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Background. Two single-nucleotide polymorphisms (SNPs) (rs4281084 and rs12155594) within the neuregulin-1 (NRG1)
gene have been associated with psychosis transition. However, the neurobiological changes associated with these SNPs
remain unclear. We aimed to determine what relationship these two SNPs have on lateral ventricular volume and white
matter integrity, as abnormalities in these brain structures are some of the most consistent in schizophrenia.

Methods. Structural (n = 370) and diffusion (n = 465) magnetic resonance imaging data were obtained from affected and
unaffected individuals predominantly of European descent. The SNPs rs4281084, rs12155594, and their combined allelic
load were examined for their effects on lateral ventricular volume, fractional anisotropy (FA) as well as axial (AD) and
radial (RD) diffusivity. Additional exploratory analyses assessed NRG1 effects on gray matter volume, cortical thickness,
and surface area throughout the brain.

Results. Individuals with a schizophrenia age of onset 425 and a combined allelic load 53 NRG1 risk alleles had sign-
ificantly larger right (up to 50%, padj = 0.01) and left (up to 45%, padj = 0.05) lateral ventricle volumes compared with those
with allelic loads of less than three. Furthermore, carriers of three or more risk alleles, regardless of age of onset and case
status, had significantly reduced FA and elevated RD but stable AD in the frontal cortex compared with those carrying
fewer than three risk alleles.

Conclusions. Our findings build on a growing body of research supporting the functional importance of genetic vari-
ation within the NRG1 gene and complement previous findings implicating the rs4281084 and rs12155594 SNPs as mar-
kers for psychosis transition.
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Introduction

DNA sequence variation in the neuregulin-1 (NRG1)
gene has a notable history of association with

schizophrenia, particularly in the 5-prime Icelandic
haplotype (HapICE) region (Mostaid et al. 2016) with
recent meta-analytic evidence showing renewed sup-
port for NRG1 as a candidate gene for schizophrenia
(Mostaid et al. 2017) despite limited support from
genome-wide association studies (Schizophrenia
Working Group of the Psychiatric Genomics
Consortium, 2014). Evidence from three independent
cohorts suggests that the HapICE region may also har-
bor single-nucleotide polymorphisms (SNPs) capable
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of identifying high-risk individuals with the greatest
likelihood for transition to psychosis (Hall et al. 2006;
Keri et al. 2009; Bousman et al. 2013). Hall et al. (2006)
and Keri et al. (2009) reported that the T/T genotype
of the HapICE SNP8NRG243177 (rs6994992) SNP
was associated with a 100% psychosis transition rate
in their two high-risk cohorts; the first a genetic high-
risk (e.g. family history of schizophrenia) cohort and
the second a clinical high-risk (e.g. sub-clinical positive
symptoms) cohort. In contrast, the largest study of
NRG1 genotype in a high-risk cohort to date
(Bousman et al. 2013) did not replicate this association,
but it did identify two other SNPs/alleles (i.e.
rs4281084-A and rs12155594-T) within the HapICE
region that independently and in combination
increased the risk for psychosis transition. Nearly
half (46%) of rs4281084-AA genotype carriers and
44% of rs12155594-T allele carriers transitioned to
psychosis. When these two SNPs were combined,
71% carrying three or more of the rs4281084-A and
rs12155594-T risk alleles transitioned to psychosis.
However, unlike the relatively well-characterized
SNP8NRG243177 SNP, the neurobiological changes
associated with these two NRG1 SNPs have not been
described.

Previous investigations have linked multiple var-
iants within the HapICE region with structural brain
abnormalities; particularly lateral ventricle volume
(Mata et al. 2009; Suarez-Pinilla et al. 2015) and white
matter density and integrity (McIntosh et al. 2008;
Winterer et al. 2008; Nickl-Jockschat et al. 2014).
Enlarged lateral ventricular volumes and decreased
white matter integrity (i.e. fractional anisotropy, FA)
are two of the most consistent structural brain charac-
teristics in schizophrenia (for reviews see: Alba-Ferrara
& de Erausquin, 2013; Fusar-Poli et al. 2013). Thus, we
hypothesized that the rs4281084 and rs12155594 SNPs
would be associated with lateral ventricular volume
and white matter abnormalities. To test our hypoth-
eses, we used neuroimaging data from a larger cohort
of individuals with and without a diagnosis of schizo-
phrenia to determine what relationship these SNPs
have with brain structure.

Methods and materials

Participants

Imaging and genetic data were obtained from indivi-
duals predominantly of European descent registered
in the Australian Schizophrenia Research Bank
(ASRB) (Table 1). The ASRB is an Australian resource
and storage facility of schizophrenia and healthy
control-related research data collected across five
Australian states and territories. Full details related to T
ab
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recruitment and assessment procedures have been
published elsewhere (Loughland et al. 2011). Briefly,
cases had a confirmed diagnosis of schizophrenia or
schizoaffective disorder according to the Diagnostic
and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) diagnostic criteria using the
Diagnostic Interview for Psychosis (Castle et al. 2006)
and were excluded if they had: a history of organic
brain disorder; were younger than 16 or older than
65 years; a serious brain injury resulting in post-
traumatic amnesia for more than 24 h; an intelligence
quotient <70; movement disorder; current diagnosis
of drug or alcohol dependence; or history of electro-
convulsive therapy. Healthy controls with a family his-
tory of psychosis or bipolar I disorder were also
excluded. European ancestry was estimated by com-
paring the minor allele frequencies (MAFs) for
rs4281084 and rs12155594 from the 27 populations
included in the 1000 Genomes Project (Phase 3, May
2013 call set) with observed MAFs in the ASRB using
a two-sample z-test (online Supplementary Table S1).
All procedures were conducted in accord with princi-
ples expressed in the Declaration of Helsinki and
approval was obtained from appropriate ethics com-
mittees (see online Supplementary Methods).

Candidate SNP genotyping, characterization, and
linkage disequilibrium

The rs4281084 and rs12155594 SNPs were genotyped
using standard procedures described in the online
Supplementary Material. Each SNP was mapped
using the human genome reference assembly
(GRCh37/hg19). Regional linkage disequilibrium (LD)
plots for both SNPs were constructed from 1000
Genomes Pilot 1 Northern and Western European
(CEU) genotype data using Haploview (Barrett et al.
2005). Prior to analysis, the combined allelic load for
our two candidate SNPs was calculated using the fol-
lowing formula:

Combined allelic load = xrs4181084(A) + xrs12155594(T),

where rs4281084(A) represented the number of A
alleles and rs12155594(T) the number of T alleles an
individual carried (online Supplementary Table S2).
Individuals with a combined allelic load of three or
more were pooled to preserve sample size and statis-
tical power.

Lateral ventricular volume analysis

Structural (T1-weighted) images of brain anatomy
from 370 (156 controls and 214 cases) individuals
were processed using Freesurfer (v.5.0.1) automated
neuroanatomical segmentation software. This auto-
matically generated white matter, gray matter, and

pial surfaces for each subject that were spherically
inflated and registered to the manually delineated
Desikan–Kiliany brain atlas (Desikan et al. 2006). All
boundaries were reviewed for accuracy and manually
corrected by trained raters to increase the accuracy of
the volume and surface estimates. Images were then
reprocessed to produce final thickness, surface area,
and volume estimates (Fischl et al. 2002). Further
details on T1 image acquisition, Freesurfer processing,
and reliability of estimates can be found in the online
supplementary material. General linear models were
used to test rs4281084, rs12155594, and their combined
allelic load effects on lateral ventricular volume.

Post-hoc we also fitted general linear models
accounting for age of onset among all cases using a
continuous measure (n = 214) and by restricting the
case sample to those with an age of onset 425 years
(n = 177). The 25-year onset threshold was selected to
reflect the population (i.e. young people at ultra-high
risk for psychosis) from which the original association
between the rs4281084 and rs12155594 SNPs and
psychosis transition were identified (Bousman et al.
2013).

Exploratory gray matter volume, surface area, and
thickness analysis

Exploratory general linear models were also con-
structed to test for gray matter volume, surface area,
and thickness throughout the brain. Fixed effects in
each model included genotype/allelic load, case–con-
trol status, and the interaction between these two fac-
tors. Covariates included age, sex, intracranial
volume, and scanner location. A Benjamini–Hochberg
procedure was used to adjust for the multiple compar-
isons (288 volumetric, 204 thickness, 204 surface area
tests).

Diffusion-weighted imaging analysis

A FA image was generated for 465 (175 controls and
290 cases) individuals with diffusion-weighted
imaging data by fitting a diffusion tensor to each
brain voxel using least-squares estimation. Details on
image normalization, registration, and smoothing are
described in the online Supplementary Methods.
Cluster-based statistics were used to correct for mul-
tiple comparisons across the set of all voxels and
thus identify clusters of voxels where the main effect
of genotype/allelic load was significant adjusting for
age, sex, and scanner location. A corrected p value
was computed for each cluster using permutation test-
ing (cluster size option, cluster forming threshold: t >
3.5), as implemented in the FSL Randomize tool.
Clusters with a corrected p value <0.05 were consid-
ered significant. FA averaged across all voxels
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associated with a significant cluster was examined
post-hoc using a general linear model in which the
fixed effects of genotype/allelic load, case–control sta-
tus, and the interaction between these two factors
were examined. We also estimated axial (AD) and
radial (RD) diffusivity maps using the eigenvalues
associated with the fitted tensor model and extracted
AD and RD measures for each cluster showing FA dif-
ferences by genotype/allelic load. Similar to the struc-
tural magnetic resonance imaging analysis, we also
conducted post-hoc general linear models to explore
potential effects of age of onset. Effect sizes were calcu-
lated using the Hedges’ g method (Hedges & Olkin,
1985).

Results

Candidate NRG1 SNPs characterization and LD

The genomic location of rs4281084 and rs12155594 is
shown in Fig. 1. The rs4281084 SNP is located 207
and 294 base pairs upstream of two putative expres-
sion quantitative trait loci, SNP8NRG243177 (Law
et al. 2006) and rs7014762 (Weickert et al. 2012), respect-
ively. The rs12155594 SNP is located between two
microsatellites (478B14-848 and 420M9-1395) that are
part of the seven-marker HapICE haplotype and sit
between the type II and type V promoters. LD analysis
revealed strong LD (D′ > 0.80) between the rs4281084
major (non-risk) allele (G) and four of the five
HapICE SNPs but weak LD (D′ < 0.80) between the
rs12155594 major (non-risk) allele (C) allele and all
five HapICE SNPs. LD between rs4281084 and
rs12155594 was also weak (D′ = 0.11) (online
Supplementary Fig. S1).

NRG1 SNPs are associated with enlarged lateral
ventricles

Neither SNP nor their combined allelic load had a
main or interaction effect on lateral ventricle volumes
in the full ASRB sample. However, restriction of the
case sample to those with an age of onset 425 years
revealed an interaction between combined allelic load
and case–control status for lateral ventricular volume
in the right (F2,323 = 4.28, padj = 0.03) but not left
(F2,323 = 2.74, padj = 0.13) hemisphere. Stratified analysis
showed that individuals with schizophrenia (age of
onset 425) and a combined allelic load of three or
more NRG1 risk alleles had significantly larger right
(up to 50%, F2,170 = 6.83, padj = 0.01) and left (up to
45%, F2,170 = 5.21, padj = 0.05) lateral ventricle volumes
compared with those with allelic loads of less than
three (Fig. 2). Examination of age of onset as a continu-
ous measure within the case sample did not reveal a
significant correlation with left (R2 = 0.004, p = 0.362) or
right (R2 = 0.002, p = 0.447) lateral ventricular volumes.
Furthermore, sex and substance use (e.g. cannabis, alco-
hol) did not differ between cases with an age of onset
425 and those with a later onset. IQ was slightly
lower in the earlier onset group (mean = 104, S.D. = 15)
compared with the later onset group (mean = 108, S.D.
= 14), but both groups were within the normal range
(online Supplementary Table S3).

NRG1 SNPs are not associated with gray matter
volumes, thickness, or surface area

Exploratory whole-brain T1-weighted analyses
revealed no main or interaction effects after correction
for multiple testing for either SNP or their combined

Fig. 1. NRG1 genomic structure and approximate location of rs4281084 and rs12155594 polymorphisms. HapICE markers are
denoted by an asterisk (*).
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allelic load on brain volumes (smallest padj = 0.28, right
superior parietal lobule), thickness (smallest padj = 0.41,
right superior parietal lobule), or surface area (smallest
padj = 0.44, left supramarginal gyrus) (online
Supplementary Tables S4–S6).

NRG1 SNPs are associated with decreased FA and
increased RD

Analysis of diffusion-weighted images did not detect
main or interaction effects for rs4281084 or
rs12155594 but did identify a main effect for their com-
bined allelic load on FA in a left middle frontal cluster
(max t value = 5.21, pFWE = 0.019; Fig. 3). Cases and con-
trols with an allelic load of three or more had 10% [95%
confidence interval (CI) 7–13%] lower FA compared
with those with an allelic load of zero. No interaction
between combined allelic load and case–control status
was detected. Examination of RD and AD measures
within this left middle frontal cluster showed that indi-
viduals with an allelic load of three or more had 5%
(95% CI 3–7%) higher RD but no difference in AD com-
pared with those with an allelic load of zero (Fig. 3).
Additional post-hoc analysis excluding cases with an
age of onset >25 showed a similar pattern of results
but examination of age of onset as a continuous
variable among all cases was not associated with FA
(R2 = 0.001, p = 0.854).

Discussion

We previously identified two NRG1 SNPs (rs4280184
and rs12155594) that independently, and in combin-
ation, increased the likelihood of psychosis transition
in those at ultra-high risk for psychosis (Bousman
et al. 2013). However, the mechanisms by which
these SNPs conferred risk for developing psychosis
were unclear. From our current findings, we speculate
that these NRG1 SNPs may contribute to this risk, in
part, via effects on lateral ventricular volume and
white matter integrity.

We were particularly interested in testing for asso-
ciations between our candidate NRG1 risk SNPs and
lateral ventricular volume based on meta-analytical
evidence suggesting antipsychotic-independent
enlargement of lateral ventricles among individuals
with first episode and chronic schizophrenia
(Fusar-Poli et al. 2013) as well as preclinical (Chen
et al. 2008; Agarwal et al. 2014) and clinical evidence
(Mata et al. 2009; Suarez-Pinilla et al. 2015) suggesting
a more direct genetic link of lateral ventricle size to
NRG1. We showed a combined allelic load of three
or more risk alleles was associated with greater lateral
ventricular volume in schizophrenia but not healthy
controls. The absence of an effect in controls implies
that the increases we observed in ventricular volume
cannot be attributed fully to the SNPs we examined
and suggests interaction with other biological

Fig. 2. Lateral ventricle volume by allelic load and case–control status. Among individuals with schizophrenia, but not
controls, an allelic load of three or more was associated with significantly greater left and right lateral ventricle volumes
compared with those with an allelic load of 0 (left: p3+ v. 0 = 0.026, Hedges g = 0.72; right: p3+ v. 0 = 0.01, g = 0.85) or 1–2 (left:
p3+ v. 1–2 = 0.005, g = 1.40; right: p3+ v. 1–2 = 0.001, g = 1.55). Marginal mean volume (±S.E.) among schizophrenia subjects (n) with
genotype 0 (n = 84), 1–2 (n = 89), and 3+ (n = 4) allelic load were left: 9206±538, 7727±523, and 14 895±2482; right: 8402±503, 6849
±489, and 14 580±2322, respectively. Marginal mean volume (±S.E.) among control subjects (n) with genotype 0 (n = 76), 1–2
(n = 75), and 3+ (n = 5) allelic load were left: 7122±499, 7687±503, and 8327±1935; right: 6403±487, 7420±490, and 8908±1885,
respectively. Covariates included in marginal mean calculations were age, sex, recruitment site, and intracranial volume.
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processes and/or environmental factors. Furthermore,
the effect was only observable in those with an age
of onset 425. These results complement our previous

work that showed youth at ultra-high risk for psych-
osis with a combined allelic load of three or more
were nearly six times more likely to transition to

Fig. 3. Combined allelic load and fractional anisotropy (FA) in a left middle frontal cluster. Individuals with an allelic load of
zero had significantly greater FA compared with those with an allelic load of 1–2 (p0 v. 1–2 = 1.2 × 10

−5, Hedges g = 0.41) or 3+
(p0 v. 3+ = 0.001, g = 0.88). Individuals with an allelic load of 1–2 and 3+ did not statistically differ (p1–2 v. 3+ = 0.066, g = 0.57).
Covariate-adjusted FA (±S.E.) among individuals (n) with zero (n = 219), 1–2 (n = 233), and 3+ (n = 13) allelic load were 0.35
±0.04, 0.34±0.03, and 0.32±0.03, respectively. Post-hoc assessment of radial diffusivity (RD) and axial diffusivity (AD) showed
individuals with an allelic load of 3+ had significantly greater RD compared with those with an allelic load of 1–2 (p3+ v. 1–2 =
0.038, g = 0.49) or zero (p3+ v. 0 = 0.009, g = 1.11). Individuals with an allelic load of zero and 1–2 did not statistically differ
(p0 v. 1–2 = 0.111, g = 0.26). AD did not statistically differ by allelic load. Covariates were age, sex, and recruitment site. The
cluster shown in red contained 121 voxels and the peak voxel coordinates (x, y, z) were −26, 0, 37.
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psychosis (Bousman et al. 2013). However, two recent
studies in first-episode schizophrenia reported
increased lateral ventricular volumes among carriers
of the HapICE risk alleles at the rs6994992
(SNP8NRG243177) (Mata et al. 2009) and rs35753505
(SNP8NRG221533) (Suarez-Pinilla et al. 2015) loci –
neither of which are in phase with the alleles we iden-
tified for psychosis onset risk (rs4281084-A and
rs12155594-T, online Supplementary Fig. S1). This dis-
crepancy suggests the association between NRG1 gen-
etic variation and lateral ventricle enlargement may be
mediated by other factors. One such factor could be
type III NRG1 expression. Previous preclinical work
has showed that mice with genetic backgrounds pre-
disposing to either increased (Agarwal et al. 2014) or
decreased (Chen et al. 2008) type III NRG1 expression
had enlarged lateral ventricles. Furthermore, alleles in
phase or located in the HapICE risk haplotype have
been associated with increased type III expression
(Nicodemus et al. 2009; Weickert et al. 2012), suggesting
alleles not in phase, such as our two risk alleles, may
be associated with decreased expression. However,
neither central nor peripheral type III NRG1 expression
levels were available for individuals in our neuroima-
ging cohort and as such we cannot more clearly link
combined allelic load of our two SNPs and type III
NRG1 expression levels with lateral ventricular vol-
ume. Nonetheless, our results provide additional sup-
port for an association between 5-prime NRG1 genetic
variation and lateral ventricular volumes and speculate
that maintaining a balance of type III NRG1 mRNA
could be important for human brain health.

We also determined that the combined allelic load of
our two NRG1 candidate SNPs were associated with
white matter abnormalities. We used FA given its sen-
sitivity to alterations in fiber density, axonal diameter,
and myelination in white matter, the latter of which is
regulated, in part, by NRG1 (Taveggia et al. 2008). We
showed in our full sample (cases and controls) that as
combined allelic load increased, FA decreased and RD
increased while AD remained stable in a left middle
frontal cluster. This pattern of results is aligned with
the notion that FA and RD are under stronger genetic
control than AD (Kochunov et al. 2010) and suggests
that individuals with greater allelic loads have a
greater degree of dys- or de-myelination in this left
middle frontal cluster (Song et al. 2003; Song et al.
2005; Alba-Ferrara & de Erausquin, 2013). This impli-
cated cluster, in part, overlapped with the superior lon-
gitudinal fibers from an anterior–posterior orientation
and from an inferior–superior orientation, overlapped
in part with the corona radiata and cortico-spinal
tract. Interestingly, abnormalities along these white
matter tracts have been associated with intellectual abil-
ity (Goh et al. 2011) as well as emotion and reward

processing (Xu et al. 2012), which are also intermediate
phenotypes impaired in schizophrenia. However, future
analyses that incorporate tractography methods will be
required to further illuminate the precise location of the
identified cluster and its association with these inter-
mediate phenotypes. Notably, our identified cluster
also partially overlapped with a recent reported left
frontal cluster (x =−30, y =−7, z = 39) of reduced FA
in relation to the HapICE SNPs rs35753505
(SNP8NRG221533) (Nickl-Jockschat et al. 2014), which
is 21 kbp upstream of rs4281084. To our knowledge,
this is the first independently validated cluster of FA
reduction related to NRG1 genetic variation and is
aligned with meta-analytic evidence that suggests
there are consistent disturbances in frontal lobe white
matter integrity schizophrenia (Ellison-Wright &
Bullmore, 2009; Bora et al. 2011). However, as previ-
ously noted, the risk alleles that comprise the combined
allelic load are not in phase with the HapICE risk haplo-
type and as such we have not replicated the direction of
the association reported between SNP8NRG221533 and
reduced FA (Nickl-Jockschat et al. 2014) but rather inde-
pendently identified a cluster that appears to be sensi-
tive to NRG1 genetic variation. In addition, we failed
to replicate other clusters of reduced FA previously
associated with NRG1 genetic variation including, the
medial frontal white matter (Winterer et al. 2008), anter-
ior limb of the internal capsule (McIntosh et al. 2008),
left superior parietal region (Nickl-Jockschat et al.
2014), and right prefrontal white matter
(Nickl-Jockschat et al. 2014) as well as clusters of ele-
vated FA such as the right perihippocampal region
(Nickl-Jockschat et al. 2014) and the right hemisphere
of the cerebellum (Nickl-Jockschat et al. 2014).
However, differences in the SNPs examined, variation
in environmental factors, and cohort characteristics
(the inclusion of only healthy controls in previous stud-
ies) may explain in part the failure to replicate many of
these previously identified clusters.

In summary, we found enlargement of the lateral
ventricles as well as reduced FA and elevated RD in
a left middle frontal cluster among individuals with a
combined three or more rs4281084 and rs12155594
‘risk’ alleles. Collectively, our findings build on a
growing body of research supporting the functional
importance of genetic variation within the HapICE
region of the NRG1 gene and complement our recent
findings implicating the rs4281084 and rs12155594
SNPs as markers for psychosis transition (Bousman
et al. 2013). Our results further demonstrate the great
degree of complexity in the associations between
NRG1 genetic variation and intermediate phenotypes
and suggest future work will need to determine how
best to evaluate this genomic region in a variety of con-
texts to determine which SNPs may be informative.
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