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Abstract
Background: DISC1 is considered a susceptibility gene for schizophrenia and schizoaffective disorder, but little is known regarding the potential

mechanisms through which it may confer increased risk. Given that DISC1 plays a role in cerebral cortex development, polymorphisms in this gene

may have relevance for neurobiological models of schizophrenia that have implicated cortical deficits in its pathophysiology.

Methods: We investigated whether the DISC1 leu607phe polymorphism was associated with prefrontal gray matter volumes using magnetic

resonance imaging in a cohort of patients with schizophrenia (N = 19) and healthy volunteers (N = 25) and positive and negative symptoms in 200

patients with schizophrenia.

Results: Among patients and healthy volunteers, phe carriers (N = 11) had significantly less gray matter in the superior frontal gyrus and anterior

cingulate gyrus compared to leu/leu homozygotes (N = 33). Further, among patients left superior frontal gyrus gray matter volume was

significantly negatively correlated with severity of hallucinations. In addition, patients who were phe carriers (N = 144) had significantly greater

severity of positive symptoms (hallucinations) compared to patients who were leu/leu homozygotes (N = 56).

Discussion: These findings implicate DISC1 in variation of prefrontal cortical volume and positive symptoms, thus providing a potential

mechanism through which DISC1 may confer increased risk for schizophrenia or schizoaffective disorder.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is now considerable evidence that the Disrupted in

Schizophrenia 1 (DISC1) gene plays a role in schizophrenia

(Porteous et al., 2006). DISC1 is located at the breakpoint of a

chromosomal translocation in the 1q42 region resulting in a

balanced translocation that cosegregated with schizophrenia and
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other affective disorders (St Clair et al., 1990). Subsequent

studies indicated that DISC1 and Disrupted in Schizophrenia II

(DISCII) were disrupted by the translocation (Millar et al., 2000,

2001; Blackwood et al., 2001). Association studies provided

further support for the hypothesis that DISC1 is a susceptibility

gene for schizophrenia and schizoaffective disorder (e.g.,

Hennah et al., 2003; Cannon et al., 2005). Moreover, in one

of the strongest association studies to date our group reported that

a missense mutation at a single nucleotide polymorphism (SNP)

resulting in a phenylalanine substitution for leucine at position

607 (leu607phe) was overrepresented in patients compared to

healthy individuals (Hodgkinson et al., 2004).

mailto:szeszko@lij.edu
http://dx.doi.org/10.1016/j.biopsycho.2007.10.011
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Little is known regarding the mechanisms through which

DISC1 may confer increased risk for schizophrenia. Although

the functions of DISC1 have not been fully elaborated, it may be

directly relevant to basic neurodevelopmental mechanisms in

the central nervous system that have relevance to the

pathogenesis of schizophrenia. For example, DISC1 has been

implicated in brain development (Schurov et al 2004; Kamiya

et al 2005), which fits well with neurodevelopmental models of

schizophrenia (Bilder and Degreef, 1991; Szeszko et al., 2003).

Particularly relevant are data from Kamiya et al. (2005) who

reported that suppression of DISC1 may impair migration and

subsequent development of the cerebral cortex.

The identification of endophenotypes in genetics studies

may help elucidate the relationship between risk genes such as

DISC1 and phenomenology (Blackwood and Muir, 2004;

Szeszko et al., 2005). Surprisingly, however, few studies have

investigated relationships among genetic variation in DISC1,

gray matter structure in vivo and symptom severity in

schizophrenia. Some work suggests that genetic variation in

DISC1 may be associated with delusions and hallucinations

(Hennah et al., 2003; DeRosse et al., 2007) and that carriers of a

3 locus haplotype, which includes the leu607phe polymorph-

ism, have prefrontal gray matter deficits compared to

noncarriers (Cannon et al., 2005). Better understanding how

genetic variation in DISC1 is associated with cortical measures

and symptoms in schizophrenia as well as the potential

relationship between gray matter structure and symptoms

could provide important clues to the neurobiology of

schizophrenia.

We tested the hypothesis that the DISC1 leu607phe

polymorphism would be associated with prefrontal gray matter

volume and symptoms in patients. We focused on prefrontal

regions given that twin studies of schizophrenia suggest that the

genetic underpinnings of brain structural deficits may lie in

these regions (Cannon et al., 2002). Moreover, both positive

(Lennox et al., 2000; Erkwoh et al., 1997) and negative

symptoms (Sanfilipo et al., 2000) have been linked with

prefrontal cortical abnormalities in schizophrenia. Based on

prior work (Hennah et al., 2003; Cannon et al., 2005;

Hodgkinson et al., 2004) we hypothesized that phe carriers

would have less prefrontal cortical gray matter and greater

severity of symptoms compared to leu/leu homozygotes. We

focused on the DISC1 leu607phe SNP because it: (a) was most

strongly associated with disease in our prior study (Hodgkinson

et al., 2004); and (b) was part of a 3 locus haplotype within

DISC1 that was overtransmitted to patients (Hennah et al.,

2003; Cannon et al., 2005), which was associated with lower

prefrontal gray matter density (Cannon et al., 2005).

2. Method

2.1. Subjects

Twenty-five (11 males, 14 females; mean age = 27.1, S.D. = 6.8) healthy

volunteers with no history of Axis I psychiatric illness as determined from the

SCID-NP (Spitzer and Williams, 1998) and 19 (14 males, 5 females; mean

age = 26.3, S.D. = 5.9) patients participated in this study. All patients were

derived from a larger cohort of patients participating in clinical treatment trials
of antipsychotic medications at Zucker Hillside Hospital who had both mag-

netic resonance (MR) imaging and genotype data available for analysis.

Genotype distributions were as follows (patient, healthy volunteer): phe/phe

(2,0), leu/phe (3,6) and leu/leu (14,19). Diagnoses of patients were based on the

Structured Clinical Interview for Axis I DSM-IV Disorders (First et al., 1994)

and included schizophrenia (N = 17), schizoaffective (N = 1) or schizophreni-

form (N = 1) disorder. All patients with MR imaging data were experiencing a

first-episode of illness with a median of 0 weeks exposure to antipsychotic

treatment (range = 0–23 weeks). Eleven patients were antipsychotic drug-naı̈ve

at the time of the MR imaging exam. Mean age at onset of illness was 22.7

(S.D. = 5.1) years.

Classification of handedness for individuals with MR imaging data was

based on a modified version of the Edinburgh Inventory consisting of 20 items

(Oldfield, 1971) using the following formula: (total right � total left)/(total

right + total left). Subjects with a laterality quotient greater than .70 were

classified as dextral and the rest were classified as nondextral (Schachter et al.,

1987). Mean (S.D.) laterality quotient for patients was .76 (S.D. = .58) and for

controls was .72 (S.D. = .53). Handedness for 1 patient and 2 healthy volunteers

was based on preference for handwriting alone.

Two hundred patients with a diagnosis of schizophrenia (N = 156) or

schizoaffective disorder (N = 44) based on the Structured Clinical Interview

for Axis I DSM-IV Disorders (First et al., 1994) had genotype data available and

complete item information available from the psychosis module for analysis.

Among the 200 patients 11 were phe/phe homozygotes, 45 were leu/phe

heterozygotes and 144 were leu/leu homozygotes.

Exclusion criteria for patients and healthy volunteers included any known

genetic, neurologic or seizure disorder or meeting DSM-IV criteria for mental

retardation. Additional exclusion criteria for healthy volunteers included an

Axis I diagnosis. The sample was limited to Caucasians to control for potential

population effects. All procedures were approved by the North Shore - Long

Island Jewish Health System IRB and written informed consent was obtained

from all participants.

2.2. Symptom measures

We assessed positive and negative symptoms using the psychosis module of

the Structured Clinical Interview for Axis I DSM-IV Disorders (First et al.,

1994). A negative symptom score was formed by averaging the avolition, alogia

and affective flattening scores. The positive symptom score was formed by

averaging the delusion and hallucination items. The delusion score was

computed as the average of referential delusions, paranoid delusions, grandiose

delusions, somatic delusions, other delusions, delusions of being controlled,

thought broadcasting, and bizarre delusions. The hallucination score was

computed as the average of auditory hallucinations, visual hallucinations,

tactile hallucinations and other hallucinations.

2.3. Magnetic resonance (MR) imaging methods

MR imaging exams were conducted at the Long Island Jewish Medical

Center in the coronal plane using a 3D Fast SPGR with IR Prep (TR = 12.7 or

14.7, TE = 4.5 or 5.5 ms, FOV = 22 cm) on a 1.5 Twhole body superconducting

imaging system (General Electric, Milwaukee, WI). This sequence produced

124 contiguous images (slice thickness = 1.5 mm) through the whole head with

nominal in-plane resolution of .86 mm � .86 mm in a 256 � 256 matrix. All

measurements were completed using the MEDx software program (MEDx,

1998). MR images were aligned along the anterior and posterior commissures

for standardization across subjects and flipped randomly in the right–left axis.

Scans were mixed together randomly and no identifying information was

available to the operator from the scan. All measurements were thus completed

by an operator who was blind to group membership, genotype status and

hemisphere. All scans were reviewed by a member of the research team during

acquisition and any scan with significant artifacts was repeated.

2.4. Total intracranial contents

Measurement of total intracranial contents was completed in MEDx by

computing the volume of the total cerebrum, cerebrospinal fluid, cerebellum



Fig. 1. Illustration of the frontal lobe regions-of-interest. Notes: superior frontal

gyrus = yellow; anterior cingulate gyrus = blue; orbital frontal lobe = Green.

Outlined regions were automatically segmented into gray and white matter

using a thresholding method generated from gray-level histograms (see text and

Otsu, 1979 for details)
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and brainstem. Inter-rater reliability between two raters as assessed by intra-

class correlations [ICCs] in 9 cases was .99.

2.5. Frontal lobe subregions

The frontal lobe subregions were measured in the coronal plane using

methods described previously (Szeszko et al., 1999, 2004) that were adapted

from Rademacher et al. (1992). An illustration of these regions at the level of the

genu of the corpus callosum is provided in Fig. 1 and the limiting boundaries for

these regions are illustrated in Fig. 2. This method utilizes the cerebral sulci in

combination with a set of coronal planes that ‘‘close’’ the borders of selected

regions of interest. Although the most anterior portion of these frontal regions

may be excluded from measurement, the major strength of an approach based

on the sulcal anatomy is to allow consistency of measurement of cytoarchi-

tectonic regions across subjects given the fundamental problem associated with

several prior schemes based on the use of invariant landmarks. The boundaries

of the superior frontal gyrus were (anterior, posterior, lateral, medial): tip of the

cingulate sulcus, connection of the superior and precentral sulci, superior

frontal sulcus and cingulate sulcus. The boundaries of the anterior cingulate

gyrus were (anterior, posterior, ventral, dorsal): tip of the cingulate sulcus,

connection of the superior and precentral sulci, callosal sulcus and cingulate

sulcus. Based on our empirical (Szeszko et al., 1999, 2000) and theoretical

(Bilder and Szeszko, 1996; Bilder and Degreef, 1991; Christensen and Bilder,
Fig. 2. Illustration of the limiting boundaries for the frontal lobe regions. Notes: Pane

(green); Panel B, superior frontal sulcus (SFS; red), precentral sulcus (PRC; white) a

(ahr; red) and anterior tip of the ahr (green); Panel D, olfactory sulcus (OLS, red)
2000) work the superior frontal gyrus and anterior cingulate gyrus volumes

were summed together to form a single measure of ‘‘dorsal’’ brain volume to

minimize potential Type I error in the analysis of the brain structure volumes.

The boundaries of the orbital frontal region, which served as the ‘‘ventral’’

brain volume were (anterior, posterior, lateral and medial): last appearance of

the anterior horizontal ramus, last appearance of the olfactory sulcus, anterior

horizontal ramus/circular sulcus of insula and the olfactory sulcus. Because one

of the limiting sulci required for measurement of the orbital frontal region (i.e.,

the anterior horizontal ramus) was not present in every hemisphere (Szeszko

et al., 1999; Ono et al., 1990), orbital frontal volumes could not be computed in

the right hemisphere for 2 patients and 5 healthy volunteers and in the left

hemisphere for 1 patient and 4 healthy volunteers.

All regions were outlined manually in the coronal plane on a slice by slice

basis and included both gray and white matter (see Fig. 1). After outlining the

frontal region of interest an operator segmented it into gray and white matter

using a thresholding method generated from gray-level histograms (Otsu, 1979)

as described previously (Szeszko et al., 2004; Lim et al., 1992). Given our a

priori hypothesis only gray matter volumes were included in analyses. Intra-

class correlations between 2 or 3 operators (number of cases ranged from 8 to

10) for the prefrontal gray matter volumes were (right hemisphere, left hemi-

sphere): anterior cingulate gyrus gray matter (.90, .94), superior frontal gyrus

gray matter (.92, .97), orbital frontal lobe gray matter (.92, .99).

2.6. Genotyping

Genotyping methods have been described in detail previously (Hodgkinson

et al., 2004). Briefly, DISC1 leu607phe genotypes were determined using a 50-
exonuclease allelic discrimination (Taqman) assay using Reference SNP ID:

rs6675281 on an Applied Biosystems 7900 Analyzer (Foster City, CA).

Genotyping accuracy as determined by regenotyping one in six samples,

randomly selected, produced an overall accuracy rate >99%.

2.7. Statistical procedures

All statistical tests were conducted using SAS Version 9.1 (SAS, 2002–

2003). The mixed models approach for repeated measures analysis of covar-

iance was used to investigate the relationship between leu607phe genotype and

the frontal gray matter volumes in patients and healthy volunteers. When

appropriate the 95% confidence intervals are presented for the difference in

group means (lower to upper bound). To control Type-I error we first inves-
l A, cingulate sulcus (white), callosal sulcus (red) and tip of the cingulate sulcus

nd connection of the SFS and PRC (green); Panel C, anterior horizontal ramus

and posterior tip of the OLS (green).



Table 1

Sample characteristics for symptom data analysis

Phe carriers (N = 56) leu/leu homozygotes (N = 144) Test statistic d.f. p-Value

Sex (M, F) 41, 15 99, 45 x2 = .38 1 .54

Age (years) 40.7 (9.3) 38.7 (10.9) t = 1.3 198 .21

Age at onset of psychotic

symptoms (years)a

21.4 (5.3) 21.1 (6.2) t = .33 190 .74

Global assessment of functioninga 38.3 (15.6) 38.4 (15.2) t = �.03 191 .99

Hallucination severity 1.8 (.5) 1.6 (.4) t = 2.6 198 .01

Delusion severity 2.1 (.5) 2.0 (.5) t = 1.3 198 .20

Avolition 1.8 (.9) 1.8 (.9) t = .03 198 .98

Alogia 1.5 (.8) 1.6 (.9) t = �1.3 198 .19

Affective flattening 1.7 (.8) 1.8 (.8) t = �.80 198 .43

Notes: Data are presented as mean � S.D. in parentheses, unless otherwise indicated.
a There were missing data for the following variables: age at onset of psychotic symptoms (3 risk carriers, 5 non-risk carriers), and global assessment of functioning

(1 risk carrier, 6 non-risk carriers).

Fig. 3. Total anterior cingulate gray matter volume by leu607phe genotype.

Notes: Horizontal lines represent mean values.
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tigated all higher order interactions in the original model and retained only those

that remained statistically significant in the final model, along with all main

effects. In addition, to increase statistical power in the analyses we combined

the small number of phe/phe homozygotes with the leu/phe carriers to form a

single group (phe carriers). The statistical model thus included group (patient

versus healthy volunteer) and genotype status (phe carriers versus leu/leu

homozygotes) as between subjects factors and gray matter region (dorsal versus

ventral) and hemisphere (right verus left) as within subjects factors. Statistical

covariates included age, sex and total intracranial contents. Age was included as

a covariate because it correlated with the brain structure volumes. Intracranial

volume was included as a covariate to control for nonspecific differences in

brain size among individuals. Sex was included as a covariate due to the

imbalance in sex distribution between the groups.

Repeated measures analysis of variance was used to investigate the relation-

ship between leu607phe genotype and positive and negative symptoms in

patients. Given the small number of phe/phe homozygotes and the fact that

they did not differ significantly from leu/phe heterozygotes in symptoms we

combined these two groups into a single group (phe carriers) for analysis. Thus,

of the 200 patients 56 were classified as phe carriers and 144 were classified as

leu/leu homozygotes. Sample characteristics for the two genotype groups are

illustrated in Table 1. In each analysis genotype group (phe carriers versus leu/

leu homozygotes) was the between subjects factor. In the negative symptom

analysis the within subjects factor was negative symptom score (i.e., avolition,

alogia and affective flattening). In the positive symptom analysis the within

subjects factor was positive symptom score (i.e., delusions and hallucinations).

Group differences for continuous demographic variables were examined

using independent groups t tests. Chi-square tests were used to examine

differences in categorical variables. Pearson Product Moment correlations were

used for investigating brain structure in relationship to symptoms. Alpha was set

to .05 for all analyses. Genotype frequencies were investigated using Chi-square

analysis to test for Hardy–Weinberg equilibrium.

3. Results

3.1. Magnetic resonance (MR) imaging data

Mixed models repeated measures analysis of covariance did

not reveal any significant main effects of group, hemisphere, or

sex. There was, however, a significant genotype-by-brain

region interaction for the prefrontal cortical volumes (F = 4.48,

d.f. = 1.38, p = .04), which remained significant after removal

of nondextral subjects from the analysis (F = 7.01, d.f. = 1.31,

p = .01). Overall, carriers of the phe allele (N = 11) had less

gray matter in the dorsal brain region compared to leu/leu

homozygotes (N = 33) (t = �2.24, d.f. = 1.38, p = .03; 95%

CI = �261 to �3609). The genotype-by-brain region-by-
hemisphere interaction was not statistically significant indicat-

ing that the observed findings were not specific to either the

right or left hemisphere. Follow-up analyses revealed that this

effect was statistically significant for both the superior frontal

gyrus and anterior cingulate gyrus. Specifically, carriers of the

phe allele had less gray matter in the superior frontal gyrus

(t = �2.19, d.f. = 1.38, p = .035; 95% CI = �6700 to �370)

and anterior cingulate gyrus (t = �2.34, d.f. = 1.38, p = .025;

95% CI = �2213 to �196) compared to leu/leu homozygotes.

Individual brain volumes are illustrated by genotype in Fig. 3

for the anterior cingulate gyrus and Fig. 4 for the superior

frontal gyrus. There were no significant differences between

the two genotype groups in orbital frontal volumes. There was

a significant region-by-hemisphere interaction (F = 6.54,

d.f. = 1.35, p = .02) such that overall, subjects had more gray

matter in the left compared to the right orbital frontal cortex

(t = 2.81, d.f. = 1.35, p = .008; 95% CI = 178 to 1002). Allelic

distribution for the genotype groups in the MRI analysis did not

differ significantly from Hardy–Weinberg equilibrium.

Given the main effect of DISC1 leu607phe genotype we

examined possible differences in sample characteristics

between phe carriers and leu/leu homozygotes that may have

influenced the observed findings. There were no significant



Fig. 4. Total superior frontal gray matter volume by leu607phe genotype.

Notes: Horizontal lines represent mean values.
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differences between the two genotype groups in distributions of

sex, age, education, handedness, clinical diagnosis of schizo-

phrenia or total intracranial contents (see Table 2). Nevertheless,

we investigated the genetic hypothesis separately in patients and

healthy volunteers in a post hoc analysis. Genotype accounted for

a larger percentage of the variance in superior frontal gyrus

volume among patients (F = 7.59, d.f. = 1.14, p = .015, 95%

CI = �11,142 to �1388; effect size = .35) compared to healthy

volunteers (F = 3.50, d.f. = 1.20, p = .076, 95% CI = �7288 to

2110; effect size = .149). Similarly, genotype accounted for a

larger percentage of the variance in anterior cingulate gyrus

volume among patients (F = 5.74, d.f. = 1.14, p = .031, 95%

CI = �3082 to �170; effect size = .29) compared to healthy

volunteers (F = 1.32, d.f. = 1.20, p = .26, 95% CI = �2891 to

157; effect size = .062).

3.2. Positive and negative symptoms

Comparison of sample characteristics for the two genotype

groups in the symptom data analysis (56 phe carriers versus 144

leu/leu homozygotes) did not reveal any significant differences

in distributions of age, sex, age at first psychotic symptoms and

global assessment of functioning (see Table 1). Allelic
Table 2

Sample characteristics for subjects with brain volume data by genotype

Phe carriers (N = 11) L

Sample characteristics

Group (patients, healthy volunteers) 5/6 1

Sex (male, female) 8/3 1

Handedness (right, left) 9/2 2

Age (years) 26.0 (6.8) 2

Education (years) 14.9 (2.4) 1

Brain volume data (cm3)

Superior frontal gray matter 29.96 (6.23) 3

Anterior cingulate gray matter 7.41 (1.10) 8

Total orbital frontal gray matter 10.97 (2.80) 1

Total intracranial volume 1351 (87) 1

Notes: Data are presented as mean � S.D. in parentheses, unless otherwise indica
distribution for the genotype groups in the symptom data

analysis did not differ significantly from Hardy–Weinberg

equilibrium. ANOVA revealed a significant main effect of

genotype for the positive symptom scores (F = 5.98,

d.f. = 1.198, p = .015; 95% CI = .03 to .25). This effect was

driven primarily by greater severity of hallucinations among

patients who were phe carriers compared to patients who were

leu/leu homozygotes (t = 2.56, d.f. = 1.198, p = .011; 95%

CI = .04 to .32). The leu607phe polymorphism accounted for

approximately 3% of the variance in hallucinations among

patients. Neither the main effect of genotype for the negative

symptom items nor genotype-by-negative symptom item

interaction were statistically significant.

We examined the relationship between superior frontal and

anterior cingulate gyrus gray matter volumes and severity of

hallucinations among the subset of patients (N = 15) who had

both MR imaging and symptom data available. These analyses

revealed that less gray matter in the left superior frontal gyrus

correlated significantly with increased severity of hallucina-

tions (r = �.53, d.f. = 15, p = .045; Fig. 5). Neither right/left

anterior cingulate gyrus gray matter nor right superior frontal

gray matter volumes correlated significantly with severity of

hallucinations.

4. Discussion

Our data provide evidence for an association between a

DISC1 polymorphism, leu607phe, and prefrontal cortical gray

matter volume and positive symptoms. Specifically, carriers of

the phe allele (N = 11) had less cortical gray matter volume in

the superior frontal gyrus and anterior cingulate gyrus

compared to leu/leu homozygotes (N = 33). Furthermore, in

the larger cohort of patients with schizophrenia or schizoaf-

fective disorder (N = 200), carriers of the phe allele (N = 56)

had greater severity of hallucinations compared to patients who

were leu/leu homozygotes (N = 144). Finally, we also observed

a significant negative correlation between superior frontal gray

matter volume and severity of hallucinations among a subgroup

of 15 patients. Taken together, these results provide a potential

mechanism through which DISC1 may confer increased risk for

schizophrenia or schizoaffective disorder.
eu/leu homozygotes (N = 33) Statistic d.f. p

4/19 x2 = .03 1 .86

7/16 x2 = 1.51 1 .22

9/4 x2 = .26 1 .61

7.0 (6.3) t = �.48 42 .64

4.4 (1.9) t = .76 42 .45

3.49 (5.35)

.57 (1.54)

0.86 (2.34)

371 (163)

ted.



Fig. 5. Scatterplot of left superior frontal gyrus volume (mm3) and severity of

hallucinations.
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Despite a purported role in cortical development there are

surprisingly little human data documenting an association

between DISC1 genetic variation and brain structure or

function. In one study, Cannon et al. (2005) reported that a

3 locus haplotype, which included the leu607phe polymorph-

ism, was associated with lower prefrontal gray matter density

among patients with schizophrenia. Support for an association

between variation in DISC1 genotype and neurocognition was

reported in two recent studies. Burdick et al. (2005) indicated

that DISC1 genotype was related to neurocognitive perfor-

mance on measures of rapid visual search and verbal working

memory in a cohort of 250 patients with schizophrenia. Also,

Hennah et al. (2005) reported that one haplotype of DISC1,

HEP3, was linked to short-term visual memory and attention

performance in affected and unaffected offspring of patients

with schizophrenia. It may therefore be noteworthy that prior

associations between DISC1 genetic variation and ‘‘working

memory’’ performance (Burdick et al., 2005; Hennah et al.,

2005) are believed to be mediated, at least in part, by gray

matter in regions found in the present study to be linked to

DISC1 genetic variation in patients with schizophrenia (Rasser

et al., 2005) and healthy volunteers (du Boisgueheneuc et al.,

2006).

Although the functions of DISC1 are not fully known, there

is evidence that the DISC1 protein regulates several basic

developmental mechanisms in the central nervous system. The

involvement of DISC1 in neurite outgrowth was initially

demonstrated by Ozeki et al. (2003) with subsequent work

indicating that the DISC1 protein participates in neurite

outgrowth through interactions with FEZ1 (Miyoshi et al.,

2003). Studies by Morris et al. (2003), Ozeki et al. (2003), and

Brandon et al. (2004) supported this work by demonstrating a

protein interaction of DISC1 with NUDEL. DISC1 has also

been implicated in mitochondrial function and cAMP-signaling

(Millar et al., 2005), which are also relevant to the

pathophysiology of schizophrenia. Moreover, both animal

(Schurov et al., 2004) and in vivo (Kamiya et al., 2005) studies

support a role for DISC1 in brain development, which has direct

relevance for neurodevelopmental models of schizophrenia that

posit cortical deficits in the pathophysiology of the disorder

(Bilder and Degreef, 1991; Szeszko et al., 2003). Particularly
noteworthy in this regard are data from Kamiya et al. (2005)

who reported that suppression of DISC1 may impair migration

and subsequent development of the cerebral cortex through its

interactions with microtubule-associated dynein motor com-

plex.

Our study provides evidence for an association between

DISC1 and gray matter volume in the superior frontal and

anterior cingulate gyri, which have particular relevance for the

neurobiology of schizophrenia. Structural alterations both in

the anterior cingulate (Narr et al., 2005) and superior frontal

(Jayakumar et al., 2005) gyri have been reported in patients

with schizophrenia. Also, individuals at high-risk for devel-

oping schizophrenia who later became ill demonstrated

abnormal anterior cingulate activity during an fMRI sentence

completion task (Whalley et al., 2006). We previously

suggested that the ‘‘medial frontolimbic system,’’ in which

the frontal lobes and limbic system are linked by the cingulate

bundle is isomorphic with the medial/dorsal ‘‘archicortical’’

system (Sanides, 1969) and can be distinguished from a ventral/

lateral ‘‘paleocortical’’ system that comprises the olfactory

cortex and peri-insular and ventral neocortices including the

orbital frontal cortex. A defect in the frontolimbic system or

dorsal ‘‘archicortical’’ trend, which encompasses both the

superior frontal and anterior cingulate gyri, has been

hypothesized to be critical for the stable execution of internally

generated, task relevant, action-oriented behaviors (Bilder and

Degreef, 1991; Bilder and Szeszko, 1996; Szeszko et al., 2002).

Evidence for a genetically mediated defect in this integrated

system in schizophrenia could play a role in neuropsycholo-

gical deficits observed during executive functioning (Szeszko

et al., 2000; Everett et al., 2001), two-choice guessing (Paulus

et al., 1999), verbal fluency (Schaufelberger et al., 2005) and

conflict monitoring (Kerns et al., 2005).

Our results also suggest that genetic variation in DISC1

plays a role in positive symptoms (i.e., hallucinations) in

schizophrenia. Similarly, Hennah et al. (2003) reported that

variation in DISC1 was associated with delusions, hallucina-

tions, and negative symptoms among patients with schizo-

phrenia. Strengthening the purported effect of DISC1 on brain

volume and its association with positive symptoms we also

observed a significant inverse correlation between superior

frontal gray matter volume and severity of hallucinations

among patients. In that regard our results are consistent with

other studies documenting an association between severity of

hallucinations and prefrontal cortical abnormalities as assessed

via magnetoencephalography (Kawaguchi et al., 2005) and in

event related potential (Papageorgiou et al., 2005), positron

emission tomography (Copolov et al., 2003) and functional

magnetic resonance imaging (Lennox et al., 2000) studies in

patients with schizophrenia. Moreover, other studies indicate

that the prefrontal cortex may be an important region for the

development of hallucinations (Castner and Goldman-Rakic,

2003) and that atypical antipsychotics that are linked with

positive symptom improvement (Kane et al., 1988) alter frontal

dopaminergic activity (Ichikawa and Meltzer, 1999).

There were several limitations to this study that should be

acknowledged. There is the caveat of examining a single SNP
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in relationship to multiple phenotypic traits, which may

increase the likelihood of false positives. Thus, these findings

should be replicated using larger sample sizes. In addition, the

sample size for the MR imaging analysis was small, as reflected

by the large confidence intervals, and thus, potentially

underpowered to detect significant group differences in brain

structure volumes. There is also the potential that case–control

association studies may be influenced by undetected population

stratification (Malhotra and Goldman, 1999). To limit this

possibility, however, we limited the sample to Caucasians, and

focused on a functional polymorphism that has been demon-

strated previously to increase risk for schizophrenia and

schizoaffective disorder and was part of a haplotype previously

reported to be associated with gray matter density. Lastly, it

would be important to consider potential gene-environment

interactions in subsequent analyses.

In sum, these findings suggest that variation in frontal

cortical gray matter volumes and positive symptoms may be

explained, in part, by the leu607phe polymorphism in the

DISC1 gene. Taken together, our data provide a potential

mechanism through which DISC1 may confer increased risk for

neuropsychiatric disorders such as schizophrenia or schizoaf-

fective disorder. Future studies could focus on potential

epistatic interactions of the DISC1 gene with other genes that

may increase risk for schizophrenia.
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