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Abstract

Bipolar disorder (BD) is a highly heritable neuropsychiatric disease characterized by recur-

rent episodes of mania and depression. BD shows substantial clinical and genetic overlap

with other psychiatric disorders, in particular schizophrenia (SCZ). The genes underlying

this etiological overlap remain largely unknown. A recent SCZ genome wide association

study (GWAS) by the Psychiatric Genomics Consortium identified 128 independent

genome-wide significant single nucleotide polymorphisms (SNPs). The present study inves-

tigated whether these SCZ-associated SNPs also contribute to BD development through

the performance of association testing in a large BD GWAS dataset (9747 patients, 14278

controls). After re-imputation and correction for sample overlap, 22 of 107 investigated SCZ

SNPs showed nominal association with BD. The number of shared SCZ-BD SNPs was sig-

nificantly higher than expected (p = 1.46x10-8). This provides further evidence that SCZ-

associated loci contribute to the development of BD. Two SNPs remained significant after

Bonferroni correction. The most strongly associated SNP was located near TRANK1, which

is a reported genome-wide significant risk gene for BD. Pathway analyses for all shared

SCZ-BD SNPs revealed 25 nominally enriched gene-sets, which showed partial overlap in

terms of the underlying genes. The enriched gene-sets included calcium- and glutamate sig-

naling, neuropathic pain signaling in dorsal horn neurons, and calmodulin binding. The pres-

ent data provide further insights into shared risk loci and disease-associated pathways for

BD and SCZ. This may suggest new research directions for the treatment and prevention of

these two major psychiatric disorders.

Introduction

Bipolar disorder (BD) is a severe neuropsychiatric disease characterized by recurrent episodes

of mania and depression. BD has an estimated lifetime prevalence of around 1% [1], and a her-

itability of around 70% [2]. BD shows substantial clinical and genetic overlap with other

Shared bipolar disorder and schizophrenia risk loci

PLOSONE | DOI:10.1371/journal.pone.0171595 February 6, 2017 2 / 14

Excellence-Cluster ImmunoSensation. M.M.N. also

received support from the Alfried Krupp von

Bohlen und Halbach-Stiftung. The study was

supported by the German Research Foundation

(DFG; grant FOR2107; RI908/11-1 to M.R.; NO246/

10-1 to M.M.N.). The study was also supported by

the Swiss National Science Foundation (SNSF,

grant 156791 to S.C.). M.G.S. received grant no.

89/2012 from UEFISCDI, Romania. Canadian

patients were genotyped within the ConLiGen

project (www.ConLiGen.org), with the support of a

grant from the DFG to M.R., M.B., and T.G.S. (RI

908/7-1). Controls for Germany II were drawn from

the Heinz Nixdorf Recall Study (HNR) cohort,

which was established with the support of the

Heinz Nixdorf Foundation. Recruitment of the

Australian sample was supported by an Australian

NHMRC program grant (number 1037196). The

recruitment of the Canadian patients was

supported by a grant from the Canadian Institutes

of Health Research #64410 to M.A. The study also

used data generated by the GABRIEL consortium

(controls for the sample Russia). Funding for the

generation of these data was provided by the

European Commission as part of GABRIEL

contract number 018996 under the Integrated

Program LSH-2004-1.2.5-1. Post genomic

approaches to understand the molecular basis of

asthma aiming at a preventive or therapeutic

control and theWellcome Trust under award

084703. Canadian controls were drawn from the

French Canadian study (SLSJ), which was

supported in part by the Canada Research Chair

Environment and genetics of respiratory diseases

and allergy, the Canadian Institutes of Health

Research (Operating grant No. MOP-13506), and

the Quebec Respiratory Network of the Fonds de
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psychiatric disorders [3, 4]. An analysis of the genome-wide genotype data of the Psychiatric

Genomics Consortium (PGC) revealed a 68% genetic correlation between BD and schizophre-

nia (SCZ), which was the highest correlation with BD of all psychiatric diseases investigated

[3]. However, the genes involved in this etiological overlap remain largely unknown.

Although research into BD and SCZ has identified a number of susceptibility genes, the

respective biological pathways still await identification. For BD, recent genome wide associa-

tion studies (GWAS) have identified a number of risk loci [5–13].

For SCZ, a PGC meta-analysis of data from>36,000 patients and 113,000 controls identi-

fied 128 independent genome-wide significant single nucleotide polymorphisms (SNPs) in

108 genetic loci [14].

The aim of the present study was to investigate whether these 128 SCZ-associated SNPs also

contribute to the development of BD. For this purpose, we performed association testing of

these SNPs in our large BD GWAS dataset [12]. In addition, we analyzed whether the genome-

wide significant BD-associated SNPs identified in our BD GWAS [12] show association with

SCZ.

Materials andmethods

Sample description

The analyses were performed using data from our previous GWAS of BD (9,747 patients and

14,278 controls) [12]. This GWAS dataset combined: (i) the MooDS data (collected from Can-

ada, Australia, and four European countries); and (ii) the GWAS results for BD of the large

multinational PGC [5]. The patients were assigned the following diagnoses (DSM-IV,

DSM-IIR, Research Diagnostic Criteria): BD type 1 (n = 8,001; 82.1%); BD type 2 (n = 1,212;

12.4%); schizoaffective disorder (bipolar type; n = 269; 2.8%); and BD not otherwise specified

(n = 265, 2.7%) [12]. The study was approved by the local ethics committees of the participat-

ing centers (University Hospital Würzburg, Germany; Central Institute of Mental Health,

Mannheim, Germany; University of Essen, Germany; Ludwig Maximilians University,

Munich, Germany; Prince of Wales Hospital, Sydney, Australia; Queensland Institute of Medi-

cal Research, Brisbane, Australia; Poznan University of Medical Sciences, Poland; University

of Szczecin, Poland; speciality mood disorders clinics in Halifax and Ottawa, Canada; Russian

State Medical University, Moscow, Russian Federation; Kursk State Medical University, Rus-

sian Federation; Regional University Hospital of Malaga, Spain; and Instituto Municipal de

Asistencia Sanitaria, IMAS-IMIM, Barcelona, Spain) [12]. Written informed consent was

obtained from all participants prior to inclusion [12].

Genome-wide significant loci for SCZ and BD

For the 128 linkage disequilibrium (LD)-independent genome-wide significant SNPs for SCZ,

genetic information was obtained from the supplementary information of the SCZ GWAS of

the PGC [14]. This is the largest GWAS of SCZ to date.

Genome-wide significant SNPs for BD were obtained from our BD GWAS [12].

Imputation and meta-analysis

Different reference panels were used for the imputation of the MooDS and PGC BD genotype

data (1,000 Genomes Project, February 2012 release; and HapMap phase 2 CEU, respectively).

Therefore, the summary statistics of the PGC BD GWAS [5] were imputed using the 1,000

Genomes Project reference panel and ImpG-Summary. The latter is a recently proposed

method for the rapid and accurate imputation of summary statistics [15]. This resulted in

Shared bipolar disorder and schizophrenia risk loci
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z-scores for>20 million SNPs. A total of 111 SCZ-associated SNPs could be mapped to the re-

imputed PGC BD GWAS data. The remaining variants were either located on the X-chromo-

some (n = 3), or represented insertions or deletions (n = 14) which could not be imputed by

the applied method. In total, 107 of the 111 SCZ-associated SNPs could be identified in the

MooDS BD GWAS.

A meta-analysis for these 107 SNPs was then performed by combining the PGC BD GWAS

and the MooDS BD GWAS, and using the sample size based strategy implemented in METAL

[16].

Analysis of shared BD-SCZ SNPs

The risk alleles for all nominally significant SNPs in our BD GWAS [12] were compared to

those reported in the PGC SCZ GWAS.

The SCZ discovery meta-analysis comprised data from 35,476 patients and 46,839 controls.

Our BD GWAS comprised data from 9,747 patients and 14,278 controls [12]. To correct for an

overlap between the two studies of around 500 patients and 9,200 controls [17, 18], we applied

the framework of a bivariate normal distribution for the z-scores from both studies, corre-

sponding to a specific SNP. Since the significant hits from a study were selected from different

chromosomal regions, we assumed that the z-scores within a study are independent. Accord-

ing to the LD Score regression method [19], the mean inflation of the test statistics provides an

approximation of the variance of the z-scores. By considering the set of SNPs in the HapMap3

reference panel [20], the calculated variance was approximately 1.82 for SCZ and 1.24 for BD.

From equation (16) in Bulik-Sullivan et al. [19] (Supplementary Material), the covariance

between z-scores was calculated to be 0.1644, under the assumption of no genetic correlation.

This yielded a correlation of approximately 0.109. To confirm the validity of these theoretical

calculations, we estimated the covariance of z-scores due to sample overlap by applying the LD

Score regression software directly to the results of the PGC SCZ GWAS and our BD GWAS.

After restriction to the well-imputed SNPs of HapMap3, the software estimated a covariance

of 0.1707. This result provides further evidence that the degree of sample overlap was correctly

estimated in the present study.

The z-scores for the 107 SCZ-associated SNPs were extracted from the PGC SCZ discovery

study. The corresponding z-scores were extracted from our BD GWAS [12]. Using the values

above, the mean and the variance of the normal distribution for the BD z-scores were deter-

mined, given the z-scores from the PGC SCZ discovery study. After the transformation of the

initial z-scores from our BD GWAS, a total of 22 of 107 z-scores for BD had corresponding

two-sided association p-values of<5% (Table 1).

Analogously, the z-scores for the genome-wide significant BD SNPs were extracted from

our BD GWAS [12], and the corresponding z-scores were extracted from the PGC SCZ discov-

ery study. Of the five BD-associated lead SNPs in our BD GWAS, one SNP (rs6550435) was in

high LD (r2 = 0.897, SNAP [21]) with a genome-wide SCZ-associated SNP (rs75968099), and

was thus excluded from this additional analysis. For the remaining four SNPs, the transforma-

tion was computed in the other direction. After correction for sample overlap, no BD SNP

showed association with SCZ.

Bonferroni correction for multiple testing was performed by multiplying the nominal p-val-

ues with the number of investigated SNPs (n = 107+4 = 111).

Pathway analysis

Pathway analysis for all 22 shared SCZ-BD SNPs was performed using Ingenuity Pathway

Analysis (IPA; http://www.ingenuity.com/) [22, 23] and INRICH [24].

Shared bipolar disorder and schizophrenia risk loci
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In IPA, each gene is represented in a global molecular network, which is designed using

information from the Ingenuity Pathway Knowledge Base. ‘Networks’ were generated algorith-

mically, and on the basis of their connectivity in terms of activation, expression, and transcrip-

tion. Molecular relationships between genes are represented by connecting lines between

nodes, as supported by published data stored in the Ingenuity Pathway Knowledge Base and/

or PubMed. For the purposes of the present study, the canonical pathway analysis available in

IPA was applied. Here, an SNP is mapped to a gene if it falls within the gene-coding region or

within the 2 kilobase (kb) upstream/ 0.5 kb downstream range of the gene-coding region. This

resulted in the inclusion of 13 genes in the pathway analysis. Significant pathways were filtered

in order to achieve a minimum of two genes per set. The significance of the association

between the SNP-associated genes mapped by IPA and the canonical pathway was measured

using Fisher’s exact test.

INRICH [24] was used as a secondary pathway analysis tool, as it enables examination of

enriched association signals of LD-independent genomic intervals. Gene Ontology (GO) gene

sets were extracted from the Molecular Signatures Database (MSigDB), version 5.0 (Broad

Institute, http://software.broadinstitute.org/gsea/msigdb/index.jsp, downloaded in September

2015). The size of the extracted gene sets ranged from 10 to 200 genes, resulting in 1,268 target

sets for testing. The intervals around the 22 SNPs of interest were based on empirical estimates

of LD from PLINK (http://pngu.mgh.harvard.edu/purcell/plink/). SNPs were assigned to

Table 1. Schizophrenia-associated SNPs with a p-value of <0.05 in our bipolar disorder GWAS data after correction for sample overlap.

SNP Chr Position Alleles P BD Meta Pcorr BDMeta P PGC SCZ Nearby Gene/s

rs75968099 3 36858583 T/C 2.03 x 10−5 0.0022 1.05 x 10−13 TRANK1

rs2535627 3 52845105 T/C 4.68 x 10−5 0.0052 4.26 x 10−11 ITIH3-ITIH4

rs6704641 2 200164252 A/G 0.0030 0.3331 8.33 x 10−9 SATB2

rs140505938 1 150031490 T/C 0.0032 0.3597 4.49 x 10−10 VPS45

rs7893279 10 18745105 T/G 0.0043 0.4770 1.97 x 10−12 CACNB2

rs6704768 2 233592501 A/G 0.0063 0.6991 2.32 x 10−12 GIGYF2

rs12704290 7 86427626 A/G 0.0075 0.8315 3.33 x 10−10 GRM3

rs211829 7 110048893 T/C 0.0088 0.9778 3.71 x 10−8 -

rs3735025 7 137074844 T/C 0.0098 >0.9999 3.28 x 10−9 DGKI

rs324017 12 57487814 A/C 0.0098 >0.9999 2.13 x 10−8 NAB2

rs2909457 2 162845855 A/G 0.0109 >0.9999 4.62 x 10−8 SLC4A10-DPP4

rs9922678 16 9946319 A/G 0.0120 >0.9999 1.28 x 10−8 GRIN2A

rs950169 15 84706461 T/C 0.0181 >0.9999 1.62 x 10−11 ADAMTSL3

rs55661361 11 124613957 A/G 0.0301 >0.9999 2.8 x 10−12 NRGN

rs10043984 5 137712121 T/C 0.0307 >0.9999 1.09 x 10−8 KDM3B

rs1498232 1 30433951 T/C 0.0323 >0.9999 2.86 x 10−9 LOC101929406

rs6434928 2 198304577 A/G 0.0351 >0.9999 2.06 x 10−11 SF3B1-COQ10B

rs2007044 12 2344960 A/G 0.0367 >0.9999 3.22 x 10−18 CACNA1C

rs8044995 16 68189340 A/G 0.0380 >0.9999 1.51 x 10−8 NFATC3

rs56205728 15 40567237 A/G 0.0387 >0.9999 4.18 x 10−9 PAK6

rs2693698 14 99719219 A/G 0.0429 >0.9999 4.8 x 10−9 BCL11B

rs832187 3 63833050 T/C 0.0465 >0.9999 1.43 x 10−8 THOC7

Single nucleotide polymorphisms (SNPs) are shown according to their p-values in our bipolar disorder (BD) GWAS [12] following correction for sample

overlap. Chromosomal positions refer to genome build GRCh37 (hg19). Abbreviations: Chr, chromosome; P BDMeta, p-value in our BD GWAS [12] after

correction for sample overlap; Pcorr BDMeta, p-value in our BD GWAS [12] after correction for sample overlap and Bonferroni correction for multiple testing;

P PGC SCZ, p-value in the PGC schizophrenia GWAS [14].

doi:10.1371/journal.pone.0171595.t001
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genes using 50 kb up- and downstream windows. In total, 21 intervals were tested for the 1,268

target sets.

In IPA, correction for multiple testing was performed using the Benjamini Hochberg

method. In INRICH, the empirical gene set p-value was corrected for multiple testing using

bootstrapping-based re-sampling.

Results

A total of 107 of the 128 SCZ-associated SNPs could be mapped to both the re-imputed PGC

BD GWAS and the MooDS BD GWAS data. A meta-analysis of these 107 SNPs was then per-

formed using METAL [16].

After correction for sample overlap, 22 of the 107 SCZ-associated SNPs showed nominally

significant p-values in our BD GWAS (Table 1, S1 Table). For all 22 SNPs, the direction of the

effect was identical to that observed in the PGC SCZ GWAS [14]. Of the five genome-wide sig-

nificant BD-associated SNPs identified in our BD GWAS, one SNP (rs6550435) was in high

LD (r2 = 0.897) with a genome-wide SCZ-associated SNP (rs75968099). None of the remaining

four genome-wide significant BD-associated SNPs showed a nominally significant association

with SCZ after correction for sample overlap (data not shown).

The number of SCZ SNPs with a p-value of<0.05 in our BD GWAS (n = 22) was signifi-

cantly higher than expected (p = 1.46x10-8, binomial test). This provides further evidence that

SCZ-associated loci contribute to the development of BD.

The most strongly associated SNP was located near the gene TRANK1 (Table 1, p = 2.03x10-

5), which is a reported genome-wide significant risk gene for BD [7, 12]. The other nominally

associated SCZ-BD SNPs implicated loci which contain interesting candidate genes for BD

and SCZ. These include the chromatin remodeling gene SATB2, the glutamate receptor genes

GRM3 and GRIN2A, and the calcium channel subunit gene CACNB2. The latter is a reported

genome-wide significant risk gene for a number of psychiatric disorders, including BD and

SCZ [17].

After Bonferroni correction for multiple testing, two SNPs (rs75968099, rs2535627) showed

significant association with BD (pcorr = 2.25x10-3 and pcorr = 5.19x10-3, respectively).

Pathway analysis using IPA revealed nine pathways with nominally significant enrichment

(Fig 1). Of these, eight remained significantly enriched after Benjamini Hochberg correction

for multiple testing. The pathway with the strongest enrichment was synaptic long term poten-

tiation (pcorr = 0.003, Fig 2, S2 Table). In addition, significant enrichment was found for gluta-

mate receptor- and calcium signaling; neuropathic pain signaling in dorsal horn neurons; and

CREB signaling in neurons.

These findings are consistent with previous pathway analyses of BD and SCZ [5, 25–27].

The present analysis also confirmed the glutamatergic signaling pathway, which was consid-

ered provisional in a recent review [28].

Pathway analysis using INRICH identified a total of 16 nominally significant gene-sets,

which showed partial overlap in terms of the underlying genes. The enriched gene-sets include

voltage-gated calcium channel complex/activity; calmodulin binding; glutamate receptor activ-

ity; and M phase of the mitotic cell cycle (Fig 3). None of these gene-sets remained significantly

enriched for associations after correction for multiple testing (Fig 3, S3 Table).

Discussion

The present analyses revealed a significant enrichment of BD-associated SNPs within known

SCZ-associated loci (p = 1.46x10-8). This is consistent with previous reports of overlapping

genetic susceptibility for BD and SCZ [4, 29, 30].

Shared bipolar disorder and schizophrenia risk loci
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The most strongly associated SNP was located near TRANK1, which is a reported genome-

wide significant risk gene for BD [7]. The second SNP with significant BD association after

correction for multiple testing (rs2535627, Table 1) was located in a genomic region on chro-

mosome 3. This region contains multiple genes, including inter-alpha-trypsin inhibitor heavy

chain 3 (ITIH3) and -4 (ITIH4). Common variation at the ITIH3-ITIH4 region has been iden-

tified as a genome-wide significant risk factor for five different psychiatric disorders, including

SCZ and BD [17].

Interestingly, the GWAS index SNP rs2535627 represents a Bonferroni-significant fetal

brain methylation quantitative trait locus (mQTL), as it has been associated with DNAmethyl-

ation at cg11645453. The latter is located in the 5’ untranslated region of ITIH4 [31]. This sug-

gests that the SCZ-BD associated SNP rs2535627 might contribute to disease susceptibility by

altering the expression of ITIH4 in the brain [32]. This hypothesis is supported by a recent

study, which found that the G-allele of the SNP rs4687657—which is in moderate LD with

rs2535627 (r2 = 0.426, D’ = 1.000, SNAP [21])—was significantly associated with reduced

ITIH4 expression in the postmortem dorsolateral prefrontal cortex of controls [33].

SNPs with nominal association implicated several other plausible susceptibility genes for

BD and SCZ (Table 1). These include SATB2, which is a highly conserved chromatin remodel-

ing gene [34]. A previous animal study demonstrated that SATB2 was an essential regulator of

axonal connectivity in the developing neocortex [35]. In addition, mutations spanning SATB2

have been reported in patients with neurodevelopmental disorders, including autism [36, 37].

The present SCZ-BD associated SNPs implicated three promising candidate genes for

shared BD-SCZ etiology, i.e., CACNB2, GRM3, and GRIN2A. The gene CACNB2 encodes an

Fig 1. Results of the Ingenuity Pathway Analysis.Results of the Ingenuity Pathway Analysis (IPA) are shown in bar plot format. The x-axis shows
negative logarithmic enrichment p-values for all associated pathways containing two and more genes prior to- (gray) and after- (blue) Benjamini
Hochberg correction for multiple testing. The red horizontal line indicates a p-value of 0.05.

doi:10.1371/journal.pone.0171595.g001
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Fig 2. IPA pathway synaptic long term potentiation.Results of the Ingenuity pathway analysis (IPA) for the pathway
“Synaptic Long Term Potentiation” are shown. Shared schizophrenia-bipolar disorder associated genes (GRIN2A,GRM3,
CACNA1C) are highlighted in purple.

doi:10.1371/journal.pone.0171595.g002
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L-type voltage-gated calcium channel subunit, and is a reported genome-wide significant risk

gene for several psychiatric disorders, including SCZ and BD [17].

The gene GRM3 encodes a metabotropic glutamate receptor. GRM3 is expressed predomi-

nantly in astrocytes, and has been investigated by previous authors as a potential therapeutic

target in SCZ [14]. A further SCZ-BD SNP was located near GRIN2A, which encodes an

NMDA receptor subunit involved in glutamatergic neurotransmission and synaptic plasticity

[14]. Interestingly, rare mutations in GRIN2A have been reported in patients with SCZ [38].

The present pathway analysis implicated calcium- and glutamate signaling, and neuro-

pathic pain signaling in dorsal horn neurons. These findings are consistent with previous path-

way analyses of BD and SCZ [5, 25–27]. These results thus provide further evidence that

neurotransmitter signaling and synaptic processes are involved in the development of BD and

SCZ.

Fig 3. Results of the INRICH pathway analysis.Results of the INRICH pathway analysis are shown in bar plot format. The x-axis shows negative
logarithmic enrichment p-values for all nominally associated pathways containing two and more genes prior to- (gray) and after- (blue) correction for
multiple testing. The red horizontal line indicates a p-value of 0.05.

doi:10.1371/journal.pone.0171595.g003
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Our enrichment analysis identified a total of 25 enriched gene-sets, which showed partial

overlap in terms of the underlying genes. One of the major characteristics of the GO database

is its hierarchical structure. This structure involves the use of broad ‘parent’ terms, which can

be divided into more distinctive ‘child’ terms [39]. After taking these relations into account,

we categorized our findings from the GO database into five different parent gene-set families:

channel activity, lipase activity, mitotic cell cycle, calmodulin binding, and glutamate receptor

signaling (S3 Table).

The results generated by IPA and INRICH were broadly consistent, despite the fact that the

underlying databases were different. In some cases, pathways were implicated by the same

genes, e.g., glutamate signaling was implicated by GRIN2A and GRM3 in both IPA and

INRICH. In other cases, pathways were implicated by differing genes, e.g., calcium channel

activity/calcium signaling was implicated by NFATC3 and GRIN2A in IPA, and by CACNB2

and CACNA1C in INRICH (S2 and S3 Tables). This provides further support for the involve-

ment of these pathways in the development of BD and SCZ.

The most strongly enriched pathway according to IPA was synaptic long term potentiation

(Fig 2). This pathway has been implicated in learning and memory mechanisms [40]. Interest-

ingly, several previous studies have provided evidence for the involvement of impaired long

term potentiation in the pathophysiology of SCZ [41, 42]. In the present study, this pathway

result was driven by the genes GRIN2A,GRM3, and CACNA1C. The products of all three

genes are located in the postsynaptic membrane (Fig 2), which may suggest that dysfunction at

the postsynaptic level is an early step in the development of BD and SCZ [43].

The identified pathways support specific hypotheses regarding the shared neurobiology of

BD and SCZ. Notably, our results provide further evidence that glutamate signaling might be

involved in the development of both SCZ and BD [44]. This would be consistent with the

observation from routine clinical practice that SCZ drugs which target glutamate signaling are

also effective in BD patients with psychosis or mania [44].

A limitation of the present study was the substantial sample overlap between our BD

GWAS [12] and the SCZ GWAS of the PGC [14], since this creates an inflation of effect. To

address this, the correlation of z-scores between the two studies was calculated. Based on this

information, the initial z-scores were then transformed to correct for sample overlap. To esti-

mate the correlation of test statistics, the publically available summary statistics of the PGC

SCZ GWAS were used, which comprise the results of the discovery phase (35,476 patients,

46,839 controls). As the effect of shared samples might be stronger in the discovery sample

than in the complete meta-analysis, we may have overestimated the correlation of test statistics

between the two GWAS. Therefore our correction for sample overlap may have been too con-

servative. However, since the inflation effect introduced by shared samples might be different

for independent SNPs compared to the average correlation of test statistics, we assume that

our conservative approach was appropriate in terms of reducing false positive results. In future

cross-disorder studies, shared samples should be identified and removed from one study on

the basis of individual genotype data. This was not possible in the present study, as the analyses

were based on summary statistics.

The present data provide further insights into shared risk loci and disease-associated path-

ways for BD and SCZ.

However, further research is required to determine precisely how the genetic risk variants

correlate with particular diagnoses or clinical symptoms. For example, in a previous study, we

showed that common variation at the NCAN locus was associated with both BD [8] and SCZ

[45]. Genetic variation at the NCAN locus thus represents a cross-diagnosis contributory fac-

tor, which may relate to a specific mania symptom-complex [46]. Therefore, future studies are

warranted to determine the specific BD and SCZ phenotypic dimensions to which the present
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variants contribute. Such findings may suggest new research directions for the treatment and

prevention of BD and SCZ.

Supporting information

S1 Table. Overview of the 107 investigated schizophrenia-associated SNPs and respective

test statistics. Single nucleotide polymorphisms (SNPs) are shown according to their p-values

in our bipolar disorder (BD) GWAS [12] following correction for sample overlap. Chromo-

somal positions refer to genome build GRCh37 (hg19). An imputation accuracy metric of 1

indicates that the respective SNP was not imputed using ImpG-Summary. Abbreviations: Chr,

chromosome; A1, the allele to which the z-score is predicted; A2, other allele; Z/P BDMeta, z-

score/p-value in our BD GWAS [12] after correction for sample overlap; Pcorr BDMeta, p-

value in our BD GWAS [12] after correction for sample overlap and Bonferroni correction for

multiple testing; Z/P PGC SCZ (discovery), derived z-score/p-value in the PGC schizophrenia

GWAS (discovery phase) [14].

(XLSX)

S2 Table. Results of the Ingenuity Pathway Analysis. Enrichment p-values for all nine nomi-

nally associated pathways containing two and more genes are shown both prior to and after

Benjamini Hochberg (B-H) correction for multiple testing. Abbreviation: No. Genes in Path-

way, total number of genes in each pathway.

(DOCX)

S3 Table. Results of the INRICH pathway analysis. Empirical gene set p-values for all 16

nominally associated pathways containing two and more genes are shown. The p-values were

corrected for multiple testing using bootstrapping-based re-sampling (corrected p-value).

Abbreviations: GO, Gene Ontology; No. Genes in Pathway, total number of genes in each

pathway.

(DOCX)

Acknowledgments

The authors are grateful to all patients and control subjects for their participation. We thank

the Schizophrenia and Bipolar Disorder Working Groups of the Psychiatric Genomics Con-

sortium (PGC) for providing access to the relevant data.

Author contributions

Conceptualization: AJF J. Hecker HFMMN.

Data curation: AJF J. Hecker HF MMN.

Formal analysis: AJF J. Hecker AH AM CSR LMS SBF SS MR SC HFMMN.

Funding acquisition:MB PBMNGMMA CLMG-S TGS MR SCMMN.

Investigation: AJF J. Hecker AH AM CSR TWMML FD JTMM J. Schumacher FS S. Meier

SH PH AL SHW TB HF.

Methodology: AJF J. Hecker HFMMN.

Project administration: AJF HFMMN.

Shared bipolar disorder and schizophrenia risk loci

PLOSONE | DOI:10.1371/journal.pone.0171595 February 6, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171595.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171595.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171595.s003


Resources: J. Strohmaier FS AR BM-M SLWMMS HV JK-C A. Pfennig MBMH S. Moebus

PMC J. Hauser JL NS-D PB JDM AW PBM JMF PRS GWM SEM SDGNGMVK AC GB

GP LIA AST A. Polonikov EKMA CC GAR GT CL FR FMMKMG-S TGS MRMMN.

Software: J. Hecker AH AM CSR HF.

Supervision: AJF HFMMN.

Validation: AJF J. Hecker AM CSR HFMMN.

Visualization: AJF J. Hecker AH AM CSR HFMMN.

Writing – original draft: AJF J. Hecker AH CSR HFMMN.

Writing – review & editing: AC AH AJF AL AM A. Pfennig A. Polonikov AR AST AW BM-

M CC CL CSR EK FD FR FM FS GAR GB GP GT GWMHF HV JDM J. Hecker J. Hauser

JK-C JL JMF J. Strohmaier J. Schumacher JT LIA LMS MAMBMG-S MHMKMLMM

MMNMRMS NGMNS-D PB PBM PH PMC PRS SBF SC SDG SEM SH SHW SL S.

Meier S. Moebus SS TB TGS TWMVKWM.

References
1. Craddock N, Sklar P. Genetics of bipolar disorder. Lancet. 2013; 381(9878):1654–62. doi: 10.1016/

S0140-6736(13)60855-7 PMID: 23663951

2. NothenMM, Nieratschker V, Cichon S, Rietschel M. New findings in the genetics of major psychoses.
Dialogues Clin Neurosci. 2010; 12(1):85–93. PMID: 20373670

3. Lee SH, Ripke S, Neale BM, Faraone SV, Purcell SM, Perlis RH, et al. Genetic relationship between
five psychiatric disorders estimated from genome-wide SNPs. Nat Genet. 2013; 45(9):984–94. doi: 10.
1038/ng.2711 PMID: 23933821

4. Ruderfer DM, Fanous AH, Ripke S, McQuillin A, Amdur RL, Gejman PV, et al. Polygenic dissection of
diagnosis and clinical dimensions of bipolar disorder and schizophrenia. Mol Psychiatry. 2014; 19
(9):1017–24. doi: 10.1038/mp.2013.138 PMID: 24280982

5. Psychiatric GWASConsortium Bipolar DisorderWorking Group. Large-scale genome-wide association
analysis of bipolar disorder identifies a new susceptibility locus near ODZ4. Nat Genet. 2011; 43
(10):977–83. doi: 10.1038/ng.943 PMID: 21926972

6. Baum AE, Akula N, Cabanero M, Cardona I, CoronaW, Klemens B, et al. A genome-wide association
study implicates diacylglycerol kinase eta (DGKH) and several other genes in the etiology of bipolar dis-
order. Mol Psychiatry. 2008; 13(2):197–207. doi: 10.1038/sj.mp.4002012 PMID: 17486107

7. Chen DT, Jiang X, Akula N, Shugart YY, Wendland JR, Steele CJ, et al. Genome-wide association
study meta-analysis of European and Asian-ancestry samples identifies three novel loci associated with
bipolar disorder. Mol Psychiatry. 2013; 18(2):195–205. doi: 10.1038/mp.2011.157 PMID: 22182935

8. Cichon S, Muhleisen TW, Degenhardt FA, Mattheisen M, Miro X, Strohmaier J, et al. Genome-wide
association study identifies genetic variation in neurocan as a susceptibility factor for bipolar disorder.
Am J HumGenet. 2011; 88(3):372–81. doi: 10.1016/j.ajhg.2011.01.017 PMID: 21353194

9. Ferreira MA, O’Donovan MC, Meng YA, Jones IR, Ruderfer DM, Jones L, et al. Collaborative genome-
wide association analysis supports a role for ANK3 and CACNA1C in bipolar disorder. Nat Genet. 2008;
40(9):1056–8. doi: 10.1038/ng.209 PMID: 18711365

10. Green EK, Grozeva D, Forty L, Gordon-Smith K, Russell E, Farmer A, et al. Association at SYNE1 in
both bipolar disorder and recurrent major depression. Mol Psychiatry. 2013; 18(5):614–7. doi: 10.1038/
mp.2012.48 PMID: 22565781

11. Green EK, Hamshere M, Forty L, Gordon-Smith K, Fraser C, Russell E, et al. Replication of bipolar dis-
order susceptibility alleles and identification of two novel genome-wide significant associations in a new
bipolar disorder case-control sample. Mol Psychiatry. 2013; 18(12):1302–7. doi: 10.1038/mp.2012.142
PMID: 23070075

12. Muhleisen TW, Leber M, Schulze TG, Strohmaier J, Degenhardt F, Treutlein J, et al. Genome-wide
association study reveals two new risk loci for bipolar disorder. Nat Commun. 2014; 5:3339. doi: 10.
1038/ncomms4339 PMID: 24618891

13. Sullivan PF, Daly MJ, O’Donovan M. Genetic architectures of psychiatric disorders: the emerging pic-
ture and its implications. Nat Rev Genet. 2012; 13(8):537–51. doi: 10.1038/nrg3240 PMID: 22777127

Shared bipolar disorder and schizophrenia risk loci

PLOSONE | DOI:10.1371/journal.pone.0171595 February 6, 2017 12 / 14

http://dx.doi.org/10.1016/S0140-6736(13)60855-7
http://dx.doi.org/10.1016/S0140-6736(13)60855-7
http://www.ncbi.nlm.nih.gov/pubmed/23663951
http://www.ncbi.nlm.nih.gov/pubmed/20373670
http://dx.doi.org/10.1038/ng.2711
http://dx.doi.org/10.1038/ng.2711
http://www.ncbi.nlm.nih.gov/pubmed/23933821
http://dx.doi.org/10.1038/mp.2013.138
http://www.ncbi.nlm.nih.gov/pubmed/24280982
http://dx.doi.org/10.1038/ng.943
http://www.ncbi.nlm.nih.gov/pubmed/21926972
http://dx.doi.org/10.1038/sj.mp.4002012
http://www.ncbi.nlm.nih.gov/pubmed/17486107
http://dx.doi.org/10.1038/mp.2011.157
http://www.ncbi.nlm.nih.gov/pubmed/22182935
http://dx.doi.org/10.1016/j.ajhg.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21353194
http://dx.doi.org/10.1038/ng.209
http://www.ncbi.nlm.nih.gov/pubmed/18711365
http://dx.doi.org/10.1038/mp.2012.48
http://dx.doi.org/10.1038/mp.2012.48
http://www.ncbi.nlm.nih.gov/pubmed/22565781
http://dx.doi.org/10.1038/mp.2012.142
http://www.ncbi.nlm.nih.gov/pubmed/23070075
http://dx.doi.org/10.1038/ncomms4339
http://dx.doi.org/10.1038/ncomms4339
http://www.ncbi.nlm.nih.gov/pubmed/24618891
http://dx.doi.org/10.1038/nrg3240
http://www.ncbi.nlm.nih.gov/pubmed/22777127


14. SchizophreniaWorking Group of the Psychiatric Genomics Consortium. Biological insights from 108
schizophrenia-associated genetic loci. Nature. 2014; 511(7510):421–7. doi: 10.1038/nature13595
PMID: 25056061

15. Pasaniuc B, Zaitlen N, Shi H, Bhatia G, Gusev A, Pickrell J, et al. Fast and accurate imputation of sum-
mary statistics enhances evidence of functional enrichment. Bioinformatics. 2014; 30(20):2906–14. doi:
10.1093/bioinformatics/btu416 PMID: 24990607

16. Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association
scans. Bioinformatics. 2010; 26(17):2190–1. doi: 10.1093/bioinformatics/btq340 PMID: 20616382

17. Cross-Disorder Group of the Psychiatric Genomics Consortium. Identification of risk loci with shared
effects on five major psychiatric disorders: a genome-wide analysis. Lancet. 2013; 381(9875):1371–9.
doi: 10.1016/S0140-6736(12)62129-1 PMID: 23453885

18. Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium. Genome-wide asso-
ciation study identifies five new schizophrenia loci. Nat Genet. 2011; 43(10):969–76. doi: 10.1038/ng.
940 PMID: 21926974

19. Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh PR, et al. An atlas of genetic correla-
tions across human diseases and traits. Nat Genet. 2015; 47(11):1236–41. doi: 10.1038/ng.3406
PMID: 26414676

20. Altshuler DM, Gibbs RA, Peltonen L, Dermitzakis E, Schaffner SF, Yu F, et al. Integrating common and
rare genetic variation in diverse human populations. Nature. 2010; 467(7311):52–8. doi: 10.1038/
nature09298 PMID: 20811451

21. Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ, de Bakker PI. SNAP: a web-based
tool for identification and annotation of proxy SNPs using HapMap. Bioinformatics. 2008; 24(24):2938–
9. doi: 10.1093/bioinformatics/btn564 PMID: 18974171

22. Fillman SG, Cloonan N, Catts VS, Miller LC, Wong J, McCrossin T, et al. Increased inflammatory mark-
ers identified in the dorsolateral prefrontal cortex of individuals with schizophrenia. Mol Psychiatry.
2013; 18(2):206–14. doi: 10.1038/mp.2012.110 PMID: 22869038

23. Winham SJ, Cuellar-Barboza AB, McElroy SL, Oliveros A, Crow S, Colby CL, et al. Bipolar disorder with
comorbid binge eating history: a genome-wide association study implicates APOB. J Affect Disord.
2014; 165:151–8. doi: 10.1016/j.jad.2014.04.026 PMID: 24882193

24. Lee PH, O’Dushlaine C, Thomas B, Purcell SM. INRICH: interval-based enrichment analysis for
genome-wide association studies. Bioinformatics. 2012; 28(13):1797–9. doi: 10.1093/bioinformatics/
bts191 PMID: 22513993

25. Nurnberger JI Jr., Koller DL, Jung J, Edenberg HJ, Foroud T, Guella I, et al. Identification of pathways
for bipolar disorder: a meta-analysis. JAMA Psychiatry. 2014; 71(6):657–64. doi: 10.1001/
jamapsychiatry.2014.176 PMID: 24718920

26. Ripke S, O’Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S, et al. Genome-wide association
analysis identifies 13 new risk loci for schizophrenia. Nat Genet. 2013; 45(10):1150–9. doi: 10.1038/ng.
2742 PMID: 23974872

27. XuW, Cohen-Woods S, Chen Q, Noor A, Knight J, Hosang G, et al. Genome-wide association study of
bipolar disorder in Canadian and UK populations corroborates disease loci including SYNE1 and
CSMD1. BMCMed Genet. 2014; 15:2. doi: 10.1186/1471-2350-15-2 PMID: 24387768

28. Harrison PJ. Molecular neurobiological clues to the pathogenesis of bipolar disorder. Curr Opin Neuro-
biol. 2016; 36:1–6. doi: 10.1016/j.conb.2015.07.002 PMID: 26210959

29. Lichtenstein P, Yip BH, Bjork C, Pawitan Y, Cannon TD, Sullivan PF, et al. Common genetic determi-
nants of schizophrenia and bipolar disorder in Swedish families: a population-based study. Lancet.
2009; 373(9659):234–9. doi: 10.1016/S0140-6736(09)60072-6 PMID: 19150704

30. Purcell SM,Wray NR, Stone JL, Visscher PM, O’Donovan MC, Sullivan PF, et al. Common polygenic
variation contributes to risk of schizophrenia and bipolar disorder. Nature. 2009; 460(7256):748–52.
doi: 10.1038/nature08185 PMID: 19571811

31. Hannon E, Spiers H, Viana J, Pidsley R, Burrage J, Murphy TM, et al. Methylation QTLs in the develop-
ing brain and their enrichment in schizophrenia risk loci. Nat Neurosci. 2016; 19(1):48–54. doi: 10.1038/
nn.4182 PMID: 26619357

32. Stranger BE, Nica AC, Forrest MS, Dimas A, Bird CP, Beazley C, et al. Population genomics of human
gene expression. Nat Genet. 2007; 39(10):1217–24. doi: 10.1038/ng2142 PMID: 17873874

33. Ohi K, Shimada T, Nitta Y, Kihara H, Okubo H, Uehara T, et al. Schizophrenia risk variants in ITIH4 and
CALN1 regulate gene expression in the dorsolateral prefrontal cortex. Psychiatr Genet. 2016; 26
(3):142–3. doi: 10.1097/YPG.0000000000000127 PMID: 26991396

Shared bipolar disorder and schizophrenia risk loci

PLOSONE | DOI:10.1371/journal.pone.0171595 February 6, 2017 13 / 14

http://dx.doi.org/10.1038/nature13595
http://www.ncbi.nlm.nih.gov/pubmed/25056061
http://dx.doi.org/10.1093/bioinformatics/btu416
http://www.ncbi.nlm.nih.gov/pubmed/24990607
http://dx.doi.org/10.1093/bioinformatics/btq340
http://www.ncbi.nlm.nih.gov/pubmed/20616382
http://dx.doi.org/10.1016/S0140-6736(12)62129-1
http://www.ncbi.nlm.nih.gov/pubmed/23453885
http://dx.doi.org/10.1038/ng.940
http://dx.doi.org/10.1038/ng.940
http://www.ncbi.nlm.nih.gov/pubmed/21926974
http://dx.doi.org/10.1038/ng.3406
http://www.ncbi.nlm.nih.gov/pubmed/26414676
http://dx.doi.org/10.1038/nature09298
http://dx.doi.org/10.1038/nature09298
http://www.ncbi.nlm.nih.gov/pubmed/20811451
http://dx.doi.org/10.1093/bioinformatics/btn564
http://www.ncbi.nlm.nih.gov/pubmed/18974171
http://dx.doi.org/10.1038/mp.2012.110
http://www.ncbi.nlm.nih.gov/pubmed/22869038
http://dx.doi.org/10.1016/j.jad.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/24882193
http://dx.doi.org/10.1093/bioinformatics/bts191
http://dx.doi.org/10.1093/bioinformatics/bts191
http://www.ncbi.nlm.nih.gov/pubmed/22513993
http://dx.doi.org/10.1001/jamapsychiatry.2014.176
http://dx.doi.org/10.1001/jamapsychiatry.2014.176
http://www.ncbi.nlm.nih.gov/pubmed/24718920
http://dx.doi.org/10.1038/ng.2742
http://dx.doi.org/10.1038/ng.2742
http://www.ncbi.nlm.nih.gov/pubmed/23974872
http://dx.doi.org/10.1186/1471-2350-15-2
http://www.ncbi.nlm.nih.gov/pubmed/24387768
http://dx.doi.org/10.1016/j.conb.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26210959
http://dx.doi.org/10.1016/S0140-6736(09)60072-6
http://www.ncbi.nlm.nih.gov/pubmed/19150704
http://dx.doi.org/10.1038/nature08185
http://www.ncbi.nlm.nih.gov/pubmed/19571811
http://dx.doi.org/10.1038/nn.4182
http://dx.doi.org/10.1038/nn.4182
http://www.ncbi.nlm.nih.gov/pubmed/26619357
http://dx.doi.org/10.1038/ng2142
http://www.ncbi.nlm.nih.gov/pubmed/17873874
http://dx.doi.org/10.1097/YPG.0000000000000127
http://www.ncbi.nlm.nih.gov/pubmed/26991396


34. Gyorgy AB, SzemesM, de Juan Romero C, Tarabykin V, Agoston DV. SATB2 interacts with chromatin-
remodeling molecules in differentiating cortical neurons. Eur J Neurosci. 2008; 27(4):865–73. doi: 10.
1111/j.1460-9568.2008.06061.x PMID: 18333962

35. Alcamo EA, Chirivella L, Dautzenberg M, Dobreva G, Farinas I, Grosschedl R, et al. Satb2 regulates
callosal projection neuron identity in the developing cerebral cortex. Neuron. 2008; 57(3):364–77. doi:
10.1016/j.neuron.2007.12.012 PMID: 18255030

36. Rosenfeld JA, Ballif BC, Lucas A, Spence EJ, Powell C, Aylsworth AS, et al. Small deletions of SATB2
cause some of the clinical features of the 2q33.1 microdeletion syndrome. PLoSOne. 2009; 4(8):
e6568. doi: 10.1371/journal.pone.0006568 PMID: 19668335

37. Talkowski ME, Rosenfeld JA, Blumenthal I, Pillalamarri V, Chiang C, Heilbut A, et al. Sequencing chro-
mosomal abnormalities reveals neurodevelopmental loci that confer risk across diagnostic boundaries.
Cell. 2012; 149(3):525–37. doi: 10.1016/j.cell.2012.03.028 PMID: 22521361

38. Tarabeux J, Kebir O, Gauthier J, Hamdan FF, Xiong L, Piton A, et al. Rare mutations in N-methyl-D-
aspartate glutamate receptors in autism spectrum disorders and schizophrenia. Transl Psychiatry.
2011; 1:e55. doi: 10.1038/tp.2011.52 PMID: 22833210

39. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the unifi-
cation of biology. The Gene Ontology Consortium. Nat Genet. 2000; 25(1):25–9. doi: 10.1038/75556
PMID: 10802651

40. Shim SS, HammondsMD, Tatsuoka C, Feng IJ. Effects of 4-weeks of treatment with lithium and olanza-
pine on long-term potentiation in hippocampal area CA1. Neurosci Lett. 2012; 524(1):5–9. doi: 10.1016/
j.neulet.2012.06.047 PMID: 22750162

41. Goto Y, Yang CR, Otani S. Functional and dysfunctional synaptic plasticity in prefrontal cortex: roles in
psychiatric disorders. Biol Psychiatry. 2010; 67(3):199–207. doi: 10.1016/j.biopsych.2009.08.026
PMID: 19833323

42. Salavati B, Rajji TK, Price R, Sun Y, Graff-Guerrero A, Daskalakis ZJ. Imaging-based neurochemistry
in schizophrenia: a systematic review and implications for dysfunctional long-term potentiation. Schi-
zophr Bull. 2015; 41(1):44–56. doi: 10.1093/schbul/sbu132 PMID: 25249654

43. Network and Pathway Analysis Subgroup of Psychiatric Genomics Consortium. Psychiatric genome-
wide association study analyses implicate neuronal, immune and histone pathways. Nat Neurosci.
2015; 18(2):199–209. doi: 10.1038/nn.3922 PMID: 25599223

44. Cherlyn SY, Woon PS, Liu JJ, OngWY, Tsai GC, Sim K. Genetic association studies of glutamate,
GABA and related genes in schizophrenia and bipolar disorder: a decade of advance. Neurosci Biobe-
hav Rev. 2010; 34(6):958–77. doi: 10.1016/j.neubiorev.2010.01.002 PMID: 20060416

45. Muhleisen TW, Mattheisen M, Strohmaier J, Degenhardt F, Priebe L, Schultz CC, et al. Association
between schizophrenia and common variation in neurocan (NCAN), a genetic risk factor for bipolar dis-
order. Schizophr Res. 2012; 138(1):69–73. doi: 10.1016/j.schres.2012.03.007 PMID: 22497794

46. Miro X, Meier S, DreisowML, Frank J, Strohmaier J, Breuer R, et al. Studies in humans and mice impli-
cate neurocan in the etiology of mania. Am J Psychiatry. 2012; 169(9):982–90. doi: 10.1176/appi.ajp.
2012.11101585 PMID: 22952076

Shared bipolar disorder and schizophrenia risk loci

PLOSONE | DOI:10.1371/journal.pone.0171595 February 6, 2017 14 / 14

http://dx.doi.org/10.1111/j.1460-9568.2008.06061.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06061.x
http://www.ncbi.nlm.nih.gov/pubmed/18333962
http://dx.doi.org/10.1016/j.neuron.2007.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18255030
http://dx.doi.org/10.1371/journal.pone.0006568
http://www.ncbi.nlm.nih.gov/pubmed/19668335
http://dx.doi.org/10.1016/j.cell.2012.03.028
http://www.ncbi.nlm.nih.gov/pubmed/22521361
http://dx.doi.org/10.1038/tp.2011.52
http://www.ncbi.nlm.nih.gov/pubmed/22833210
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1016/j.neulet.2012.06.047
http://dx.doi.org/10.1016/j.neulet.2012.06.047
http://www.ncbi.nlm.nih.gov/pubmed/22750162
http://dx.doi.org/10.1016/j.biopsych.2009.08.026
http://www.ncbi.nlm.nih.gov/pubmed/19833323
http://dx.doi.org/10.1093/schbul/sbu132
http://www.ncbi.nlm.nih.gov/pubmed/25249654
http://dx.doi.org/10.1038/nn.3922
http://www.ncbi.nlm.nih.gov/pubmed/25599223
http://dx.doi.org/10.1016/j.neubiorev.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20060416
http://dx.doi.org/10.1016/j.schres.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22497794
http://dx.doi.org/10.1176/appi.ajp.2012.11101585
http://dx.doi.org/10.1176/appi.ajp.2012.11101585
http://www.ncbi.nlm.nih.gov/pubmed/22952076

