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The Disrupted-in-Schizophrenia-1 (DISC1) gene has been

implicated in both schizophrenia and bipolar disorder

by linkage and genetic association studies. Altered pre-

frontal cortical function is a pathophysiological feature of

both disorders, and we have recently shown that varia-

tion in DISC1 modulates prefrontal activation in healthy

volunteers. Our goal was to examine the influence of

the DISC1 polymorphism Cys704Ser on prefrontal func-

tion in schizophrenia and bipolar disorder. From 2004

to 2008, patients with schizophrenia (N = 44), patients

with bipolar disorder (N = 35) and healthy volunteers

(N = 53) were studied using functional magnetic reso-

nance imaging while performing a verbal fluency task.

The effect of Cys704Ser on cortical activation was com-

pared between groups as Cys704 carriers vs. Ser704

homozygotes. In contrast to the significant effect on

prefrontal activation we had previously found in healthy

subjects, no significant effect of Cys704Ser was detected

in this or any other region in either the schizophrenia

or bipolar groups. When controls were compared with

patients with schizophrenia, there was a diagnosis by

genotype interaction in the left middle/superior frontal

gyrus [family-wise error (FWE) P = 0.002]. In this region,

Ser704/ser704 controls activated more than Cys704 car-

riers, and there was a trend in the opposite direction in

schizophrenia patients. In contrast to its effect in healthy

subjects, variation in DISC1 Cys704Ser704 genotype

was not associated with altered prefrontal activation

in patients with schizophrenia or bipolar disorder. The

absence of an effect in patients may reflect interactions

of the effects of DISC1 genotype with the effects of other

genes associated with these disorders, and/or with the

effects of the disorders on brain function.

Keywords: Bipolar disorder, DISC1, prefrontal function,
psychosis, schizophrenia, verbal fluency

Received 05 June 2010, revised 18 October 2010 and 16
November 2010, accepted for publication 17 November 2010

Disrupted-in-Schizophrenia-1 (DISC1) is a risk gene for
major psychiatric disorders. It was originally identified in
a large Scottish family in which it is disrupted by a
translocation between chromosomes 1 and 11 that co-
segregated with schizophrenia, bipolar disorder and major
depression (Blackwood et al. 2001). Converging evidence
from a series of subsequent linkage and genetic association
studies has implicated DISC1 as one of the most convincingly
associated susceptibility genes for schizophrenia and bipolar
disorder, among other genes that have also been highly
implicated such as the neuregulin1 (NRG1) and the zink-
finger 804A (ZNF804A) genes (Chubb et al. 2008; Porteous
et al. 2006; Thomson et al. 2006; Williams et al. in press).

The highest DISC1 brain expression is in the hippocampus
and the cerebral cortex (Porteous et al. 2006). Within cere-
bral cortical neurons DISC1 is expressed in centrosomes
(Kamiya et al. 2005), mitochondria (James et al. 2004), the
cytoplasm of postsynaptic spines (Kirkpatrick et al. 2006),
and actin stress fibres (James et al. 2004; Miyoshi et al.
2003). DISC1 interacts with proteins involved in cell division,
signal transduction, cytoskeletal organization and intracellular
transport/exocytosis, including PDE4B hydrolase, which has
been linked to learning and memory and risk for schizophrenia
(Chubb et al. 2008), and NDEL1, a key regulator of neuronal
migration (Camargo et al. 2007; Porteous et al. 2006). Func-
tional genomic studies implicate DISC1 in brain development.
For instance, knock-down of the DISC1 gene in mice leads
to both reduced (Kamiya et al. 2005) or accelerated (Duan
et al. 2007) neurite outgrowth in vitro, neuronal migration and
disturbed dendritic arborization in the cortex in vivo (Kamiya
et al. 2005). Conversely, DISC1 over-expression leads to
enhanced neurite growth in vitro (Miyoshi et al. 2003). Fur-
thermore, expression of mutant human DISC1 in mice was
recently associated with behavioral and brain abnormalities,
which can be related to those seen in schizophrenia (Clapcote
et al. 2007; Hikida et al. 2007; Pletnikov et al. 2008).

Abnormal prefrontal function is a robust pathophysiological
feature of schizophrenia and bipolar disorder that is thought to
contribute to the symptoms and cognitive deficits associated
with both these disorders (Gur et al. 2007; McGuire &
Matsumoto 2004; Phillips & Vieta 2007). Risk genes for
both disorders might therefore be expected to influence
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prefrontal function. Using magnetic resonance imaging
(MRI), we recently reported that in healthy subjects DISC1
Ser704Cys polymorphism significantly modulates prefrontal
activation during an overt verbal fluency task (Prata et al.
2008). The strongest effect was found in the middle/superior
frontal gyrus, where the Ser704 homozygous genotype was
associated with higher activation compared to a Cys704-
carrier status. In healthy volunteers task performance is
associated with prominent activation of prefrontal cortex
(Daban et al. 2006), but in patients with schizophrenia and
bipolar disorder, both behavioral performance and prefrontal
activation are significantly altered (Curtis et al. 2001; Daban
et al. 2006; Fu et al. 2002; Gur et al. 2007; Krabbendam et al.
2005; McGuire & Matsumoto 2004; Phillips & Vieta 2007).

To date, neuroimaging has yet to be used to examine the
effects of DISC1 on brain function in schizophrenia and bipo-
lar disorder. The aim of the present study was to address
this issue using functional MRI. Previous neuroimaging stud-
ies have provided preliminary evidence of a disease-specific
impact of certain genetic variants on brain function and struc-
ture (Addington et al. 2007; Frodl et al. 2004; Mechelli et al.
2008; Prata et al. 2009a,b). These data indicate that the same
gene can have significantly different effects in controls and
patients, and different effects in different disorders (Mechelli
et al. 2008). However, the majority of functional genomic
studies to date have been conducted in healthy volunteers,
with the implicit assumption that the effects may be simi-
lar in patients. We recently found that in healthy subjects,
the DISC1 Ser704Cys704 polymorphism significantly altered
prefrontal activation during a verbal fluency task (Prata et al.
2008). In the present study, we used the same functional
MRI methodology to examine the effect of this polymor-
phism on prefrontal activation in patients with schizophrenia
and with bipolar disorder.

Methods

Subjects
A total of 132 subjects were investigated, including 44 patients diag-
nosed with schizophrenia and 35 patients diagnosed with bipolar dis-
order I and 53 healthy volunteers who participated in a previous study
(Prata et al. 2008). Informed consent was obtained from all subjects
in accordance with protocols approved by the Local Research Ethics
Committee. The majority (91%) of the subjects were Caucasian
(N = 120), but there were also Black-Caribbean (N = 7), Black-African
(N = 3) and other ethnicities (N = 2). Healthy volunteers had no per-
sonal or first-degree family history of psychiatric illness as assessed
using the Family Interview for Genetic Studies (FIGS). Patients were
recruited through the South London and Maudsley NHS Trust or other
national hospitals. DSM-IV diagnoses were made by an experienced
psychiatrist using a structured diagnostic interview [Schedules for
Clinical Assessment in Neuropsychiatry (SCAN) (Wing et al. 1990) or
Schedule for Affective Disorders and Schizophrenia – Lifetime ver-
sion (SADS-L) (Endicott & Spitzer 1987)]. When this datum was miss-
ing or incomplete, the diagnosis was determined using Operational
Criteria Checklist (OPCRIT) (McGuffin et al. 1991). For all participants,
exclusion criteria were: a history of neurological illness, of systemic
illness with known neurological complications; or of head injury with
loss of consciousness of more than 1 min; and a substance misuse or
dependence disorder (as defined by DSM-IV). After complete descrip-
tion of the study to the subjects, written informed consent was
obtained.

All subjects were genotyped for the single nucleotide polymor-
phism (SNP) rs821616 in DISC1 (see Methods below). This yielded

27 Cys704 carriers (including seven Cys704 homozygotes) and
26 Ser704 homozygotes in the control group, 23 Cys704 carriers
(including 4 Cys704 homozygptes) and 21 Ser704 homozygotes in
the schizophrenia group and 18 Cys704 carriers (including 1 Cys704
homozygote) and 17 Ser704 homozygotes in the bipolar group. For
all the following analyses, we grouped Cys704 homozygous with
the heterozygotes in a ‘Cys carriers group’. Collapsing the homozy-
gous and heterozygous groups in this way [as previously performed
elsewhere (Callicott et al. 2005)] ensured that we had at least eight
observations per cell in our factorial design. This underwrites the
power of tests for main effects and interactions (Friston 2003).

Demographic and clinical data according to genotype are
summarized in Table 1. Chi-square/Fisher’s tests and ANOVA were
used to describe group differences. In brief, there were no significant
differences in any demographic or medication variable between
genotype groups (Ser704 homozygotes vs Cys704 carriers) in each
diagnostic group, except for age in controls (F = 4.27, P = 0.044). No
demographic or medication variables differed significantly between
the genotype groups across all diagnostic groups (P < 0.05) (data
available on request). Patients with schizophrenia showed fewer
years of education, a lower IQ and a higher male:female ratio
than both healthy volunteers (respectively: F = 5.41, P = 0.02;
F = 34.21, P < 0.0001; χ2 = 11.19, P = 0.001) and bipolar patients
(respectively: F = 5.4, P < 0.023; F = 5.4, P = 0.23; χ2 = 14.67,
P < 0.0001).

The patients with schizophrenia had a mean duration of illness
(defined as time since the first episode) of 12.2 years, and all but six
were taking antipsychotic medication. The mean duration of illness in
bipolar patients (defined as time since diagnosis) was 15.3 years and
less than one-third (N = 11) were taking antipsychotic medication.
Twenty-four of the bipolar patients were taking mood stabilizers
and 12 were taking antidepressants (this was balanced between
genotype groups – not shown in table) while 7 were medication-free.
All bipolar patients had experienced at least one psychotic episode
in the past, with the exception of five participants which were
balanced between genotype groups (three Ser704 homozygotes and
two Cys704 carriers). Within each patient group, there were no
differences in the duration or dose (chlorpromazine-equivalent) of
antipsychotic medication between genotype subgroups.

Genotyping
DNA was extracted from blood or cheek swabs using standard
methods. Genotyping of the rs821616, a T>A SNP (which encodes
a Ser704 to Cys704 change), was performed by KBioscience (Herts,
UK, http://www.kbioscience.co.uk) using a competitive allele specific
PCR system (CASP). Quality control procedures included negative
control (water) wells and duplicate wells. The genotype frequencies
did not significantly deviate from Hardy–Weinberg equilibrium
(χ2 = 0.95 with P = 0.33 for the control group, χ2 = 0.01 with
P = 0.91 for the schizophrenia group and χ2 = 1.82 with P = 0.18
for the bipolar group) and those for the major ethnic group (N = 120,
i.e. 91% of the sample), the Caucasian group, were similar to the
genotype frequencies published in the literature.

Verbal fluency task
During a ‘generation’ condition subjects were visually presented
with a series of letters and were required to overtly articulate a word
beginning with each letter. This was contrasted with a ‘repetition’
(baseline) condition in which subjects were presented with the word
‘rest’ and were required to say ‘rest’ out loud. A blocked design
was used, with letter and ‘rest’ cues presented in blocks of seven
events. The demands of the task were manipulated by presenting
two different sets of letter cues, ‘easy’ and ‘hard’ (Fu et al. 2002).
These had previously been shown to be associated with a significant
difference in behavioural performance in healthy volunteers (Fu et al.
2002). The ‘easy’ condition involved the presentation of letters that
are normally associated with relatively large numbers of correct
responses and relatively few errors (e.g. T, B, S), whereas the ‘hard’
condition involved letters associated with the generation of fewer
correct words and relatively more errors (e.g. N, E, G). Five blocks
of ‘rest’ trials alternated with five blocks of ‘easy’ letters or ‘hard’
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Table 1: Demographic and clinical features, plus verbal fluency (VF) performance according to DISC1 Ser704Cys genotype for each
diagnostic group

Controls Schizophrenia Bipolar disorder

Ser704/Ser704 Cys704-carriers Ser704/Ser704 Cys704-carriers Ser704/Ser704 Cys704-carriers

N 26 27 23 21 17 18
Age 31.77

(11.19)
37.81
(9.94)

34.52
(12.68)

35.61
(10.33)

38.12
(13.32)

40.94
(11.20)

IQ 118.63
(8.19)

115.05
(15.89)

101.44
(16.23)

94.00
(15.57)

109.87
(13.16)

103.35
(17.44)

Years of education 15.45
(2.83)

14.58
(3.27)

13.43
(2.74)

13.47
(2.45)

15.76
(2.80)

14.44
(3.26)

Handedness (right/left) 25/1 25/2 19/2 20/3 17/0 15/3
Gender (male/female) 14/12 12/15 16/5 20/3 6/11 8/10
Ethnicity (cauc/black-carib/

black-afric/mixed)
24/0/1/1 26/1/0/0 18/2/0/1 19/3/1/0 15/1/1/0 18/0/0/0

Duration of illness (years) n.a n.a 12.95
(10.66)

11.45
(8.03)

14.5
(10.76)

16.07
(10.32)

Duration of antipsychotic
treatment

n.a n.a 12.95
(10.66)

11.48
(7.85)

8.9
(11.14)

13.42
(11.70)

CPZ equivalence n.a n.a 623.81
(448.78)

539.13
(460.23)

51.47
(131.84)

140.28
(257.12)

Antipsychotic
(none/1st/2nd gen.)

n.a n.a 2/2/15 4/5/14 13/1/3 13/1/4

Total SAPS n.a n.a 8.25
(8.42)

5.71
(5.92)

n.a n.a

Total SANS n.a n.a 8.65
(5.34)

7.00
(4.73)

n.a n.a

BDI n.a n.a n.a n.a 12.07
(10.89)

7.28
(6.09)

ASRM n.a n.a n.a n.a 2.94
(2.05)

3.50
(3.24)

Lithium n.a n.a n.a n.a 258.8
(442.9)

366.7
(440.6)

Easy VF errors 2.58
(3.25)

3.89
(3.6)

6.95
(4.44)

4.43
(4.35)

4.41
(5.42)

4.06
(3.67)

Hard VF errors 5.88
(3.54)

6.59
(5.12)

9.43
(4.32)

8.35
(4.72)

7.24
(7.09)

6.72
(4.91)

Data shown are means and standard deviation. IQ was assessed using the WAIS-III (Wechsler Adult Intelligence Scale-III) (Wechsler
1997), WAIS-R (Wechsler Adult Intelligence Scale-Revised) (Wechsler 1981), the WASI-FSIQ-4 (Wechsler Abbreviated Scale of
Intelligence – Full Scale IQ) (Wechsler 1999) or the Quick Test (Ammons & Ammons 1962). The WAIS-III correlates highly both with
WAIS-R (93.9%) (Wechsler D 1997) and with WASI-FSIQ (492%) (Wechsler 1999). The Quick Test has also been shown to yield
comparable results to WAIS (Quick Test, 78 ± 7 and WAIS, 83 ± 6 in schizophrenia) (Frith et al. 1991). The proportion of subjects
assessed with each method was matched between DISC1 genotype groups and the ANOVA was performed with standardized scores
based on the controls’ mean standard for each tool.
ASRM, Altman Self-Rated Mania Scale; BDI, Beck Depression Inventory; black-afric, Black-African; black-carib, Black-Caribbean; cauc,
Caucasian; n.a., not applicable; SANS, Scale for the Assessment of Positive Symptoms; SAPS, Scale for the Assessment of Positive
Symptoms.

letters, resulting in a total of 70 generation and 70 repetition trials.
Verbal responses were recorded permitting the identification of
‘incorrect’ trials in which the subject did not generate any response,
or generated repetitions, derivatives or grammatical variations of an
earlier word.

Image acquisition
T2*-weighted gradient-echo single-shot echo-planar images were
acquired on a 1.5-T, neuro-optimized IGE LX System (General
Electric, Milwaukee, WI, USA) at the Maudsley Hospital, London,
UK. Twelve non-contiguous axial planes (7 mm thickness, 1 mm slice
skip, 3.75 × 3.75 mm voxel size in plane and 64 × 64 mm matrix size

in plane) parallel to the anterior commissure–posterior commissure
line were collected over 1100 milliseconds in a ‘clustered’ acquisition
(TE = 40 milliseconds, flip angle = 70◦) which permitted articulatory
responses to be made when images were not being acquired,
minimizing the effects of head movement on the BOLD signal (Fu
et al. 2002). Immediately after each acquisition a letter was presented
(remaining visible for 750 milliseconds, height: 7 cm, subtending a
0.4◦ field of view), and a single overt verbal response was made
during the silent portion (duration = 2900 milliseconds) of each
repetition (TR = 4000 milliseconds), with an image acquired over
1100 milliseconds. Head movement was minimized by a forehead
strap. Seven letters (or events) were presented consecutively in
each block, which resulted in a total of 28 seconds per block.
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The presentation of easy and hard runs was randomized between
subjects. To ensure that subjects heard their responses clearly, their
speech was amplified by a computer sound card and then relayed
back through an acoustic MRI sound system and noise-insulated
headphones.

Behavioural analysis
The effect of task load, genotype, diagnosis and their interaction
on the level of accuracy of verbal responses (measured by the
number of incorrect responses during scanning) were assessed
using a multivariate 2 × 2 × 3 ANOVA, with diagnosis and genotype as
between-subject factors and task load as a within-subject factor in
the Statistical Package for the Social Sciences (SPSS) v15.

Neuroimaging analysis
Analysis was performed using SPM5 software (London, UK,
http//www.fil.ion.ucl.ac.uk/spm) (Friston 2003), running under Mat-
lab 6.5 (Mathworks Inc., Sherborn, MA, USA). All volumes from each
subject were realigned and unwarped (using the first as reference
resliced with sinc interpolation), normalized to a standard MNI-305
template and spatially smoothed with an 8-mm full width at half
maximum (FWHM) isotropic Gaussian kernel. We used a two-stage
(summary statistic) approach to analyze our data in which estimates
of brain activations from a first (within-subject) analysis were used as
summary statistics in a second (between-subject) analysis. At the first
level, our regressors were formed by convolving stimulus functions
with a hemodynamic response function. These stimulus functions
encoded the onsets of each trial within each condition. To minimize
performance confounds, we modelled correct and incorrect trials
separately using an event-related model, yielding four experimental
conditions: (1) easy generation, (2) hard generation, (3) repetition and
(4) incorrect responses. The latter was excluded from the group anal-
ysis to control for effects of group differences in task performance.
Correct responses among the generation events (35 events in the
hard and 35 in the easy version) were contrasted with 70 repeti-
tion events. To remove low-frequency drifts, data were high-pass
filtered using a set of discrete cosine basis functions with a cut-off
period of 128 seconds. Parameter estimates were calculated for all
brain voxels using the general linear model, and contrast images for
‘easy generation>repetition’ and ‘hard generation>repetition’ were
computed in a subject-specific fashion.

At the second level, the subject-specific contrast images were
entered into a full-factorial ANOVA to permit inferences at the
population level (Penny et al. 2003). This allowed us to identify the
brain areas which activated during easy or hard generation relative
to repetition consistently within each of the six experimental groups
(i.e. Ser704 homozygous controls, Cys704 carrier controls, Ser704
homozygous schizophrenia cases, Cys704 carrier schizophrenia
cases, Ser704 homozygous bipolar cases, Cys704 carrier bipolar
cases). Furthermore, it allowed us to test for the main effect of
genotype (either in common between diagnostic groups or the simple
main effect in each group separately), the main effect of diagnostic
group and their interaction on neuronal responses. We modelled task
load in order to minimize error variance but report results for the hard
and easy conditions combined. To identify significant main effects
and interactions at the second level, we used P-values associated
with the t-images that were corrected for multiple comparisons using
random field theory. For tabular reporting of t-statistics we used
equivalent z-scores. Further, to increase the power of our analysis,
we restricted the search volume for main effects and interactions as
follows. To identify the network activated in common by controls and
patients, during word generation relative to repetition, we inclusively
masked (at P < 0.001 uncorrected) all areas activated by the three
groups with the areas separately activated within each group. We
proceeded likewise for word repetition>generation. In testing the
effect of diagnosis, we contrasted activation in one diagnostic group
against another using inclusive masks (at P < 0.001, uncorrected)
of all areas activated by each group during generation>repetition in
order to limit our search to the areas commonly activated by both
groups.

For the genotype-wise effects, we examined the whole brain but
also a region of interest (ROI), the left middle/superior frontal gyrus,
where we had previously found a significant (FWE P < 0.05) effect
of DISC1 Ser704Cys in healthy volunteers (Prata et al. 2008): in a
6-mm-radius sphere centred at −28 48 14 (x, y, z), we assessed
(1) simple and main effects of genotype and (2) ‘genotype by
diagnosis’ interactions in the schizophrenia and/or the bipolar group
compared to the healthy volunteer group. We report findings that are
significant at a cluster size greater than 10 voxels after voxel-wise
FWE correction for multiple comparisons at P < 0.05 (and trends
that survive P < 0.001, uncorrected) across the whole brain or within
our ROI. To assess how much of the inter-individual (+error) variance
in BOLD activation was explained by variation in genotype, we used
the η2

p (partial eta squared) measure of effect size in SPSS, after
extracting the subjects’ beta-measure at the voxel of peak activation.

As administration of atypical antipsychotic medication to mice
has been shown to upregulate DISC1 expression within the frontal
cortex (Chiba et al. 2006) and to correlate with morphological
changes in Ser704 homozygote schizophrenia patients in the right
superior cortex (Takahashi et al. 2009), we designed an additional
model testing for genotype effects using duration and dose [in
chlorpromazine (CPZ) equivalents] of antipsychotic treatment as
covariates of no interest, as well as regression analyses to test
for correlation between these medication variables and activation
in patients, despite there being no significant differences in
antipsychotic medication between the genotype subgroups of
patients (Table 1). As DISC1 was shown to inhibit the activity of
GSK3B which is also a target of the drug lithium (Gould & Manji
2002), we also included lithium dose as a covariate of no interest in
a separate analysis of the genotype effect on the bipolar patients.
As sex-specific associations of DISC1 to risk of psychiatric illness
have been reported, although not for the present SNP (Chubb et al.
2008), we also ran an additional analysis testing for genotype effects
where we used gender as a covariate of no interest. Given that some
genes may influence brain function in an age-dependent manner,
we also tested a different model where we included age as a
covariate of interest interacting with genotype and diagnostic group
(separately and simultaneously); this allowed us to assess whether
age influenced the effect of DISC1 variation on brain function.

Results

Performance

As expected, task demand, as indexed by contrasting the
hard and easy versions, had a significant effect on the number
of correct responses (F = 62.83, df = 1; P < 0.0001). Irre-
spective of genotype or task load, patients with schizophrenia
performed worse than controls (F = 11.3, df = 1; P = 0.001)
while there was no significant difference (at P < 0.05)
between patients with bipolar and patients with schizophre-
nia or controls. There were no significant (at P < 0.05)
main effects or interaction effects with any combination
of two or three of the factors (genotype, diagnosis or
task). However, there was a trend for a diagnosis by geno-
type interaction when comparing schizophrenia patients to
controls (F = 3.42, df = 1; P = 0.07), reflecting fewer errors
in Ser704/Ser704 subjects compared to Cys704 carriers in
patients, but not in controls.

Neuroimaging data

Main effect of task across diagnostic groups
In all three diagnostic groups (irrespective of task difficulty or
genotype), word generation was significantly (FWE P < 0.05)
associated with activation in a distributed network that
included, bilaterally, the inferior frontal and middle temporal
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Table 2: Brain regions that expressed either increased or
decreased activation during word generation relative to repe-
tition, consistently across all diagnostic groups and genotypes

Word generation > repetition, FWE P < 0.05, df = 252

L inferior frontal gyrus −44 6 26 (8.6)
R inferior frontal gyrus 40 18 4 (7.4)
L middle frontal gyrus −42 30 22 (7.7)
L anterior insula −34 20 6 (8.1)
R anterior insula 36 22 −2 (7.9)
L precentral gyrus −44 4 30 (8.6)
L middle temporal gyrus −48 16 −6 (8.0)
R middle temporal gyrus 46 18 −10 (7.5)
L thalamus −12 −4 10 (7.5)
R caudate nucleus 20 −2 22 (7.5)

Word repetition > generation, FWE P < 0.05, df = 252

Precuneus 2 −52 34 (8.9)
−14 −62 22 (8.2)

14 −62 22 (8.4)
Anterior cingulate gyrus 4 46 −6 (7.8)

−2 36 −2 (7.5)

Coordinates of peak activation are presented with z-scores in
brackets.

cortex and insula, the left middle frontal and precentral gyri,
left thalamus and right caudate (Table 2). Conversely, word
repetition was associated with activation in the precuneus
and anterior cingulate gyrus (FWE P < 0.05).

Main effect of diagnostic group
Patients with schizophrenia showed greater activation than
controls in two clusters of the left middle frontal gyrus
(FWE P = 0.03 and FWE P = 0.04), and there were trends
for greater activation in the left inferior frontal gyrus, anterior
insula and superior temporal gyrus (P < 0.001, uncorrected).
In contrast, there were no differences in activation
(P < 0.001, uncorrected) between the bipolar patients and

controls, or between the patient groups (P < 0.001, uncor-
rected). The two patient groups combined showed a trend
(P < 0.001, uncorrected) for greater activation in the left
middle frontal gyrus compared to controls (Table 3, Fig. 1).

Main effects of DISC1 Ser704Cys genotype
No significant effects (FWE P < 0.05) or uncorrected trends
(P < 0.001) were found within the prefrontal ROI, or across
the whole brain.

Diagnosis-specific effects of Genotype and Genotype
by Diagnosis interactions
In both the prefrontal ROI, and across the whole brain, there
were no significant genotype effects in either patient group,
or in both combined, and no significant genotype by diagnosis
interaction between these two groups (at FWE P < 0.05).
However, there was an interaction between controls and
patients with schizophrenia in the left middle/superior frontal
gyral ROI (P = 0.002 after FWE small volume correction).
This interaction explained 7% of the inter-individual variance
(η2

p = 0.069, df = 1, F = 13.7, P < 0.0001). In this region,
Ser704/ser704 healthy subjects activated more than Cys704
carriers which explained 13% of the variance (η2

p = 0.128,
df = 1, F = 14.9, P < 0.0001), but there was a trend in
the opposite direction in patients with schizophrenia which
explained 3% of the variance (η2

p = 0.031, df = 1, F = 2.7,
P = 0.1) (Table 3, Fig. 2).

Age-dependent effects of genotype
There was no significant (FWE P < 0.05) main effect
of age on genotypes’s effect on activation, except for
trends (P < 0.001, uncorrected, df = 240) in the mammilary
bodies/hypothalamus (bilaterally) (2, −10, −12, z = 4.2), the
left parahippocampal gyrus (−16, −30, 14, z = 4.12), right
caudate nucleus (20, 6, 24, z = 3.6), the right pallidum (24,
−2, 2, z = 3.5), right supramarginal gyrus (50, −32, 32,
z = 3.5) and left insula (−38, 30, 20, z = 3.3). In these areas,
age showed a significantly higher positive correlation with

Table 3: Effect of diagnosis and effect of DISC1 Ser704Cys genotype on activation

Effect of diagnosis (whole-brain analysis), P < 0.001, uncorrected, df = 252

Areas: Schiz > Cont Bip > Cont Schiz & Bip > Cont

L middle frontal gyrus −38 10 32 (4.3); FWE P = 0.04 n.s. −40 10 32 (3.3)
−46 30 26 (3.7) n.s. n.s.

−44 18 30 (4.3); FWE P = 0.03 n.s. n.s.
L superior temporal gyrus −56 −10 2 (3.7) n.s. n.s.
L inferior frontal gyrus −44 22 2 (3.4) n.s. n.s.
L anterior insula −36 14 10 (3.3) n.s. n.s.

Effect of disc1genotype in L middle/superior frontal gyrus (ROI),df = 252

Cont
(Ser/Ser > Cys-car)

Scz
(Cys-car > Ser/Ser)

Bipolar
(Cys-car > Ser/Ser)

Genotype × Diagnosis
(Ser/Ser > Cys-car in CONT > SCZ)

−28 48 14 (5.0) −30 50 4 (2.2) −24 46 10 (1.9) −28 48 8 (3.6); FWE P = 0.002

Coordinates of peak activation are presented with z-scores in brackets.
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Figure 1: Main effect of diagnosis

on activation. Schizophrenic and bipo-
lar patients activated more than con-
trols in the left middle frontal gyrus.
Schizophrenic patients also activated
more than controls in the left inferior
frontal and superior temporal gyri and
anterior insula.

Figure 2: Image and plot of activation in the left superior/middle frontal gyrus, showing a diagnosis by DISC1 Ser704Cys

genotype interaction in controls and patients with schizophrenia patients (P < 0.001, uncorrected). Cys704-allele carriers show
less activation than Ser704 homozygotes in healthy subjects, but there was a trend in the opposite direction in the patients. A threshold
of P < 0.01 (uncorrected) was used in this image for display purposes.

activation in the Ser704/Ser704 group than in the Cys carriers
group. Furthermore, when we looked at controls separately,
this effect survived corrected significance in the right inferior
frontal gyrus (24, 18, −22, z = 4.6, df = 240, FWE P = 0.009)

and was also evident as a trend (P < 0.001, uncorrected,
df = 240) in the mammilary bodies/hypothalamus (bilaterally)
(−2, −8, −10, z = 4.6), left (pars triangularis) (−38, 28, 18,
z = 4.1), left caudate nucleus (−18, 26, −2, z = 4.1), right

Genes, Brain and Behavior (2011) 10: 276–285 281



Prata et al.

thalamus (22, −26, 14, z = 3.9), right superior temporal gyrus
(38, −48, 12, z = 3.8), left frontal inferior operculum (−36, 4,
28, z = 3.5), right frontal superior gyrus (24, 28, 30, z = 3.5)
and right caudate nucleus (22, 24, −4, z = 3.5). In fact,
consistently in all these areas, age correlated positively with
activation in the Ser704/Ser704 group but negatively with
the Cys702 carriers group. There was no area (P < 0.001,
uncorrected) where the effect of age was opposite (i.e.
where age correlated negatively with activation in the
Ser704/Ser704 group and positively with the Cys702 carriers
group). There were also no effects of age on genotype by
diagnosis interactions (P < 0.001, uncorrected).

Potential confounding effects
Repeating the above analyses using gender, the duration and
dose of antipsychotic treatment or lithium dose as covariates
of no interest did not substantially alter the z-scores or
coordinates of peak activation. The regression analyses
testing for correlation between antipsychotic medication
variables and activation in patients retrieved no significant
results (P < 0.01, uncorrected) in the areas where we
identified group effects (at P < 0.001, uncorrected).

Discussion

We have previously shown in healthy individuals (Prata et al.
2008) that the Ser704 allele at the DISC Ser704Cys locus is
associated with greater activation in the left middle/superior
frontal gyrus. In the present study we used the same verbal
fluency task to examine the impact of this polymorphism
on prefrontal function in schizophrenia and bipolar disorder.
This task engages cognitive processes that are impaired in
the two disorders and is associated with altered activation,
particularly in the prefrontal cortex (Curtis et al. 2001; Daban
et al. 2006; Fu et al. 2002; Krabbendam et al. 2005). We
minimized the potentially confounding effects of group
differences in verbal fluency performance by using a paced
paradigm, monitoring of response accuracy on-line, and
restricted the analysis to correct responses.

In contrast to its effect in controls, we did not
detect significant effects of DISC1 on activation in the
prefrontal cortex, or in any other brain region, in either the
schizophrenia or the bipolar patient groups. This difference
between patients and controls was particularly evident for
patients with schizophrenia, with a significant (small volume
correction FWE P < 0.05) group by genotype interaction, in
the left prefrontal cortex when they were contrasted with
controls. In this region, the Ser704 allele was associated
with greater activation than the Cys704 in healthy subjects,
whereas there was a trend in the opposite direction in
patients with schizophrenia. These findings are consistent
with recent evidence that Ser704 homozygotes have less
grey matter volume in the medial superior frontal gyrus (and
in the insula) than Cys704 carriers in healthy subjects, but
not in patients with schizophrenia (Takahashi et al. 2009).
Unfortunately, as we did not collect volumetric images in the
present study, it was not possible to examine whether our
functional findings were related to effects of DISC1 on the
structure of prefrontal cortex.

The absence of an effect of DISC1 genotype in patients
may reflect interactions between the effects of DISC1
genotype with the effects of other genes associated with
these disorders (Burdick et al. 2008; Hattori et al. 2007; Millar
et al. 2005; Ming & Song 2009; Nicodemus et al. 2007; Taya
et al. 2007), and/or potentially, the effects of the disorders on
brain function (Lipska et al. 2006) and/or potentially greater
heterogeneity in the patient groups. It is also possible that,
because both the patient groups were smaller than the
control group, there was less power to detect an effect
of DISC1 genotype in the patient samples. However, the
fact that we showed a significant interaction shows that our
sample size was sufficient to reject the null hypothesis that
the activations in the normal and patient groups were the
same. For example, the magnitude of the genotype effect
in the control group was relatively large, with an effect size
of 13% in the left middle/superior frontal gyrus; in contrast,
the genotype effect in the schizophrenia group was reversed
and had a much smaller effect size (3%).

We also provide new evidence that increasing age
significantly correlates with increased activation in DISC1
Ser704 homozygotes and with decreased activation in Cys
carriers in the right inferior frontal gyrus of healthy subjects,
an area usually activated during verbal fluency and other
cognitve-executive performances. To our knowledge, this
has not been reported elsewhere.

Schizophrenia and bipolar disorder are conventionally
categorized as distinct disorders. However, many patients
express complex symptom profiles that fall between these
two diagnostic categories, with a combination of psychotic
and mood features (Murray et al. 2004). In addition, genetic
research has provided increasing evidence for an overlap
in genetic susceptibility across the traditional Kraepelian
dichotomy (Owen et al. 2007). In the present study we
did not find significant differences in activation between
patients with schizophrenia and bipolar disorder, irrespective
of DISC1 genotype. Rather, we found that the combined
patient group activated the left middle frontal gyrus more
than controls. Nevertheless, in this left prefrontal area,
and in the superior, middle and inferior frontal gyri and
insula, patients with schizophrenia showed significantly
more activation than controls, but bipolar patients did not.
This is consistent with the evidence that schizophrenia
is associated with a greater degree of impaired cognitive
function and more marked neuroimaging abnormalities than
bipolar disorder (Krabbendam et al. 2005). As there were
no group differences in task performance, and only images
associated with correct responses were included in the group
analysis, these differences between patients and controls
can be interpreted as a correlate of impaired prefrontal
cortical efficiency, with schizophrenia patients having to
recruit more neural resources than controls to achieve the
same performance (Winterer & Weinberger 2004).

In human studies, the coding and non-synonymous
Ser704Cys (rs821616) SNP in DISC1 has been associated
with effects on the integrity of prefrontal white matter, the
volume of prefrontal and anterior cingulate cortex (Hashimoto
et al. 2006; Takahashi et al. 2009), the structure and function
of the hippocampus (Callicott et al. 2005; Di et al. 2008),
performance on working memory (Callicott et al. 2005) and
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lifetime severity of delusions (DeRosse et al. 2007), and ver-
bal reasoning tasks (Thomson et al. 2005). The Ser704Cys
polymorphism has also been associated with schizophrenia in
European Caucasians (Callicott et al. 2005), and Han-Chinese
(Qu et al. 2007) and with major depression in the Japanese
(Hashimoto et al. 2006), although there are also reports of
no association with schizophrenia (Kim et al. 2008; Sanders
et al. 2008). Schizophrenia DISC1 risk-haplotypes have been
associated with reduced grey matter density in prefrontal
cortex (Cannon et al. 2005; Szeszko et al. 2007) and with
impaired verbal memory (Cannon et al. 2005; Chubb et al.
2008). Effects of the Ser704Cys polymorphism on DISC1
binding (Kamiya et al. 2006) and epistatic interaction (Burdick
et al. 2008) with NDEL1 have also been reported and as it is in
even closer proximity to the LIS1 and GRB2-binding regions
in DISC1, it is possible that it may also exert effects on
binding of these proteins (Chubb et al. 2008). Furthermore,
patients with schizophrenia who have twice the risk allele
for this SNP have shown significantly lower gene expression
of DISC1 interacting partners compared to Cys704 homozy-
gotes, either controls or patients (Lipska et al. 2006). One
potential limitation of the present study is that within the
DISC1 gene, several other SNPs and haplotypes have been
identified in genetic association studies (Chubb et al. 2008;
Schumacher et al. 2009) [as, for example, Leu607Phe which
is in low linkage disequilibrium with Ser704Cy (Hodgkinson
et al. 2004)], and these were not assessed in our analysis.
In sum, we investigated the SNP encoding Ser704Cys, as
to date this is the non-synonymous polymorphism for which
there is evidence of a functional change at the molecu-
lar level (Hashimoto et al. 2006; Kamiya et al. 2006; Lipska
et al. 2006), at the neurosystems level (Callicott et al. 2005)
and at the neuropsychological level (Thomson et al. 2005).
However, robust characterization of its functional impact on
gene expression and protein structure is still warranted. The
same SNP has also shown individual significant allele-wise
association with psychiatric illnesses (Callicott et al. 2005;
Hashimoto et al. 2006; Qu et al. 2007).

Because some patients had been treated with antipsy-
chotic or mood stabilizer medication, we took several mea-
sures to account for the potential effects of medication.
However, we cannot exclude the possibility that medica-
tion effects are a major cause of the absence of a genetic
effect on prefrontal activation, by affecting DISC1 expres-
sion or its interacting partners (e.g GSK3B). This issue could
be addressed by repeating the study in medication naïve
patients, although this would be logistically difficult.

A more comprehensive understanding of how variation in
DISC1 genotype affects brain function to increase suscepti-
bility to mental illness will require investigation of interactions
with other candidate DISC1 polymorphisms, as well as
epistatic [with DISC1-interacting partners such as the iso-
form Ib (PAFAH1B1), lissencephaly 1 protein (LIS1), nuclear
distribution element-like (NUDEL), glycogen synthase kinase
(3βGSK3β), pericentrin 2 (PCNT2), elongation protein zeta-1
(FEZ1), pericentriolar material 1 (PCM1) and DISC1-binding
zinc finger protein (DBZ)] (Burdick et al. 2008; Eastwood
et al. 2010; Millar et al. 2000; Ming & Song 2009; Miyoshi
et al. 2003; Nicodemus et al. 2007; Taya et al. 2007) and
gene × environment interactions (Ibi et al. 2010).
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S., Gallagher, M., Ishizuka, K., Pletnikov, M., Kida, S. & Sawa, A.
(2007) Dominant-negative DISC1 transgenic mice display
schizophrenia-associated phenotypes detected by measures trans-
latable to humans. Proc Natl Acad Sci 104, 14501–14506.

Hodgkinson, C.A., Goldman, D., Jaeger, J., Persaud, S., Kane, J.M.,
Lipsky, R.H. & Malhotra, A.K. (2004) Disrupted in schizophrenia 1
(DISC1): association with schizophrenia, schizoaffective disorder,
and bipolar disorder. Am J Hum Genet 75, 862–872.

Ibi, D., Nagai, T., Koike, H., Kitahara, Y., Mizoguchi, H., Niwa, M.,
Jaaro-Peled, H., Nitta, A., Yoneda, Y., Nabeshima, T., Sawa, A. &
Yamada, K. (2010) Combined effect of neonatal immune activation
and mutant DISC1 on phenotypic changes in adulthood. Behav
Brain Res 206, 32–37.

James, R., Adams, R.R., Christie, S., Buchanan, S.R., Porteous, D.J.
& Millar, J.K. (2004) Disrupted in Schizophrenia 1 (DISC1) is a
multicompartmentalized protein that predominantly localizes to
mitochondria. Mol Cell Neurosci 26, 112–122.

Kamiya, A., Kubo, K., Tomoda, T., Takaki, M., Youn, R., Ozeki, Y.,
Sawamura, N., Park, U., Kudo, C., Okawa, M., Ross, C.A., Hatten,
M.E., Nakajima, K. & Sawa, A. (2005) A schizophrenia-associated
mutation of DISC1 perturbs cerebral cortex development. Nat Cell
Biol 7, 1167–1178.

Kamiya, A., Tomoda, T., Chang, J., Takaki, M., Zhan, C., Morita, M.,
Cascio, M.B., Elashvili, S., Koizumi, H., Takanezawa, Y.,

Dickerson, F., Yolken, R., Arai, H. & Sawa, A. (2006) DISC1-
NDEL1/NUDEL protein interaction, an essential component for
neurite outgrowth, is modulated by genetic variations of DISC1.
Hum Mol Genet 15, 3313–3323.

Kim, H.J., Park, H.J., Jung, K.H., Ban, J.Y., Ra, J., Kim, J.W.,
Park, J.K., Choe, B.K., Yim, S.V., Kwon, Y.K. & Chung, J.H.
(2008) Association study of polymorphisms between DISC1 and
schizophrenia in a Korean population. Neurosci Lett 430, 60–63.

Kirkpatrick, B., Xu, L., Cascella, N., Ozeki, Y., Sawa, A. & Roberts,
R.C. (2006) DISC1 immunoreactivity at the light and ultrastructural
level in the human neocortex. J Comp Neurol 497, 436–450.

Krabbendam, L., Arts, B., van, O.J. & Aleman, A. (2005) Cognitive
functioning in patients with schizophrenia and bipolar disorder: a
quantitative review. Schizophr Res 80, 137–149.

Lipska, B.K., Peters, T., Hyde, T.M., Halim, N., Horowitz, C.,
Mitkus, S., Weickert, C.S., Matsumoto, M., Sawa, A., Straub, R.E.,
Vakkalanka, R., Herman, M.M., Weinberger, D.R. & Kleinman, J.E.
(2006) Expression of DISC1 binding partners is reduced in
schizophrenia and associated with DISC1 SNPs. Hum Mol Genet
15, 1245–1258.

McGuffin, P., Farmer, A. & Harvey, I. (1991) A polydiagnostic
application of operational criteria in studies of psychotic illness.
Development and reliability of the OPCRIT system. Arch Gen
Psychiatry 48, 764–770.

McGuire, P.K. & Matsumoto, K. (2004) Functional neuroimaging in
mental disorders. World Psychiatry 3, 6–11.

Mechelli, A., Prata, D.P., Fu, C.H., Picchioni, M., Kane, F., Kalidindi, S.,
McDonald, C., Demjaha, A., Kravariti, E., Toulopoulou, T., Mur-
ray, R., Collier, D.A. & McGuire, P.K. (2008) The effects of neureg-
ulin1 on brain function in controls and patients with schizophrenia
and bipolar disorder. Neuroimage 42, 817–826.

Millar, J.K., Wilson-Annan, J.C., Anderson, S., Christie, S., Taylor,
M.S., Semple, C.A.M., Devon, R.S., Clair, D.M.S., Muir, W.J.,
Blackwood, D.H.R. & Porteous, D.J. (2000) Disruption of two novel
genes by a translocation co-segregating with schizophrenia. Hum
Mol Genet 9, 1415–1423.

Millar, J.K., Pickard, B.S., Mackie, S., James, R., Christie, S.,
Buchanan, S.R., Malloy, M.P., Chubb, J.E., Huston, E., Baillie,
G.S., Thomson, P.A., Hill, E.V., Brandon, N.J., Rain, J.C., Camargo,
L.M., Whiting, P.J., Houslay, M.D., Blackwood, D.H.R., Muir, W.J.
& Porteous, D.J. (2005) DISC1 and PDE4B are interacting genetic
factors in schizophrenia that regulate cAMP signaling. Science
310, 1187–1191.

Ming, G.L. & Song, H. (2009) DISC1 partners with GSK3beta in
neurogenesis. Cell 136, 990–992.

Miyoshi, K., Honda, A., Baba, K., Taniguchi, M., Oono, K., Fujita, T.,
Kuroda, S., Katayama, T. & Tohyama, M. (2003) Disrupted-In-
Schizophrenia 1, a candidate gene for schizophrenia, participates
in neurite outgrowth. Mol Psychiatry 8, 685–694.

Murray, R.M., Sham, P., van Os, J., Zanelli, J., Cannon, M. &
McDonald, C. (2004) A developmental model for similarities
and dissimilarities between schizophrenia and bipolar disorder.
Schizophr Res 71, 405–416.

Nicodemus, K.K., Kolachana, B.S., Vakkalanka, R., Straub, R.E.,
Giegling, I., Egan, M.F., Rujescu, D. & Weinberger, D.R. (2007)
Evidence for statistical epistasis between catechol-O-methyl
transferase (COMT) and polymorphisms in RGS4, G72 (DAOA),
GRM3, and DISC1: influence on risk of schizophrenia. Hum Genet
120, 889–906.

Owen, M.J., Craddock, N. & Jablensky, A. (2007) The genetic
deconstruction of psychosis. Schizophr Bull 33, 905–911.

Penny, W.D., Holmes, A.P. & Friston, K.J. (2003) Random effects
analysis. In Frackowiak, R.S., Friston, K.J., Frith, C.D., Dolan, R.J.,
Price, C.J., Zeki, S., Ashburner, J. & Penny, W.D. (eds), Human
Brain Function, 2nd edn. Academic Press, San Diego, California.

Phillips, M.L. & Vieta, E. (2007) Identifying functional neuroimaging
biomarkers of bipolar disorder: toward DSM-V. Schizophr Bull 33,
893–904.

Pletnikov, M.V., Ayhan, Y., Nikolskaia, O., Xu, Y., Ovanesov, M.V.,
Huang, H., Mori, S., Moran, T.H. & Ross, C.A. (2008) Inducible

284 Genes, Brain and Behavior (2011) 10: 276–285



Effect of DISC1 on prefrontal function in schizophrenia and bipolar disorder

expression of mutant human DISC1 in mice is associated with
brain and behavioral abnormalities reminiscent of schizophrenia.
Mol Psychiatry 13, 173–186.

Porteous, D.J., Thomson, P., Brandon, N.J. & Millar, J.K. (2006) The
genetics and biology of DISC1–an emerging role in psychosis and
cognition. Biol Psychiatry 60, 123–131.

Prata, D.P., Mechelli, A., Fu, C.H., Picchioni, M., Kane, F., Kalidindi, S.,
McDonald, C., Kravariti, E., Toulopoulou, T., Miorelli, A., Mur-
ray, R., Collier, D.A. & McGuire, P.K. (2008) Effect of disrupted-
in-schizophrenia-1 on pre-frontal cortical function. Mol Psychiatry
13, 909, 915–917.

Prata, D.P., Mechelli, A., Fu, C.H., Picchioni, M., Kane, F.,
Kalidindi, S., McDonald, C., Howes, O., Kravariti, E., Demjaha, A.,
Toulopoulou, T., Diforti, M., Murray, R.M., Collier, D.A. & McGuire,
P.K. (2009a) Opposite effects of catechol-O-methyltransferase
Val158Met on cortical function in healthy subjects and patients
with schizophrenia. Biol Psychiatry 65, 473–480.

Prata, D.P., Mechelli, A., Picchioni, M.M., Fu, C.H., Toulopoulou, T.,
Bramon, E., Walshe, M., Murray, R.M., Collier, D.A. & McGuire, P.
(2009b) Altered effect of dopamine transporter 3′UTR VNTR
genotype on prefrontal and striatal function in schizophrenia. Arch
Gen Psychiatry 66, 1162–1172.

Qu, M., Tang, F., Yue, W., Ruan, Y., Lu, T., Liu, Z., Zhang, H., Han, Y.,
Zhang, D., Wang, F. & Zhang, D. (2007) Positive association of the
Disrupted-in-Schizophrenia-1 gene (DISC1) with schizophrenia in
the Chinese Han population. Am J Med Genet B Neuropsychiatr
Genet 144B, 266–270.

Sanders, A.R., Duan, J., Levinson, D.F. et al. (2008) No significant
association of 14 candidate genes with schizophrenia in a large
European ancestry sample: implications for psychiatric genetics.
Am J Psychiatry 165, 497–506.

Schumacher, J., Laje, G., Jamra, R.A., Becker, T., Muhleisen, T.W.,
Vasilescu, C., Mattheisen, M., Herms, S., Hoffmann, P., Hillmer,
A.M., Georgi, A., Herold, C., Schulze, T.G., Propping, P.,
Rietschel, M., McMahon, F.J., Nothen, M.M. & Cichon, S. (2009)
The DISC locus and schizophrenia: evidence from an association
study in a central European sample and from a meta-analysis across
different European populations. Hum Mol Genet 18, 2719–2727.

Szeszko, P.R., Hodgkinson, C.A., Robinson, D.G., Derosse, P., Bilder,
R.M., Lencz, T., Burdick, K.E., Napolitano, B., Betensky, J.D.,
Kane, J.M., Goldman, D. & Malhotra, A.K. (2007) DISC1 is
associated with prefrontal cortical gray matter and positive symp-
toms in schizophrenia. Biol Psychol 79, 103–110.

Takahashi, T., Suzuki, M., Tsunoda, M., Maeno, N., Kawasaki, Y.,
Zhou, S.Y., Hagino, H., Niu, L., Tsuneki, H., Kobayashi, S.,

Sasaoka, T., Seto, H., Kurachi, M. & Ozaki, N. (2009) The
Disrupted-in-Schizophrenia-1 Ser704Cys polymorphism and brain
morphology in schizophrenia. Psychiatry Res: Neuroimaging 172,
128–135.

Taya, S., Shinoda, T., Tsuboi, D., Asaki, J., Nagai, K., Hikita, T.,
Kuroda, S., Kuroda, K., Shimizu, M., Hirotsune, S., Iwamatsu, A.
& Kaibuchi, K. (2007) DISC1 regulates the transport of
the NUDEL/LIS1/14-3-3{varepsilon} complex through Kinesin-1.
J Neurosci 27, 15–26.

Thomson, P.A., Harris, S.E., Starr, J.M., Whalley, L.J., Porteous, D.J.
& Deary, I.J. (2005) Association between genotype at an exonic
SNP in DISC1 and normal cognitive aging. Neurosci Lett 389,
41–45.

Thomson, P.A., Christoforou, A., Morris, S.W., Adie, E., Pickard, B.S.,
Porteous, D.J., Muir, W.J., Blackwood, D.H.R. & Evans, K.L.
(2006) Association of Neuregulin 1 with schizophrenia and bipolar
disorder in a second cohort from the Scottish population. Mol
Psychiatry 12, 94–104.

Wechsler, D. (1981) Manual for the Wechsler Intelligence
Scale – Revised. The Psychological Corporation, San Antonio, TX.

Wechsler, D. (1997) Wechsler Adult Intelligence Scale – Third Edition
Manual. The Psychological Corporation, San Antonio, TX.

Wechsler, D. (1999) Wechsler Abbreviated Scale of Intelligence. The
Psychological Corporation, San Antonio, TX.

Williams, H.J., Norton, N., Dwyer S., et al. (in press) Fine mapping
of ZNF804A and genome-wide significant evidence for its
involvement in schizophrenia and bipolar disorder. Mol Psychiatry
(in press).

Wing, J.K., Babor, T., Brugha, T., Burke, J., Cooper, J.E., Giel, R.,
Jablenski, A., Regier, D. & Sartorius, N. (1990) SCAN. Schedules
for clinical assessment in neuropsychiatry. Arch Gen Psychiatry
47, 589–593.

Winterer, G. & Weinberger, D.R. (2004). Genes, dopamine and
cortical signal-to-noise ratio in schizophrenia. Trends Neurosci 27,
683–690.

Acknowledgments

D.P. was supported by FCT foundation (Fundacao para a Ciencia
e Tecnologia, Portugal) PhD Fellowship, C.F. by a Wellcome
Travelling Fellowship and M.P. by a Wellcome Trust Research
Fellowship. There were no conflicts of interest in producing this
work.

Genes, Brain and Behavior (2011) 10: 276–285 285


