
Neuron

Article
Converging Genetic and Functional Brain Imaging
Evidence Links Neuronal Excitability to Working
Memory, Psychiatric Disease, and Brain Activity
Angela Heck,1,2,15,* Matthias Fastenrath,1,3,15 Sandra Ackermann,1 Bianca Auschra,1 Horst Bickel,4 David Coynel,1,3

Leo Gschwind,1,3 Frank Jessen,5,6 Hanna Kaduszkiewicz,7 Wolfgang Maier,5,6 Annette Milnik,1,2 Michael Pentzek,8

Steffi G. Riedel-Heller,9 Stephan Ripke,10 Klara Spalek,3 Patrick Sullivan,11 Christian Vogler,1,2 Michael Wagner,5,6

Siegfried Weyerer,12 Steffen Wolfsgruber,5,6 Dominique J.-F. de Quervain,2,3,14 and Andreas Papassotiropoulos1,2,13,14,*
1Division of Molecular Neuroscience, Department of Psychology
2Psychiatric University Clinics
3Division of Cognitive Neuroscience, Department of Psychology

University of Basel, CH-4055 Basel, Switzerland
4Department of Psychiatry, Technical University of Munich, 85748 Munich, Germany
5Department of Psychiatry, University of Bonn, 53105 Bonn, Germany
6DZNE, German Center for Neurogenerative Diseases, 53105 Bonn, Germany
7Department of Primary Medical Care, Center of Psychosocial Medicine, University Medical Center Hamburg-Eppendorf, 20246 Hamburg,
Germany
8Institute of General Practice, Medical Faculty, Heinrich-Heine-University Düsseldorf, 40225 Düsseldorf, Germany
9Institute of Social Medicine, Occupational Health and Public Health, Medical Faculty, University of Leipzig, 04103 Leipzig, Germany
10Center for Human Genetic Research, Massachusetts General Hospital, Boston, MA 02114, USA
11Department of Genetics, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-7264, USA
12Central Institute of Mental Health, 68159 Mannheim, Germany
13Department Biozentrum, Life Sciences Training Facility, University of Basel, CH-4056 Basel, Switzerland
14Transfaculty Research Platform, University of Basel, CH-4012 Basel, Switzerland
15These authors contributed equally to this work

*Correspondence: angela.heck@unibas.ch (A.H.), andreas.papas@unibas.ch (A.P.)

http://dx.doi.org/10.1016/j.neuron.2014.01.010
SUMMARY

Working memory, the capacity of actively maintain-
ing task-relevant information during a cognitive
task, is a heritable trait. Working memory deficits
are characteristic for many psychiatric disorders.
We performed genome-wide gene set enrichment
analyses in multiple independent data sets of young
and aged cognitively healthy subjects (n = 2,824) and
in a large schizophrenia case-control sample (n =
32,143). The voltage-gated cation channel activity
gene set, consisting of genes related to neuronal
excitability, was robustly linked to performance in
working memory-related tasks across ages and
to schizophrenia. Functional brain imaging in 707
healthy participants linked this gene set also to work-
ing memory-related activity in the parietal cortex and
the cerebellum. Gene set analyses may help to
dissect the molecular underpinnings of cognitive
dimensions, brain activity, and psychopathology.

INTRODUCTION

The study of the genetic underpinnings of human cognition,

emotion, and personality impacts substantially on the under-

standing of physiological and pathophysiological processes
relevant to mental health and psychiatric disease. Working

memory (WM), which represents a limited capacity neural

network capable of actively maintaining task-relevant informa-

tion during the execution of a cognitive task (Shah and Miyake,

1999), is a key cognitive trait well amenable to behavioral genetic

studies:WM is heritable (Karlsgodt et al., 2011), can be assessed

in a valid and reliable manner, and has well-defined neural corre-

lates as shown in functional brain imaging studies (D’Esposito,

2007). Deficits in WM are a key component of psychiatric disor-

ders such as schizophrenia (Barch, 2005), bipolar disorder (Bal-

anzá-Martı́nez et al., 2008), and attention-deficit hyperactivity

disorder (ADHD) (Doyle, 2006).

Genome-wide association studies (GWASs) employing single-

marker statistics have been successful in identifying cognitive

trait-associated single-gene loci (Papassotiropoulos and de

Quervain, 2011). It is, however, widely accepted that single-

marker-based analyses have limited power to identify the

genetic basis of a given trait, as, for example, many loci will fail

to reach stringent genome-wide significance threshold, despite

the fact that theymay be genuinely associatedwith the trait. Trig-

gered by statistical approaches for the analysis of gene expres-

sion and protein-protein interaction, gene set-based analytical

methods have recently become available. These methods aim

at identifying biologically meaningful sets of genes associated

with a certain trait, rather than focusing on a single GWAS

gene locus (Wang et al., 2010). By taking into account prior

biological knowledge, gene set-based approaches examine

whether test statistics for a group of related genes have
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Figure 1. Manhattan Plot of the GWAS in the Discovery Sample

The red horizontal line indicates genome-wide Bonferroni correction. See also

Figure S1.
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consistent deviation from chance (Wang et al., 2010). As shown

recently in studies on autism (Voineagu et al., 2011), bipolar dis-

order (Holmans et al., 2009; Sklar et al., 2011), ADHD (Stergia-

kouli et al., 2012), and schizophrenia (O’Dushlaine et al., 2011),

such approaches can identify convergent molecular pathways

relevant to neuropsychiatry and provide initial evidence, which

can serve as starting point for testable hypotheses addressing

functionality within the indicated pathways. However, the meth-

odological heterogeneity of different pathway analytical tools

makes it necessary to demonstrate the methodological invari-

ance and replicability of the results (for reviews, see Holmans

et al., 2009; Wang et al., 2010, 2011).

We performed genome-wide gene set enrichment analyses of

WMperformance inmultiple independent data sets of young and

aged cognitively healthy subjects. In a large case-control

sample, we also performed genome-wide gene set enrichment

analyses of the risk for schizophrenia. We show that the

voltage-gated cation channel activity gene set, consisting of

genes related to neuronal excitability, is robustly linked to WM

performance across ages and to schizophrenia. In addition,

this gene set is associated toWM-related activity in brain regions

known for their involvement in psychiatric disease.

RESULTS

Gene Set Enrichment Analysis in Healthy Young Adults
Discovery Sample

After genome-wide calculation of p values for association with

WM performance (n-back task, see Experimental Procedures)

under the additive genetic model in 905 individuals, we ran

gene set enrichment analysis (GSEA) using MAGENTA (Segrè

et al., 2010). Q-Q plotting indicated that the statistical power of

the sample was sufficient to detect loci reaching genome-wide

significance (p < 5 3 10�8) (Figure S1A available online). Five

SNPs exceeded genome-wide significance (Figure 1). Four

SNPs (rs711159, rs2049590, rs7300145, and rs10861993) map-
1204 Neuron 81, 1203–1213, March 5, 2014 ª2014 Elsevier Inc.
ped to chromosome 12 and spanned PAWR, which encodes a

neuronally expressed transcriptional regulator. One SNP

(rs12028754) mapped to chromosome 1, specifically to an intron

of OLFM3, which encodes olfactomedin 3 (alias noelin 3). This

protein is known to interact with the AMPA receptor complex.

Among the 1,411 database-derived gene sets that served as

input, MAGENTA identified multiple testing-corrected significant

enrichment (PFDR < 0.05) for two gene sets: ‘‘voltage-gated

cation channel activity’’ (Gene Ontology ID [GO]:0022843) and

‘‘transport of glucose and other sugars, bile salts and organic

acids, metal ions, and amine compounds’’ (gene set database:

Reactome; Pnominal = 9.9 3 10�5 and 9.9 3 10�5, respectively;

see Table 1). The contribution to the overall significance of the

gene sets was balanced across significant gene set SNPs (Fig-

ure 2; Table S1). No additional gene set withstood false-discov-

ery rate (FDR) correction for testing 1,411 gene sets.

Replication Sample

A second independent gene set analysis on the identical pheno-

type (n-back task) was performed in 746 individuals by using the

sameMAGENTA settings as in the discovery sample. Among the

1,411 database-derived gene sets tested, the voltage-gated

cation channel activity gene set (GO:0022843) was the best hit,

showing significant enrichment at a genome-wide FDR-cor-

rected level (Pnominal = 9.9 3 10�5, PFDR = 1.28 3 10�2).

Furthermore, the cation channel activity gene set and the

voltage-gated channel activity gene set, two gene sets highly

overlapping with GO:0022843 (59% and 90% overlap, respec-

tively), also showed significant enrichment in the replication

sample (PFDR = 1.28 3 10�2 and 1.85 3 10�2, respectively; see

Table 1).

Use of Different GSEA Algorithms

To assess whether the identified gene set is detected indepen-

dently of the algorithm used, we used different gene set analysis

tools in the combined discovery and replication samples

(n = 1,651), for which the identical cognitive task served as

phenotype.

GSA-SNP is a gene set tool that uses SNP p values as input

and identifies pathways in a competitive way (Nam et al.,

2010). Importantly, GSA-SNP offers the option to set the kth

(k = 2, 3, 4, or 5) best p value as proxy for the respective gene

instead of using only the best p value. We ran four analyses,

and for each option the voltage-gated cation channel activity

gene set (GO:0022843) showed a highly significant enrichment

score, with FDR-corrected p values ranging between PFDR =

1 3 10�8 and PFDR = 4 3 10�8.

INRICH (Lee et al., 2012), another gene set tool, implements a

permutation-based algorithm to correct for possible biases

induced by marker density, linkage disequilibrium (LD) structure,

and gene size. Of 449 independent intervals that contained the

best genome-wide association signals, nine intervals overlap-

ped with the 66 target genes of GO:0022843. Subsequent per-

mutation analysis (100,000 permutations) showed significant

enrichment for GO:0022384 (Pempirical = 0.018).

We also performed additional genome-wide analyses and

subsequent GSEA for non-WM phenotypes, such as perfor-

mance in the 0-back task (related to attentional processes), pic-

ture and verbal delayed free recall (related to episodic memory),

and delayed free recall for positive and negative pictures



Table 1. Pathway Associations in Four GWAS Data Sets of Cognitively Healthy Adults

Database Gene Set

Number of

Significant

Genes Discovery Sample (n = 905)

Replication Sample

(n = 746)

Zurich

Sample

(n = 410)

AgeCoDe

Sample

(n = 763)

Pnominal PFDR Pnominal PFDR Pnominal Pnominal

GO Voltage-gated cation

channel activity

28 9.90 3 10�5 3.19 3 10�2a 9.90 3 10�5 1.28 3 10�2a 2.00 3 10�3 1.68 3 10�2

REACTOME Transport of glucose and

other sugars, bile salts and

organic acids, metal ions

and amine compounds

35 9.90 3 10�5 3.10 3 10�2a 1.90 3 10�1 5.65 3 10�1 1.48 3 10�1 2.08 3 10�1

GO Voltage-gated channel

activity

28 1.00 3 10�4 9.10 3 10�2 9.90 3 10�5 1.85 3 10�2a 6.20 3 10�3 1.11 3 10�2

GO Metal ion transmembrane

transporter activity

51 3.00 3 10�4 5.69 3 10�2 1.80 3 10�3 1.45 3 10�1 9.00 3 10�4 2.20 3 10�2

KEGG Arrhythmogenic right

ventricular cardiomyopathy

29 7.00 3 10�4 7.64 3 10�2 5.35 3 10�2 4.23 3 10�1 2.90 3 10�2 2.99 3 10�1

GO Cation channel activity 40 1.40 3 10�3 1.71 3 10�1 9.90 3 10�5 1.28 3 10�2a 9.40 3 10�3 2.50 3 10�2

GO Calcium channel activity 15 1.70 3 10�3 1.64 3 10�1 4.06 3 10�2 5.72 3 10�1 8.67 3 10�2 6.12 3 10�1

REACTOME Signaling by Rho GTPases 36 2.20 3 10�3 1.59 3 10�1 2.30 3 10�3 1.23 3 10�1 1.00 3 10�3 3.98 3 10�2

GO Gated channel activity 39 2.40 3 10�3 2.00 3 10�1 1.00 3 10�3 1.22 3 10�1 1.53 3 10�2 1.90 3 10�3

GO Transmembrane receptor

protein kinase activity

21 2.50 3 10�3 2.09 3 10�1 3.95 3 10�1 9.11 3 10�1 1.79 3 10�2 3.01 3 10�1

GO Ion channel activity 45 2.80 3 10�3 2.46 3 10�1 7.00 3 10�4 9.30 3 10�2 5.64 3 10�2 2.31 3 10�2

REACTOME Signaling by robo receptor 14 3.10 3 10�3 1.73 3 10�1 5.49 3 10�2 2.98 3 10�1 1.18 3 10�1 2.06 3 10�1

KEGG Dilated cardiomyopathy 31 3.40 3 10�3 1.39 3 10�1 3.03 3 10�2 4.95 3 10�1 2.51 3 10�2 2.45 3 10�1

GO Calmodulin binding 12 3.40 3 10�3 1.72 3 10�1 9.37 3 10�1 9.76 3 10�1 4.74 3 10�1 3.03 3 10�1

KEGG Adherens junction 28 3.80 3 10�3 1.08 3 10�1 2.09 3 10�1 6.27 3 10�1 2.31 3 10�1 6.32 3 10�1

REACTOME Integrin cell surface

interactions

29 4.00 3 10�3 2.18 3 10�1 8.40 3 10�2 3.96 3 10�1 3.92 3 10�1 2.99 3 10�2

GO Lamellipodium 12 4.00 3 10�3 1.83 3 10�1 1.99 3 10�1 8.583 10�1 1.06 3 10�1 1.86 3 10�1

REACTOME Regulation of IFNA signaling 6 4.30 3 10�3 1.83 3 10�1 6.34 3 10�1 7.61 3 10�1 1.63 3 10�1 3.92 3 10�1

REACTOME Transport of inorganic

cations/anions and amino

acids/oligopeptides

31 4.80 3 10�3 2.76 3 10�1 8.08 3 10�2 3.97 3 10�1 9.92 3 10�2 1.97 3 10�1

REACTOME Cell surface interactions

at the vascular wall

29 5.00 3 10�3 2.73 3 10�1 6.33 3 10�1 8.10 3 10�1 4.16 3 10�1 4.06 3 10�2

GO Cell cortex part 12 5.10 3 10�3 1.93 3 10�1 1.08 3 10�1 6.99 3 10�1 1.96 3 10�1 1.98 3 10�1

GO Leading edge 18 6.70 3 10�3 2.30 3 10�1 3.46 3 10�1 9.70 3 10�1 3.11 3 10�1 1.22 3 10�1

GO Protein tyrosine kinase

activity

23 6.90 3 10�3 2.33 3 10�1 3.82 3 10�1 9.02 3 10�1 1.45 3 10�1 2.18 3 10�1

GO Cortical cytoskeleton 10 7.60 3 10�3 2.41 3 10�1 1.78 3 10�1 8.19 3 10�1 3.35 3 10�1 3.40 3 10�1

REACTOME L1cam interactions 28 8.60 3 10�3 3.08 3 10�1 2.33 3 10�2 2.25 3 10�1 6.30 3 10�3 1.80 3 10�3

Pnominal, uncorrected values; PFDR, genome-wide corrected values (FDR).
aSignificance after genome-wide correction.
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(related to emotional memory, see Experimental Procedures).

GO:0022843 did not show any enrichment for these phenotypes

(all Pnominal > 0.05).

Zurich Sample

In an independent sample of Swiss young adults (n = 410), we

performed GSEA on another WM-related phenotype (digit span

forward). Despite the smaller sample size, we detected signifi-

cant enrichment of the voltage-gated cation channel activity

gene set (GO:0022843) (Pnominal = 2.0 3 10�3; see Table 1).
GSEA in Nondemented Elderly Subjects
AgeCoDe Sample

This sample of cognitively healthy elderly individuals (n = 763)

was included to study whether the observed association of the

voltage-gated cation channel activity gene set with cognitive

performance depends on age. In analogy to the discovery and

replication samples, we used MAGENTA to calculate gene set

enrichment for immediate verbal free recall performance. WM

capacity is one of the cognitive components necessary to
Neuron 81, 1203–1213, March 5, 2014 ª2014 Elsevier Inc. 1205



Figure 2. Contribution of Single Gene Set SNPs to Overall Gene Set

Significance

Visualization of each significant SNP’s percent contribution (in descending

order) to the overall significance of the voltage-gated cation channel activity

gene set in the discovery sample. See also Table S1.

Figure 3. Brain Activity Related to Working Memory Independently

of Genotype

(A) Parietal activity, color-coded t values (Pwhole-brain-FWE-corrected < 0.05;

n = 707). The map is centered at [�17, �66, 52] in the left superior parietal

cortex. Activations are overlaid on coronal (top left), sagital (top right), and axial

(bottom left) sections of the study-specific group template (see Experimental

Procedures). L, left side of the brain; R, right side of the brain.

(B) Cerebellar activity, color-coded t values (Pwhole-brain-FWE-corrected < 0.05;

n = 707). The map is centered at [14, �55, �48] to illustrate activations in the

cerebellum. Activations are overlaid on coronal (top left), sagital (top right), and

axial (bottom left) sections of the study-specific group template (see Experi-

mental Procedures). L, left side of the brain; R, right side of the brain. See also

Table S3.

Neuron

Neuronal Excitability Genes and Working Memory
perform this task, which also includes a learning component

across trials. The voltage-gated cation channel activity gene

set showed significant enrichment (Pnominal = 1.68 3 10�2; see

Table 1). No gene set was significant at an FDR-corrected level

of significance (all PFDR > 0.05).

GSEA in Schizophrenia
Because WM deficits are commonly observed in schizophrenia,

we investigated whether GSEA would identify the voltage-gated

cation channel activity gene set as related to the risk for

schizophrenia.

Psychiatric GWAS Consortium and Sweden 1-6

Case-Control Study, Schizophrenia

p values of 9.8 million autosomal SNPs from a publicly available

meta-analysis (Sweden 1-6 case-control study with the 2011

Psychiatric GWAS Consortium [PGC] SCZ report [Ripke et al.,

2011, 2013]) served as input for MAGENTA. MAGENTA was

run with the identical parameters as before, except for the anno-

tation, which was done with genome build NCBI36 (hg18). In this

data set of patients with schizophrenia, we observed a robust

replication of the voltage-gated cation channel activity gene

set, both on a nominal and a genome-wide FDR-corrected level

of significance (Pnominal = 9.9 3 10�5; ; PFDR = 1.48 3 10�2; see

Table S2).

Functional Brain Imaging in Healthy Individuals
In an additional experiment, conducted in a subgroup (n = 707) of

the replication sample, fMRI was used to identify gene set-inde-

pendent and gene set-dependent differences in brain activity

related to WM (i.e., n-back task, see Experimental Procedures).

Independently of genotype, we detected highly robust task-

related activations in the premotor cortex, prefrontal cortex,

frontal poles, parietal cortex, cerebellum, thalamus, and insula

(Figures 3A and 3B; Table S3) being consistent with meta-

analyses of fMRI studies using the n-back task (Owen et al.,

2005; Wager and Smith, 2003).

To capture themultiallelic effect of GO:0022843 on brain activ-

ity related toWM, PLINKwas used to generate an individual mul-
1206 Neuron 81, 1203–1213, March 5, 2014 ª2014 Elsevier Inc.
tilocus genetic score. The score comprises 29 SNPs from an

equal number of the significant genes from the voltage-gated

cation channel activity gene set (see Table S4). As in the

GSEA, genes were represented by one SNP. SNPs were not in-

tercorrelated. The genetic score of individuals carrying none of

the reference alleles was set equal to 0, which corresponds to

the lowest possible score value. Homozygosity for the reference

allele (i.e., minor) was given a value of 2; heterozygous state was

given a value of 1. The score was then weighted by the direction

of effect (see the Experimental Procedures section for a detailed

description).

Genetic score-dependent analysis revealed a family-wise

error (FWE) multiple comparison-corrected positive correla-

tion between genetic score values and a large activity cluster

in the superior parietal and supramarginal cortices (peak activa-

tion at [�16.5, �66, 52]; t = 5.04; Puncorrected = 5.9 3 10�7,

Pwhole-brain-FWE-corrected = 0.0063, Figure 4A; Table 2; geno-

type-independent task-related activation at this coordinate

t = 43.50) as well as a positive correlation with activity in the

right cerebellum (peak activation at [13.75, �55, �48];

t = 4.55; Puncorrected = 6.31 3 10�6, Pwhole-brain-FWE-corrected =

0.049, Figure 4B; genotype-independent task-related activation

at this coordinate t = 18). At a lower statistical threshold (Puncor-

rected < 0.001), 768 voxels showed positive correlation with the

multilocus genetic score (Table S5). No voxel correlated with

the genetic score in the opposite direction at an FWE-corrected

level.

We conducted amediator analysis (Preacher andHayes, 2008;

Shrout and Bolger, 2002) to examine whether activity in those

brain regions, which were identified as being related to the

multilocus genetic score, mediated the correlation between

voltage-gated cation channel genes and WM performance. The

correlation between the genetic score and WM performance

was significant (r = 0.43, p = 3.9 3 10�31). The magnitude of



Figure 4. Genetic Score-Dependent Increases in WM-Related Brain
Activity in 707 Individuals

The blue circles show the activation in the left parietal cortex (A) and the

right cerebellum (B). The maximum is located at [�16.5, �66, 52] in the left

superior parietal cortex; t = 5.04,Pwhole-brain-FWE-corrected = 0.0063,Puncorrected =

5.9 3 10�7. The local maximum in the cerebellar cortex is located at

[13.75, �55, �48]; t = 4.55, Pwhole-brain-FWE-corrected = 0.049, Puncorrected =

6.31 3 10�6. Activations are overlaid on coronal (top left), sagital (top right),

and axial (bottom left) sections of the study-specific group template (see

Experimental Procedures); displayed at Puncorrected = 0.001, using color-coded

t values. L, left side of the brain; R, right side of the brain; see also Tables S4

and S5.
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this effect size is due to the nature of the multilocus genetic

score, which represents the total load with alleles selected a pri-

ori for their significant association with WM performance. The

correlation between the genetic score and WM performance
was slightly, albeit significantly,mediated by activity in the left su-

perior parietal and supramarginal cortices [�16.5, �66, 52]

(r = 0.017, p < 0.005). We did not observe a significant mediation

effect of activity in the right cerebellum [13.75, �55, �48]

(r = 0.007, p > 0.1; see also Experimental Procedures and

Figure S2).

To examine whether our imaging genetic findings were spe-

cific to the WM task, we also analyzed the correlation between

genetic score values and activity during an episodic memory

task (subsequent memory analysis, Dm, see Experimental Pro-

cedures). We did not observe any FWE-corrected correlations.

In order to confirm that the fMRI results were not driven by struc-

tural changes related to the gene set, we performed a voxel-

based morphometry (VBM) analysis of relative gray matter

volume (after correction for individual brain size). We did not

observe a significant effect of the genetic score on gray matter

volume either at a whole-brain or at a small volume-corrected

significance threshold. Small volume correction was applied

for all regions and clusters showing significant, (1) score-inde-

pendent or (2) score-dependent activations in the WM task.

We also used psychophysiological interaction (PPI) as described

previously (Rasch et al., 2009) to analyze the functional connec-

tivity between a seed region and all other areas of the brain. Seed

regions were (1) the superior parietal cortex and (2) the cere-

bellum. The resulting connectivity maps were then associated

with the genetic score. In both analyses, connectivity did not

significantly correlate with genetic score values at a whole-

brain-corrected level.

To further investigate the score-independent relation of

brain activity and WM performance, we conducted a regres-

sion analysis in the fMRI sample. Whole-brain analysis

revealed that only one activity cluster (MNI coordinates at

maximum: �19.25, �66, 52; Table S6) was associated signifi-

cantly with WM performance at a whole-brain-corrected

threshold (t = 5.2, Pwhole-brain-FWE-corrected < 0.05). The correlation

was positive. Importantly, this activity cluster was located in the

left superior parietal cortex, the same region that also showed

significant gene score-dependent activations. No voxels corre-

lated negatively with performance at an FWE-corrected level.

Use of a liberal significance threshold (Puncorrected < 0.001) re-

vealed the existence of several activation clusters correlating

with WM performance in both directions (Table S6).

DISCUSSION

We detected a robust association of the voltage-gated cation

channel activity gene set (GO:0022843) with WM and WM-

dependent traits in both young and elderly cognitively healthy in-

dividuals in four independent samples. Despite substantial

methodological differences between gene set enrichment tools

(e.g., statistical power and control for type I error), we could

also demonstrate that the association of the voltage-gated

cation channel activity gene set with WM is significant indepen-

dently of the applied algorithm. This finding is compatible with

the physiological role of voltage-gated cation channel activity:

voltage-gated ion channels, and particularly cation channels,

are the major determinants of the active electrical properties of

neurons, such as excitability (Llinás, 1988), which are crucial
Neuron 81, 1203–1213, March 5, 2014 ª2014 Elsevier Inc. 1207



Table 2. Genetic Score-Dependent Activation

Number of

Cluster

Maximum t Value

within Cluster Regional Correspondence of the Maximum

MNI Coordinates at

Maximum

Number of

Voxels

x y z

1 5.041 ctx-lh-superiorparietal (51%), ctx-lh-precuneus (2%) �16.5 �66 52 20

2 4.9071 ctx-lh-supramarginal (28%), ctx-lh-superiorparietal (19%),

ctx-lh-postcentral (10%)

�41.25 �38.5 48 9

3 4.6694 ctx-rh-superiorparietal (4%), ctx-rh-precuneus (2%) 16.5 �60.5 48 1

4 4.5526 Right-cerebellum-cortex (81%), right-cerebellum-white-matter,

(19%), lobule IX (51%)a
13.75 �55 �48 1

Voxels demonstrating a positive correlation with the genetic score of 29 polymorphic positions (Pwhole-brain-FWE-corrected < 0.05). Regions in accordance

to FreeSurfer nomenclature, probabilities in accordance to the in-house atlas. Abbreviations: ctx, cortex; lh, left hemisphere; rh, right hemisphere.
aThe anatomical location of the voxel has been determined by using a probabilistic atlas of the cerebellum as implemented in the SPManatomy toolbox

(Diedrichsen, 2006).
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for the proper function of the WM network (Goldman-Rakic,

1996). In accordance with our findings, single variation in genes

of the voltage-gated cation channel activity gene set, such as

KCNH2, KCNB2, and CACNA1C, has been recently associated

with WM performance (Cirulli et al., 2010; Erk et al., 2010; Huf-

faker et al., 2009; Zhang et al., 2012). We would like to stress

that the assumption of an exclusive role of this gene set in WM

would be erroneous, given the properties of the encoded mole-

cules and their localization throughout the human brain. On the

one hand, we found evidence for genetic association of the

voltage-gated cation channels only with WM-related pheno-

types. However, we did not cover the entire spectrum of herita-

ble neurocognitive traits. Thus, we estimate that the probability

of the voltage-gated cation channels being associated with other

neurocognitive traits, not tested herein, is high.

Notably, the voltage-gated cation channel activity gene set

was also associated with the risk for schizophrenia in a large

data set. WMdeficits have been repeatedly observed in this psy-

chiatric condition (Barch, 2005). Importantly, neuronal excit-

ability, which significantly depends on the proper function of

voltage-gated cation channels, is a pharmacological target for

schizophrenia (Rogawski and Löscher, 2004). Interestingly,

recent GWAS identified single variations in calcium channel

genes to be robustly associated with schizophrenia (Ripke

et al., 2011, 2013). Furthermore, GSEA in a large sample of

33,332 cases and 27,888 controls support a role for the calcium

channel gene set for five major psychiatric disorders, including

schizophrenia (Smoller et al., 2013). Our study identified a sub-

stantial overlap of significant genes encoding voltage-gated

calcium channels across samples: CACNA1A,CACNA1B,CAC-

NA1C, CACNA1D, CACNA1E, CACNA1S, CACNB1, CACNB2,

and CACNB4 were significant in each of the studied cohorts,

including the schizophrenia cohort (Table 3).

fMRI data revealed that the individual genetic load of gene

set alleles associated with better WM performance correlated

with WM-related activity in the parietal cortex and in the cere-

bellum. The location of the genotype-dependent activations is

physiologically plausible, as extensive evidence from imaging

studies indicates that both regions are crucially involved in work-

ing memory (Owen et al., 2005). Moreover, our finding supports

the hypothesis that the cerebellum is involved in high-order

cognitive tasks (Leiner et al., 1991; O’Halloran et al., 2012;
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Owen et al., 2005). Notably, abnormal activation of both brain

regions reported herein has been observed in schizophrenia as

compared to healthy controls (Barch, 2005; Konarski et al.,

2005; Wiser et al., 1998).

In summary, our study supports a role of voltage-gated cation

channels in WM and in psychiatric conditions characterized by

WM deficits and points to a genetic link between voltage-gated

cation channels and WM-related activation of the parietal cortex

and the cerebellum. Gene set analyses may help to uncover

cognitive dimensions with different genetic and brain activation

patterns, a subtyping that may be necessary to improve under-

standing and treatment of psychopathology.
EXPERIMENTAL PROCEDURES

Samples

Discovery Sample

We recruited 905 healthy young Swiss adults (66.2% female; mean age:

22.53 ± 3.55) for a behavioral genetics study in the city of Basel, Switzerland.

Subjects were free of any neurological or psychiatric condition and did not

take medication at the time of the experiment. All participants gave written

informed consent before participation and completed the 0- and 2-back

version of the n-back task (Gevins and Cutillo, 1993). The task consists of 12

blocks (six 0-back, six 2-back), in which 14 test stimuli (letters) were presented.

The 0-back condition required participants to respond to the occurrence of the

letter ‘‘x’’ in a sequence of letters (e.g., N – l – X – g.) and served as a nonme-

mory-guided control condition, measuring general attention, concentration,

and reaction time. The 2-back condition required subjects to compare the

currently presented letter with the penultimate letter to decide whether they

are identical or not (e.g., S – f – s – g.). This task requires online monitoring,

updating, and manipulation of remembered information and is therefore

assumed to involve key working memory-related processes. Performance

was recorded as number of correct responses (accuracy), and the difference

between the 2-back and the 0-back condition served as the core phenotype.

Performance in the 0-back condition (mean accuracy and d’ values) served

as the phenotype reflecting attentional processes. Participants also performed

verbal and picture delayed free recall tasks reflecting episodic and emotional

memory performance. In the verbal task, subjects viewed six series of five

semantically unrelated nouns presented at a rate of one word per second

with the instruction to learn thewords immediately after each series. Then, sub-

jects underwent an unexpected delayed free recall test of the learnedwords af-

ter 5min. The number of correctly recalled words (hits) was the relevant output.

In the picture task, subjects were presentedwith 24 neutral, 24 positive, and 24

aversive photographs in a randomorder. The photographswere taken from the

international affective picture system (IAPS) andwere presented for 2.5 s each.

Immediately following the presentation of each photograph, subjects were



Table 3. Overlap of Significant Voltage-Gated Cation Channel

Genes between Samples

Discovery

Sample

Replication

Sample

Zurich

Sample

AgeCoDe

Sample

PGC

Schizophrenia

and Sweden 1-6

Case-Control

Study

CACNA1A CACNA1A CACNA1A CACNA1A CACNA1A

CACNA1B CACNA1B CACNA1B CACNA1B CACNA1B

CACNA1C CACNA1C CACNA1C CACNA1C CACNA1C

CACNA1D CACNA1D CACNA1D CACNA1D CACNA1D

CACNA1E CACNA1E CACNA1E CACNA1E CACNA1E

CACNA1G – – – –

CACNA1S CACNA1S CACNA1S CACNA1S CACNA1S

CACNA2D1 CACNA2D1 CACNA2D1 CACNA2D1 –

CACNB1 CACNB1 CACNB1 CACNB1 CACNB1

CACNB2 CACNB2 CACNB2 CACNB2 CACNB2

CACNB4 CACNB4 CACNB4 CACNB4 CACNB4

CACNG1 – CACNG1 CACNG1 –

CACNG4 – – – CACNG4

KCNB2 KCNB2 – – –

KCNC1 – KCNC1 KCNC1 –

KCNH1 – KCNH1 – KCNH1

KCNH3 KCNH1 – – –

KCNH4 KCNH3 – – –

KCNJ15 – – – –

KCNJ3 – – – KCNJ3

KCNJ6 KCNJ6 – – KCNJ6

KCNQ1 KCNQ1 – – KCNQ1

KCNQ3 KCNQ3 – – KCNQ3

KCNQ5 KCNQ5 – – KCNQ5

KCNS3 KCNS3 – – KCNS3

SCN11A SCN11A – – –

SCN2A – – – –

SCN5A – – – SCN5A

Only genes found to be significant in the discovery sample are shown.
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asked to rate it for valence and arousal using the IAPS rating scales. Free recall

was tested 10 min after presentation of all photographs. To document perfor-

mance for the delayed recall of positive, negative, and neutral pictures, sub-

jects had to describe in writing each picture with a few words. A picture was

judged as correctly recalled if the rater could identify the presented picture

based on the subject’s description. Two blinded investigators independently

rated the descriptions for recall success (interrater reliability >99%). For the

pictures, which were judged differently by the two raters (i.e., a particular pic-

ture was judged as correctly recalled by one rater but not the other), a third in-

dependent and blinded rater made a final decision with regard to whether the

particular picture could be considered as successfully recalled.

Replication Sample

Werecruited746healthy youngSwiss adults (59.7% female;meanage: 22.44±

3.49) for a functional brain imaging study in the city of Basel, Switzerland. Sub-

jects were free of any neurological or psychiatric condition and did not take

medication at the time of the experiment. All participants gavewritten informed

consent before participation and completed the 0- and 2-back version of the

n-back task (Gevins and Cutillo, 1993) (see also hypothesis testing sample).

Participants of the replication sample performed the n-back task in the brain
scanner. Complete imaging data was available for 707 participants of this

sample. The ethics committee of the canton Basel approved the experiments

of both the hypothesis testing and the replication sample.

Zurich Sample

We recruited 410 healthy young Swiss adults (72.2% female; mean age:

21.19 ± 1.94) for a behavioral genetics study in the city of Zurich, Switzerland.

Subjects were free of any neurological or psychiatric condition and did not take

medication at the time of the experiment. All participants gave written informed

consent before participation and completed the Wechsler digit span forward

task (Wechsler, 1987). In this task, increasing numbers of orally presented

digits at a rate of one per second had to be repeated in the same order. The

test started with three digits. Every other trial, the number of digits was

increased by one. When errors in two consecutive trials were made, the test

was ended and the number of correctly recalled trials was counted. The ethics

committee of the canton of Zurich approved the study protocol.

German AgeCoDe Sample

This sample consisted of elderly participants of the German Study on Aging,

Cognition and Dementia in primary care patients (AgeCoDe). The AgeCoDe

study is an ongoing primary care-based prospective longitudinal study on early

detection of mild cognitive impairment and dementia established by the

German Competence Network Dementia. The sampling frame and sample se-

lection process of the AgeCoDe study have been described in detail previously

(Luck et al., 2007). Briefly, participants were recruited between January 2003

and November 2004 in six German study centers (Bonn, Düsseldorf, Hamburg,

Leipzig, Mannheim, and Munich) via general practitioners (GPs) connected to

the respective study sites. Inclusion criteria were age of 75 years and older,

absence of dementia (according to theGP’s judgment), and at least one contact

with the GP within the last 12 months. Exclusion criteria were GP consultations

by home visits only, residence in a nursing home, presence of a severe illness

with an anticipated fatal outcome within 3 months, insufficient German lan-

guage abilities, deafness or blindness, lack of ability to provide an informedcon-

sent, and status as being only an occasional patient of the participating GP. A

total of 3,327 subjects were successfully contacted and assessed with struc-

tured clinical interviews at their homes. A total of 110 individuals were excluded

after the first interview due to presence of dementia or an actual age below 75

(falsely classified as 75or older in the sample selection process). For thepresent

analyses, data frombaseline and three follow-upmeasurementswith18months

intervals were available. In a primary care-based sample of older individuals,

conditions can be present that affect cognition and the reliability of neuropsy-

chological tests. In order to generate a sample of healthy elderly individuals,

we further employed the following selection criteria at baseline: age between

75 and 90 years, German as native language, at least school-leaving certificate,

absence of severe hearing or vision impairments, absence of insufficient test

motivation as judged by the interviewer, absence of disturbing factors during

neuropsychological testing, and absence of all of the following comorbid con-

ditions: Parkinson’s disease, epilepsy, alcohol abuse, stroke,multiple sclerosis,

evidence of depression (a score of 6 or higher on the Geriatric Depression

Scale), traumatic brain injury with unconsciousness of more than 30min, visible

neurological malfunctions, and dementia according to DSM-IV criteria. In addi-

tion, we excluded subjects who converted to dementia up to the third follow-up

or without neuropsychological test data available on baseline and all follow-up

visits. After application of these selection criteria, a total of 1,244 subjects re-

mained in the sample. Sufficient DNA samples for genome-wide genotyping

were available for 782. Additionally, 19 subjects were excluded due to sex-

check inconsistencies. The final sample comprises 763 subjects (67.8% fe-

male; mean age: 79.5 ± 3.02). Immediate recall performance as quantified by

the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) battery

(Welsh et al., 1994) served as the phenotype. Subjects were presented a list of

ten words three times (presentation per word: 2 s), each time presented in a

different order. After each run, subjects freely recalled as many words as

possible. The number of correctly remembered items over the three runs served

as the phenotypic measure. While immediate verbal free recall includes a

learning component across trials, WM capacity is one of the cognitive compo-

nents necessary to perform this task.

Genetic Heterogeneity

For each of the four cognitively healthy samples with genotypes available,

the genomic control inflation factor lambda (lGC) was calculated to assess
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admixture in our samples. Lambda is defined as themedian c2 association test

statistic divided by the theoretical distribution under the null distribution (Devlin

and Roeder, 1999). lGC showed a range between 0.993 and 1.047, indicating

the absence or only minor admixture in our samples (see Figures S1A–S1D; Ge

et al., 2008). We also performed additional analyses in these cohorts to

exclude the possibility that genetic admixture biased the results of the

GSEA. Hence, we ran principal component analysis (PCA) with the GCTA

software on the full GWAS data sets and extracted 20 principal components

(PCs). The algorithm implemented in GCTA is equivalent to the one used in

EIGENSTRAT. Each subject was assigned an individual load for each of the

20 PC axes. These values together with the individual genetic score served

as independent variables in forward and backward linear regression analyses,

with phenotypic performance as the dependent variable. In none of these

analyses did we detect any effect of genetic stratification (as represented by

the PCs) on the correlation between allele load and memory performance.

Array-Based SNP Genotyping

Samples were processed as described in the Genome-Wide Human SNPNsp/

Sty 6.0 User Guide (Affymetrix). Briefly, genomic DNA concentration was

determined by using a Nano-Drop ND-1000 and adjusted to 50 ng/ml in water;

250 ng of DNA was digested in parallel with ten units of Sty I and Nsp I restric-

tion enzymes (New England Biolabs) for 2 hr at 37�C. Enzyme-specific adaptor

oligonucleotides were then ligated onto the digested ends with T4 DNA Ligase

for 3 hr at 16�C. After adjustment to 100 ml with water, 10 ml of the diluted liga-

tion reactions were subjected to PCR. Three PCR reactions of 100 ml were per-

formed for Sty-digested products and four PCR reactions for Nsp. PCR was

performed with Titanium Taq DNA Polymerase (Clontech) in the presence of

4.5 mM PCR primer 002 (Affymetrix), 350 mM each dNTP (Clontech), 1 M

G-C Melt (Clontech), and 13 Titanium Taq PCR Buffer (Clontech). Cycling

parameters were as follows: initial denaturation at 94�C for 3min, amplification

at 94�C for 30 s, 60�C for 45 s, and extension at 68�C for 15 s repeated a total of

30 times, final extension at 68�C for 7 min. Reactions were then verified to

migrate at an average size between 200–1,100 bps using 2% TBE gel electro-

phoresis. PCR products were combined and purified with the Filter Bottom

Plate (Seahorse Bioscience) using Agencourt Magnetic Beads (Beckman

Coulter). Purified PCR products were quantified on a Zenith 200rt microplate

reader (Anthos-Labtec). We obtained 4–5 mg/ml on average for each sample.

From this stage on, the SNP Nsp/Sty 5.0/6.0 Assay Kit (Affymetrix) was

used. Around 250 mg of purified PCRproducts were fragmented using 0.5 units

of DNase I at 37�C for 35min. Fragmentation of the products to an average size

less than 180 bps was verified using 4% TBE gel electrophoresis. After frag-

mentation, the DNA was end labeled with 105 units of terminal deoxynucleo-

tidyl transferase at 37�C for 4 hr. The labeled DNA was then hybridized onto

Genome-Wide Human SNP 6.0 Array at 50�C for 18 hr at 60 rpm. The hybrid-

ized array was washed, stained, and scanned according to the manufacturer’s

(Affymetrix) instructions using Affymetrix GeneChip Command Console

(AGCC, version 3.0.1.1214). Generation of SNP calls and Array quality control

were performed using the command line programs of the Affymetrix Power

Tools package (version: apt-1-14.4.1). According to the manufacturer’s

recommendation, Contrast QC was chosen as QC metric, using the default

value of greater or equal than 0.4. All samples passing QC criteria were subse-

quently genotyped using the Birdseed (v2) algorithm. Mean Call Rate for all

samples averaged >98.5%. This value refers to per sample (i.e., individual)

call rate and ranged from 95.1% to 99.7%. Thus, no individual with an SNP

call rate below 95% was included.

fMRI Data Acquisition and Processing

Measurements were performed on a Siemens Magnetom Verio 3 T wholebody

MR unit equipped with a 12-channel head coil. Functional time series were

acquired with a single-shot echo-planar sequence using parallel imaging

(GRAPPA). We used the following acquisition parameters: echo time (TE) =

35 ms, field of view (FOV) = 22 cm, acquisition matrix = 80 3 80, interpolated

to 128 3 128, voxel size: 2.75 3 2.75 3 4 mm3, GRAPPA acceleration factor

R = 2.0. Using a midsagittal scout image, 32 contiguous axial slices placed

along the anterior-posterior commissure (AC-PC) plane covering the entire

brain with a TR = 3,000 ms (a = 82�) were acquired using an ascending inter-

leaved sequence. A high-resolution T1-weighted anatomical image was
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acquired using a magnetization prepared gradient echo sequence (MPRAGE,

TR = 2,000 ms; TE = 3.37 ms; TI = 1,000 ms; flip angle = 8; 176 slices; FOV =

256 mm; voxel size = 1 3 1 3 1 mm3).

Preprocessing and data analysis was performed using SPM8 (Statistical

Parametric Mapping, Wellcome Trust Centre for Neuroimaging; http://www.

fil.ion.ucl.ac.uk/spm/) implemented in MATLAB R2011b (MathWorks). Vol-

umes were slice-time corrected to the first slice and realigned using the

‘‘register to mean’’ option. A mean image was generated from the realigned

series and coregistered to the structural image. This ensured that functional

and structural images were spatially aligned.

The functional images and the structural images were spatially normalized

by applying DARTEL, which leads to an improved registration between sub-

jects (Ashburner, 2007; Klein et al., 2009). Normalization incorporated the

following steps. (1) Structural images of each subject were segmented using

the ‘‘New Segment’’ procedure in SPM8. (2) The resulting gray and white mat-

ter images were used to derive a study-specific group template. The template

was computed from a larger population of 1,000 subjects, which included the

707 subjects of the present study (Basel replication sample). (3) An affine trans-

formation was applied tomap the group template toMNI space. (4) Subject-to-

template and template-to-MNI transformations were combined to map the

functional images to MNI space. The functional images were smoothed with

an isotropic 8 mm full-width at half-maximum (FWHM) Gaussian filter.

Intrinsic autocorrelations were accounted for by AR(1) and low-frequency

drifts were removed via high-pass filter (time constant 128 s). Separate regres-

sors were constructed for the 0- and 2-back conditions comprising a boxcar

reference waveform convolved with a canonical hemodynamic response func-

tion. Events during the presentation of the instruction as well as movement re-

gressors from spatial realignment were modeled separately.

fMRI Contrasts and Analyses

To investigate neural correlates of association with working memory load, the

contrast between brain activity during performance of the 2-back versus

0-back was calculated individually using a fixed effects model (first-level anal-

ysis). The resulting contrast parameters were then used for genotype-depen-

dent analyses in a random effects model (second-level analysis). Specifically,

we used a regression model to analyze differences in brain activity, whereas

the individual genetic multilocus score served as covariate in our analysis.

We controlled for the effect of sex by including it as a covariate. The signifi-

cance threshold for score-dependent analysis was set at p < 0.05, FWE-cor-

rected for multiple comparisons in the whole brain.

To investigate neural correlates of association with episodic memory load,

subjects also performed a picture task. Stimuli consisted of 72 pictures that

were selected from the IAPS as well as from in-house standardized picture

sets that allowed us to equate the pictures for visual complexity and content

(e.g., human presence). On the basis of normative valence scores, pictures

were assigned to emotionally negative, emotionally neutral, and emotionally

positive conditions, resulting in 24 pictures for each emotional valence. Nega-

tive and positive pictures were equated for valence extremity. Four additional

pictures showing neutral objects were used to control for primacy and recency

effects in memory. Two of these pictures were presented in the beginning and

two at the end of the picture task. They were not included in the analysis. In

addition, 24 scramble pictures were used. The background of the scramble

pictures contained the color information of all pictures used in the experiment

(except primacy and recency pictures), overlayed with a crystal and distortion

filter (Adobe Photoshop CS3). In the foreground, amostly transparent geomet-

rical object (rectangle or ellipse of different sizes and orientations) was shown.

Pictures were presented in the scanner by using MR-compatible LCD goggles

(VisualSystem; NordicNeuroLab). Eye correction was used when necessary.

At the encoding phase, pictures were presented for 2.5 s in a quasirandomized

order so that at maximum, four pictures of the same category occurred

consecutively. A fixation cross appeared on the screen for 500 ms before

each picture presentation. Trials were separated by a variable intertrial period

of 9–12 s (jitter) that was equally distributed for each stimulus category. During

the intertrial period, participants subjectively rated the picture showing scenes

according to valence (negative, neutral, or positive) and arousal (high, medium,

or low) on a three-point scale (Self Assessment Manikin) by pressing a button

with a finger of their dominant hand. For scramble pictures, participants rated

form (vertical, symmetric, or horizontal) and size (large, medium, or small) of

http://www.fil.ion.ucl.ac.uk/spm/
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the geometrical object in the foreground. The encoding phase of the picture

had a total duration of 22 min. Participants were not told that they had to

remember the pictures for later recall.

Participants were instructed and trained on the picture task before being

positioned in the scanner. Training consisted of presentation and rating of

five pictures, including scenes and scrambled pictures, which were not used

during scanning. The event-related fMRI procedure allowed for investigation

of brain regions involved in memory formation by analyzing differential activity

during encoding of subsequently remembered versus subsequently forgotten

events (subsequent memory analysis, ‘‘difference due to memory,’’ or Dm).

The contrast used was Dmremembered versus Dmforgotten.

fMRI Group Statistics

EPI sequences suffer from signal loss in the presence of magnetic field inho-

mogeneities that can occur close to air-tissue boundaries. The normalization

procedure applied in DARTEL accurately transforms both voxels with signal

and voxels with signal loss to MNI space. In SPM8, signal loss at an MNI

coordinate in a functional image of only one subject leads to the exclusion of

the voxel at this coordinate from the group-level analysis. Therefore, the prob-

ability of a voxel being excluded increases with sample size. GLM Flex circum-

vents this problem by allowing a variable number of subjects at each voxel,

(Martinos Center & Mass General Hospital; http://nmr.mgh.harvard.edu/

harvardagingbrain/People/AaronSchultz/GLM_Flex.html). The minimum num-

ber of subjects per voxel was set to be 600.

Construction of aPopulation-AverageAnatomical Probabilistic Atlas

Automatic segmentation of the subjects’ T1-weighted images was used to

build a population-average probabilistic anatomical atlas. More precisely,

each participant’s T1-weighted image was first automatically segmented

into cortical and subcortical structures using FreeSurfer (version 4.5, http://

surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2002). Labeling of the cortical

gyri was based on the Desikan-Killiany Atlas (Desikan et al., 2006), yielding

35 regions per hemisphere. The segmented T1 image was then normalized

to the study-specific anatomical template space using the subject’s previously

computed warp field and affine-registered to the MNI space. The normalized

segmentations were finally averaged across subjects, in order to create a pop-

ulation-average probabilistic atlas. Each voxel of the template could conse-

quently be assigned a probability of belonging to a given anatomical structure,

based on the individual information from 1,000 subjects.

Mediator Analysis

Subject-wise (1) activation values (beta values) at the reported peaks, (2)

genetic score values, and (3) WM performance were entered in a mediator

analysis (Preacher and Hayes, 2008; Shrout and Bolger, 2002) using the

MBESS-package in R. To represent the strength of mediation, we computed

the ratio of the indirect effect over the direct effect ((a 3 b)/c0; nomenclature

in accordance to Figure S2). The percentile confidence intervals for the indi-

rect effects as well as the ratio of the indirect effect over the direct effect are

based on a bias-corrected and accelerated bootstrapping procedure with

10,000 iterations. Significance was assessed by testing whether the confi-

dence intervals of the indirect effects exclude zero in an interval of 90%–

99.5%.

Statistical Analysis

Genome-wide Association Analyses

For each genome-wide analysis, p values were obtained using theWald test as

implemented in PLINK (Purcell et al., 2007). We applied the following quality

control criteria: nonsignificant deviation from Hardy-Weinberg equilibrium

(HWE; p(HWE > 0.0001)), a minor allele frequency (MAF) >0.01, and a per

SNP genotype call rate >90%. Mean per SNP call rate was 99.4% with

1.7% of the SNPs reaching a call rate <95%. The resulting p values of the

GWAS (one list per sample) served as input for the GSEA analysis described

beneath. Importantly, the mean per SNP call rate of the significant SNPs

constituting the voltage-gated cation channel gene set was 99.7% with only

1 SNP reaching a call rate <95%. Thus, there is no evidence for bias toward

lower-quality SNPs.

GSEA Analysis

GSEA was performed using MAGENTA developed by Broad Institute (Segrè

et al., 2010). Briefly, the method first maps SNPs to genes and then assigns

each gene an SNP association score (i.e., the maximum SNP p value
within ±0 kb of the annotated gene). By applying a stepwise multiple linear

regression analysis, the analysis is corrected for the following confounders:

gene size, number of SNPs, number of independent SNPs, number of

recombination hotspots, linkage disequilibrium, and genetic distance

(measured in centiMorgans). Lastly, a gene set enrichment-like statistical

test is applied to determine whether a gene set is enriched for highly ranked

p values compared to a gene set of identical size, randomly drawn from the

genome. False-discovery rate (FDR) based on the 75th percentile of associ-

ation p values from all genes was used for multiple testing correction. As

recommended in the original paper, we used the 75th percentile cutoff

instead of the 95th percentile cutoff, since it has the optimal power for

weak genetic effects that are expected for highly polygenic traits (e.g.,

WM performance) (Segrè et al., 2010). The utilized gene sets are extracted

and curated from the MSigDB v3.1 database (http://www.broadinstitute.

org/gsea/msigdb), including gene sets from different online databases

(KEGG, Gene Ontology GO, BioCarta and Reactome [Ashburner et al.,

2000; Ogata et al., 1999]). We used a gene set size ranging between 20

and 200 genes to avoid both overly narrow and broad functional gene set

categories, resulting in 1,411 to-be-analyzed gene sets. Furthermore, to

reduce bias, genes mapping in the high linkage disequilibrium (LD) extended

major histocompatibility complex were excluded from the respective gene

sets (Horton et al., 2004).

Alternative Gene Set Identification Tools

GSA-SNP

Wealso appliedGSA-SNP (http://gsa.muldas.org/) for the identification of gene

sets. GSA-SNP is a JAVA application that, comparable with i-GSEA4GWAS,

uses SNP p values as input and identifies gene sets in a competitive way

(Nam et al., 2010). GSA-SNP calculates gene set enrichment scores by calcu-

lating a z statistic out of effect size measures (i.e., GWAS p values). Instead of

using the maximum effect per gene as a proxy for the respective gene, GSA-

SNP has the option to choose the second, third, fourth, and fifth best p value

to represent the effect of that gene. The application allocates Gene Ontology

gene sets as the default database. Similar to the MAGENTA analyses, we set

the gene set size between 20 and 200 genes.

INRICH

INRICH (http://atgu.mgh.harvard.edu/inrich/) is a software tool that examines

enrichment of association signals for gene sets (Lee et al., 2012). INRICH is

robust to potential confounders (i.e., varying gene and gene set sizes and LD

structure of GWAS SNPs). The INRICH algorithm counts the number of over-

laps between independent intervals (clumping threshold in PLINK was set to

p < 0.001, interval size %250 kb, and r2 = 0.2) of LD, harboring the strongest

association signals of a GWAS and predefined gene sets. This overlap (i.e., a

real number) is then corrected with permutation-based methods, by

randomly drawing intervals, which match the observed intervals in size,

and then calculating an empirical p value as percentage of random intervals

showing at least same overlap as the observed overlap. The empirical p

value is corrected for the number of gene sets that have been tested in

the same analysis via bootstrapping. First, we used the clump option in

PLINK to define independent intervals harboring the best GWAS association

signals. We ran INRICH with 100,000 permutations and 10,000 bootstrap-

ping samples. As in MAGENTA, the target gene borders were set to ±0

kb, and the gene set size ranged between 20 and 200 target genes. Finally,

3,170 gene sets provided by the INRICH software (MsigDB v3.0) were

tested.

Multilocus Genetic Score Calculation

To capture the multiallelic effect of GO:0022843, we generated an individual

multilocus genetic score using the scoring procedure implemented in

PLINK (Purcell et al., 2007). The score comprises 29 SNPs from an equal

number of those pathway genes, which were significant in the replication

sample (see Table S4). The PLINK algorithm calculates the score by

summing up the individual number of reference alleles over all (i.e., 29)

SNPs, weighted by the direction of effect on WM performance with ‘‘1’’

(the reference allele enhances WM performance) or ‘‘�1’’ (the reference allele

decreases WM performance) and finally averages the score by the number of

nonmissing SNPs.
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