIP

score>1.0) and identified 17 lipid species that can help discrim-

inate between schizophrenia and control samples (Fig. 1B). The

predictive accuracy of the variables was evaluated by ROC curve

analysis. The result showed that an area under curve (AUC)

was 0.751 (95% CI: 0.48–1) (Fig. 1C), indicating good accuracy.

Next, we tested for enrichment of any specific side chains in

the 17 lipid species and detected arachidonic acid (AA) to be

significantly enriched (Fig. 1D). These results suggest that the

combination of specific lipids, especially AA-containing lipids,

may be associated with the pathology of schizophrenia.

Expression Levels of Lipid Metabolism-Related Genes
in the Corpus Callosum

Lipid homeostasis is maintained by complicated metabolic

pathways, through de novo synthesis, remodeling, and degrada-

tion (Supplementary Fig. S2A–C). Based on our data analysis, we

hypothesized that lipid metabolism-related genes, especially

those encoding enzymes and transporters involved in AA-

related metabolic pathways, are dysregulated in schizophrenia.

To test this hypothesis, wemeasured themRNA levels of the rel-

evant genes in an extended cohort of corpus callosum samples

(patients with schizophrenia, n=95; unaffected controls, n=91;

Table 1). The selection criteria for the genes analyzed were as

follows (Supplementary Table S2 for each gene descriptions):

1) genes encoding enzymes that mediate the insertion of fatty

acyl-CoA into lipids (GPAM, GPAT4, AGPAT3, AGPAT5, LPCAT2,

CERS1, and CERS2), 2) genes encoding enzymes that mediate the

release of fatty acids from phospholipids (PLA2G4A), 3) genes

encoding AA metabolism-related enzymes (ELOVL2, ELOVL4,

ELOVL5, FADS1, PTGS1, PTGS2,ALOX5,ALOX12, and ALOX15), and

4) genes encoding intracellular fatty acid chaperone proteins

expressed in the brain (FABP3, FABP5, and FABP7) (Shimamoto

et al. 2014).

Lower expression levels of the nine lipid metabolism-

related genes (GPAT4, LPCAT2, ELOVL2, PLA2G4A, PTGS1, PTGS2,

ALOX5, ALOX15, and FABP3) were detected in the corpora

callosa of patients with schizophrenia compared with controls

(Mann–Whitney U test, P< 0.05) (Table 2). After applying FDR

analysis to adjust for multiple comparisons, the differences

in these genes remained significant or showed a lower trend

(six genes [ALOX5, ELOVL2, GPAT4, LPCAT2, PLA2G4A and

PTGS1] showed significantly low [q< 0.05] and three genes

[PTGS2, FABP3 and ALOX15] showed lower trends [q< 0.1] in

schizophrenia). Although positive correlations between brain

pH and the expression levels of GPAT4, LPCAT2, and PTGS1

were detected in both the schizophrenia and control groups

(Supplementary Table S4), ANCOVA excluded potential contri-

butions of brain pH (Supplementary Fig. S3). Low expression

levels of these genes may explain the impaired AA metabolism

in the corpus callosum of patients with schizophrenia because

1) ELOVL fatty acid elongase 2 (ELOVL2; encoded by ELOVL2),

cyclooxygenase 1 (COX1; encoded by PTGS1), cyclooxygenase

2 (COX2; encoded by PTGS2), arachidonate 5-lipoxygenase

(ALOX5; encoded by ALOX5), and arachidonate 15-lipoxygenase

(ALOX5; encoded by ALOX15) catalyze AA conversion, 2)

lysophosphatidylcholine acyltransferase 2 (LPCAT2; encoded by

LPCAT2) exhibits a high affinity for arachidonoyl-CoA (Shindou

et al. 2007), and 3) fatty acid-binding protein (FABP3; encoded

by FABP3) preferentially binds to omega-6 PUFAs such as AA

(Veerkamp et al. 1999; Liu et al. 2010).

We also examined the expression levels of fatty acid amide

hydrolase (FAAH), which releases AA from N-arachidonoyletha-

nolamine (anandamide), and monoglyceride lipase (MGLL),

which releases AA from 2-arachidonoylglycerol (2-AG; Sup-

plementary Fig. S2B) (Cairns et al. 2016). Although FAAH did

not change, MGLL was significantly lower in patients with

schizophrenia compared with that in controls (Table 2). These

results suggest that 2-AG metabolism may also be dysregulated

in schizophrenia. Taken together, these data support the idea

that lipid homeostasis mediated by fatty acid insertion into

phospholipids, AA production from phospholipids and 2-AG,

intracellular AA transport and AA degradation are dysregulated

in schizophrenia.

Interestingly, the expression of FABP7 was significantly

lower in patients with schizophrenia who died by suicide

compared with nonsuicidal controls (P=0.0014) and nonsuicidal

schizophrenia cases (P=0.0049; Supplementary Fig. S4). This

raises the possibility that low FABP7 expression might be

associated with the impulse to commit suicide.

Transcription Factors Regulating the Expression
of Lipid Metabolism-Related Genes

To explore the potential causes for the lower levels of the

10 lipid metabolism-related genes (Table 2) in patients with

schizophrenia, we examined the transcription factors with

the potential to bind the promotor regions of >5 of the target

genes. As a result, we identified 14 candidate transcription

factors (Table 3). Of these, the levels of KLF4, KLF6, IKZF1, MZF1,

NFATC2, and TFAP2A were lower in patients with schizophrenia

compared to those in controls, whereas ZBTB14 was higher

(Table 4, See Supplementary Table S2 for each gene description).

The differences remained significant after applying FDR

to adjust for multiple comparisons (Table 4) The potential

effect of confounding factor (Supplementary Table S5) was

excluded by ANCOVA (Supplementary Fig. S5). We found several

correlations between genes encoding transcription factors and

those involved in lipid metabolism (Supplementary Fig. S6),

supporting roles for these transcription factors in the regulation

of lipid metabolism-related genes.

Notably, we also found correlations between the identified

transcription factors (Fig. 2A and Supplementary Fig. S7),

suggesting the existence of a transcription factor network. To

identify a hierarchy of genes, we analyzed interactions among

the genes of interest and the putative transcription factors

using IPA. Nuclear factor of activated T cells 2 (NFATC2) was

placed upstream of four other transcription factor genes (KLF4,

KLF6, IKZF1, and TFAP2A) and seven lipid metabolism genes

(PLA2G4A, FABP3, PTGS1, PTGS2, ALOX5, ALOX15, and MGLL;
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Figure 1.Analysis of lipidomic data from patients with schizophrenia and controls. (A) Cluster analysis of lipids with a PLS-DA VIP scores >1.0. Each column represents

a sample, and each row represents a lipid. The color indicates the relative lipid contents of each group. Green and red marks represent controls (Con) and patients

with schizophrenia (SZ), respectively. ∗The existence of other molecular species at the same m/z and retention time. The possibility that control no. 2 was an outlier

could not be ruled out. (B) Selection of lipids that can help differentiate between the schizophrenia and control samples. The x-axis and y-axis represent the P values

of Mann–Whitney U test and VIP score, respectively. Red marks indicate selected lipids (Mann–Whitney U test, P <0.05 and PLS-DA VIP score>1.0) which differentiate

between schizophrenia and control. (C) ROC curve to plot the performance of the combination of selected 17 lipids. The x-axis and y-axis represent 1-specificity and

sensitivity, respectively. The AUC is shown with 95% confidence limits. (D) Enrichment analysis of the fatty acid side chain(s) of selected lipids that can discriminate

between the schizophrenia and control samples. The x-axis represents the log10 of the P values of enriched terms, calculated by Fisher’s exact test.
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Table 2 Expression levels of lipid metabolism-related genes in the corpus callosum

Gene Con SZ Fold-change P value§ FDR q value

Mean SD n Mean SD n (SZ/Con)

FADS1 0.979 0.246 87 0.938 0.255 90 0.96 0.2057 0.2160

ELOVL2 1.038 0.326 87 0.898 0.262 90 0.86 0.0030∗∗ 0.0074††

ELOVL4 0.878 0.313 85 0.806 0.255 92 0.92 0.1896 0.2144

ELOVL5 1.011 0.254 88 1.015 0.233 91 1.00 0.9616 0.7067

ALOX5 1.060 0.428 85 0.764 0.430 91 0.72 <0.0001∗∗∗∗ <0.0001††††

ALOX12 0.876 0.501 80 0.947 0.668 82 1.08 0.9049 0.7001

ALOX15 0.816 0.425 86 0.694 0.377 90 0.85 0.0327∗ 0.0686‡

PTGS1 1.100 0.427 88 0.766 0.415 94 0.70 <0.0001∗∗∗∗ <0.0001††††

PTGS2 0.821 0.523 85 0.716 0.548 91 0.87 0.0424∗ 0.0693‡

PLA2G4A 0.987 0.316 85 0.811 0.289 89 0.82 <0.0001∗∗∗∗ 0.0004†††

GPAM 0.979 0.179 84 0.949 0.172 89 0.97 0.4391 0.4035

GPAT4 1.099 0.128 84 1.012 0.165 91 0.92 0.0002∗∗∗ 0.0007†††

AGPAT3 1.067 0.109 85 1.061 0.119 92 0.99 0.5985 0.4888

AGPAT5 0.982 0.136 84 0.951 0.136 90 0.97 0.1094 0.1462

LPCAT2 1.086 0.262 86 0.915 0.255 90 0.84 <0.0001∗∗∗∗ 0.0004†††

CERS1 1.000 0.129 81 1.039 0.177 91 1.04 0.1321 0.1618

CERS2 1.025 0.277 88 0.977 0.277 93 0.95 0.2638 0.2585

FABP3 0.977 0.406 86 0.844 0.306 90 0.86 0.0390∗ 0.0693‡

FABP5 0.870 0.259 85 0.855 0.273 91 0.98 0.5542 0.4792

FABP7 0.892 0.341 87 0.818 0.340 91 0.92 0.0802 0.1178

FAAH 0.935 0.233 86 0.970 0.258 92 1.04 0.2992 0.1571

MGLL 1.301 0.226 85 1.173 0.200 92 0.90 0.0001∗∗∗ 0.0001†††

Values were normalized to GAPDH.
∗P <0.05,
∗∗P <0.01,
∗∗∗P <0.001,
∗∗∗∗P <0.0001,
†q <0.05,
†††q <0.001,
††††q <0.0001,
‡q <0.1,
§Mann–Whitney U test

Fig. 2B), suggesting that NFATC2may act as amaster regulator of

the network relevant for schizophrenia in terms of white-matter

pathology.

Cell Populations in the Corpus Callosum
in Schizophrenia

We next analyzed whether the gene expression changes

observed were elicited by changes in the cell populations

in the corpus callosum of schizophrenia. We examined the

expression levels of several cell type-specific markers: tubulin

beta 3 class III (TUBB3) for neurons, glial fibrillary acidic protein

(GFAP) for astrocytes, platelet-derived growth factor receptor

alpha (PDGFRA), chondroitin sulfate proteoglycan 4 (CSPG4),

SRY-box transcription factor 10 (SOX10), oligodendrocyte

transcription factor 2 (OLIG2), myelin basic protein (MBP) and

myelin-associated glycoprotein (MAG) for oligodendrocytes,

and allograft inflammatory factor 1 (AIF1, also known as

ionized calcium-binding adapter molecule 1 [IBA1]) and CD68

molecule (CD68) for microglia. Intriguingly, AIF1 and CD68 were

downregulated in patients with schizophrenia compared with

those in controls, while no changes were observed for the

other marker genes (Table 5). Although correlations between

brain pH and the expression levels of AIF1 and CD68 were

detected (Supplementary Table S6), the potential effect of

brain pH was negligible by ANCOVA (Supplementary Fig. S8A

and B). AIF1 is expressed in microglia across their different

morphological states, whereas CD68 is highly expressed in

round/activated microglia (Hendrickx et al. 2017). Therefore,

these results suggest that activated microglia (and steady-

state microglia) maybe reduced in the corpus callosum in

schizophrenia. The expression levels of ALOX5, LPCAT2, and

PTGS1 were strongly correlated with those of the microglial

markers (Fig. 2A and Supplementary Fig. S9), suggesting that

the lower gene expression can be explained, at least in part, by

the reduction of microglial cells.

One of the molecules that regulate the density of microglia is

colony-stimulating factor 1 receptor (CSF1R) (Erblich et al. 2011).

We examined the expression levels of CSF1R and found that

the expression level of CSF1R was low in the corpus callosum

of patients with schizophrenia (Fig. 3A), even after ANCOVA to

consider the potential effects of cofounding factors (brain pH;

Supplementary Table S6, Supplementary Fig. S8C). The expres-

sion level of CSF1R was strongly correlated with those of the

microglial markers (Fig. 3B and C). Of note, pathway analysis

demonstrated that CSF1R interacts with the several genes in the

schizophrenia-related gene network (Fig. 2B), suggesting that

the gene network including CSF1R is closely related to aberration

of microglia and abnormal lipid metabolism in schizophrenia.

Recent studies have demonstrated the roles of cross-talk

between oligodendrocytes and microglia in oligodendrocyte

proliferation,differentiation, andmyelination activity (Hamilton

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
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Figure 2. Interactions among identified schizophrenia-related genes. (A) Correlations between lipid metabolism-related genes, transcription factors, and cellular

markers are displayed in a circle. The larger the absolute value of the correlation coefficient between two genes, themore the line connecting the genes is placed in front

and in red color. (B) Predicted schizophrenia-related gene expression network by ingenuity pathway analysis. Transcription factors, lipid metabolism-related genes,

and CSF1R dysregulated in schizophrenia are highlighted in blue, orange, and yellow, respectively. Each interaction is supported by at least one literature reference.

and Rome 1994; Pasquini et al. 2011; Peferoen et al. 2014;

Domingues et al. 2016; Hagemeyer et al. 2017; Lloyd et al.

2017). This cross-talk is mediated by cytokines, chemokines,

growth factors, and exosomes (Hamilton and Rome 1994;

Pasquini et al. 2011; Peferoen et al. 2014; Domingues et al. 2016;

Lloyd et al. 2017). Gene expression analysis of inflammatory

cytokines (IL1B, IL6, TNF, and TGFB1; see Supplementary Table S2

for each gene description) revealed that the expression levels

of IL1B, TNF, and TGFB1 were significantly lower in patients

with schizophrenia compared with those in controls (Table 6),

although the difference of TNF between the two groups became

nonsignificant after ANCOVA to consider the potential effect of

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
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Figure 3.Expression levels ofCSF1R and correlations between the expression levels ofCSF1R andmicroglialmarkers in the corpora callosa of patientswith schizophrenia

and healthy controls (A) Box and whisker plots of the expression levels of CSF1R (Con, n=85; SZ, n=90). GAPDH was used as an internal control. The horizontal line in

the box represents the median value, and the + represents the mean.Whiskers represent the 25th and 75th percentiles, and dots represent outliers. ∗∗∗∗P <0.0001. (B,

C) Spearman’s correlation coefficients describing the relationships between the expression levels of CSF1R and microglial markers, AIF1 (B) and CD68 (C). Open circles

(left panel) and closed circles (right panel) indicate controls and patients with schizophrenia, respectively.

cofounding factor (brain pH) (Supplementary Table S6, Table 6).

The expression levels of IL1B and TGFB1 were highly positively

correlated with the expression of microglial marker genes

(Supplementary Fig. S10A). Although inflammation is a major

topic in schizophrenia research, these results are consistent

with our recent studies, in which we did not observe signs of

inflammation but instead found that anti-inflammatory and

antioxidative reactions were enhanced in postmortem brain

samples from patients with schizophrenia (Toyoshima et al.

2016; Ide et al. 2019). Intriguingly, it is known that NFATC2, a

candidate master regulator of schizophrenia-related transcrip-

tion factor network, modulates microglial cytokine secretion

(Nagamoto-Combs andCombs 2010;Manocha et al. 2017), and its

expression level was positively correlated with the expression

levels of cytokines (Supplementary Fig. S10B). In addition, the

expression level of CSF1R was also positively correlated with

the expression levels of cytokines (Supplementary Fig. S10C).

Several positive correlations were detected among the levels

of schizophrenia-related genes (lipid metabolism-related genes

and transcription factor genes) and the levels of the oligoden-

drocyte markers OLIG2, SOX10, and MAG (Fig. 2A). These lines

of evidence suggest that impaired microglia-oligodendrocyte

cross-talk following to the dampened microglial activities leads

to qualitative aberration of the oligodendrocyte/myelin sheath

(Fig. 4).

Gene Expression Analyses in the Frontal Cortex
of Schizophrenia

To confirm whether the impaired schizophrenia-related gene

network and aberrant population and activities of microglial

cells observed in the corpora callosa of patientswith schizophre-

nia can be generalized in the brain of patients with schizophre-

nia, we performed gene expression analysis using frontal cortex

(BA8) samples. The lower levels of AIF1 and IL1B were also

observed in the BA8 of patients with schizophrenia (Table 7).

After applying FDR to adjust for multiple comparisons, the

differences remained significant or showed a reducing trend

(AIF1 showed significantly low [q<0.05] and IL1B showed

lower trends [q<0.1] in schizophrenia). The potential effect of

confounding factor (Supplementary Table S7) was excluded by

ANCOVA (Supplementary Fig. S11). In contrast, there were no

differences in the expression levels of the other schizophrenia-

related genes identified in the corpora callosa of patients with

schizophrenia between the two groups (Table 7). The results

suggest that the reduction of specific subpopulation ofmicroglia

(e.g.,AIF1+/CD68+ microglia),which is related to the impairment

of schizophrenia-related gene network, maybe involved in

the corpus callosum-specific abnormalities in schizophrenia,

whereas the reduction ofAIF1+ microgliamay affect both frontal

cortex and corpus callosum in schizophrenia.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa236#supplementary-data
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Figure 4. Potential mechanism of corpus callosum abnormality development

in schizophrenia. In schizophrenia, reduced and dysfunctional microglial cells

result in abnormal cross-talk with oligodendrocytes via mediators such as

IL1B and TGFB1. This leads to transcriptional perturbation caused by impaired

schizophrenia-related gene network including NFATC2 and CSF1R, resulting in

abnormal lipid metabolism. This disturbs the normal properties and functions

of oligodendrocytes and the myelin sheath, causing structural and functional

deficits in the corpus callosum.

Discussion
In the present study, we performed lipid analysis of the corpus

callosum using a newly established LC–MS/MS assay system

and identified 17 lipid species that could help discriminate

between the schizophrenia and control samples. Importantly,

AAwas enriched in the side chain of the lipids. As an underlying

mechanism of the lipid pathology, we identified a candidate

gene network in which NFATC2 is placed most upstream. Fur-

thermore, we found that the expression levels of microglial

markers, inflammatory cytokines, and colony-stimulating fac-

tor 1 receptor (CSF1R), which is known to regulate the density of

microglia (Erblich et al. 2011), were low in the corpora callosa

of patients with schizophrenia. Of note, interactions between

CSF1R and several genes in the NFATC2-relevant gene network

were observed. These results suggest that impairment of sig-

naling through microglia and the schizophrenia-related gene

network including NFATC2 and CSF1R plays an important role in

the lipid pathology observed in the corpora callosa of patients

with schizophrenia (Fig. 4).
Although it remains unclear whether the debilitation of

the NFATC2-relevant gene network is the primary cause

of the observed pathology, previous studies endorse the

possibility. In a genome-wide association study of brain

imaging phenotypes and other traits/diseases from the UK

Biobank (http://big.stats.ox.ac.uk) (Elliott et al. 2018), we found

that an NFATC2 variant (rs190024650; p value=5.6×10−7)

and a variant in the vicinity of GATA binding protein 3

gene (GATA3; rs191185553; p value=7.5×10−7), a target of

NFATC2 (Scheinman and Avni 2009), were associated with

schizophrenia. In addition, a previous study (Ren et al. 2017)

reported that an NFATC2 variant (rs193091397) was associated

with reduced fractional anisotropy values in the white matter.

NFATC2 [also known as nuclear factor of activated T cell

(NFAT)1] is a member of the NFAT family, which in humans

comprises five family members. Upon their dephosphorylation

http://big.stats.ox.ac.uk
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Table 4 Expression levels of transcription factors in the corpus callosum

Gene Con SZ Fold-change P value§ FDR q value

Mean SD n Mean SD n (SZ/Con)

KLF6 0.949 0.283 86 0.841 0.246 89 0.89 0.0079∗∗ 0.0167†

GTF2IRD1 0.984 0.229 91 0.972 0.187 88 0.99 0.9673 0.6250

TFAP2A 0.994 0.265 90 0.908 0.245 93 0.91 0.0353∗ 0.0423†

CHURC1 0.952 0.160 86 0.940 0.140 92 0.99 0.6190 0.4773

KLF4 0.964 0.520 89 0.714 0.420 90 0.74 0.0004∗∗∗ 0.0010††

ING4 0.956 0.214 89 0.946 0.218 90 0.99 0.7131 0.4992

MZF1 1.025 0.253 86 0.868 0.263 91 0.85 0.0003∗∗∗ 0.0010††

AHR 0.972 0.251 88 0.915 0.240 90 0.94 0.1383 0.1291

NFATC2 0.946 0.318 85 0.836 0.359 91 0.88 0.0101∗ 0.0170†

ZBTB14 0.992 0.144 84 1.044 0.173 90 1.05 0.0347∗ 0.0423†

ZNF333 1.047 0.223 88 1.030 0.237 91 0.98 0.6251 0.4773

IKZF1 1.064 0.443 86 0.748 0.417 90 0.70 <0.0001∗∗∗∗ <0.0001††††

MYOG 0.797 0.382 86 0.711 0.413 88 0.89 0.0510 0.0536

Values were normalized to GAPDH.
∗P <0.05,
∗∗P <0.01,
∗∗∗P <0.001,
∗∗∗∗P <0.0001,
†q<0.05,
†††q<0.001,
††††q<0.0001,
§Mann–Whitney U test

Table 5 Expression levels of cell marker genes in the corpus callosum

Gene Con SZ Fold-change P value§ FDR q value

Mean SD n Mean SD n (SZ/Con)

AIF1 1.076 0.514 88 0.659 0.434 93 0.61 <0.0001∗∗∗∗ <0.0001††††

CD68 1.135 0.509 89 0.736 0.443 93 0.65 <0.0001∗∗∗∗ <0.0001††††

TUBB3 0.806 0.375 84 0.710 0.296 91 0.88 0.1127 0.3157

GFAP 0.908 0.311 86 0.880 0.331 92 0.97 0.6037 0.5634

PDGFRA 0.932 0.298 87 0.875 0.324 92 0.94 0.2796 0.5634

CSPG4 1.081 0.321 87 1.141 0.399 93 1.06 0.4418 0.5634

SOX10 0.954 0.253 88 0.926 0.233 91 0.97 0.4554 0.5634

OLIG2 1.042 0.288 86 1.010 0.266 90 0.97 0.5997 0.5634

MBP 1.270 0.671 90 1.360 0.724 89 1.07 0.5712 0.5634

MAG 1.019 0.271 88 1.018 0.279 91 1.00 0.8782 0.7377

Values were normalized to GAPDH.
∗∗∗∗P <0.0001,
††††q<0.0001,
§Mann–Whitney U test.

by calcineurin, NFAT proteins translocate from the cytoplasm

to the nucleus, where they are transcriptionally active (Hogan

et al. 2003). The calcineurin/NFAT signaling pathway plays

critical roles in brain development, regulating myelination

(Weider et al. 2018), axon outgrowth (Graef et al. 2003),

and synaptogenesis (Yoshida and Mishina 2005; Kim et al.

2014; Kipanyula et al. 2016). Our previous genetic association

study indicated that PPP3CC, which encodes the calcineurin

A γ -subunit, and genes encoding early growth response

(EGR) proteins (EGR2, EGR3 and EGR4) are associated with

schizophrenia (Yamada et al. 2007). Notably, Egr2 and Egr3

levels are regulated by calcineurin through the activation of

NFAT-mediated transcription (Rengarajan et al. 2000). Recently,

Torshizi et al. (2019) reported that transcription factor 4, an

NFATC2 target molecule (Chevrier et al. 2011), may act as a

master regulator of a gene network that confers susceptibility

to schizophrenia.
To the best of our knowledge, no reports have showed altered

expression levels of schizophrenia-related genes examined in

this study in animalmodels of schizophrenia.However, previous

studies using genetically modified animals demonstrated the

association between some currently identified schizophrenia-

related genes andpsychiatric-relevant behavioral abnormalities,

which can be summarized as follows: 1) Nfatc2/Nfatc4 double-

knockout mice displayed increased social interaction, increased

locomotor activity, and decreased anxiety-related behavior

relative to control mice (Arron et al. 2006), 2) aged Csf1r

heterozygous mice showed cognitive deficits, sensorimotor

deficits, depression, and anxiety-like behaviors (Chitu et al.

2015), 3) Fabp3 knockout mice showed impairment of social
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Table 6 Expression levels of inflammation cytokines in the corpus callosum

Gene Con SZ Fold-

change

Mann–Whitney U

test P value

FDR q

value

ANCOVA with brain pH

as covariate

Mean SD n Mean SD n (SZ/Con) p value

IL1B 0.591 0.720 90 0.383 0.386 91 0.65 0.0002∗∗∗ 0.0002††† –

TNF 0.816 0.533 87 0.672 0.478 91 0.82 0.0402∗ 0.0281† 0.1282

IL6 0.584 0.629 89 0.910 1.125 91 1.56 0.2692 0.1413 –

TGFB1 1.023 0.320 85 0.766 0.327 91 0.75 <0.0001∗∗∗∗ <0.0001†††† –

Values were normalized to GAPDH.
∗P < 0.05,
∗∗∗P < 0.001,
∗∗∗∗P < 0.0001,
†q<0.05, †††q<0.001,
††††q<0.0001.

Table 7 Expression levels of transcription factors, microglial markers, inflammation cytokines, and CSF1R in the BA8

Genes Con SZ Fold-change P value§ FDR q value

Mean SD n Mean SD n (SZ/Con)

KLF6 1.079 0.309 90 1.053 0.286 91 0.976 0.5209 0.7520

KLF4 0.846 0.616 87 0.978 0.875 92 1.156 0.4466 0.7369

TFAP2A 0.954 0.576 88 0.949 0.535 90 0.995 0.9093 0.8832

MZF1 0.973 0.149 89 1.039 0.223 91 1.067 0.0421∗ 0.1620

ZBTB14 1.006 0.130 87 0.997 0.159 89 0.991 0.5957 0.7644

IKZF1 1.115 0.485 89 1.013 0.521 91 0.909 0.0813 0.1878

NFATC2 0.969 0.313 89 1.042 0.485 91 1.076 0.8211 0.8832

AIF1 1.112 0.437 87 0.885 0.480 92 0.795 0.0009∗∗∗ 0.0100†

CD68 1.020 0.412 87 0.920 0.472 91 0.902 0.0632 0.1824

IL1B 0.760 0.954 89 0.675 1.320 91 0.888 0.0105∗ 0.0604‡

TGFB1 1.007 0.315 88 1.078 0.493 92 1.071 0.9176 0.8832

CSF1R 0.862 0.368 87 0.826 0.427 90 0.958 0.3978 0.7369

Values were normalized to GAPDH.
∗P < 0.05,
∗∗∗P < 0.001,
∗∗∗∗P < 0.0001,
†q<0.05,
‡q<0.1,
§Mann–Whitney U test.

interaction (Shimamoto et al. 2014) and post-traumatic stress

disorder-like behaviors such as cognitive deficits, hyperlocomo-

tion and impaired fear extinction (Yabuki et al. 2018), and 4)

COX-2 deficient knock-in mice showed increased hyperactivity,

anxiety, repetitive behavior, motor deficit, and social abnormal-

ity (Wong et al. 2019). These results raise the possibility of the

debilitation of genes in the currently identified schizophrenia-

related network as a primary molecular mechanism of the

pathology of schizophrenia.

The present study revealed that the expression level of AIF1

was low in both corpora callosa and frontal cortex from patients

with schizophrenia compared with controls. In contrast, the

expression level of CD68 was low in the corpora callosa but

not in the prefrontal cortex of patients with schizophrenia.

Furthermore, the differences in the expression levels of other

schizophrenia-related genes seen in the corpora callosa from

patients with schizophrenia were not detected in the frontal

cortex. AIF1 is expressed in microglia across their different

morphological states, whereas CD68 is highly expressed in

round/activated microglia (Hendrickx et al. 2017). It is known

thatmicroglia in thewhitematter represent a unique population

that are phenotypically and functionally different from other

regional counterparts (Tan et al. 2019). This evidence suggests

that the reduction in the specific subpopulation of microglia

(e.g., activated CD68+/AIF1+ microglia), which is associated with

the schizophrenia-related gene network, maybe involved in

the corpus callosum (white matter)-specific abnormalities in

schizophrenia.

Microglia contribute to oligodendrocyte proliferation, dif-

ferentiation, and myelination activity by producing various

factors, such as chemokines, cytokines, and growth factors

(Hamilton and Rome 1994; Pasquini et al. 2011; Peferoen et al.

2014; Domingues et al. 2016; Hagemeyer et al. 2017; Lloyd et al.

2017). Our study revealed low levels of microglial markers and

the inflammatory cytokines IL1B and TGFB1 in schizophrenia. In

addition, low expression levels of genes related to the survival

of microglia and neuroinflammation such as NFATC2 and CSF1R

(Manocha et al. 2017; Weider et al. 2018; Coleman et al. 2020;

Henry et al. 2020) were detected in the corpora callosa from

patients with schizophrenia. It has been reported that Il1b

knockout mice showed failure to remyelinate properly in a

cuprizone model of demyelination and remyelination (Mason

et al. 2001). TGF-b1 is also known to contribute to the remyeli-

nation of the central nervous system (Hamaguchi et al. 2019).
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This evidence suggests that impairedmicroglia-oligodendrocyte

cross-talk following dampened microglial activities leads to

qualitative aberration of the oligodendrocyte/myelin sheath

(Fig. 4).

Although inflammation is a major topic in schizophre-

nia research, these results are consistent with those of

our recent studies. Using the same postmortem brain set

analyzed in this study, we recently reported enhanced anti-

inflammatory/antioxidant processes involving excess hydrogen

sulfide production as an antioxidant in the brains of patients

with schizophrenia (Ide et al. 2019), in contrast to the prevailing

neuroinflammation theory (Miller et al. 2011; De Picker et al.

2017). AA was enriched in the side chains of lipid species

that discriminate between schizophrenia and control samples.

This may represent an abnormal substrate availability for the

generation of free AA and AA-derived bioactive molecules,

such as prostaglandins. In addition, the expression of genes

for enzymes that produce inflammatory mediators from AA,

such as COX1/2 and ALOX5/15, were low in patients with

schizophrenia. These results are collectively consistent with

anti-inflammatory conditions in a subset of brains frompatients

with schizophrenia.

The ability to identify subgroups of patients with schizophre-

nia characterized by biological features is crucial for per-

sonalized treatment. In this study, we observed a potential

schizophrenia subgroup during cluster analysis of corpus callo-

sum lipid content patterns. The shared clinical characteristics

of this subgroup of patients remain to be addressed. Suicide

is a major cause of death among patients with schizophrenia,

and recently, Lee et al. reported an association between white-

matter alterations and suicide attempts in patients with

schizophrenia or schizophreniform disorder (Lee et al. 2016).

Our data showed that FABP7 expression was significantly low

in the corpora callosa of suicide completers among patients

with schizophrenia compared with nonsuicidal controls and

nonsuicidal schizophrenia cases. Fatty acid-binding protein 7

(FABP7, encoded by FABP7) is a fatty acid chaperone protein

expressed in astrocytes and oligodendrocyte progenitor cells

(Sharifi et al. 2011), and it preferentially binds to omega-

3 PUFAs (Xu et al. 1996; Balendiran et al. 2000; Liu et al.

2010), which enhance oligodendrocyte differentiation (Pu et al.

2013; Bernardo et al. 2017). Our prior study revealed the

existence of rare functional variants of FABP7 in a schizophrenia

cohort (Shimamoto et al. 2014). Disturbed FABP7 function can

increase the fragmentation of sleep (Gerstner et al. 2017), and

a relationship between sleep quality and suicide has been

reported (Keshavan et al. 1994; Pigeon et al. 2012; Li et al. 2016).

This study has several limitations. First, we were not able

to rule out the effects of diet, cigarette smoking, diseases such

as liver disease and hyperlipidemia, or alcohol intake on lipid

contents and the expression of schizophrenia-related genes

in the brain, as this information was not available. Second,

our sample size was small. Future replication studies using

larger cohorts with more detailed clinical information will be

required to validate these results. It should be noted that a

high-throughput method will be necessary for large-scale lipid

analysis because the LC–MS/MS method used in this study is

complicated and time-consuming. Third, we quantified major

species of PC, PE, PI, PS, PG, LPC, and SUL; however, these con-

stitute a limited portion of the lipids contained in the cor-

pus callosum. Quantification of other lipids will be required

to comprehensively understand abnormal lipid metabolism in

schizophrenia.

In summary, this study provides evidence for abnormal

lipid metabolism in the corpus callosum in schizophrenia

and proposes roles of reduced number and malfunction of

microglial cells in this pathology. Impaired signaling through

the schizophrenia-related gene network and microglial cells

could lead to abnormal cross-talk between microglia and

oligodendrocytes in the whitematter structures of patients with

schizophrenia. Further studies are warranted to enhance our

understanding of the mechanisms regulating this pathology,

including genetic and epigenetic aspects.
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