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Background—Thousands of common single nucleotide polymorphisms (SNPs) are weakly
associated with schizophrenia. It is likely that subsets of disease-associated SNPs are associated
with distinct heritable disease-associated phenotypes. Therefore, we examined the shared genetic
susceptibility modulating schizophrenia and brain volume.

Methods—Odds ratios for genome-wide SNP data were calculated in the sample collected by the
Psychiatric GWAS Consortium (8,690 schizophrenia patients and 11,831 controls, excluding
subjects from the present study). These were used to calculate individual polygenic schizophrenia
(“risk”) scores (PSSs) in an independent sample of 152 schizophrenia patients and 142 healthy
controls with available structural MRI scans.

Results—In the entire group, the PSS was significantly associated with total brain volume
(R2=0.048, p=1.6×10−4) and white matter volume (R2=0.051, p=8.6×10−5) equally in patients and
controls. The number of (independent) SNPs that substantially influenced both disease risk and
white matter (n=2,020) was much smaller than the entire set of SNPs that modulated disease status
(n=14,751). From the set of 2,020 SNPs, a group of 186 SNPs showed most evidence for
association with white matter volume and an explorative functional analysis showed that these
SNPs were located in genes with neuronal functions.

Conclusions—These results indicate that a relatively small subset of schizophrenia genetic risk
variants is related to the (normal) development of white matter. This in turn suggests that
disruptions in white matter growth increase the susceptibility to develop schizophrenia.

Keywords
structural MRI; imaging; endophenotype; SNPs; psychiatric; genome-wide

Introduction
Schizophrenia is a disabling mental disorder with a heritability of around 80% (1). The
Psychiatric Genomics Consortium (PGC) recently published a large genome-wide
association study (GWAS) on schizophrenia (2); this analysis of 17,836 cases and 33,859
controls yielded seven loci with common alleles that subtly increase schizophrenia risk.
However, there are most likely many more single nucleotide polymorphisms (SNPs)
involved in schizophrenia susceptibility: Purcell and colleagues described the additive
effects of thousands of disease-associated SNPs combined into a single polygenic
schizophrenia score (PSS) (3). This PSS based on >30,000 (mostly independent) SNPs
explained around 3% of the variance in schizophrenia in an independent sample. Another
recent study estimated that 23% of the variation in liability to schizophrenia is captured by
the combined effect of >900,000 SNPs (4). These data support a complex mode of
inheritance, with thousands of genetic variants of small effect contributing to disease. This
large genetic heterogeneity is further complicated by substantial variation in clinical
presentation, disease course and associated phenotypes. It is likely that subsets of disease-
associated SNPs are associated with distinct heritable disease-associated phenotypes (also
called endophenotypes (5)). One such phenotype is brain volume and it is well suited to be
linked to disease associated SNPs. Brain volume is robustly associated with schizophrenia,
with average reductions in total brain volume of about 3% in schizophrenia patients
compared to healthy individuals (6;7). It is highly heritable in healthy subjects as well as in
schizophrenia patients (8–11) and reduced brain volumes are inherited together with illness
in families (12). In fact, the largest twin study (n=684) to date recently reported that 77% of
the phenotypic overlap between schizophrenia and total brain volume was of genetic origin
(11), with white matter loss in schizophrenia patients largely (94%) attributable to genetic
factors (although gray matter volume was determined by unique and common environmental
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factors (11)). Thus, white matter volume is an excellent candidate endophenotype to be
linked to schizophrenia-associated SNPs.

The aim of the current study was to investigate the combined effect of schizophrenia-
associated loci on brain volume in order to answer several questions. First, is brain volume
in schizophrenia patients indeed determined by disease-associated SNPs, and if so, by which
proportion of these SNPs? Second, do disease-associated SNPs affect brain volume in
patients only, or do they modulate brain volume in general? Finally, is the involvement of
genetic factors on white matter volume in particular, as previously suggested by heritability
calculations from twin studies, supported by genotype data?

Methods and materials
Discovery sample

Data from the Schizophrenia Psychiatric GWAS Consortium (PGC) was used as a discovery
sample to identify the schizophrenia risk variants, their p-values and odds ratios. Analysis
and quality control was performed according to the consortium’s standards (2). All subjects
from the PGC sample were included, except for the 1,342 cases and controls from our own
schizophrenia genome-wide association study (UCLA/UMC Utrecht).

Target sample
The target sample consisted of 152 schizophrenia patients and 142 controls with available
magnetic resonance imaging (MRI) data. Subjects were included for the Genetic Risk and
Outcome of Psychosis (GROUP) study (n=162) (13) and a study described previously (14)
(n=132), performed in the University Medical Centre Utrecht. For both patients and controls
psychopathology was assessed using the Comprehensive Assessment of Symptoms and
History (15). Of the target sample 138 subjects were diagnosed with schizophrenia and 14
with schizo-affective disorder. Unaffected subjects had no history of psychiatric illness
except for four subjects who had a history of depressive disorder, anxiety disorder,
obsessive-compulsive disorder and adjustment disorder respectively. None of the control
subjects had first-degree family members with psychotic illness.

MRI analysis
Brain images were acquired on either a Philips NT or a Philips Achieva scanner at 1.5 Tesla.
Scanner type showed no main effect or interaction effect with disease status on total brain
and white matter volume (after correction for age, gender and intracranial volume). Gray
matter volumes were slightly lower with the Philips Achieva scanner (mean 615.0 ml (sd
25.0) versus 624.3 ml (sd 26.7), p=0.002). Correcting for scanner type did not influence the
results. MRI acquisition and processing methods have been previously described (6;16).
Post-processing was done on the neuro-imaging computer network of the Department of
Psychiatry at the University Medical Centre Utrecht. All images were coded to ensure
blindness for subject identification. Scans were put into Talairach frame (no scaling), and
corrected for inhomogeneities in the magnetic field (17). Volume measures of the
intracranium, total brain, cerebral gray and white matter were determined. Quantitative
assessment of the intracranial volume was performed with use of a full-automated computer
program based on histogram analyses followed by mathematical morphological operators in
either the DE-TSE image (NT) or a single-shot echo planar imaging scan (as part of a
diffusion tensor imaging series) together with a magnetization transfer imaging scan
(Achieva). All intracranial segmentations were visually checked and corrected where
necessary. Quantitative assessment of the total brain, gray and white matter volumes were
performed based on histogram analyses followed by mathematical morphological operators
in the 3D-FFE image, using the intracranial volume as mask (18).
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Genetic analysis
Subjects in the target sample were genotyped at UCLA Neurosciences Genomics Core
(UNGC) using the Illumina HumanHap550 beadchip. Initial quality control was performed
by the PGC, removing individuals with more than 5% missing SNPs or with evidence of
more than random genetic similarity (c.q. distant relatedness) and SNPs on chromosomes X,
Y and mitochondrial DNA. Only SNPs genotyped in the target sample were included (in the
discovery sample part of the SNPs were imputed due to the use of different genotyping
platforms). These SNPs were filtered based on minor allele frequencies of less than 0.02
(removing 4,528 SNPs) and >1% missing genotypes per SNP (7,552 SNPs). There was no
evidence of deviation from Hardy-Weinberg equilibrium with p< 1×10−6, non-random
genotyping errors with p< 1×10−6, such as systematic batch effects. There was a marginally
increased call rate in patients compared to controls (e.g. for SNPs with a p-value for
association with schizophrenia <0.01 : mean genotyping rate in patients: 4,038/4,040 versus
4,036/4,040 in controls, p=0.02). To remove all SNPs in linkage disequilibrium, SNPs were
pruned based on a pair wise r2 threshold of 0.25 and a sliding window of 50 SNPs wide,
shifting 5 SNPs at each step, using PLINK (19). In this way another 341,261 SNPs (74.3%)
were removed, leaving 117,924 SNPs for analysis.

Statistical analysis
Measures of total brain, cerebral gray and white matter volume were corrected for the
covariates age, sex and intracranial volume by taking the unstandardized residuals of the
volumes using linear regression in the total group. For each subject the unstandardized
residual was added to the intercept + betai*meani, where i represents the different covariates.
Intracranial volume explained a large part of the variation in brain volume, resulting in a
correlation between the uncorrected and corrected brain volumes of 0.36. Intracranial
volumes were corrected for age and sex in a similar way. All corrected brain volume
measures were normally distributed in the total group and in the patient and control groups
separately.

For each individual in the target sample a polygenic schizophrenia score (PSS) was
calculated using PLINK (19). For each SNP, the number of ‘risk variants’ an individual
carried (0, 1 or 2) was multiplied by the logarithm of the odds ratio for that particular
variant. ‘Risk variants’ are the alleles (nominally) associated with disease, including both
true risk alleles and stochastic variation. Sets of SNPs with p-values below different cutoffs
for effect on schizophrenia (p-value cutoffs for effect on schizophrenia or Pcutoff-SZ) were
defined. First, the following Pcutoff-SZ were used: 0.01; 0.06; 0.1; 0.2; 0.3; 0.4 and 0.5. When
the largest R2 values were found at relatively low cutoffs, we added smaller Pcutoff-SZ
(0.002; 0.004; 0.006; 0.008; 0.02; 0.04 and 0.08). The score was summed over all SNPs in
the Pcutoff-SZ-SNP sets for each individual in the target sample to obtain the individual
polygenic scores.

We first performed a logistic regression with disease status as dependent (outcome) variable
and subsequently performed linear regressions using total brain, gray matter and white
matter volumes as dependent (outcome) variables. Sex and intracranial volume were
analyzed as negative controls. Total brain volume and intracranial volume develop at a
similar rate until the age of 14, after which intracranial volume is practically stable (20).
Total brain volume corrected for intracranial volume thus represents the brain volume
changes in late adolescent and adult life. Because intracranial volume is not substantially
different between schizophrenia patients and healthy controls, it is not likely to be
influenced by the PSS. A full model with the PSS and the covariates was compared with a
model only containing the covariates, to investigate whether PSS significantly improved
phenotype prediction. We compared the difference in R2 adjusted for the number of
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predictors in the model, a measure of the variance explained. For disease status
Nagelkerke’s pseudo R2 was used. Ten population stratification dimensions were used as
covariates in the analyses as measures of hidden genetic population substructures. These
dimensions were calculated in PLINK based on identity-by-state pair wise distances
between individuals using the multidimensional scaling plot option. Other covariates were
the number of non-missing SNPs used for scoring, the inbreeding coefficient (the ratio of the
observed versus expected number of homozygous alleles, calculated in PLINK) and the
number of copy number variants (CNVs). For a description of CNV calling see (21). For the
brain volume analyses we subsequently included disease status and the interaction between
disease status and PSS in the analyses. P-values < 0.008 were considered significant (α
0.05/6 phenotypes (disease status, total brain, white matter, gray matter and intracranial
volume and sex), not corrected for the different Pcutoff-SZ, since these are highly correlated).

Functional analyses
Refseq genes within 100kb from the SNPs associated with both schizophrenia and white
matter (n=186) were identified. These genes were functionally clustered using the database
for annotation, visualization and integrated discovery (DAVID)(22). This database uses
functional annotations, including gene ontology (GO) terms, KEGG pathways and Biocarta
pathways to cluster genes into biological meaningful groups. These settings were used: high
classification stringency and minimal 4 genes per group.

Results
For demographic information see table I. While there were significantly more males in the
patient group than in the control group, brain volumes were corrected for sex and sex
chromosomal SNPs were removed in all analyses. As expected, patients showed on average
smaller brain volumes. They also received fewer years of education, most likely due to their
illness. The level of parental education, an estimate of socioeconomic status, was not
different between the patient and control groups. There was a good prediction of disease
status in the target sample by the PSS based on the PGC sample (with a maximum R2=0.046
(increase in R2 after adding PSS to the model), p=0.001, at Pcutoff-SZ 0.1 (14,751 mostly
independent SNPs, see figure 1), indicating that the polygenic score is a reliable measure of
schizophrenia risk. Testing this association in the full GWAS sample from Utrecht (n= 1,342
subjects, adding all subjects for which no MRI data was available) resulted in a similar
variance explained (R2=0.035), as expected with much smaller p-values (4.0×10−7, data not
shown).

The polygenic schizophrenia score was significantly associated with total brain volume at
different Pcutoff-SZ, irrespective of disease status (with a maximum at Pcutoff-SZ 0.006:
R2=0.048, p=1.6×10−4, see figure 1 and Table S1 in Supplement 1). The association was in
the expected direction: higher genetic risk scores were associated with smaller total brain
volumes. When including disease status in the analysis, the effect of PSS on brain volume
remained significant (R2=0.038, p=0.001) and there was no significant interaction between
PSS and disease status, indicating that the association was similar in the patient and control
groups. PSS was specifically associated with reduced white matter volume (R2=0.051,
p=8.6×10−5 at Pcutoff-SZ 0.006) and did not explain variance in gray matter volume
(R2=0.002, p=0.232 at Pcutoff-SZ 0.006). As expected, no association was found between
PSS and either sex or intracranial volume, which can be regarded as negative controls. From
graphical inspection of the data we concluded that there were no outliers in brain volume or
in PSS that could significantly influence the results.

While the 14,751 SNPs with p-values up to 0.1 (for effect on schizophrenia) substantially
contributed in explaining variation in disease status, a much smaller subset of 2,020
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schizophrenia risk variants explained most variance in white matter volume (with Pcutoff-SZ
0.01). Within this set of 2,020 mostly independent SNPs, which were selected based on their
association to schizophrenia, we explored which SNPs contributed most to the effect on
white matter volume. SNPs were tested for their individual effect on white matter volume
(in the same target sample). With a ‘white matter polygenic score’ analysis we selected an
optimal p-value cutoff. White matter p-values were used to construct sets of SNPs with p-
values below different cutoffs (p-value cutoff for white matter, or Pcutoff-WM): 0.06; 0.08;
0.1; 0.2; and 0.3. Of these sets of SNPs, the set with Pcutoff-WM 0.1 jointly explained most
variance in white matter volume compared to the other Pcutoff-WM. Therefore we included
SNPs with white matter p-value < 0.1 for further analyses. This small subset of 186 SNPs
explaining variance in both schizophrenia and white matter volume thus represents the most
important SNPs in determining the genetic overlap between the two phenotypes. Together
these 186 SNPs explain 0.7% of the variance in disease status, which is a relatively large
part (i.e. 9.2% of 2,020 SNPs explain 35% (0.007/0.02) of the variance explained by these
2,020 SNPs. This set included one of the ten SNPs with genome-wide significance in the
PGC sample (rs17662626 near PCGEM1).

Next, we investigated the type and function of the 375 genes located within 100kb on either
side of these 186 SNPs. An overview of these genes can be found in Table S2 in Supplement
1. Genes can be grouped in 7 functional clusters (table 2): immunoglobulin-like cell-
adhesion molecules, signal peptides, zinc fingers, ion channels, (neurotransmitter) receptors,
WD repeat proteins and transcription factors. The cluster of immunoglobulin-like cell-
adhesion molecules is enriched compared to the reference database, having enrichment
scores of 1.42 (an enrichment score of >1.3 is regarded as significant enrichment (22)). The
most prevalent gene ontology (GO) categorie is cell-cell adhesion (GO:0016337, p=0.0007).
However, after correction for testing multiple GO categories, this is not significantly
enriched compared to the reference database. Similar results were found with flanking
regions of 10kb (data not shown).

Discussion
We investigated the combined effect of schizophrenia-associated SNPs on brain volume, a
highly heritable phenotype associated with this disease. Schizophrenia-associated SNPs
explained around 5% of the variance in total brain and white matter volume, in patients as
well as in healthy controls. This effect was largely exerted by only a fraction (n=2,020) of
all SNPs with effect on disease status (n=14,751). Our data not only suggest that a relatively
small subset of all schizophrenia-associated variants is related to white matter development,
but also that disruptions in white matter development contribute to schizophrenia in
susceptible individuals. Disease status was successfully predicted by the PSS, indicating that
the genetic risk variants do indeed reflect schizophrenia risk in this smaller sample. Our
finding that genes regulating white matter development are relevant to schizophrenia is
consistent with our earlier report that the phenotypic overlap between schizophrenia and
white matter volume is almost completely explained by genetic factors (11). Indeed,
diffusion tensor imaging (DTI) studies show that abnormalities in white matter integrity are
present before the onset of schizophrenia (23), while increased density and altered
distribution of white matter neurons (24) and a reduction in oligodendrocyte numbers have
repeatedly been found in post mortem brains of schizophrenia patients (23). Taken together,
these data are consistent with a model in which genetic risk variants increase schizophrenia
vulnerability through aberrant development of brain connectivity (25). Transition to the
disease proper most likely occurs in interaction with other genetic or environmental risk
factors.
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Another important observation is that a much smaller number of common variants appears
to determine the overlap between schizophrenia and brain volume than the entire set that
modulates schizophrenia. While almost 15,000 SNPs with Pcutoff-SZ up to 0.1 substantially
contributed to the variance explained in disease status, only a little over 2,000 SNPs with
Pcutoff-SZ up to 0.01 contributed to the variance in white matter volume. In fact, the variance
explained in white matter volume decreased when adding more SNPs (with higher p-values
for association to schizophrenia). This is in agreement with a model in which only a subset
of the schizophrenia-associated SNPs influences brain volume. In this case, adding extra
SNPs with effect on schizophrenia, but without a substantial effect on brain volume (OR>1,
logOR>1) changes the PSS so that the variance explained in brain volume is diminished at
higher cutoffs. These results suggest a specific subset of the disease-associated SNPs that is
related to brain volume. A schematic representation of these subsets is shown in figure 2.
Perhaps there are other SNPs with more subtle effects on white matter volume, also outside
the 2,020 SNPs set, but their effect might easily be overshadowed by the relatively large
amount of SNPs without effect on white matter volume. Since only 2% of the 2,020 SNPs
were located in the HLA region, these are unlikely to have confounded the analyses.
Applying the same strategy to other phenotypes related to schizophrenia, such as cognitive
dysfunction, dopamine receptor binding, or other suitable endophenotypes, could similarly
result in subsets of candidate variants that help elucidate the biology of the disorder. The
same method can obviously be applied to other diseases and their endophenotypes.

Several other points are important to address. First, only a small amount of the total variance
in brain volume and disease status is captured by the PSS. This is comparable with data
reported previously (3) and can be explained by incomplete capture of rare variants and
gene-gene interactions, among others (4). Using a polygenic score method based on
common variants, we cannot aim to explain the majority of the variance in brain volume.
Second, since reductions in gray matter volume are commonly reported in schizophrenia
patients (6;7), it might seem remarkable that the PSS is not associated with gray matter
volume. However, a recent study indicates that in schizophrenia patients gray matter volume
is mostly determined by unique environmental factors (explaining 43% of the variance) (11).
This is in contrast to white matter volume, which has a much stronger genetic component
(63%). Our data provide genetic support for the observation in this twin study. Furthermore,
brain volume can be influenced by environmental factors such as the use of psychotropic
medication (26). The association between the PSS and brain volume was found not only in
the total group, but also within the control group. Since psychotropic medication is used by
patients only, it is unlikely that the observed effect could be explained for a substantial part
by the use of medication. Because medication use is unreliably assessed in retrospect, we
did not include it in the analyses. Lastly, the results do not imply that brain volume is
influenced by a smaller number of common variants than schizophrenia. The effects of
SNPs that do influence brain volume, but not schizophrenia, are not captured by the PSS.

Among the 2,020 independent schizophrenia risk variants explaining most variance in white
matter volume, 186 SNPs were shown to affect white matter volume most strongly. We
functionally clustered the 375 genes located near these 186 SNPs in order to generate
hypotheses about the biological processes affected by these variants. Functional clustering
of the genes should be regarded as explorative, and should be interpreted with caution, since
these analyses are biased towards the effect of larger genes and well-investigated pathways
(27). Besides, functional relationships between SNPs and nearby genes are often assumed,
but not necessarily present. Still, the identified gene clusters have highly relevant functions.
The significantly overrepresented cluster of immunoglobulin-like cell adhesion molecules
contains proteins that are involved in axon guidance or cell-cell interactions (28). LSAMP is
expressed at dendrites of neurons in cortical and subcortical regions of the limbic system
and mediates neurite outgrowth (29). A significant increase in LSAMP expression was
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found in the dorsolateral prefrontal cortex of patients with schizophrenia and bipolar
disorder (29). Contactin 4 (CNTN4) regulates neural network formation and has previously
been implicated in autism and anorexia nervosa (30;31). Also other clusters contain many
genes with relevant, neuronal functions, such as the receptors for glutamate, GABA and
serotonin, which have been previously implicated in schizophrenia (32). Each of these genes
may make relevant targets for further research.

To conclude, these results indicate that a relatively small subset of schizophrenia genetic
risk variants is related to the (normal) development of white matter. This in turn suggests
that disruptions in white matter growth increase the susceptibility to develop schizophrenia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The variance explained of different phenotypes by PSS for different Pcutoff-SZ SNP
sets
SZ= schizophrenia, TB= total brain volume, WM= white matter volume, GM= gray matter
volume, IC= intracranial volume. y-axis = explained variance by the PSS of this phenotype.
For dichotomous traits Nagelkerke’s pseudo R2 was compared between a model with only
covariates and a model including covariates and the PSS. For continuous traits the difference
in R2 was used. Intracranial volume and sex were included as negative controls. For more
information see supplementary table 1.
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Figure 2. Schematic representation of the SNPs involved in different phenotypes
The large green circle represents all 117,924 SNPs included after quality control and
removing SNPs in LD. The yellow circle represents the 14,751 SNPs having the largest
effect on schizophrenia in the target sample. The small white area stands for the subset of
these SNPs (n=2,020) that do also explain variance in white matter volume. There could be
more SNPs influencing white matter volume (represented by the translucent white circle),
but these were not investigated. The small blue circle represents the 186 SNPs who are
likely to contribute most to both schizophrenia and white matter volume. The size of the
circles represents the number of SNPs in that group.
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Table 1

Demographic information.

Schizophrenia patients Healthy controls Significance

n 152 142

Gender (m/f) 121/31 79/63 p=1×10−5

Age in years (sd) 32.0 (10.9) 32.3 (12.2) ns

Handedness (r/l/ambidexter/unknown) 120/13/5/14 115/14/4/9 ns

Level of education in years 12.2 (2.5) 13.9 (2.9) p=1.1×10−7

Level of parental education in years 13.2 (3.1) 13.2 (3.2) ns

Age of first psychotic symptoms in years (sd) 22.5 (5.4) na

Duration of illness in years (sd) 8.5 (9.6) na

Duration of untreated illness in years (sd) 1.4 (2.7) na

Duration of treatment with medication (sd) 7.1 (10.1) na

Intracranial volume in ml (sd)** 1671.3 (116.1) 1683.6 (118.0) ns

Total brain volume in ml (sd)* 1492.0 (55.0) 1513.0 (43.4) p=3.5×10−4

Gray matter volume in ml (sd) * 617.0 (27.6) 623.5 (24.6) p=0.035

White matter volume in ml (sd) * 502.6 (34.3) 515.72 (32.0) p=0.001

sd=standard deviation, ns=not significant, na = not applicable. Level of parental education is a measure of socioeconomic level.

*
= corrected for age, sex and intracranial volume.

**
= corrected for age and sex.
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Table 2
Clusters of genes selected for variance explained in both schizophrenia and white matter
volume

An enrichment score of >1.3 is considered a significant enrichment compared to a reference database.

Clustername Genes Enrichment score

Immunoglobulin-like cell-adhesion molecules LSAMP, SIGLEC1, BOC, CNTN4, IGSF8, IGSF9, SLAMF9,
CEACAM16 1.42

Signal peptides

TMEM18, TMEM59L, TMEM74, TMEM139, TMC2, TMC5,
GPR157, CEACAM16, SLAMF9, SLC35F1, TMCC3, SLC37A2,
CHODL, KIAA0319, LRTM1, TAS2R40, C16orf62, C7orf44,
GPM6A, LRP3, NKAIN2, CEACAM19

1.23

Zinc fingers ZDHHC7, MTF2, SMYD2, TRIM10, TRIM15, TRIM26, TRIM31,
TRIM40, RNF39, DEF8, ZC3H14 1.02

Ion channels CACNA2D3, KCNJ9, KCNJ10, KCNAB2, TRPM3, ACCN2 0.93

(Neurotransmitter) receptors GRM3, GABRB2, HTR1F, ADCYAP1R1, TAS2R40, PTGER1,
GPR157 0.91

WD repeat proteins WDR17, WDR52, WDR88, EML5, PPP2R2C, KIAA1239 0.82

Transcription factors ASXL3, TCF4, TCF20, HIVEP2, FOXI1, CRTC1, MTF2, EBF4,
ZNF23, ZNF100, ZNF707, ESRRG, GLIS3 0.55
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