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Considering the diverse clinical presentation and likely 
polygenic etiology of schizophrenia, this investigation 
examined the effect of polygenic risk on a well-established 
intermediate phenotype for schizophrenia. We hypothesized 
that a measure of cumulative genetic risk based on additive 
effects of many genetic susceptibility loci for schizophrenia 
would predict prefrontal cortical inefficiency during work-
ing memory, a brain-based biomarker for the disorder. The 
present study combined imaging, genetic and behavioral 
data obtained by the Mind Clinical Imaging Consortium 
study of schizophrenia (n = 255). For each participant, we 
derived a polygenic risk score (PGRS), which was based 
on over 600 nominally significant single nucleotide poly-
morphisms, associated with schizophrenia in a separate 
discovery sample comprising 3322 schizophrenia patients 
and 3587 control participants. Increased polygenic risk 
for schizophrenia was associated with neural inefficiency 
in the left dorsolateral prefrontal cortex after covarying 
for the effects of acquisition site, diagnosis, and popula-
tion stratification. We also provide additional supporting 
evidence for our original findings using scores based on 
results from the Psychiatric Genomics Consortium study. 
Gene ontology analysis of the PGRS highlighted genetic 
loci involved in brain development and several other pro-
cesses possibly contributing to disease etiology. Our study 
permits new insights into the additive effect of hundreds 
of genetic susceptibility loci on a brain-based intermedi-
ate phenotype for schizophrenia. The combined impact of 
many common genetic variants of small effect are likely to 
better reveal etiologic mechanisms of the disorder than the 
study of single common genetic variants.

Key words: schizophrenia/DLPFC/working memory/ 
intermediate phenotype/fMRI/genetic risk score

Introduction

Attempts to identify the underlying genetics of schizo-
phrenia have produced inconsistent results. More often 
than not either the effects of specific genetic variants on 
the clinical diagnosis fail to replicate across studies1–3 or 
have small effects that explain only a minor fraction of 
the occurrence of the disorder.4

The reasons for limited progress are 2-fold. Firstly, 
most genetic studies of  mental disorders to date are 
aimed at identifying single or few risk genes for which the 
selection of  genes may be based on ill-conceived patho-
physiological models of  schizophrenia. Also, a focus on 
a small number of  genes fails to consider the polygenic 
nature of  complex disorders such as schizophrenia.5 
Genetic risk for schizophrenia appears to derive from 
hundreds, if  not thousands, of  genetic variants with 
small effects.6–8

Secondly, investigating categorical entities, such as 
diagnosis, ignores the spectrum of illness, and that psy-
chotic symptoms can be measured at subclinical levels 
in prodromal patients and in the general population.9 
A continuum of abnormality is present for schizophre-
nia-related traits in healthy controls,10 unaffected rela-
tives of schizophrenia patients,11,12 and across diagnostic 
boundaries.7,13,14

Researchers have started to focus on genetic factors 
that may be expressed in continuously distributed traits 
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such as neuropsychological indices15–17 or brain-based 
intermediate phenotypes.18–22 Studying intermediate phe-
notypes, which are thought to be closer to the underly-
ing substrate of disease pathophysiology than behavioral 
measures or disease status, could facilitate the search for 
susceptibility genes.5 Indeed, 2 meta-analyses indicated 
that schizophrenia risk variants showed larger effects 
with brain structure and function indices than cognitive 
measures.23,24

In the current study, we investigated dorsolateral pre-
frontal cortex (DLPFC) dysfunction during working 
memory (WkM) processing, which is a widely acknowl-
edged intermediate phenotype for schizophrenia. 
Compared with matched healthy controls, patients are 
characterized by prefrontal neural inefficiency, ie, they 
need to recruit more neural resources than controls for 
the same level of task difficulty and may show decreased 
neural activity (hypofrontality) when task difficulty 
becomes too great.25–28

Genome-wide association (GWA) studies with large 
sample sizes have allowed discovery of new risk genes for 
schizophrenia. Recently, the GWA study approach has 
been combined with intermediate phenotypes in schizo-
phrenia.29–31 The use of a polygenic risk score (PGRS) to 
identify genetic associations with intermediate pheno-
types represents a similarly promising strategy. A PGRS 
is based on the additive effects of hundreds or thousands 
of disease-related gene variants that together may help 
capture polygenic aspects of the disorder6–8 and is mini-
mally compromised by multiple testing, which often lim-
its GWA studies.

In the present study, we combined PGRS and interme-
diate phenotype approaches to avoid the limitations of 
diffuse clinical phenotypes and instead directly character-
ize neural manifestations of polygenic risk for the disor-
der. We formed a PGRS based on the results of a large 
schizophrenia GWA study.7 Next we tested for associa-
tions between the PGRS and whole-brain neural activity 
during a WkM task in a large and independent sample of 
schizophrenia patients and healthy controls. We hypoth-
esized that polygenic risk would predict DLPFC ineffi-
ciency during a WkM task.

Methods

Participants

Imaging, genetic and behavioral data from 255 participants 
of the Mind Clinical Imaging Consortium (MCIC) study 
of schizophrenia from 4 participating sites (the University 
of New Mexico [UNM], the University of Minnesota 
[UMN], Massachusetts General Hospital [MGH], and the 
University of Iowa [UI]) were used to determine genetic 
polymorphisms in cryo-conserved blood samples and to 
analyze whole-brain neural activity during a WkM task. All 
subjects gave written informed consent prior to study enrol-
ment. The human subjects research committees at each of 

the 4 sites approved the study protocol. Out of a total of 
248 participants, who passed genetic quality control pro-
cedures (see below), imaging data of 241 participants were 
available for genetic analysis, resulting in a final dataset of 
92 schizophrenia patients and 114 healthy controls after 
imaging quality control steps (see below). Patients had a 
Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition (DSM-IV) diagnosis of schizophrenia (n 
= 88), schizophreniform disorder (n = 3), or schizoaffec-
tive disorder (n = 1), established using a Structured Clinical 
Interview for DSM disorders (SCID)32 and a review of case 
files by trained clinicians. In the initial cohort, controls were 
matched to the patient group for age, gender, and paren-
tal education and were excluded if they had a history of 
a medical or Axis I psychiatric diagnosis. The majority of 
participants were of Caucasian descent (102 healthy con-
trols and 73 patients). For additional details about the par-
ticipants and clinical measures, see Ehrlich et al19. For the 
replication analyses, we used 2 additional datasets from the 
International Schizophrenia Consortium (ISC) and from 
the Psychiatric Genomics Consortium (see below).

Case-Control Dataset From the ISC

The ISC served as an independent discovery sample. It 
consists of  3322 schizophrenia patients and 3587 controls. 
In this study, we used ISC results based on 739 995 single 
nucleotide polymorphisms (SNPs) from the Affymetrix 
Genome-Wide Human SNP 5.0 and 6.0 arrays, which had 
been tested for association using a case-control design and 
Cochran-Mantel-Haenszel statistic. Based on 7 different 
statistical thresholds (P < .01, P < .05, P < .1, P < .2,  
P < .3, P < .4, and P < .5) in the Cochran-Mantel-
Haenszel analyses controlling for site, nominally asso-
ciated alleles were selected as “score alleles” for the 
calculation of  7 PGRSs (see below) in the MCIC sample 
(target sample). For more information on the ISC, see 
online supplementary SM 1.1 or Purcell et al7 and Stone 
et al33.

Case-Control Dataset From the Psychiatric Genomics 
Consortium

For the purpose of replication, we used results from 
another discovery sample, the Schizophrenia Psychiatric 
Genome-Wide Association Study Consortium (PGC). 
Their stage 1 discovery sample consisted of 15 429 sub-
jects (6458 cases and 8971 controls). Over 1.2 million 
SNPs were tested for disease association using a logistic 
regression model controlling for the effects of site and 
population stratification. For more information on the 
PGC, see Ripke et al8.

Behavioral Task

The Sternberg Item Recognition Paradigm (SIRP) is a 
WkM task, previously shown to consistently activate the 
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DLPFC in healthy controls and schizophrenia patients.26 
The SIRP was administered during six 46-second blocks 
per run for three 360-second runs. In each block, a mem-
ory set, composed of 1 (load 1), 3 (load 3), or 5 (load 
5) digits, was presented (2 blocks per load condition). The 
Encode phase was followed by a presentation of 14 indi-
vidual digits presented consecutively (the Probe phase), 
and participants responded to each probe to indicate 
whether or not the probe digit was in the memory set. 
For additional details about the paradigm, see online 
supplementary SM 1.2. The stimuli and responses were 
presented and collected using E-prime software (E-Prime 
v1.1; Psychology Software Tools, Inc.). Participants were 
excluded from further analysis if  they completed a block 
with less than a 75% accuracy rate and/or had more than 
6 probes not answered within a block.

Image Acquisition and Preprocessing

Structural magnetic resonance imaging (MRI) data were 
acquired with either a 1.5T Siemens Sonata (UNM, MGH, 
and UI) or a 3T Siemens Trio (UMN). Functional MRI 
(fMRI) data were acquired with either a 1.5T Siemens 
Sonata (UNM) or a 3T Siemens Trio (UMN, MGH, and 
UI). Structural data, needed for image registration and 
DLPFC label generation, were processed with the auto-
mated atlas-based FreeSurfer reconstruction software 
(http://surfer.nmr.mgh.harvard.edu). Functional data 
were registered to the corresponding structural images 
using FreeSurfer and analyzed using fMRIB Software 
Library (FSL) (http://www.fmrib.ox.ac.uk/fsl). We fit 
a general linear model to the fMRI time course at each 
voxel in a whole-brain model to estimate the average acti-
vation during the 3 loads of the probe condition in all 
trials. Equal weight was given to all loads. For additional 
details regarding data acquisition, (pre)processing, and 
quality assurance, please see online supplementary SM 
1.3 and Walton et al34.

Genotyping

Blood samples were obtained from 255 participants 
and sent to the Harvard Partners Center for Genetics 
and Genomics for DNA extraction. All DNA extrac-
tion and genotyping was done blind to group assign-
ment. Genotyping was performed at the Mind Research 
Network Neurogenetics Core Lab using the Illumina 
Human Omni-Quad BeadChip. Quality control steps 
included the following steps. SNPs on the X or Y chro-
mosome, or those with a genotyping rate of less than 90% 
or a minor allele frequency of less than 5% were excluded 
from the analysis. We also removed 7 participants with 
extreme heterozygosity values (±3 SD) or with a geno-
typing rate of less than 90%. Using this data set con-
sisting of 749 968 SNPs, additional SNPs were imputed 
based on the Hapmap3 dataset. Imputation was done 

using IMPUTE2 with a probability threshold of .95. 
The imputed data set was then again filtered for a minor 
allele frequency of 5% and a Hardy-Weinberg equilib-
rium in controls with a threshold of 10–6. The final data 
set consisted of 1 073 955 SNPs, and the genotyping rate 
in remaining individuals was 0.99. Quality control steps 
were carried out with PLINK, 1.07.35

PGRS Calculation

Using 7 different statistical thresholds (P < .01, P < .05, 
P < .1, P < .2, P < .3, P < .4, and P < .5),7 we selected 
all nominally significant SNPs from the discovery sam-
ple (ISC study), which were also present in the imputed 
MCIC dataset, and derived 7 PGRSISC for each MCIC 
study participant. If  a genotype in the score was missing 
for a particular individual, then the expected value was 
imputed based on the sample allele frequency. The score 
was calculated as the sum across SNPs of the number of 
reference alleles (0, 1, or 2) at that SNP multiplied by the 
logarithm of the odds ratio (OR) for that SNP. ORs were 
taken from case-control analysis in the discovery samples 
as described above.

Statistical Models

We performed whole-brain analyses investigating the rela-
tionship between PGRSISC at all 7 statistical thresholds 
and WkM-induced brain activity for patients and con-
trols using mixed effects models in FSL. For more details, 
see online supplementary SM 1.3. All models were cluster 
corrected according to FSL default settings with a z value 
of 2.3 and Bonferroni corrected with a P value of .007 
(.05/7) and controlled for acquisition site and the number 
of nonmissing genotypes of all SNPs used to calculate 
the PGRS to control for potential differences in geno-
typing rate between cases.7 To account for nonrandom 
sampling of schizophrenia patients, we explicitly mod-
eled the effects of diagnosis in our main model and tested 
for diagnosis by PGRS interaction effects. To control for 
population stratification (see below), we included the first 
4 principal components (PCs) as covariates.

Since only a risk score at the strictest significance level 
(PGRSISC(P < .01)) was significantly related to neural activity 
(see “Results” section), in subsequent models, we (a) used 
a pruned PGRSISC(P < .01), which included only SNPs that did 
not show an association with the population structure in 
our sample (see below), and (b) tested further PGRS(P < .01)  
variants (PGRSISC(P < .01)-PGC and PGRSPGC(P < .01)) based on a 
second discovery sample for the purpose of replication (see 
also below). These models were controlled for the same 
covariates as in the main models and cluster corrected with 
a P value of .05. We extracted indices of activation for the 
DLPFC in percent signal change (%Δ) at the most acti-
vated DLPFC location. We then regressed out all relevant 
covariates and estimated the percent of variance explained 
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by PGRSISC(P < .01). Sample characteristic analyses were car-
ried out with SPSS 17.0.

Replication Analysis

To replicate our original findings, we calculated new 
scores based on results from the PGC study (see above 
and Ripke et al8) by applying 2 different strategies:

(1)  Following the same procedure as with the ISC discov-
ery sample, we selected nominally associated alleles 
from the original ISC sample (based on a P value of 
less than .01) but used PGC ORs and estimated a sec-
ond risk score version, referred to as PGRSISC(P < .01)-PGC.

(2)  We selected nominally associated PGC alleles and 
their corresponding PGC ORs (based on a P value 
of less than .01) as “score alleles” for the calculation 
of a risk score in the MCIC sample (target sample), 
referred to as PGRSPGC(P < .01).

Population Stratification

To avoid confounding effects due to population stratifi-
cation, we followed a similar procedure as described in 
Purcell et al7. First, we applied PC analysis to our genotype 
data using EIGENSTRAT of the EIGENSOFT 3.0 soft-
ware package,36,37 extracted 10 PCs, and then included the 
first 4 components as covariates in our imaging models.7 
As an additional measure to control possible effects due 
to population substructure, we pruned the PGRSISC(P < .01)  
to include only SNPs that did not show an association 

with the first 2 PCs and reran our analysis. For additional 
details, see online supplementary SM 1.4.

Functional Annotation Clustering

To explore the underlying biological processes associated 
with PGRSISC(P < .01) genes, we used DAVID Bioinformatic 
Database version 6.7.38 We mapped all 608 SNPs to their 
corresponding genes using the batch query function in 
dbSNP (http://www.ncbi.nlm.nih.gov/SNP/batchquery.
html) and successfully identified 240 known genes. Seven 
genes could not be found in the DAVID database. The 
remaining 233 genes were clustered based on their func-
tional annotations using all 3 gene ontology categories 
(biological processes, cellular components, and molecular 
functions). We kept DAVID default settings but applied 
a high threshold to minimize overlapping categories, as 
described in Huang et al38.

Results

Sample Characteristics

Demographic variables such as age and handedness did 
not differ between patients and controls (table 1). There 
were significantly more female participants in the control 
group, and patients had a significantly lower WRAT-
IIIRT score and lower parental education than controls. 
There was no effect of acquisition site on gender, WRAT-
IIIRT score, and handedness, but sites differed in their 
participant’s age and parental education (table 1).

Table 1. Basic Demographics According to Acquisition Site

Site Sample

Gender 
(Female) Age (y)

Cognitive  
Function 
(WRAT-IIIRT)

Parental 
Education

Handedness PGRSISC(P < .01)

[0–12] [10−4] [10−3]

n n % Mean SD Mean SD Mean SD Mean SD Mean SD

UI HC 52 25 48.1 30.24a 10.46 50.08 4.07 14.67a 2.64 0.69 2.57 8.14 1.40
SCZ 22 3 13.6 31.81a 8.91 48.38 5.04 15.55a 3.43 0.82 2.81 3.64 1.53

MGH HC 23 10 43.5 40.04a 9.59 51.96 3.98 14.70a 3.27 1.04 2.93 4.45 1.82
SCZ 25 7 28.0 37.92a 9.81 45.09 8.49 11.04a 6.52 0.61 1.92 9.31 1.51

UMN HC 17 7 41.2 31.12a 11.30 50.94 4.09 16.00a 2.55 0.47 0.80 4.02 1.75
SCZ 27 8 29.6 31.63a 10.63 46.22 5.43 15.22a 2.83 1.78 3.59 5.51 1.50

UNM HC 22 4 18.2 30.81 12.90 51.50 3.79 16.09 5.19 1.05 2.42 3.17 1.74
SCZ 18 5 27.8 35.83 14.09 45.53 7.05 12.50 5.63 1.39 3.13 8.52 1.24

Total HC 114 46b 40.4 32.49 11.44 50.86b 4.02 15.15b 3.40 0.80 2.43 5.82 1.60
SCZ 92 23b 25.0 34.23 11.01 46.31b 6.60 13.63b 5.09 1.17 2.94 6.68 1.46

Note: WRAT-IIIRT, reading subtest of the Wide Range Achievement Test-III; handedness, Annett Handedness Scale; MGH, 
Massachusetts General Hospital; UI, University of Iowa; UMN, University of Minnesota; UNM, University of New Mexico; SCZ, 
patients with schizophrenia; HC, healthy controls; PGRS, polygenic risk score; ISC, International Schizophrenia Consortium. A series 
of ANOVA and logistic regression analyses were performed to detect significant differences of gender, age, WRAT-IIIRT score, parental 
education, handedness and PGRSISC(P < .01) between acquisition sites and diagnostic groups. PGRSs according to the other 7 statistical 
thresholds are not displayed, since they were not related to neural activity, see “Results” section.
aSignificantly different between acquisition sites on the basis of  a linear regression (P < .05) with subsequent Bonferroni post hoc tests 
(P < .05).
bSignificantly different between SCZ and HC on the basis of a linear or logistic regression (P < .05).
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WkM-Related Neural Activity

The SIRP task reliably activated WkM-associated brain 
regions including the DLPFC, striatal, and parietal 
regions as described previously.34,39 A positive association 
between PGRSISC(P < .01) and neural activity was evident in 
an area including the left DLPFC and left ventrolateral 
prefrontal cortex (VLPFC) (z-max [−6 38 48] = 3.75; P = 
6.91 × 10−6, cluster corrected; figure 1A and online sup-
plementary figure 2) in a model covarying for the effects 
of acquisition site, diagnosis, population stratification, 
and number of nonmissing genotypes per individual. No 
effect was found for any of the other PGRSISC thresholds 
in a whole-brain model including the same covariates. 
PGRSISC(P < .01) accounted for 4.3% of the total variance 
(adjusted R2; R2 change(1, 204) = 0.048, P = .002) at the 
most activated DLPFC location (x, y, z: −6, 38, 48), after 
regressing out all other covariates. Furthermore, this 
effect was also independent of gender or parental educa-
tion and remained stable after excluding 4 patients with 
a diagnosis of schizoaffective disorder or schizophreni-
form disorder (see online supplementary SM 2.1). There 
was no significant diagnosis by PGRSISC(P < .01) interaction 
effect.

Characteristics of the PGRSISC(P < .01)

PGRSISC(P < .01) did not differ by sex, diagnostic group, or 
acquisition site (table 1) and did not correlate with age, 
SIRP performance, WRAT-IIIRT score, handedness, 
or parental education (online supplementary table 1).  
Furthermore, there were no significant correlations 
between PGRSISC(P < .01) and cumulative or current antipsy-
chotic drug dose as well as positive or negative symptoms 
in the patient group (online supplementary table 1). For 

linkage disequilibrium patterns between PGRSISC(P < .01)  
SNPs, please see online supplementary SM 2.3.

Additional Analyses

In a subsequent whole-brain model including a pruned 
PGRSISC(P < .01), which was derived solely from SNPs unaf-
fected by population stratification (see online supplemen-
tary SM 1.4) and with the same covariates as in the main 
model, the effect of polygenic risk on left DLPFC activ-
ity remained significant (z-max [−12 48 30] = 3.55; P = 
.00584, cluster corrected; figure 1B). There was a second 
significant cluster in the left frontal medial cortex includ-
ing the anterior cingulate gyrus with the effect of PGRS 
pointing in the same direction as in the DLPFC cluster 
(z-max [−4 46 -18] = 4.01; P = .00972, cluster corrected). 
As in the first model, there was no significant diagnosis 
by PGRS interaction effect.

We conducted additional analyses to address the ques-
tion whether the observed PGRSISC(P < .01) effect may indeed 
be caused by a small number of SNPs with large effect sizes. 
If that would be the case, the weighted PGRS for these few 
SNPs should explain most of the variance of the original 
PGRSISC(P < .01). We calculated risk scores based on 5, 10, 50, 
100, and 500 SNPs of the same dataset, each time iterating 
through 10 000 random combinations of SNPs. We then 
estimated the amount of variance of the total PGRSISC(P < .01),  
which was explained by these PGRS subscores. Scores 
based on 5 SNPs could only explain 0%–12% of total 
PGRSISC(P < .01) variance, followed by 0%–13%, 0%–24%, 
3%–36%, and 70%–88% for 10, 50, 100, and 500 SNPs 
(online supplementary figure  4). The low, but steadily 
increasing amount of explained variance supports the 
claim that the observed effect is due to the additive impact 
of a large number of SNPs.

Replication Based on a Second Discovery 
Sample (PGC)

We sought replication of our original findings using scores 
based on results from the PGC study (see “Methods” sec-
tion and Ripke et al8). PGRSISC(P < .01)-PGC correlated sig-
nificantly with WkM-elicited neural activity in an area 
including the right DLPFC and the right caudate (z-max 
[16 12  48] = 3.72; P = .0448, cluster corrected; online 
supplementary figure 5A). Results were cluster corrected 
and controlled for the same covariates as in the original 
model. We also found a positive association between 
PGRSPGC(P < .01) and neural activity in the right and left 
DLPFC and in the anterior cingulate cortex (uncorrected 
results; online supplementary figure  5B) controlling for 
the same covariates.

Functional Annotations of PGRS Genes

In order to understand which genes the PGRSISC(P < .01) 
is composed of and what their underlying functional 

Fig. 1. (A) Functional map illustrating increased neural activity 
with increasing polygenic risk for schizophrenia (PGRSISC(P < .01))  
in the left DLPFC. Results were additionally controlled for 
acquisition site, diagnosis, population structure, and the number 
of nonmissing genotypes per individual. (B) Results for a 
PGRSISC(P < .01), which was pruned for the possibly confounding 
effect of population stratification. This model was additionally 
controlled for acquisition site, diagnosis, and the number 
of nonmissing genotypes per individual. Both models were 
cluster corrected. The z values are represented according to 
the color code. PGRS, polygenic risk score; ISC, International 
Schizophrenia Consortium; DLPFC, dorsolateral prefrontal 
cortex; lh, left hemisphere. 
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annotations are, we used the functional annotation cluster 
tool in DAVID to explore the associated gene ontology. The 
top 5 clusters associated with all mapped genes were related 
to axonogenesis and neuron projection development, ion 
binding, cell motility and migration, channel activity, and 
guanosine triphosphatase regulator activity (table 2). For 
a full list of gene names, see online supplementary table 2.

Discussion

The results of our study suggest an association between 
increased polygenic risk for schizophrenia and WkM-
related neural inefficiency in the left DLPFC. This effect 
was not attributable to population stratification and was 
supported by results from additional analyses based on 
another large GWA study. Gene ontology analysis of the 
PGRS highlighted loci involved in brain development 
and synaptic transmission, processes which have been 
implicated in the etiology of schizophrenia.

Results lend support to an approach that takes into 
account polygenic etiology in schizophrenia. Polygenic 
approaches have been used to understand genetic contri-
butions to psychopathology such as bipolar disorder,14,40,41 
as well as neurodegenerative42 and neurodevelopmental 
disorders.43 For schizophrenia, a polygenic risk model 
has been supported by 3 large GWA studies, all of which 
showed that polygenic risk load differed between large 
samples of patients and controls.6–8 Investigating quanti-
tative markers, one study confirmed the effect of a PGRS 
on continuously distributed clinical measures of psycho-
sis in a sample of schizophrenia patients and healthy con-
trols,44 and we have previously analyzed the relationship 
between neural activity during a WkM task and a risk 
score, which combined the additive effects of 41 candi-
date SNPs for schizophrenia.34 The PGRS used in the cur-
rent study includes a much larger number of SNPs, which 
were at least nominally significant in a recent GWA study, 

and is thus based on hundreds of susceptibility loci for 
schizophrenia. The fact that we found a significant brain-
based effect only at the strictest ISC threshold of P <.01 
supports the idea that DLPFC dysfunction represents a 
more circumscribed phenotype than clinical phenotypes 
or diagnostic categories. Investigating an intermediate 
phenotype bears the additional advantage of addressing 
the problem of symptom heterogeneity within a given 
psychiatric diagnosis and the occurrence of (attenuated) 
risk markers in healthy controls.10 Since PGRS was associ-
ated with brain function, but not with task performance 
or with diagnosis, we assume that our cumulative genetic 
risk measure represents unique genetic aspects of dysfunc-
tional neuronal responses related to schizophrenia that are 
not easy to capture at the level of behavior or symptoms. 
Thus, we were not only able to use a well-defined continu-
ous measure to describe brain-based deficits in patients, 
but characterize subtle abnormalities in healthy controls 
as well. The fact that (a) the genes in this analysis have 
been shown to be nominally associated with schizophre-
nia in a large GWA study,7 (b) their cumulative impact 
correlated with a well-replicated intermediate phenotype 
for schizophrenia, and (c) we found supporting evidence 
for our main findings based on results from another large 
schizophrenia GWA study8 indicates a robust relationship 
between the proposed PGRS and schizophrenia.

Functional annotation clustering of PGRS genes 
revealed major biological pathways associated with 
the investigated risk genes. Impaired axonogenesis and 
neuron projection development as well as aberrant cell 
motility and migration point toward aberrant neurodevel-
opmental processes. These processes have been repeatedly 
linked to schizophrenia. Subtle alterations in early brain 
development may ultimately lead to a variety of psychi-
atric symptoms as well as cognitive deficits, eg, reduced 
WkM.45–48 For instance, a study by Gay et al49 found that 
especially patients with increased neurological soft signs 
(ie, observable defects in motor coordination, motor inte-
gration, and sensory integration) display reduced sul-
cation, an early indicator of later abnormal functional 
development,50 in the left DLPFC. Consistent with the 
results from our gene ontology analysis, numerous studies 
reported an altered cortical architecture of the DLPFC in 
schizophrenia patients, including altered dendritic spine 
density in DLPFC layer 3 pyramidal cells51 and reduced 
size and density of other large neurons in the same layer.52 
In line with that the expression of genes involved in syn-
aptic transmission processes, myelin sheaths formation, 
and neurotrophic signaling (affecting the development 
and survival of axons) seems to be altered in the DLPFC 
of schizophrenia patients,51–55 which could also translate 
into altered WkM processing.56–60

The findings of our study have to be considered in the 
light of the following limitations. First, our target sample 
was only of moderate size to investigate the effect of risk 
variants on brain function. However, the 2 GWA study 

Table 2. Gene Ontology Analysis

Cluster
Functional  
Annotation

Enrichment  
Score

Number of  
Associated Genes

1 Axonogenesis and 
neuron projection 
development

4.58 21

2 Ion binding 2.98 73
3 Cell motility and  

migration
2.78 12

4 Channel activity 2.32 13
5 GTPase regulator  

activity
2.23 13

Note: GTP, guanosine triphosphatase; The top 5 clusters 
associated with PGRSISC(P < .01) genes are listed. Clustering of 
genes was based on all 3 gene ontology categories (biological 
processes, cellular components, and molecular functions) using 
the functional annotation cluster tool in DAVID.38
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samples, which were the basis for the risk gene discov-
ery, were well powered, and additional analyses provided 
supporting evidence for our results. Second, we cannot 
distinguish between the potential effects of antipsychotic 
treatment vs those of the underlying disease process on 
brain function. However, we did not find a correlation 
between PGRS and measures of antipsychotic medica-
tion, and brain dysfunction has been shown to occur in 
neuroleptic-naive patients61 as well as in high-risk individu-
als,27,62 suggesting that the reported association is likely to 
be medication independent. Third, our approach of deriv-
ing a risk score (as implemented in PLINK)35 is one among 
many possibilities. Previous studies have explored a range 
of different risk scores including unweighted risk scores.63,64 
Although a valid approach, in our study, we were not able 
to detect an effect in a submodel investigating the effect of 
an unweighted PGRS (post hoc analysis, data not shown), 
suggesting that additional fine-tuning of risk allele effects 
may be important. Fourth, we did not investigate how and 
to what degree rare de novo variants, gene-gene interac-
tions, or environmental risk factors aggravate the observed 
effect, independent of disease status. General effects of 
common risk variants on brain-based phenotypes are a 
well-replicated finding,15,19,65 and it has long been assumed 
that rare variants, gene-gene interactions, and environmen-
tal risk factors may influence disease manifestation. To 
disentangle these complicated relationships, future studies 
should investigate gene-environment interactions.

We combined the effects of several hundred genetic risk 
variants for schizophrenia into a single risk score, and we 
were able to show that this score predicted DLPFC inef-
ficiency during a WkM task, a common intermediate phe-
notype for schizophrenia. The finding supports a growing 
number of reports, which demonstrate a polygenic etiology 
of schizophrenia and related phenotypes. Identifying neural 
correlates of cumulative genetic risk could help to under-
stand dysfunctions of underlying brain-based networks 
and define system neuroscience models of schizophrenia.

Supplementary Material

Supplementary material is available at http://schizoph 
reniabulletin.oxfordjournals.org.
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