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Abstract Adult psychopathology is often rooted early in

life and first emerges during childhood and adolescence.

However, as most imaging genetic research to date has

involved adult participants, little is known about how risk

genes affect brain function to influence biological vulnera-

bility in childhood. We examined the impact of neuregulin1

(NRG1), a probable susceptibility gene for schizophrenia

and bipolar disorder, on brain function in a sample of 102

healthy 10–12 year old boys including 18 pairs of monozy-

gotic twins, 24 pairs of dizygotic twins and 18 singletons.

Each participant performed a perceptual matching task,

while brain responses were measured using functional

magnetic resonance imaging. Response accuracy and reac-

tion times did not differ as a function of NRG1 genotype;

however, individuals with two high-risk alleles showed rel-

atively increased brain activation in a distributed network

comprising the precuneus bilaterally, and the left cuneus,

middle occipital gyrus, angular gyrus and caudate nucleus.

These results indicate that genetic variation in NRG1 sig-

nificantly affects cortical function during perceptual and

monitoring processes in healthy children as young as

10–12 years of age.

Keywords Neuregulin1 � Schizophrenia � Bipolar

disorder � Childhood � Perceptual matching � Functional

magnetic resonance imaging

Introduction

Schizophrenia and bipolar disorder are severe psychiatric

disorders that develop in adolescence and early adulthood

and have a strong genetic component. In recent years,

imaging genetic studies have demonstrated the effects of

several schizophrenia and bipolar disorder risk genes on

brain structure and function in adult participants (Fisher

et al. 2008). Given that very few psychiatric illnesses arise

‘de novo’ in adulthood (Kim-Cohen et al. 2003), it is

important to extend the current imaging genetic work to

include child samples. We therefore used functional mag-

netic resonance imaging (fMRI) to examine the effects of

Neuregulin1 (NRG1), a promising candidate gene for

schizophrenia and bipolar disorder, on brain responses

during a perceptual matching task in 10–12 year old boys.

Neuregulin1, located at 8p21–p22, was originally asso-

ciated with schizophrenia by Stefansson et al. (2003, 2002),

who found association of a so-called ‘‘core haplotype’’ in the

NRG1 gene with a two-fold increased risk for schizophrenia

in Icelandic and Scottish populations. Further evidence has

since come from a series of studies in Irish, Chinese and

South African, mixed British and Dutch samples using the
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same haplotype region (Tosato et al. 2005), as well as meta-

analysis (Li et al. 2006). More recently, two independent

molecular genetic studies (Thomson et al. 2007; Green et al.

2005) have implicated NRG1 in bipolar disorder. It should

be noted that not all studies have detected a significant

association (see Ikeda et al. 2008 for review) and that there

have been inconsistencies in terms of the regions of the gene

associated with illness. However, taken collectively, the

studies published so far suggest that NRG1 may confer

biological susceptibility to psychopathology across the tra-

ditional Kraepelian dichotomy of affective and non-affec-

tive psychoses (Craddock et al. 2007).

The functional significance of the core risk haplotype or

any of its markers is currently unknown and it is possible

that as yet unidentified mutations in linkage disequilibrium

(LD) with it are also responsible for a functional effect.

The NRG1 gene spans 1.2 Mb and encodes many struc-

turally and functionally distinct protein isoforms through

alternative splicing, grouped in I–IV types, which are

known to participate in ErbB signaling (Steinthorsdottir

et al. 2004; Falls 2003). These proteins have been impli-

cated in a diverse range of functions, including neuronal

migration and specification, oligodendrocyte differentia-

tion and myelination, hormonal control of puberty, regu-

lation of acetylcholine and expression of glutamate, GABA

and other neurotransmitter receptors (Corfas et al. 2004).

Disruption of these developmental processes has also been

implicated, directly and indirectly, in psychiatric illness

(Corfas et al. 2004). Two recent investigations in mice (Li

et al. 2007; Woo et al. 2007) have provided evidence that

NRG1 and its receptor erbB4 regulate transmission at brain

glutamate and GABA synapses in hippocampal and pre-

frontal regions, consistent with the notion of synaptic

defects in schizophrenia and bipolar disorder.

Four recent neuroimaging investigations have examined

the impact of NRG1 genotype on brain function in adult

participants by contrasting the allele associated with a

higher frequency of cases (T; ‘‘risk allele’’) against that

associated with a smaller frequency of cases (C). Hall et al.

(2006) found that relatives of people with schizophrenia

with the risk allele of the NRG1 gene showed reduced

medial prefrontal and temporo-occipital activation during a

sentence completion task. Krug et al. (2008) subsequently

reported a positive dose-dependent effect of the risk allele

on prefrontal activation in healthy individuals during a

working memory task. In contrast, Kircher et al. (2009)

found reduced activation of the hippocampus, precuneus,

cerebellum and anterior cingulate in first episode schizo-

phrenic patients with the risk variant performing a working

memory tasks. Finally, Mechelli et al. (2008) demonstrated

differential effects of NRG1 genotype on prefrontal func-

tion in healthy volunteers and patients with schizophrenia

and bipolar disorder during performance of a verbal

fluency task. In all three diagnostic groups, the high-risk

variant of NRG1 was associated with greater deactivation

of the left precuneus; in addition, the high-risk variant was

associated with increased activation of the right inferior

frontal gyrus, but only in patients with schizophrenia, and

the right posterior orbital gyrus, but only in patients with

bipolar disorder (Mechelli et al. 2008). These results

indicate that genetic variation in NRG1 has a measurable

impact on brain function during cognitive processing and

furthermore provide evidence for a disease-specific pattern

of gene action in different regions of the prefrontal cortex.

Interestingly, NRG1-related differences in brain activation

were not associated with differences in behavioural per-

formance in any of the studies; this is consistent with the

idea that the direct assay of brain physiology provided by

neuroimaging techniques can be more sensitive to the

functional impact of genetic variation than standard

behavioural measures (Hariri and Weinberger 2003).

However, it should be noted that different studies focused

on different single nucleotide polymorphisms; in particular

Hall et al. (2006) examined rs6994992 while Krug et al.

(2008), Kircher et al. (2009) and Mechelli et al. (2008)

examined rs35753505.

It is currently unclear whether NRG1 genotype influ-

ences brain responses in children. This is an important

question since schizophrenia and bipolar disorder are

thought to be neurodevelopmental disorders, and the

associated risk genes are believed to act through disruption

of normal brain development (Weinberger 1987). If gene-

related differences in adult participants reflect alterations

that occurred during childhood and adolescence, then a

better characterization of these alterations in children and

adolescents is critical for understanding how genes affect

brain function to mediate vulnerability to psychopathology

(Viding et al. 2006). A recent investigation on the impact

of NRG1 genotype on brain structure demonstrated that the

effect of this gene on gray matter volume in fronto-tem-

poral regions is already evident during adolescence and

significantly differs between patients with childhood onset

schizophrenia and healthy controls (Addington et al. 2007).

The aim of the present study was to examine the effects of

NRG1 genotype on brain function in children.

We used functional Magnetic Resonance Imaging

(fMRI) to explore the impact of the rs35753505 single

nucleotide polymorphism of the NRG1 genotype in 102

children aged between 10 and 12, using a perceptual

matching paradigm which required participants to match an

image with one of two other images. This simple task could

be easily performed by children in a scanning environment,

and engages perceptual and monitoring processes, which

are known to be adversely affected in patients with psy-

chotic disorders (Butler and Javitt 2005; Krabbendam et al.

2005). Based on the results of previous studies with adult
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participants who did not have schizophrenia diagnosis

(Krug et al. 2008; Mechelli et al. 2008), we hypothesized

that children with the risk variant of the gene would

express greater activation than those without it, indicating

that NRG1 affects cortical function not only in adults, but

also in children. Although we examined the whole brain

and corrected for multiple comparisons accordingly, we

expected NRG1-related differences to be expressed in

regions that are normally crucial for perceptual and mon-

itoring processes, such as the occipital and parietal cortices.

As the data were originally acquired as part of an on-going

twin neuroimaging project which included boys with con-

duct problems as well as typically developing boys, the

emotional content of the stimuli was also manipulated to

include both emotional and neutral images. While we

examined the impact of this manipulation on NRG1-related

differences for completeness, we did not expect this to be

significant, given the lack of evidence for a specific role of

NRG1 in emotional processing. For instance, a recent

investigation reported that ‘knockout’ of the gene in the

adult mice disrupts social dyadic interactions but not

emotional/anxiety-related behaviour (O’Tuathaigh et al.

2008). Finally, we did not expect NRG1-related differences

in brain activation to be associated with differences in

behavioural performance, consistent with the results of

previous investigations with adult participants (Hall et al.

2006; Krug et al. 2008; Kircher et al. 2009; Mechelli et al.

2008).

Methods

Subjects

A total of 102 10–12 years old boys participated in the

present study. All participants were recruited from the

longitudinal Twins Early development Study (TEDS)

database as part of an on-going twin neuroimaging project,

which included typically developing children (n = 69), as

well as children in the top 10% of the UK population for

conduct problems (n = 33). Crucially for the interpretation

of the present data, the mean sample score on conduct

problems or associated hyperactivity was not in the

abnormal range, nor did our sample have abnormal levels

of any other psychopathology as measured by Strengths

and Difficulties Questionnaire (Goodman et al. 2000). This

was the case for both parent and teacher ratings (see

Table 1). None of the children, including those typically

developing as well as those in the top 10% of the UK

population for conduct problems, had an official conduct

disorder diagnosis. Our sample included 18 pairs of

monozygotic twins, 24 pairs of dizygotic twins and 18

singletons; in order to account for the non-independence of

the twin data, statistical inferences in the present investi-

gation were based on estimates of the standard errors

corrected for clustering on family (see below). All partic-

ipants had normal or corrected to normal vision, and none

had a history of diagnosed neurological or neuropsychiatric

Table 1 Participants’

characteristics and task

performance

Data are expressed as mean

values and standard deviation.

p-values refer to a one-way

ANOVA contrasting the

different genotypes

N number of subjects; SDQ
strengths and difficulties

questionnaire; RT reaction times

CC CT TT All subjects p-value

N 43 52 7 102

Age in months 135.7 (7.4) 136.9 (8.5) 130.0 (5.7) 135.8 (8.10) 0.10

Full scale IQ 104.6 (13.7) 102.5 (11.6) 105.4 (7.5) 103.3 (12.2) 0.58

Parent rated SDQ scores

Hyperactivity 3.23 (2.70) 3.96 (2.63) 2.14 (1.95) 3.52 (2.65) 0.47

Conduct problems 1.93 (1.84) 1.46 (1.44) 1.71 (2.56) 1.67 (1.70) 0.62

Emotional problems 1.41 (1.63) 1.57 (1.85) 1.00 (1.29) 1.47 (1.72) 0.96

Prosociality 8.25 (1.67) 8.19 (2.14) 8.85 (1.34) 8.26 (1.90) 0.12

Peer problems 1.09 (1.71) 1.03 (1.70) 2.57 (4.15) 1.16 (1.97) 0.53

Total difficulties 7.67 (5.89) 7.96 (5.50) 7.42 (7.02) 7.80 (5.72) 0.54

Teacher rated SDQ scores

Hyperactivity 3.13 (2.78) 4.69 (3.00) 0.71 (1.11) 3.73 (3.01) \0.0001

Conduct problems 1.28 (2.00) 1.93 (2.49) 0.85 (1.21) 1.58 (2.23) 0.21

Emotional problems 1.25 (1.66) 1.66 (1.98) 1.14 (1.67) 1.45 (1.83) 0.55

Prosociality 6.54 (3.02) 6.38 (2.92) 7.85 (2.73) 6.55 (2.94) 0.42

Peer problems 1.44 (2.39) 1.02 (1.93) 2.14 (3.53) 1.28 (2.26) 0.47

Total difficulties 7.07 (6.33) 9.24 (6.82) 4.85 (7.03) 8.00 (6.70) 0.14

Task performance

Errors (%) 3.91 (5.44) 3.24 (3.12) 2.08 (1.20) 3.44 (4.18) 0.16

RT (ms) 1435 (256) 1377 (245) 1487 (297) 1409 (253) 0.39
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problems. Written consent was obtained from all partici-

pants and their parents in accordance with protocols

approved by Institute of Psychiatry Ethics Committee.

Participants were genotyped for SNP8NRG243177 (see

below), with C and T being the low-risk and high-risk

alleles, respectively. This SNP was chosen because (1) it

showed a significant association in Steffansson’s original

Icelandic study (Stefansson et al. 2002); (2) it was asso-

ciated with changes in mRNA expression in a recent

investigation (Law et al. 2006); (3) it has been shown to

have a significant impact on brain structure and function in

previous neuroimaging studies on adult participants (Hall

et al. 2006; McIntosh et al. 2007). The sample consisted of

43 individuals with the CC variant, 52 individuals with the

CT variant and 7 individuals with the TT variant. The short

version of the Wechsler Abbreviated Scales of Intelligence

(WASI) was used to assess IQ (Wechsler 1999). In addi-

tion, the Strengths and Difficulties Questionnaire (Good-

man et al. 2000) was used to measure conduct problems,

hyperactivity, emotional problems (a screen for depression

and anxiety), peer problems and prosociality in all partic-

ipants. The three genotypic groups were compared using a

regression analysis which accounted for the non-indepen-

dence of twin data, using STATA software (version 10). In

particular we used the clustered robust (also called Huber-

White) standard error method in order to estimate standard

errors which were corrected for clustering on family

(Diggle et al. 2002). Demographic, cognitive and behav-

ioural data are described in the Results section and sum-

marized for each genotype group in Table 1.

Genotyping

Genomic DNA was isolated from buccal swab samples

(Freeman et al. 2003). Genotyping of the single nucleotide

polymorphism SNP8NRG243177 (rs6994992) was per-

formed on the 3130 Genetic Analyzer and using the ABI

PRISM� SNaPshotTM Multiplex Kit (Applied Biosystems,

Foster City, CA, USA). We included a negative control to

check for cross-contamination. The genotyping of a sample

of 121 subjects, which included our 102 participants,

yielded 2 failures which could not be repeated due to limits

of source DNA. Our observed genotypes were found to be

within Hardy–Weinberg equilibrium.

Perceptual matching task

Each stimulus comprised three images, with one presented

at the bottom of the screen and two presented in the top left

and right corners, respectively. Subjects were instructed to

click a left or right button on a key pad, depending on

whether the image at the bottom matched the image pre-

sented in the top left or top right of the screen. The images

within each stimulus were either colour photographs with

high negative emotional content (e.g., spiders, snarling

dogs) taken from the International Affective Picture Sys-

tem (Lang et al. 2005; see ‘‘Appendix’’ for full list), or

geometric shapes including vertical and horizontal ellipses.

A total of 48 stimuli (24 photographs with high emotional

content, 24 geometric shapes) were presented, with each

stimulus remaining on the screen for 3 s and an interval

between stimuli of 2 s, resulting in a stimulus onset asyn-

chrony of 5 s; this constituted the allotted time for the

subject to complete each individual matching trial. Two

blocks of rest, each lasting 34 s, were also included

throughout the experiment; during these blocks of rest

participants were instructed to focus on a fixation cross in

the middle of the screen. Thus, total acquisition time was

308 s.

Image acquisition

Neuroimaging data were acquired using a General Electric

Signa 3.0 Telsa Excite II MRI scanner (Medical systems,

Milwaukee, WI, USA) at the Centre for Neuroimaging

Science, Institute of Psychiatry. In order to exclude the

presence of gross anatomical abnormalities, a structural

brain image was acquired from each subject using an

isotropic resolution 3D inversion recovery prepared

spoiled gradient echo (IR SPGR). Parameters for the

IR-SPGR were TR = 8 ms; TE = 2.9 ms; TI = 450 ms;

excitation FA = 20�. The in-plane matrix size was

256 9 192 over a 280 9 210 mm field of view, recon-

structed to 256 9 256 over 280 9 280 mm. Two hundred

through plane partitions (each 1.1 mm thick) were col-

lected, with two partitions being discarded at each end of

the imaging volume to minimize wrap-round artefacts,

resulting in a scanning time of 6 min. In addition, a total

of 160 functional images, each comprising 28 slices, were

acquired in a single run with a T2*-weighted gradient

echo-planar imaging sequence (EPI) and a repetition time

(RT) of 2 s (slice thickness 3.5 mm, gap = 0.3 mm;

TE = 25 ms, field of view = 220 9 220, matrix size

64 9 64). The orientation of the axial slices was parallel

to the ACPC line. Stimuli were projected onto a high-

resolution screen located in front of the participant’s head,

and were viewed via mirror attached to the head coil.

They were presented using Visual Basic software and

synchronized with pulses generated by the scanner at the

beginning of each scan sequence.

Image analysis

The analysis of the fMRI data was performed using SPM5

software (Friston 2003), running under Matlab 6.5. In
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brief, all volumes from each subject were realigned, nor-

malized to a template and spatially smoothed with a 6 mm

full width at half maximum isotropic Gaussian kernel.

There are a number of studies providing evidence that

atlas-transformed brain morphology is relatively consis-

tent between 7 and 8 year old children and adults at a

resolution appropriate to functional magnetic resonance

imaging (Burgund et al. 2002; Kang et al. 2003); thus, the

standard MNI-305 template was used for spatial normal-

ization, consistent with several previous functional neu-

roimaging investigations of children (e.g., Marsh et al.

2008; Bitan et al. 2009; Jones et al. 2009). First, the

statistical analysis of regional responses was performed in

a subject-specific fashion, by convolving each onset time

with a synthetic haemodynamic response function (HRF).

In order to minimize performance confounds, incorrect

trials in which the subject did not respond correctly were

discarded using an event-related model (Mechelli et al.

2003). In order to remove low-frequency drifts, the data

were high-pass filtered using a set of discrete cosine basis

functions with a cutoff period of 128 s. After calculating

the parameter estimates for all voxels using the general

linear model, a contrast image was computed for the

comparison between visual stimuli and fixation in each

subject independently. Second, the subject-specific con-

trast images were entered into an ANOVA to identify

effects of genotype expressed consistently across subjects

(Penny and Holmes 2003). Statistical inferences were

made using a statistical threshold of p \ 0.05 with family-

wise error (FWE) correction for multiple comparisons

across the whole brain and an extent threshold of 10

voxels.

Correction for non-independence of twin data

Because SPM software does not allow correction for the

non-independence of twin data, we extracted the indi-

vidual parameter estimates from the peak voxel of

regions expressing significant effects of NRG1 genotype

in the SPM analysis, and then used STATA software

(version 10) to compare the different genotypic groups

using the clustered robust (also called Huber-White)

standard error method (Diggle et al. 2002). This proce-

dure allowed us to examine whether the effects of NRG1

genotype identified with SPM were still significant after

correction for the non-independence of twin data based

on estimates of the standard errors corrected for clusterig

on family. In regions where there was a significant effect

of genotype on brain function, we used the R2 measure

of effect size to assess how much of the inter-individual

variance in BOLD activation was explained by the

genetic variation.

Results

Demographics

Table 1 reports demographic data for each genotypic group

independently as well as for all subjects combined. In brief,

the age and IQ of participants did not differ as a function of

NRG1 genotype; furthermore, NRG1 genotype was not

associated with parent or teacher ratings of conduct prob-

lems, emotional problems, prosociality, peer problems or

total difficulties. However, teacher rated hyperactivity

differed as a function of NRG1 genotype (F = 21.30;

df = (2,56); p \ 0.0001); post hoc t tests indicated lower

scores in TT homozygotes compared to CC homozygotes

(p \ 0.05) as well as CT heterozygotes (p \ 0.05).

Behavioural performance

Analysis of response accuracy and reaction times was

performed using STATA software. The three genotypic

groups were compared using a regression analysis which

accounted for the non-independence of twin data. NRG1

genotype was not associated with response accuracy (F =

1.88; df = 2,58; p = 0.16) or reaction times (F = 0.94;

df = 2,58; p = 0.39). Table 1 reports the number of errors

and the reaction times for each genotypic group and for all

subjects combined.

Effect of perceptual matching versus fixation

A widely distributed bilateral network comprising frontal,

temporal, occipital, parietal and subcortical areas expressed

increased activation during perceptual matching relative to

fixation (Fig. 1).

Effect of NRG1 genotype

The effect of NRG1 genotype was examined by comparing

brain activation during perceptual matching relative to

Fig. 1 Brain regions showing greater activation during the perceptual

matching task relative to fixation (p \ 0.05 after FWE correction

across the whole brain)
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fixation between different genotype groups. We report the

results for emotional and neutral images combined since, in

line with our prediction, an initial statistical analysis did

not reveal an interaction between NRG1 genotype and the

emotional content of the images (even with a statistical

threshold as relaxed as p \ 0.05 uncorrected). There were

no regions showing reduced activation in TT homozygotes

relative to either CC homozygotes and CT heterozygotes.

However, TT homozygotes expressed greater activation

relative to both CC homozygotes and CT heterozygotes in

a predominantly left-sided distributed network comprising

the left caudate nucleus, precuneus, cuneus, middle

occipital gyrus and angular gyrus, plus the right precuneus

(see Table 2; Fig. 2). In all these regions, individuals with

the TT genotype showed strong activation during percep-

tual matching relative to fixation (p \ 0.05 after FWE

correction), whereas individuals with the CC or the CT

genotype showed minimal or no activation.

We considered the possibility that the impact of NRG1

genotype on brain function might be explained by inter-

subject differences in teacher rated hyperactivity, since this

SDQ indicator was also associated with NRG1 genotype

(Table 1). We therefore repeated the statistical analysis

including teacher rated hyperactivity as a covariate of no

interest. All the significant effects identified above were

replicated (at p \ 0.05 after FWE correction), suggesting

that the impact of NRG1 genotype on brain activation was

not attributable to associated differences in ratings of

hyperactivity.

Table 2 Effects of NRG1 genotype on brain function

Region Coordinates (x y z) SPM STATA

TT [ CC TT [ CT TT [ CC TT [ CT R2

Left caudate nucleus -6 22 2 5.6 5.6 t = 2.04 (t = 4.02)

p = 0.046 (p \ 0.001)

t = 1.80 (t = 3.46)

p = 0.077 (p = 0.001)

17% (14%)

Left precuneus -4 -82 24 5.4 5.5 t = 5.20 (t = 3.85)

p \ 0.001 (p \ 0.001)

t = 4.16 (t = 3.43)

p \ 0.001 (p = 0.001)

14% (13%)

Right precuneus 16 -82 16 5.4 5.4 t = 4.83 (t = 3.72)

p \ 0.001 (p \ 0.001)

t = 3.90 (t = 3.39)

p \ 0.001 (p = 0.001)

14% (12%)

Left cuneus -2 -90 14 4.9 5.6 t = 2.13 (t = 3.23)

p \ 0.038 (p = 0.002)

t = 2.27 (t = 3.35)

p \ 0.027 (p = 0.001)

12% (10%)

Left middle occipital -26 -88 2 4.8 4.6 t = 2.43 (t = 3.57)

p \ 0.018 (p = 0.001)

t = 1.93 (t = 2.87)

p = 0.054 (p = 0.005)

13% (11%)

Left angular gyrus -38 -58 38 4.5 4.7 t = 3.53 (t = 3.26)

p = 0.001 (p = 0.002)

t = 2.83 (t = 2.61)

p = 0.006 (p = 0.011)

11% (9%)

In the SPM columns, z-scores are reported for the comparisons TT [ CC (i.e., TT homozygotes [ CC homozygotes) and TT [ CT (i.e., TT

homozygotes [ CT heterozygotes); all effects were significant at p \ 0.05 after correction for multiple comparisons across the whole brain. In

the STATA columns, t scores and p-values are reported with correction for non-independence of twin data as well as without such correction (in

brackets). R2 provides an estimate of how much of the inter-individual variance in BOLD activation is explained by the genetic variation and is

reported with correction for non-independence of twin data as well as without such correction (in brackets)

Fig. 2 Effects of NRG1 genotype on brain function (p \ 0.05 after

FWE correction across the whole brain) in the left caudate nucleus

(top), left precuneus (middle) and left angular gyrus (bottom).

Parameter estimates are shown for each genotypic group where T

and C are the high-risk and low-risk alleles, respectively
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In order to examine the impact of NRG1 genotype on

brain function after correction for the non-independence of

twin data, we extracted the individual parameter estimates

from regions showing a significant effect, then performed a

series of regression analyses based on estimates of the

standard errors with and without correction for clustering

on family, using STATA software. Correction for the non-

independence of twin data resulted in increased statistical

significance (i.e., increased t scores and decreased p values)

in the left and right precuneus and the left angular gyrus,

and decreased statistical significance (i.e., decreased t

scores and increased p values) in the left caudate, cuneus

and middle occipital gyrus (Table 2). This indicated that

despite slight changes in the degree of significance, the

effects of NRG1 on regional brain activation were repli-

cated (at p \ 0.05) after correction for the non-indepen-

dence of twin data. The only exception was in the left

caudate nucleus, where the effect on activation was no

longer significant for the comparison TT homozy-

gotes [ CT heterozygotes following correction (Table 2).

Estimate of the R2 measure in STATA revealed that NRG1

genotype accounted for 11–17 and 9–14% of the inter-

individual variance with and without correction for the

non-independence of twin data, respectively (see Table 2).

Discussion

The aim of the present study was to investigate the impact

of NRG1, a candidate gene for schizophrenia and bipolar

disorder, on brain function during a perceptual matching

task in healthy children. We tested the hypothesis that

NRG1 would have a measurable impact on regional acti-

vation in children, consistent with evidence that psycho-

pathology in adults is often predated by signs of altered

function or behaviour in childhood or adolescence (Kim-

Cohen et al. 2003). More specifically, we predicted that

individuals with the high-risk variant of the gene would

express greater activation in regions crucial for perceptual

and monitoring processes, particularly the occipital and

parietal cortices, based on previous studies with healthy

adult participants (Krug et al. 2008; Mechelli et al. 2008).

While we did not expect the impact of the NRG1 gene to

differ between emotional and neutral stimuli, we also tes-

ted for an interaction between this gene and the emotional

content of the images for completeness.

Consistent with our main prediction, we found that

children with two high-risk alleles expressed increased

activation during perceptual matching relative to fixation in

a distributed network involved in perceptual and monitor-

ing processes, comprising the precuneus bilaterally and the

left caudate nucleus, cuneus, middle occipital and angular

gyrus. In these regions, NRG1 genotype accounted for

between 11 and 17% of the inter-individual variance in

brain activation (Table 2). However, NRG1 genotype had

no impact on activation during the processing of emotional

as opposed to neutral stimuli, even when lowering the

statistical threshold to p \ 0.05 (uncorrected), consistent

with the notion that this gene does not play specific role in

emotional processing.

The effects of genotype we observed are unlikely to be

driven by differences in performance, since the three

genotypic groups did not differ in terms of response

accuracy or reaction times and, furthermore, incorrect

responses were discarded from the statistical analysis by

employing an event-related model. The observation of

NRG1-related differences in brain function in the absence

of differences is consistent with the results of previous

studies with adult participants (Hall et al. 2006; Krug et al.

2008; Mechelli et al. 2008; Kircher et al. 2009). In addi-

tion, the findings are unlikely to be explained by NRG1-

related differences in teacher rated hyperactivity, as

inclusion of this variable as a covariate of no interest did

not change the results. The most likely explanation for

these effects is therefore that genetic variability in NRG1

moderates cortical function in healthy children as young as

10–12 years of age. We note that those regions which were

significantly modulated by NRG1 activated in individuals

with two high risk alleles but not in those without the risk

allele (Fig. 2); this pattern of responses suggests that suc-

cessful task performance was associated with the recruit-

ment of additional regions in individuals at higher risk

relative to those at lower risk. This is an important obser-

vation, since hitherto, reports of an association between the

NRG1 genotype and psychotic illness have been based on

data from adult participants. However, schizophrenia is a

neurodevelopmental disorder and risk genes are thought to

act through a disruption of normal brain development

(Weinberger 1987). Our findings are consistent with the

notion that genetic factors affect brain function to moderate

vulnerability to psychopathology from early age, long

before the expression of clinical symptoms in late adoles-

cence and adulthood.

Interestingly, we found that the effects of NRG1 on cor-

tical function were driven by strong activation in individuals

with two high-risk alleles, while individuals with one or no

high-risk allele expressed minimal or no activation; this

pattern of response parallels the results of previous neuro-

imaging studies in healthy adults (Hall et al. 2006; Krug

et al. 2008). We speculate that increased activation in indi-

viduals with two high-risk alleles might reflect more

effortful processing during task performance, although this

raises the question of why the opposite pattern (i.e.,

decreased activation in individuals with the high-risk alleles)

has been found in previous studies of participants with

schizophrenia (Kircher et al. 2009; Mechelli et al. 2008).
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Neuregulin1 affected brain responses during perceptual

matching relative to fixation in regions of the visual cortex,

including the left cuneus and the left middle occipital

gyrus. Alterations in visual processing have been consis-

tently demonstrated in patients with schizophrenia using

behavioural tests (e.g., Schechter et al. 2003), as well as a

range of neuroimaging techniques (Butler et al. 2005;

Martı́nez et al. 2008), These alterations are particularly

evident in the magnocellular system, which is glutamate/

NMDA-dependent, but can also be observed in the par-

vocellular system (Butler and Javitt 2005). Based on the

implication of NRG1 in glutamate/NMDA neurotransmis-

sion, we speculate that the effects which we observed in the

occipital cortex might contribute to some of the alterations

in the magnocellular system of patients with schizophrenia.

Neuregulin1 also influenced cortical function in two

parietal regions which have strong anatomical connections,

namely the angular gyrus and the precuneus (Cavanna and

Trimble 2006). The angular gyrus is structurally (Nieren-

berg et al. 2005) and functionally (Pauly et al. 2008) altered

in schizophrenia, and is most likely to mediate cognitive

aspects of our perceptual matching task, such as monitoring

processes. Similarly, the precuneus is implicated in a wide

spectrum of highly integrated tasks, including visuo-spatial

imagery, episodic memory retrieval and self-processing

operations (see Cavanna and Trimble for review), and has

been reported to be over-active in patients with schizo-

phrenia during decision making (Paulus et al. 2002).

Finally, an effect of NRG1 was detected in the head of

the caudate nucleus, which plays a major part in high

cognitive function and movement control (Middleton and

Strick 1994) and is structurally and functionally altered in

individuals with schizophrenia as well as their unaffected

relatives (Rajarethinam et al. 2007; Raemaekers et al.

2006; Keshavan et al. 2005). The observation of increased

brain activation of this region in individuals with two high-

risk alleles provides support to the notion that an alteration

of the structural and functional integrity of the basal gan-

glia nuclei may represent familial or premorbid risk of

schizophrenia (Keshavan et al. 2005). Nevertheless this

finding should be interpreted with caution and required

replication in a non-twin sample, as it was no longer sig-

nificant following correction for the non-independence of

the data (Table 2).

The present investigation has a number of potential

limitations. First, we genotyped our subjects for SNP8-

NRG243177 (rs6994992); this SNP was chosen because (1)

it showed a significant association in Steffansson’s original

Icelandic study (Stefansson et al. 2002); (2) it was asso-

ciated with changes in mRNA expression in a recent

investigation (Law et al. 2006); (3) it has been shown to

have a significant impact on brain structure and function in

previous neuroimaging studies on adult participants (Hall

et al. 2006; McIntosh et al. 2007). However, within the

NRG1 gene, several other SNPs have been identified by

genetic studies and there is no agreement as to which is the

most significant marker. An alternative approach might be

to use the risk haplotype rather than SNPs in order to

characterize the effect of NRG1 on brain function. How-

ever, there are methodological problems with this strategy,

since haplotypes are not absolute measures in phase-

unknown populations, but are assigned by probability using

a complex likelihood calculation (Curtis and Xu 2007;

Moskvina and Schmidt 2006). A second limitation is that

our sample only included males and it is therefore unclear

whether the results can be generalized to the female pop-

ulation. Given that psychotic disorders show gender dif-

ferences in their incidence, age of onset and course, it is

important that future studies should examine the extent to

which the impact of candidate genes on brain physiology is

modulated by gender. On the other hand, restricting the

sample to males is likely to have resulted in increased

statistical power by reducing any gender related heteroge-

neity. A third limitation is that our sample included typi-

cally developing children as well as a small fraction of

children in the top 10% of the UK population for conduct

problems (see ‘‘Methods’’). However, none of the children

had an official conduct disorder diagnosis and the mean

score on conduct problems for our sample was not in the

abnormal range. More critically, the genotype groups did

not differ in their levels of conduct problems. A fourth

limitation is that our sample included several pairs of twins

which may result in biased estimate of standard errors.

STATA package allows correction for non-independence

of twin data but is not specifically designed for neuroim-

aging data and therefore cannot be used to analyze thou-

sands of voxels at once and take spatial dependency into

account; conversely SPM software allows all voxels to be

considered but cannot be used to correct for non-indepen-

dence of twin data. We therefore (1) performed the analysis

in SPM, (2) extracted the signal from all significant regions

and (3) ran them through the STATA package. Despite

slight changes in the degree of significance, our findings

were replicated, and some effects became even more sig-

nificant, when statistical inferences were made after cor-

rection for non-independence of twin data. A final

limitation is that a more comprehensive understanding of

how variation in NRG1 genotype affects brain function to

increase susceptibility to mental illness will require

investigation of interactions with other candidate genes and

with environmental risk factors (Caspi and Moffitt 2006).

Future studies should also examine the relationship

between NRG1 genotype and teacher rated hyperactivity to

assess whether this is a true finding or a spurious associa-

tion; such association was not predicted on the basis of

previous studies and as such should requires replication.
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In conclusion, this is the first investigation to examine

the effects of genetic variation in NRG1 on brain responses

during perceptual matching in children. We report that the

high-risk variant is associated with increased brain acti-

vation during a task engaging perceptual and monitoring

processes in children as young as 10–12 years of age,

consistent with previous findings with healthy adult par-

ticipants. Our results are consistent with the idea that

genetic variation in NRG1 affects cortical function to

moderate vulnerability to psychopathology from child-

hood, before the possible manifestation of any symptoms in

late adolescence and adulthood. In order to establish

whether the genotypic effects reported in the present

investigation are related to clinical symptomatology later in

life, a longitudinal approach will be required.
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McKirdy J et al (2007) The effects of a neuregulin 1 variant on white

matter density and integrity. Mol Psychiatry 13(11):1054–1059

Mechelli A, Henson RN, Price CJ, Friston KJ (2003) Comparing

event-related and epoch analysis in blocked design fMRI.

Neuroimage 18(3):806–810

Mechelli A, Prata DP, Fu CH, Picchioni M, Kane F, Kalidindi S et al

(2008) The effects of neuregulin1 on brain function in controls

and patients with schizophrenia and bipolar disorder. Neuroim-

age 42(2):817–826

Middleton FA, Strick PL (1994) Anatomical evidence for cerebellar

and basal ganglia involvement in higher cognitive function.

Science 266:458–461

Moskvina V, Schmidt KM (2006) Susceptibility of biallelic haplotype

and genotype frequencies to genotyping error. Biometrics

62(4):1116–1123

Nierenberg J, Salisbury DF, Levitt JJ, David EA, McCarley RW,

Shenton ME (2005) Reduced left angular gyrus volume in first-

episode schizophrenia. Am J Psychiatry 162(8):1539–1541

O’Tuathaigh CM, O’Connor AM, O’Sullivan GJ, Lai D, Harvey R,

Croke DT, Waddington JL (2008) Disruption to social dyadic

interactions but not emotional/anxiety-related behaviour in mice

with heterozygous ‘knockout’ of the schizophrenia risk gene

neuregulin-1. Prog Neuropsychopharmacol Biol Psychiatry

32(2):462–466

Paulus MP, Hozack NE, Zauscher BE, Frank L, Brown GG,

McDowell J, Braff DL (2002) Parietal dysfunction is associated

with increased outcome-related decision-making in schizophre-

nia patients. Biol Psychiatry 51(12):995–1004

Pauly K, Seiferth NY, Kellermann T, Backes V, Vloet TD, Shah NJ

et al (2008) Cerebral dysfunctions of emotion-cognition inter-

actions in adolescent-onset schizophrenia. J Am Acad Child

Adolesc Psychiatry 47(11):1299–1310

Penny WD, Holmes A (2003) Random effects analysis. In: Frac-

kowiak RSJ, Friston KJ, Frith C, Dolan R, Friston KJ, Price CJ,

Zeki S, Ashburner J, Penny WD (eds) Human brain function.

Academic Press, London, pp 843–850

Raemaekers M, Ramsey NF, Vink M, van den Heuvel MP, Kahn RS

(2006) Brain activation during antisaccades in unaffected

relatives of schizophrenic patients. Biol Psychiatry 59(6):530–

535

Rajarethinam R, Upadhyaya A, Tsou P, Upadhyaya M, Keshavan MS

(2007) Caudate volume in offspring of patients with schizophre-

nia. Br J Psychiatry 191:258–259

Schechter I, Butler PD, Silipo G, Zemon V, Javitt DC (2003)

Magnocellular and parvocellular contributions to backward

masking dysfunction in schizophrenia. Schizopr Res 64(2–

3):91–101

Stefansson H, Sigurdsson E, Steinthorsdottir V, Bjornsdottir S,

Sigmundsson T, Ghosh S et al (2002) Neuregulin 1 and

susceptibility to schizophrenia. Am J Hum Genet 71:877–892

Stefansson H, Sarginson J, Kong A, Yates P, Steinthorsdottir V,

Gudfinnsson E et al (2003) Association of neuregulin 1 with

schizophrenia confirmed in a Scottish population. Am J Hum

Genet 72(1):83–87

Steinthorsdottir V, Stefansson H, Ghosh S, Birgisdottir B, Bjorns-

dottir S, Fasquel AC et al (2004) Multiple novel transcription

initiation sites for NRG1. Gene 342(1):97–105

Thomson PA, Christoforou A, Morris SW, Adie E, Pickard BS,

Porteous DJ et al (2007) Association of Neuregulin 1 with

schizophrenia and bipolar disorder in a second cohort from the

Scottish population. Mol Psychiatry 12(1):94–104

Tosato S, Dazzan P, Collier D (2005) Association between the

neuregulin 1 gene and schizophrenia: a systematic review.

Schizophr Bull 31:613–617

Viding E, Williamson DE, Hariri AR (2006) Developmental imaging

genetics: challenges and promises for translational research. Dev

Psychopathol 18(3):877–892 Review

Wechsler D (1999) Wechsler abbreviated scale of intelligence.

Psychological Corporation, San Antonio, TX

Weinberger DR (1987) Implications of normal brain development for

the pathogenesis of schizophrenia. Arch Gen Psychiatry

44(7):660–669

Woo RS, Li XM, Tao Y, Carpenter-Hyland E, Huang YZ, Weber J

et al (2007) Neuregulin-1 enhances depolarization-induced

GABA release. Neuron 54(4):599–610

166 Behav Genet (2010) 40:157–166

123


	Influence of Neuregulin1 Genotype on Neural Substrate of Perceptual Matching in Children
	Abstract
	Introduction
	Methods
	Subjects
	Genotyping
	Perceptual matching task
	Image acquisition
	Image analysis
	Correction for non-independence of twin data

	Results
	Demographics
	Behavioural performance
	Effect of perceptual matching versus fixation
	Effect of NRG1 genotype

	Discussion
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


