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Abstract

Variations in the signalling NRG1-ErbB4 pathway have been associated with genetic susceptibility 

for both bipolar disorder and schizophrenia, although the underlying neural mechanisms are still 

uncertain. Reduced integrity of the anterior limb of the internal capsule (ALIC) has been found in 

association with risk-associated genetic variation in the 5′ region of the NRG1 gene. We 

hypothesised that variation in the gene encoding the NRG1 receptor, ErbB4, would also be 

associated with reduced ALIC integrity and with cognitive impairments characteristic of 

individuals with bipolar disorder and schizophrenia. Using diffusion tensor imaging (DTI), we 

examined the white matter integrity associations of the ErbB4 polymorphism rs4673628, which 

resides within intron 12 of the gene encoding ErbB4, in 36 healthy individuals. We also sought to 

clarify the cognitive effects of any findings. We found that genetic variation at the rs4673628 locus 

in the ErbB4 gene was significantly associated with ALIC white matter integrity which was also 

significantly and positively associated with mnemonic function. These findings provide further 

evidence to support a key role of NRG1-ErbB4 signalling in the pathophysiology of major mental 

disorders.
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1. Introduction

Bipolar disorder and schizophrenia are highly familial, severe psychiatric disorders with a 

combined lifetime risk of greater than 2%. Although some ameliorative treatments are 

available, the disorders show a tendency to become recurrent or persistent and our limited 

mechanistic understanding of these disorders currently restricts opportunities for early 

detection and more effective treatment. Bipolar disorder and schizophrenia have been 

traditionally considered separate entities but evidence from family, twin and adoption studies 

together with the lack of symptoms, treatment or outcome specific to either disorder, support 

the hypothesis of a genetic overlap in the pathophysiology of these disorders (Crow, 1990; 

Maier et al., 2006; Purcell et al., 2009). Currently one of the strongest candidate genes is 

NRG1 (Stefansson et al., 2002; Green et al., 2005; Thomson et al., 2007), whose 

involvement has been supported by numerous genetic association studies, and also by 

structural and functional imaging studies (Hall et al., 2006; Winterer et al., 2008; Mechelli et 

al., 2008). A receptor for NRG1, the ErbB4 receptor, has also been implicated in the 

pathogenesis of schizophrenia (Norton et al., 2006; Silberberg et al., 2006; Nicodemus et al., 

2006; Hahn et al., 2006; Law et al., 2007) and there is evidence of an interaction between a 

specific variant in this gene, rs4673628, and the NRG1 Icelandic haplotype (Norton et al., 

2006). The same variant within ErbB4 has also been shown to influence splice-variant 

expression, being associated with an abundance of JM-a variant isoforms in subjects affected 

by schizophrenia. These variant isoforms contain a metalloprotease cleavable extracellular 

domain rendering them susceptible to processing by the metalloprotease/presenilin-

dependent γ-secretase proteolytic pathway further suggesting that this polymorphism may 

have important functional consequences (Silberberg et al., 2006; Law et al., 2007). The 

NRG1-ErbB4 pathway is involved in synaptic plasticity (Mei and Xiong, 2008), and in the 

development of thalamo-cortical axon finding (Lopez-Bendito et al., 2006). Reduced NRG1-

ErbB4 signalling may lead to deficits in pyramidal and GABAergic neuronal migration, 

neurite outgrowth, axon projection and myelination, processes of likely relevance to both 

schizophrenia and bipolar disorder (Maier et al., 2006; Mei and Xiong, 2008). Although, to 

our knowledge, no studies have investigated the genetic involvement of ErbB4 in the 

pathogenesis of bipolar disorder, disrupted NRG1-ErbB4 signalling may be a mechanism 

shared by both disorders with common effects on brain structure. The heritability of brain 

structure along with replicated imaging abnormalities in both affected patients and their 

unaffected relatives also suggest that the brain structure may be sensitive to these genetic 

effects and have utility as a disease endophenotype.

In a previous study in healthy subjects, we found that a risk-associated variation in NRG1 

affects the integrity of the anterior limb of the internal capsule (ALIC; McIntosh et al., 

2008), an area reported to be involved in the pathogenesis of schizophrenia and bipolar 

disorder (Zhou et al., 2003; McIntosh et al., 2005b; Sussmann et al., 2009). Attention, 
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motivation, and memory are amongst the many cognitive processes understood to involve 

the ALIC. Memory together with working memory has also been proposed as an 

endophenotypic marker for the functional psychoses (Savitz et al., 2005; Glahn et al., 2006a; 

Glahn et al., 2006b; Glahn et al., 2007), with evidence that abnormalities of memory appear 

to be related to an increased liability to both bipolar disorder and schizophrenia (Glahn et al., 

2004; McIntosh et al., 2005a; Balanza-Martinez et al., 2008). Moreover, Nicodemus et al.

(2006) found that the rs4673628 T(A) allele (within a haplotype) was negatively associated 

with both verbal memory factor score and digit span factor scores in healthy controls. 

Disconnectivity in the internal capsule may therefore affect specific cognitive processes and 

contribute to genetic vulnerability to schizophrenia and bipolar disorder (Wobrock et al., 

2008).

In the current study we sought to determine whether the rs4673628 SNP at ErbB4, 

previously associated with schizophrenia development by interaction with the NRG1 

Icelandic risk haplotype (Norton et al., 2006), affects brain white matter integrity. We 

specifically considered the ALIC, a region in which we have previously shown NRG1 

associated reductions in integrity. We also tested for associations between ErbB4 variants 

and memory, whose dysfunction has been proposed as an endophenotypic marker for 

schizophrenia and bipolar disorder, and for associations between white matter structure and 

memory function.

2. Methods

2.1. Participants

Thirty-six people with no known personal or close family history of either schizophrenia or 

bipolar disorder were recruited from previous studies (McIntosh et al., 2008; Sussmann et 

al., 2009). Controls were identified from the personal contacts and non-genetic relatives of 

the patients involved in previous studies, some of whom were recruited from the local 

community, and from the social networks of control subjects who had already participated.

The diagnostic status of subjects was confirmed using data obtained at face-to-face 

interview. Subjects were screened using the SCID or the Present State Examination, and an 

extensive enquiry was made about the lifetime presence of psychiatric symptoms. 

Individuals with a current or past history of previous treatment with antidepressants or 

antipsychotics were also excluded. All clinical assessments were conducted by a trained 

psychiatrist.

Exclusion criteria included a history of head injury, neurological disorder, illicit drug 

dependence, learning disability, pregnancy or other standard MRI exclusions. Additional 

demographic and historical information was collected at the interview on all subjects with a 

semi-structured questionnaire. All eligible subjects were interviewed with the Positive and 

Negative Syndrome Scale (Kay et al., 1987), Hamilton Depression Rating Scale (Hamilton, 

1960), and the Young Mania Rating Scale (Young et al., 1978).

All participants provided signed informed consent for their participation. The study methods 

followed local and national guidelines on the ethical conduct of research, and the study 
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protocol and consent procedures were approved by the Lothian Regional Ethics Committee 

and by the Royal Edinburgh Hospital Management Board.

2.2. Genotype analysis

Genomic DNA was extracted from venous blood samples using standard protocols. Single 

nucleotide polymorphisms were genotyped by the Wellcome Trust Clinical Research 

Facility, Edinburgh, with TaqMan assay-by-design assays. Genotyping was performed for 

SNP rs4673628 from the ErbB4 gene complex. This particular variant was chosen because 

of its previous statistical association with schizophrenia and its interaction with the 5′ 
NRG1 haplotype (Norton et al., 2006; Nicodemus et al., 2006; Law et al., 2007). However, 

the variant is also understood to affect splice-variant expression providing supportive 

biological evidence that the rs4673628 variant is associated with altered gene function (Law 

et al., 2007).

2.3. Diffusion tensor imaging (DTI) acquisition and analysis

All participants were scanned on a 1.5 T GE MRI scanner (GE Medical Systems, 

Milwaukee, Wisconsin) equipped with a self-shielding gradient set (22 mT/m maximum 

gradient strength) and manufacturer-supplied ‘birdcage’ quadrature head coil. The DTI 

examination employed single-shot pulsed gradient spin-echo echo planar imaging (EPI) and 

consisted of 3 T2-weighted (b = 0s/mm2) and sets of diffusion-weighted (b = 1000 s/mm2) 

EPI volumes acquired with diffusion gradients applied sequentially along 51 non-collinear 

directions arranged uniformly in space. Forty-eight contiguous axial slice locations were 

imaged with the following acquisition parameters: FOV = 220 × 220 mm, imaging matrix = 

96 × 96 (zero filled to 128 × 128), slice thickness = 2.8 mm, TR = 17 s and TE = 93.4 ms.

All DICOM format magnitude images were transferred to a Sun Blade 2000 workstation 

(Sun Microsystems, Mountain View, CA, USA) and converted into ANALYZE 3D (Mayo 

Foundation, Rochester, MN, USA) file format for further processing. Using the FLIRT 

toolbox (www.fmrib.ox.ac.uk/fsl), a three dimensional computational image alignment 

program (Jenkinson and Smith, 2001), bulk patient motion and eddy current induced 

distortions were removed from the DTI data by registering the diffusion-weighted to the first 

T2-weighted EPI volume. The apparent diffusion tensor of water (D) was calculated in each 

voxel from the signal intensities in the component EP images (Basser et al., 1994). Maps of 

fractional anisotropy (FA) for every subject were generated on a voxel-by-voxel basis from 

the sorted eigenvalues of D and converted into Analyze format, resulting in a series of skull-

stripped FA and T2-weighted volumes.

2.4. Processing of FA data

A study-specific template was constructed to minimise the amount of warping required in 

bringing the volumes into a common analysis space. This was achieved by co-registering 

each subject's T2-weighted volume with the Montreal Neurological Institute (MNI) skull-

stripped T2-weighted template using only linear transformations to account for large 

differences in brain size and position, i.e. 9-point affine (3 translations, 3 rotations and 3 

shears). All volumes were then normalised to this target using a reduced number of 

nonlinear warps, described by a set of 4 × 5 × 4 basis functions, to avoid distortion. These 
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were then averaged andthe study-specific template was formed by smoothing the mean T2-

weighted volume at 8 mm full-width at half maximum (FWHM). The T2-weighted volume 

from each subject were then normalised to the study-specific template using the standard 

SPM default parameters, including 7 × 9 × 7 basis functions to describe the non-linear 

components. Normalisation of the FA volumes was achieved by applying the same 

transformation parameters (Jones et al., 2005). Both normalised T2-weighted and FA 

volumes were smoothed at 12 mm FWHM to make statistical tests more sensitive to 

structures of approximately the same extent, to ensure normality of the data and to 

compensate for any inaccuracy in the spatial normalisation (Ashburner and Friston, 2000). 

Model residuals were subsequently checked to ensure that they approximated to a normal 

distribution.

2.5. VBM analyses of FA data

Statistical analyses were conducted on all subjects. Smoothed FA volumes were compared 

between genotype groups at rs4673628 using T-contrasts. In each analysis, the uncorrected 

threshold was set at T = 3.00 and results were considered significant when the corrected 

voxel-wise p-value was less than 0.05, corrected for the family-wise error rate (PFWE).

Small volume corrections (SVC), manually drawn on the template on the basis of previously 

defined boundaries (Wobrock et al., 2008), were applied bilaterally to the ALIC. FA values 

were then extracted at each reported voxel of maximum difference and imported into SPSS 

(SPSS Inc, Chicago, Ill, USA).

2.6. Memory assessment and analyses

Declarative memory was assessed with the Extended Rivermead Behavioural Memory Test 

(de Wallet al., 1994), an ecologically based test that includes tasks of relevance to everyday 

function. The Rivermead Profile score was the dependent measure used in the subsequent 

analyses. Verbal working memory was assessed with the Digit Span Subset of the Wechsler 

Adult Intelligence Scale III (WAIS 3) (The Psychological Corporation, Lutz, FL, USA; 

1997), with the forward condition measuring the total number of digits recalled from digit 

strings of increasing length, and the backward condition requiring subjects to reorder digits 

held in memory.

Neuropsychological data were analyzed using analysis of variance, comparing each measure 

between the genotype groups. When the ANOVA showed an overall difference, further post 

hoc pair-wise comparisons were then computed. Since no significant differences were found 

in age, sex, or premorbid IQ (NART), no covariates were used in the analysis. Finally a 

linear regression analysis was used to examine the functional consequences of reduced FA, 

using each cognitive measure as the dependent variable and FA as the independent variable. 

All analyses considered the effect of genotype on FA or cognitive measures using the 

general linear model. We compared people homozygous for the A allele with those carrying 

the G allele.
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3. Results

Genetic and MRI data were available for all 36 healthy subjects. The average age and IQ of 

the sample were 37.7 (12.1) years and 113.4 (6.8) respectively, and 52.8% of the subjects 

were male. The three genotype groups at SNP rs4673628 did not differ in age, premorbid IQ 

(NART) or gender (Table 1), and the frequencies did not differ from those expected under 

the Hardy-Weinberg equilibrium (p = 0.2816).

3.1. Effects of rs4673628 on white matter integrity

Genetic variation at rs4673628 was significantly associated with FA within the ALIC. 

Significant differences were found in both the right (voxel level: T = 3.48, PFWE = 0.047, 

peak MNI coordinates = [16, 6, 8]; cluster level: kE =7, pCOR = 0.041) and left ALIC (voxel 

level: T = 3.98, PFWE = 0.016, peak MNI coordinates = [−20, 4, 10]; cluster level: kE = 61, 

pCOR = 0.011). In each case subjects bearing the G allele at rs4673628 showed lower FA 

relative to subjects who were AA homozygous (Fig. 1).

3.2. Effects of rs4673628 and white matter integrity on mnemonic function

No significant differences in mnemonic function were found between groups defined on the 

basis of their ErbB4 genotype. However, FA within the voxel of peak difference in the ALIC 

was significantly and positively associated with both forward (left: r = 0.45, p = 0.01; right: r 
= 0.52, p = 0.003) and backward (left: r = 0.35, p = 0.051; right: r = 0.40, p = 0.028) digit 

span and with Rivermead Behavioural Memory Test scores (left: r = 0.36, p = 0.039; right: r 
= 0.37, p = 0.034) bilaterally (Supplementary Fig. 1).

4. Discussion

In the current study we show that genetic variation at rs4673628 in the ErbB4 gene is related 

to white matter integrity reductions in both the left and right ALIC, with subjects bearing the 

G allele showing reduced FA values relative to subjects homozygous for the A allele. These 

integrity reductions were associated with mnemonic impairments suggesting that this 

variation may also have deleterious effects on cognition.

Several studies have shown that ALIC white matter FA values are reduced in both 

schizophrenia and bipolar disorder (Zhou et al., 2003; McIntosh et al., 2005b; Sussmann et 

al., 2009). The brain structure is highly heritable and reductions of white matter integrity in 

the ALIC have recently been associated with risk-associated variation in NRG1 (McIntosh et 

al., 2008). ALIC integrity impairments due to NRG1 variations are also supported by the 

evidence of an association between NRG1 and thalamo-cortical projection development as 

well as possible effects on myelination (Lopez-Bendito et al., 2006).

The single risk SNP rs4673628 is an intronic variant in the NRG1 receptor ErbB4 associated 

with the development of schizophrenia (Law et al., 2007; Mei and Xiong, 2008), shown to 

interact with the 5′ NRG1 haplotype (Norton et al., 2006) and to alter splice-variant 

expression in several areas of the brain in schizophrenic patients (Silberberg et al., 2006; 

Law et al., 2007). Specifically, individuals homozygous for the G allele show a lower level 

of JM-a variant ErbB4 isoform expression, with higher levels previously associated with the 
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development of schizophrenia. Although the effect of this variant on brain structure and 

function is not completely understood, its effects on splice-variant expression and interaction 

with NRG1 haplotype (HAPICE) may well underlie its risk association and, on that basis, we 

focused on the analysis of rs4673628 in the current study.

The current findings are similar to our previous work showing an association between the 

NRG1 SNP rs6994992 and ALIC white matter integrity (McIntosh et al., 2008). These 

convergent findings suggest that the NRG1-ErbB4 signalling pathway is important for the 

development of normal white matter and that disruptions in this process may have 

consequences for white matter integrity, cognition and ultimately risk of psychosis.

In a previous association study, Konrad et al. (2009) showed that a separate ErbB4 variant, 

namely rs839523, was associated with temporal white matter integrity. These studies 

considered ErbB4 variants in different regions of the gene and are therefore unlikely to be 

marking the same risk-associated variation. It is likely that either more than one functional 

genetic variant exists in ErbB4 or that some of the differences may yet be explained by 

differences in the population under study or by other methodological factors.

Whilst no differences were found in mnemonic function between the genotype groups, 

working and long-term memory were both positively related to white matter integrity in the 

internal capsule. This suggests that abnormalities within this area might be associated with 

some of the cognitive deficits commonly reported (Savitz et al., 2005; Glahn et al., 2006a; 

Glahn et al., 2006b; Glahn et al., 2007) in patients with schizophrenia or bipolar disorder. 

Memory function is subserved by systems of fibres some of which pass through the ALIC. It 

is perhaps unsurprising that disruption of these fibres has the potential to impair memory and 

this evidence is also in agreement with some results obtained in subjects affected by multiple 

sclerosis (Sepulcre et al., 2008). This possibility is supported by the findings of Nicodemus 

et al. (2006) who demonstrated that subjects homozygous for the T allele at rs4673628 show 

impairments on tasks involving both declarative and working memory.

In conclusion, although confirmatory data are needed and a larger sample size would 

strengthen these findings, the current study provides further evidence that the ALIC is 

susceptible to disruptions in the NRG1-ErbB4 signalling path and that these changes may 

underlie some of the cognitive deficits found in people with schizophrenia and bipolar 

disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Reductions in ALIC white matter integrity by genotype. The y-axis scales on the two 

rightmost graphs represent the fractional anisotropy (×104) at each voxel of maximum 

difference. Error bars represent ± 1 S.E.
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Table 1

Characteristics of the 36 study subjects.

ErbB4 genotype

Genotype GG GA AA Significance

N 10 14 12

Male N (%) 5 (50.0) 8 (57.1) 6 (50.0) P(χ2) = 0.73

Age Mean (S.D.) 34.4 (10.7) 37.3 (11.7) 40.9 (13.7) F(0.90), p=0.46

NART-IQ Mean (S.D.) 113.7 (8.4) 111.5 (5.7) 115.4 (6.6) F(0.91), p=0.41
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