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Context: Chromosome 1q42 is among several genomic
regions showing replicated evidence of linkage with schizophrenia, but the specific susceptibility mechanisms underlying this relationship remain to be identified.
Objective: To examine a series of haplotype blocks of
single-nucleotide polymorphic markers from a segment
of 1q42 spanning the disrupted-in-schizophrenia 1 (DISC1)
and translin-associated factor X (TRAX) genes for association with schizophrenia and several endophenotypic
traits thought to be involved in disease pathogenesis.
Design: Population-based twin cohort study.
Setting: Finland.
Participants: Two hundred thirty-six subjects, consisting of 7 twin pairs concordant for schizophrenia
(6 monozygotic [MZ] and 1 dizygotic [DZ]), 52 pairs
discordant for schizophrenia (20 MZ and 32 DZ), and
59 demographically balanced normal pairs (28 MZ
and 31 DZ), were drawn from a twin cohort consisting
of all of the same-sex twins born in Finland from 1940
through 1957.
Main Outcome Measures: Psychiatric diagnosis,
performance on neurocognitive tests of short- and
long-term memory, and gray matter volume measure-
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ments taken from high-resolution magnetic resonance
images.
Results: A common haplotype incorporating 3 singlenucleotide polymorphic markers near the translocation
break point of DISC1 (odds ratio, 2.6 [P=.02]) and a rare
haplotype incorporating 4 markers from the DISC1 and
TRAX genes (odds ratio, 13.0 [P = .001]) were significantly overrepresented among individuals with schizophrenia. These haplotypes were also associated with several quantitative endophenotypic traits previously observed
to covary with schizophrenia and genetic liability to schizophrenia, including impairments in short- and long-term
memory functioning and reduced gray matter density in
the prefrontal cortex, as demonstrated using a populationbased brain atlas method, with a trend toward association with reduced hippocampal volume.
Conclusions: Specific alleles of the DISC1 and TRAX
genes on 1q42 appear to contribute to genetic risk for
schizophrenia through disruptive effects on the structure and function of the prefrontal cortex, medial temporal lobe, and other brain regions. These effects are consistent with their production of proteins that play roles
in neuritic outgrowth, neuronal migration, synaptogenesis, and glutamatergic neurotransmission.
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CHIZOPHRENIA IS A COM -

plexly inherited disorder
involving multiple genes
of small effect influencing
numerous central nervous
system trait deficits.1 Two genes in the
chromosome 1q42 region—disrupted-inschizophrenia 1 (DISC1) and translinassociated factor X (TRAX)—represent
particularly good candidate loci based on
positional and functional considerations.
Although the evidence for linkage of this
region to schizophrenia has been negligible in some studies,2 the translocation
break point that cosegregates with schizo-
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phrenia in a Scottish pedigree3,4 and the
peak linkage signal in the 1q42 region
within the Finnish population5-7 are intragenic to DISC1, with several other linkage and association findings also pointing to this region.8-15 The DISC1 gene is
expressed in neurons and glia and is translated to a protein that has an impact on
neurodevelopmental and neurochemical
processes thought to be involved in the
pathophysiology of schizophrenia, including neuritic outgrowth, neuronal migration, synaptogenesis, and glutamatergic
transmission.16-19 Recently, 2 haplotypes
incorporating different blocks of single-
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Table 1. Sociodemographic Characteristics of the Control,
Patient, and Co-twin Samples*

Characteristic

Controls
(n = 118)

Probands
(n = 65)

Co-twins
(n = 53)

Monozygotic
56 (47.5) 32 (49.2) 20 (37.7)
Female
58 (49.2) 33 (50.8) 29 (54.7)
Left-handed
8 (6.8)
5 (7.7)
5 (9.4)
Substance abuse
6 (5.1)
14 (21.5)
8 (15.1)
Age, mean (SD), y
48.6 (6.9) 47.6 (5.1) 47.7 (4.6)
Parental social class, mean (SD)† 6.5 (1.3)
6.5 (1.4)
6.4 (1.4)
*Unless otherwise indicated, data are expressed as number (percentage)
of subjects.
†Determined according to the Rauhala scale of socioeconomic status as
implemented in the Finnish National Population Register.

nucleotide polymorphic (SNP) markers in the DISC1 gene
were found to be associated with schizophrenia (one undertransmitted and the other overtransmitted to affected cases) in a study of multiplex families from Finland.6 How these genetic variations influence central
nervous system trait components associated with schizophrenia remains to be determined, although it is notable that carriers of the (1;11)(q42;q14.3) translocation show deficits in the amplitude of the P300
electrophysiological response.12 Another locus affected
by the balanced translocation in the Scottish pedigree
DISC2 is not known to form a protein but is thought to
act through its RNA as a regulator of DISC1.3
The TRAX gene is located immediately centromeric to
and in the same orientation as DISC1 and was identified
as a potential candidate gene when intergenic splicing was
found to form fusion proteins between TRAX, DISC1, and
combinations of 4 intragenic exons located between these
2 genes.20 Although this discovery was made in vitro, it highlights that such events could be possible in vivo, and that
mutations affecting TRAX may also affect DISC1. It has also
recently been shown that orthologs of DISC1 are highly conserved in genomic structure and in their location close to
the TRAX orthologs on the mouse21 and fugu22 genomes,
implying some significance for the physical vicinity of the
TRAX and DISC1 genes. In addition, such potential interplay between the DISC1 and TRAX genes in the etiology
of schizophrenia was highlighted when association was observed by Hennah et al6 to a haplotype located solely within
the TRAX gene that was independent of the DISC1associating haplotypes. The TRAX protein is known to form
a brain-enriched complex with translin that can bind singlestranded DNA and RNA, through which it is involved in
protein regulation23 and, consequentially, development and
function of the nervous system.
In the context of complex inheritance, endophenotypic traits reflecting processes intermediate between gene
expression and clinical diagnosis are likely to be particularly useful in isolating DNA sequence variations associated with susceptibility to illness.10,12,24-26 For example, such
traits are sensitive to gradations in phenotypic liability in
patients and their nonschizophrenic relatives, who are expected to manifest disease-promoting haplotypes to a degree intermediate between probands and the general population.25 Deficits in short-term (or working) memory and
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long-term episodic memory are reliably observed in patients with schizophrenia and vary in a dose-dependent
manner with genetic proximity to an individual with schizophrenia among their nonaffected relatives.27 The same pattern is observed for reductions in gray matter volume in
the frontal cortex and medial temporal lobe structures,28,29 regions known to play critical roles in the mediation of working memory30 and episodic memory,31 respectively. These reductions in cortical gray matter volume
appear to reflect deficits in dendritic arborization and synaptic contacts on cortical pyramidal neurons.32 Such deficits in neuropil volume in the region of the prefrontal cortex would be expected to affect the distribution and
functioning of the dopamine D1 receptor, which is critically involved in the mediation of spatial working memory
functioning through its modulation of glutamatergic neurotransmission in pyramidal neurons.33,34
Herein we sought to determine whether haplotypes of
segregating blocks of SNP markers of the DISC1 and TRAX
genes influence liability for schizophrenia, regional cortical gray matter volume, and neurocognitive functioning in the domains of short- and long-term memory. We
evaluated variations in these genes for linkage and association with schizophrenia and with quantitative neuroanatomical and neuropsychological traits in samples of twin
pairs concordant and discordant for schizophrenia and in
healthy control twins from Finland.
METHODS

SUBJECTS AND CLINICAL EVALUATION
The study protocol was reviewed and approved by the institutional review boards of the University of California–Los Angeles and the National Public Health Institute, Helsinki, Finland, and all subjects signed institutional review board–
approved informed consent forms.
Two hundred thirty-six subjects, consisting of 7 twin pairs
concordant for schizophrenia (6 monozygotic [MZ] and 1 dizygotic [DZ]), 52 pairs discordant for schizophrenia (20 MZ
and 32 DZ), and 59 normal pairs (28 MZ and 31 DZ) were drawn
from a twin cohort consisting of all of the same-sex twins born
in Finland from 1940 through 1957 in which both members
of each pair were alive and residing in Finland as of 1967.35 As
shown in Table 1, the patients, co-twins, and control twins
were balanced on age, sex, handedness,36 and parental social
class. As previously indicated, probands and their co-twins had
higher rates of substance use compared with control twins.27
Each co-twin was interviewed using the Structured Clinical Interview for DSM-III-R Disorders, Patient or Nonpatient Edition,37 by a different examiner who was blind to the zygosity
and diagnostic status of their co-twin, and the twins were assigned diagnoses based on the DSM-IV definitions.38 Personality disorder symptoms for co-twins and healthy subjects were
rated (eg, cluster A) on the Structured Clinical Interview for
DSM-III-R Personality Disorders.39 Mean±SE diagnostic reliability was excellent (ie, =0.94±0.02)40; final diagnoses were
made by consensus among 3 independent raters (including
T.D.C. and M.H.) after review of written case reports that summarized the information collected in the interviews and any hospital records. The patients had a mean±SD age at onset of 24±5
years and had been treated with (primarily traditional) antipsychotic drugs for a mean±SD of 14±10 years. Average symptom severity at the time of evaluation was in the moderate range
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Figure 1. Schematic of the single-nucleotide polymorphic markers genotyped in the translin-associated factor X (red) and disrupted-in-schizophrenia 1 (green)
genes on chromosome 1q42. Haplotype HEP1, HEP2, and HEP3 associations with schizophrenia were identified by Hennah et al.6

in terms of negative symptoms (mean±SD scores of 2.0±1.0
on global items on the Scale for the Assessment of Negative
Symptoms41) and in the moderate to severe range in terms of
positive symptoms (mean±SD scores of 2.3±0.8 on global items
on the Scale for the Assessment of Positive Symptoms42).
A comprehensive neuropsychological test battery was administered to each co-twin by a different examiner (A.T.-H. or
T.P.) who was blind to zygosity and to the diagnostic status of
the other co-twin. Variables selected for quantitative trait locus analysis consisted of 8 test indexes that discriminated affected from unaffected co-twins, degree of genetic loading for
schizophrenia, or both, as previously described27: spatial working memory,43 divided attention,44 choice reaction time,45 verbal learning and memory,46 intrusions during verbal memory
retrieval,46 semantic clustering during verbal memory retrieval,46 visuospatial learning and memory,43 and motor speed.47
All groups were within 1 SD of normal in terms of a composite
average of the age-scaled standard scores on the vocabulary,
similarities, block design, and digit symbol subtests of the Wechsler Adult Intelligence Test–Revised.48 Patient performance on
this measure was signficantly worse (mean±SD score, 8.2±2.5)
than that of co-twins (mean±SD score, 9.9±2.6) and control
twins (mean±SD score, 11.1±1.7), and the performance of cotwins was significantly worse than that of control twins.
Discordant pairs in which the proband had a diagnosis of
schizoaffective disorder, affective type, or in which the cotwin had a psychotic disorder diagnosis, currently or on a lifetime basis, were excluded. Control pairs were excluded if there
was a history of psychosis-related treatment in their firstdegree relatives or if either co-twin was judged to have a psychotic disorder. Studied probands were comparable to the remainder of the discordant twin proband population in terms
of year of birth, sex, age at first hospital admission, number of
hospital admissions, and eligibility for disability pension.27 Studied MZ probands were equivalent to studied DZ probands in
terms of age at evaluation, age at onset, positive symptom severity, and negative symptom severity.27 There were no differences in demographics, illness history, or symptom severity between probands from discordant and concordant pairs.27 We
have previously found that the heritability of schizophrenia is
0.83 in the twin population in Finland.35 This estimate is comparable to those from the United Kingdom.49 The genetic variation in Finland is expected to be the same as in other populations for common diseases such as schizophrenia.50
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DNA METHODS
Genomic DNA was extracted from a 20-mL venous blood sample
from each subject. We used as pregenotyping quality control
samples a high proportion of sample duplicates and negative
water controls to ensure a low genotyping error rate. A set of 7
SNPs spanning 315 kilobases from intron 4 of the TRAX gene
to intron 9 of the DISC1 gene were genotyped (Figure 1).4,5,7,8,51
These SNPs represent the most informative subset of a larger
panel of SNPs used in a prior study of Finnish families multiply affected with schizophrenia and expose the allelic diversity in this population.6 In that study, Hennah et al6 observed
3 major regional SNP haplotypes, 1 overtransmitted (HEP1)
and 2 undertransmitted (HEP2 and HEP3) to affected individuals (Figure 1). The SNPs were originally identified from
public databases, contig alignments, and expressed sequence
tag alignments, and by sequencing. Potential SNPs that were
not located by sequencing were verified in 16 Finnish controls. The SNPs were genotyped in the entire sample using the
MassArray system (Sequenom, Inc, San Diego, Calif ).52
For all pairs, zygosity was determined by DNA analysis using the following markers: D1S80 (20 alleles), D17S30 (13 alleles), apolipoprotein B (20 alleles), COL2A1 (10 alleles), vWA
(9 alleles), and HUMTH01 (6 alleles). Assuming an average heterozygosity rate of 70% per marker, we estimate that this procedure will falsely classify a DZ pair as MZ in approximately 1
of 482 cases.

IMAGE ACQUISITION AND ANALYSIS
The T1-weighted MPRAGE magnetic resonance imaging volumes were acquired on a 1.0-T scanner (Siemens Medical Systems, Malvern, Pa) in the Department of Radiology, Helsinki
University Central Hospital, Helsinki (128 contiguous 1.2-mm
slices in the sagittal plane; repetition time, 11.4 milliseconds;
echo time, 4.4 milliseconds; 256 ⫻ 256 matrix). Trained operators outlined the brain parenchyma on each section, eliminating pixels corresponding to the skull and meninges. A radiofrequency bias field correction algorithm eliminated intensity
drifts due to scanner field inhomogeneity. Images were histogram matched, and a supervised, nearest-neighbor tissue classifier generated detailed maps of gray matter, white matter, and
cerebrospinal fluid. Briefly, 120 samples of each tissue class were
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interactively tagged to compute the parameters of a Gaussian
mixture distribution that reflects statistical variability in the intensity of each tissue type.53

3-DIMENSIONAL CORTICAL MAPS
A high-resolution surface model of the cortex was automatically extracted from the segmented image for each subject.54
Medial regions visible from the exterior cortical surface were
included, but other regions (including inferior medial prefrontal, cingulate, and medial temporal lobe) were excluded from
the analysis, as models of these regions were not obtainable using the surface extraction procedure. A single rater blinded to
zygosity, diagnosis, and all demographic information drew 38
gyral and sulcal boundaries, representing the primary gyral pattern, as 3-dimensional (3D) curves on each of the digitized models, using a detailed anatomical protocol (available at: http:
//www.loni.ucla.edu/~esowell/new_sulcvar.html). This protocol
was compiled by neuroanatomists with reference to a sulcal atlas,55 as described previously.56,57 Raters are trained on a set of
6 brains until they can trace landmarks with interrater and intrarater 3D root-mean-square errors of no greater than 2 mm
everywhere and less than 1 mm on average.
Three-dimensional location information was retained through
color coding as each cortical image was flattened and projected
onto a sphere. Cortical models were used to compute a 3D vector deformation field, which was then used to reconfigure each
subject’s anatomy to the average configuration of the normal twins,
matching landmark points, surfaces, and curved anatomical interfaces.57 A local measurement termed gray matter density was
made in each subject,58,59 representing the proportion of gray matter measured in a small sphere of fixed radius (15 mm) around
each cortical point. This metric thus reflects the ratio of voxels
segmenting as gray matter in the sphere relative to the total, which
may also include voxels segmenting as white matter, cerebrospinal fluid, or background. Maps representing the variability in gray
matter density across cortex can then be generated for any withingroup or between-subject contrast.

STATISTICAL METHODS
Haplotypes were resolved using the Haplotype Analysis of Polymorphic Markers program; this method has a very low error
rate and compares favorably with other programs.60 Logistic regression was used to evaluate associations of DISC1 and TRAX
haplotypes with diagnostic status, entering age, sex, substance use disorder, and parental social class as covariates and
controlling for the dependency of observations within twin pairs
using generalized estimating equations. Differences in haplotype frequency were modeled at the level of independent meioses (ie, each individual entered twice). Only 1 co-twin from
healthy and concordant MZ pairs was included in analyses of
associations with diagnosis, thereby correcting for ascertainment bias in MZ pairs concordant for diagnostic status.
Our analyses strategy used a hierarchical approach to hypothesis testing to protect against type I error. We first tested
each haplotype (HEP1, HEP2, and HEP3) for association with
diagnostic status. Given that these 3 haplotypes were independently associated with schizophrenia in the report by Hennah
et al,6 they were treated as independent tests in the present study
(ie, critical value of P⬍.05 in each case). If no evidence of association was detected assuming a dominant mode of transmission, association assuming a recessive model was then tested.
At this stage, the critical value for significance was P⬍.05/2 or
P=.025. Only those haplotypes that survived the first stage of
analysis were examined for association with the quantitative
phenotypes.
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Association analyses of the DISC1 and TRAX haplotypes with
neurocognitive and magnetic resonance imaging measures were
performed using the QTDT program (Linkage Disequilibrium
Analyses for Quantitative and Discrete Traits),61 which uses a
variance components framework incorporating information from
all available siblings that is not biased in the presence of linkage or familiality. All models tested the significance of the haplotype effect after controlling for the effects of age, sex, handedness, zygosity, social class, substance use disorder, and
schizophrenia diagnosis. Because of the likelihood of pleiotropic effects across different cognitive phenotypes, each analysis
was considered an independent test, and associations that
reached the P⬍.05 level of significance were tested for robustness using 1000 randomized sample replicates. For analyses involving magnetic resonance imaging data, this statistical model
was applied at each voxel in the 3D cortical surface maps, and
nominal significance (P⬍.05) was tested for robustness to multiple comparisons through permutation testing.28,57
RESULTS

ASSOCIATION WITH SCHIZOPHRENIA
Of the 3 associating haplotypes identified in our previous family study,6 only HEP1 showed suggestive evidence of association with schizophrenia in the present
sample (2 =3.6 [P=.06]; odds ratio [OR], 1.7; 95% confidence interval [CI], 0.9-2.9). The HEP1 haplotype (ie,
TCG) defines a 3-SNP segment located near the translocation break point of DISC1 (Figure 1). Consistent with
our previous study,6 this haplotype was observed to have
the highest frequency in both the affected and control
populations (ie, 75.4% and 63.9%, respectively). Such a
pattern is unlikely under a dominant mode of inheritance. When a recessive mode of transmission was assumed, the HEP1 haplotype was significantly more frequent among affected individuals (61.0%; 2 =6.8 [P=.02];
OR, 2.6; 95% CI, 1.2-5.6) but not among their nonschizophrenic co-twins (49.1%; 2 =0.8 [P=.38]). This effect was
significant after correction for multiple hypothesis testing (ie, critical P =.05/2 or P =.025; observed, P =.02).
Neither of the 2 haplotypes found to be undertransmitted to affected individuals in our previous family study
(ie, HEP2 and HEP3) was significantly associated with
schizophrenia in the present sample, assuming a dominant or recessive mode of inheritance (P⬎.68 for all).
Modeling of the linkage disequilibrium structure of these
SNP markers suggested that HEP2 and HEP3 may not
be segregating independently in this sample. To test for
possible interaction of these haplotypes in relation to diagnostic status, the 2 segments were combined into a
single haplotype block composed of 4 SNPs. In this case,
the Bonferroni-corrected critical value of P was .05/4 or
P =.0125 for a particular haplotype, but 8 haplotypes of
the combined segment were observed, so the Bonferronicorrected critical value is P = .0125/8 or P = .00156. As
shown in Table 2, a rare haplotype for this region (ie,
AATG, with a frequency of 1.1% in the control population) was observed to be significantly overrepresented
among individuals with schizophrenia (2 =10.6 [P=.001];
OR, 13.0; 95% CI, 2.8-62.1), with a trend toward overrepresentation among their nonschizophrenic co-twins
(2 =7.3 [P=.008]; OR, 8.8; 95% CI, 1.7-43.8).
WWW.ARCHGENPSYCHIATRY.COM
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Table 2. Haplotype Frequencies for a 4-SNP Block of Markers Spanning the DISC1 and TRAX Genes
and Tests of Association With Diagnostic Group*
Frequency, %
Haplotype
AACA
AACG
AATA
AATG
CCCA
CCCG
CCTA
CCTG

Patients
(n = 59)

Co-twins
(n = 53)

Controls
(n = 90)

2 Test

z
Score

P Value

11.0
6.8
2.5
9.3
2.5
12.7
5.1
48.3

12.3
8.5
1.0
7.6
4.7
11.3
2.8
50.0

17.8
7.2
1.1
1.1
5.0
8.3
6.7
52.2

1.92
0.11
0.85
14.00
0.62
0.50
1.11
0.20

−1.11
−0.30
0.95
−5.34
−0.64
0.66
−1.02
−0.40

.27
.77
.35
⬍.001
.52
.51
.32
.69

Abbreviations: DISC1, disrupted-in-schizophrenia 1 gene; SNP, single-nucleotide polymorphic; TRAX, translin-associated factor X gene.
*Gene frequencies were modeled at the level of independent meioses (each subject contributes 2 genotypes). Haplotypes with frequencies of less than 1% were
excluded. Parameters were estimated controlling for dependency of observations from twin pairs using generalized estimating equations.

ASSOCIATION WITH
NEUROANATOMICAL MEASURES
Figure 2 shows 3D anatomical brain atlases indexing tests
of genetic association of the disease-related DISC1 and TRAX
haplotypes with regional cortical gray matter density. These
maps used a pattern-matching algorithm that adjusts for
individual differences in the cortical folding pattern and
in overall brain size, thus ensuring that regional variation
in gray matter volume was assessed in the same anatomical reference locations across subjects. Homozygous HEP1
haplotype was significantly associated with small, focal reductions of gray matter in the superior and inferior frontal gyri (Figure 2A). The rare AATG haplotype of the combined HEP2/HEP3 segment was significantly associated with
small, focal reductions in gray matter density in the superior and middle frontal gyri, as well as portions of superior temporal gyrus and superior parietal cortex (Figure 2B).
The probabilities for the 2 largest regions with multiple contiguous significantly associating voxels in the prefrontal cortex were P⬍8.61⫻10−31 and P⬍1.21⫻10−8. We also evaluated a measure of hippocampal volume, derived from the
same magnetic resonance images as described previously,29 for association with both haplotypes. Whereas the
rare HEP2/HEP3 AATG segment was unrelated to hippocampal volume (P=.58), there was suggestive evidence of
association of homozygous HEP1 haplotype with hippocampal volume reduction (12=3.42; P=.06; empirically derived P value on 1000 permutations, .07). The regions identified in these maps as affected by DISC1 and TRAX
haplotypes have previously been shown to be highly heritable in normal twins57 and sensitive to degree of genetic
relationship to an affected individual in twins discordant
for schizophrenia.28,29

ASSOCIATION WITH
NEUROCOGNITIVE MEASURES
As shown in Table 3, homozygous HEP1 haplotype was
significantly negatively associated with semantic clustering of items during verbal learning and memory and
with verbal learning and memory generally, but not with
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any of the other measures. The rare AATG haplotype of
the combined HEP2/HEP3 segment was significantly negatively associated with visuospatial working memory, significantly positively associated with reaction time to visual targets, and significantly negatively associated with
verbal learning and memory. These genetic associations
were independent of the effects of psychiatric diagnosis,
substance use disorder, zygosity, sex, handedness, age
at examination, and social class, and statistical significance was confirmed by permutation testing based on
1000 randomized sample replicates (Table 3).
INTERRELATIONSHIPS OF COGNITIVE
AND ANATOMICAL MEASURES
A volumetric measure of prefrontal cortex volume correlated significantly with spatial working memory (r=0.12
[P =.04]) and choice reaction time (r=−0.18 [P⬍.001]),
whereas a volumetric measure of hippocampal volume
correlated with verbal learning and memory (r = 0.14
[P=.02]) and semantic clustering (r=0.13 [P =.03]).
COMMENT

Our findings, based on a highly phenotypically detailed
sample of Finnish twins, associate sequence variations
in the DISC1 and TRAX genes with increased risk for
schizophrenia and with multiple quantitative trait deficits marking processes thought to be involved in the
pathophysiology of the illness. These findings indicate a
high likelihood that the DISC1 and TRAX genes are responsible for previous evidence of linkage of the 1q42
region with schizophrenia and suggest that these associations are mediated through disruptive effects on the
structure and function of the prefrontal cortex and other
brain regions, effects that are consistent with involvement of these genes in processes affecting neurite outgrowth, neuronal migration, synaptogenesis, and glutamatergic neurotransmission.
These findings partially replicate those obtained in
multiplex schizophrenia families by Hennah et al6 in reWWW.ARCHGENPSYCHIATRY.COM
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Figure 2. Statistical anatomical maps of areas of the cortical surface in which significant reductions in gray matter density are associated with a common
haplotype (HEP1; TCG) of a 3–single-nucleotide polymorphic (SNP) block of markers located near the translocation break point on the disrupted-in-schizophrenia
1 (DISC1) gene (A) and a rare haplotype (AATG) of a 4-SNP block of markers spanning the DISC1 and translin-associated factor X (TRAX ) genes (B). Top, Left,
and right views of each map are displayed. Haplotype associations were tested using the QTDT program (Linkage Disequilibrium Analyses for Quantitative and
Discrete Traits),61 controlling for the effects of age, sex, handedness, zygosity, social class, and psychiatric diagnosis and adjusting for dependency of
observations among co-twins using generalized estimating equations. Maps are statistically thresholded to display regions showing association with gray matter
density reductions at P⬍.05, the significance of which was confirmed through permutation testing. The P values for the 2 largest regions with multiple contiguous
significantly associating voxels in the prefrontal cortex were P⬍8.61⫻ 10−31 and P⬍1.21⫻ 10−8 for the rare DISC1/TRAX haplotype (AATG).

lation to overtransmission of the HEP1 haplotype to individuals with schizophrenia. In the present sample, this
association was significant only when assuming a recessive mode of inheritance. Two other haplotypes in the
1q42 region (HEP2 and HEP3) were observed in our previous study to be significantly undertransmitted to affected individuals (potentially reflecting protective effects). Although neither of these haplotypes was
significantly associated with schizophrenia in the present sample, integration of the same SNP markers into a
single segment uncovered a rare haplotype that was ob(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 62, NOV 2005
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served to be significantly overrepresented among individuals with schizophrenia and to a lesser extent among
their nonschizophrenic co-twins. Modeling of linkage disequilibrium using only these SNP markers within the present twin sample provided strong evidence that the markers in HEP1 are separable, but the markers in HEP2 and
HEP3 were less clearly dissociated from each other, and
the overall pattern of linkage disequilibrium suggested
that they may be segregating together. The combined
HEP2/HEP3 haplotype incorporates markers from both
TRAX and DISC1. That a haplotype block spans 2 differWWW.ARCHGENPSYCHIATRY.COM
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Table 3. Least-Square Means and 2 Tests for DISC1/ TRAX Haplotype Associations With Neurocognitive Measures*
3-SNP DISC1 Haplotype
Domain (Source)
43

Spatial working memory (Russell, 1975)
Choice reaction time (Finkelstein et al,45 1997
Verbal long-term memory (Delis et al,46 1983)
Semantic clustering (Delis et al,46 1983)
Recall intrusions (Delis et al,46 1983)
Divided attention (Vilkki et al,44 1996)
Visual long-term memory (Russell,43 1975)
Motor speed (Reitan and Wolfson,47 1985)

4-SNP DISC1/ TRAX Haplotype

Other
(n = 121)

HEP1
(n = 115)

2 Test

P Value

Other
(n = 219)

AATG
(n = 17)

2 Test

P Value

13.6 ± 0.5
489 ± 17
13.6 ± 0.5
18.9 ± 1.5
0.4 ± 0.01
39.3 ± 1.9
27.5 ± 1.0
53.2 ± 1.7

13.8 ± 0.4
477 ± 16
12.7 ± 0.5
14.8 ± 1.5
0.4 ± 0.01
38.7 ± 1.8
28.2 ± 1.0
54.8 ± 1.6

0.8
0.5
4.8
8.2
0.0
0.1
0.6
0.6

.37
.48
.03
.006
⬎.99
.75
.44
.44

14.6 ± 0.3
463 ± 10
13.9 ± 0.3
18.4 ± 0.8
0.4 ± 0.01
38.2 ± 0.9
27.0 ± 0.6
53.5 ± 0.9

12.8 ± 0.7
504 ± 27
12.4 ± 0.8
15.3 ± 2.5
0.5 ± 0.1
39.8 ± 3.3
28.7 ± 1.7
54.4 ± 2.8

6.6
9.3
5.5
2.3
2.8
0.9
0.8
2.4

.01
.002
.02
.05
.09
.34
.37
.12

Abbreviations: DISC1, disrupted-in-schizophrenia 1 gene; SNP, single-nucleotide polymorphic; TRAX, translin-associated factor X gene.
*P values refer to empirically derived probabilities for the observed test statistics on 1000 randomized sample replicates. Analyses performed using the QTDT
program (Linkage Disequilibrium Analyses for Quantitative and Discrete Traits)61 with variance components option. The HEP1 haplotype was modeled assuming a
recessive mode of inheritance (df = 1) and the AATG haplotype was modeled assuming a dominant mode of inheritance (df = 2), consistent with the manner in
which each haplotype was observed to be associated with schizophrenia. Performance indexes were defined as in Cannon et al.27 Unless otherwise indicated, data
are expressed as mean ± SEM.

ent genes is not unusual when the 2 genes are immediately adjacent and the markers quite proximal, as in this
case. Given that splice variants of DISC1 and TRAX interact with each other in vitro,20 it also appears biologically plausible that there could be interdependency of
these genes at the sequence level. The variants observed
to be undertransmitted in the family sample (AC and TA)
would combine to form a 4-SNP haplotype different from
that observed to be overrepresented among affected cases
in this study (AATG). The primary difference in the genetic structure of this region between the 2 samples appears to be the lower-than-expected rate of the HEP2 haplotype (AC) in the twin sample, which could be a chance
variation due to a relatively small sample size. Nevertheless, taken together, the 2 sets of findings imply that different combinations of SNP markers of the DISC1 and
TRAX genes are differentially sensitive to the putative disease-promoting vs disease-protecting sequence variations in this region.
The 2 schizophrenia-related haplotypes in this study
were observed to have partially distinct profiles of association with neuroanatomical and cognitive performance measures. Homozygosity of the common haplotype of a block of markers near the translocation break
point of DISC1 (HEP1) was strongly associated with impaired semantic processing in long-term memory and
showed a trend toward association with reductions in total
hippocampal volume. This set of associations is consistent with the well-established role of the hippocampus
in the mediation of long-term memory functions.31 At the
same time, a rare haplotype of another block of markers
integrating a more centromeric portion of the DISC1 gene
and a portion of the immediately adjacent TRAX gene was
associated with impaired spatial working memory, increased reaction time to visual targets, and reduced gray
matter predominantly in the superior and middle frontal gyri. This set of associations is provocative in view of
the clearly established involvement of the lateral and superior prefrontal cortex in the mediation of spatial working memory functions.30 Although the cortical surface
analyses revealed small regions in the superior frontal sul(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 62, NOV 2005
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cus showing association with both haplotypes, the overall pattern of differential associations with quantitative
endophenotypic traits is consistent with at least partially distinct contributions of the 2 disease-related polymorphisms in this region in predisposing to schizophrenia. Also supporting this interpretation is the fact that
the associations of each haplotype with schizophrenia as
well as the aforementioned brain morphological measures and neurocognitive performance indexes remained significant while controlling for the effects of the
other haplotype. DISC1 and TRAX are among a number
of genes, including the gene for catechol O-methytransferase,62 that may exert their influences on susceptibility to and expression of schizophrenia by affecting
the structural and functional integrity of the prefrontal
cortex and/or hippocampus and related circuitry. It remains to be determined whether either or both of these
polymorphisms are also associated with structural or functional changes, specifically in the dentate gyrus of the hippocampus, a region in which DISC1 is maximally expressed in rodents and primates63,64 and in which activity
is correlated with working memory and episodic memory
processing.65,66
In the context of complex inheritance, one would expect nonschizophrenic relatives of patients to manifest
some disease-promoting haplotypes to a degree intermediate between that of probands and the general population, a pattern that appeared at the trend level in the case
of a rare haplotype of a 4-SNP segment spanning the
DISC1 and TRAX genes but that was not significant in
the case of a common haplotype of a 3-SNP segment located near the translocation break point of DISC1. A further implication of this set of observations is that alleles
inherited identical by descent in discordant DZ twins
should be related to twin resemblance for the quantitative phenotypes we studied, a pattern that was confirmed for each SNP marker (and, given the limited variability in the modeled identical-by-descent status, to an
equivalent degree across markers) in relationship to spatial working memory performance and gray matter volume in the dorsolateral prefrontal cortex (r = −0.43
WWW.ARCHGENPSYCHIATRY.COM
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[P=.03] and r=−0.53 [P=.006], respectively). These findings highlight the utility of quantitative trait methods in
mapping genes involved in complexly inherited illnesses
such as schizophrenia, in that relatives without the illness phenotype nevertheless manifest quantitative trait
markers of the illness to varying degrees and are thus informative for tests of genetic linkage and association.
Submitted for Publication: August 13, 2004; final revision received March 31, 2005; accepted April 29, 2005.
Author Affiliations: Departments of Psychology, Psychiatry and Biobehavioral Sciences (Drs Cannon and Gasperoni and Mr van Erp) and Laboratory of Neuroimaging and Ahmanson-Lovelace Brain Mapping Center
(Drs Thompson, Toga, and Mazziotta), University of California–Los Angeles; Departments of Molecular Medicine (Mr Hennah and Dr Peltonen) and Mental Health
and Alcohol Research (Drs Lonnqvist, Huttunen, TuulioHenriksson, and Kaprio and Ms Pirkola), National Public Health Institute, Helsinki, Finland; and Department
of Public Health, University of Helsinki, Helsinki (Dr
Kaprio).
Correspondence: Tyrone D. Cannon, PhD, Department
of Psychology, 1285 Franz Hall, University of California–
Los Angeles, Los Angeles, CA 90095 (cannon@psych
.ucla.edu).
Funding/Support: This study was supported by grant
MH52857 from the National Institutes of Health (NIH),
Bethesda, Md (Dr Cannon); grants RR19771 and RR13642
from the National Center for Research Resources (NCRR),
Bethesda (Drs Thompson and Toga); grant EB01561 from
the National Institute for Biomedical Imaging and Bioengineering (NIBIB), Betheda (Dr Thompson); and by
Garen and Shari Staglin (Dr Cannon). Additional support for algorithm development was provided by a Human Brain Project grant to the International Consortium for Brain Mapping, funded by the NIBIB; National
Institute of Mental Health, Rockville, Md; National Cancer Institute, Bethesda; National Institute on Drug Abuse,
Bethesda; and National Institute of Neurological Disorders and Stroke, Bethesda; and by a grant to the FIRST
Biomedical Informatics Research Network (http://www
.nbirn.net), which is funded by the NCRR and NIH (grant
RR00827). Mr Hennah is supported by the Finnish Cultural Foundation, Helsinki, and is a member of the Helsinki Biomedical Graduate School. Dr Cannon is the Staglin Family Professor of Psychology, Psychiatry and
Biobehavioral Sciences. Dr Peltonen is the Gordan and
Virginia MacDonald Distinguished Chair in Human Genetics at the University of California–Los Angeles.
Acknowledgment: We thank Ulla Mustonen, RN, and
Antti Tanksanen, PhD, for their contributions to subject recruitment and assessment.
REFERENCES
1. Waterwort DM, Bassett AS, Brzustowicz LM. Recent advances in the genetics of
schizophrenia. Cell Mol Life Sci. 2002;59:331-348.
2. Macgregor S, Visscher PM, Knott SA, Thomson P, Porteous DJ, Millar JK, Devon RS, Blackwood D, Muir WJ. A genome scan and follow-up study identify a
bipolar disorder susceptibility locus on chromosome 1q42. Mol Psychiatry. 2004;
9:1083-1090.

(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 62, NOV 2005
1212

3. Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA, Devon RS, Clair DM, Muir WJ, Blackwood DH, Porteous DJ. Disruption of two novel
genes by a translocation co-segregating with schizophrenia. Hum Mol Genet. 2000;
9:1415-1423.
4. St Clair D, Blackwood D, Muir W, Carothers A, Walker M, Spowart G, Gosden C,
Evans HJ. Association within a family of a balanced autosomal translocation with
major mental illness. Lancet. 1990;336:13-16.
5. Ekelund J, Hovatta I, Parker A, Paunio T, Varilo T, Martin R, Suhonen J, Ellonen
P, Chan G, Sinsheimer JS, Sobel E, Juvonen H, Arajarvi R, Partonen T, Suvisaari
J, Lonnqvist J, Meyer J, Peltonen L. Chromosome 1 loci in Finnish schizophrenia families. Hum Mol Genet. 2001;10:1611-1617.
6. Hennah W, Varilo T, Kestila M, Paunio T, Arajarvi R, Haukka J, Parker A, Martin
R, Levitzky S, Partonen T, Meyer J, Lonnqvist J, Peltonen L, Ekelund J.
Haplotype transmission analysis provides evidence of association for DISC1 to
schizophrenia and suggests sex-dependent effects. Hum Mol Genet. 2003;
12:3151-3159.
7. Ekelund J, Hennah W, Hiekkalinna T, Parker A, Meyer J, Lonnqvist J, Pertonen
L. Replication of 1q42 linkage in Finnish schizophrenia pedigrees. Mol Psychiatry.
2004;9:1037-1041.
8. Curtis D, Kalsi G, Brynjolfsson J, McInnis M, O’Neill J, Smyth C, Moloney E, Murphy P, McQuillin A, Petusson H, Gurling H. Genome scan of pedigrees multiply
affected with bipolar disorder provides further support for the presence of a susceptibility locus on chromosome 12q23-q24, and suggests the presence of additional loci on 1p and 1q. Psychiatr Genet. 2003;13:77-84.
9. Ekelund J, Lichtermann D, Hovatta I, Ellonen P, Suvisaari J, Terwilliger JD, Juvonen H, Varilo T, Arajarvi R, Kokko-Sahin ML, Lonnqvist J, Peltonen L.
Genome-wide scan for schizophrenia in the Finnish population: evidence for a
locus on chromosome 7q22. Hum Mol Genet. 2000;9:1049-1057.
10. Gasperoni TL, Ekelund J, Huttunen M, Palmer CG, Tuulio-Henriksson A, Lonnqvist J, Kaprio J, Peltonen L, Cannon TD. Genetic linkage and association between chromosome 1q and working memory function in schizophrenia. Am J
Med Genet B Neuropsychiatr Genet. 2003;116:8-16.
11. Hwu HG, Liu CM, Fann CS, Ou-Yang WC, Lee SF. Linkage of schizophrenia with
chromosome 1q loci in Taiwanese families. Mol Psychiatry. 2003;8:445-452.
12. Blackwood DH, Fordyce A, Walker MT, St Clair DM, Porteous DJ, Muir WJ.
Schizophrenia and affective disorders–cosegregation with a translocation at chromosome 1q42 that directly disrupts brain-expressed genes: clinical and p300
findings in a family. Am J Hum Genet. 2001;69:428-433.
13. Sawamura N, Sawamura-Yamamoto T, Ozeki Y, Ross CA, Sawa A. A form of DISC1
enriched in nucleus: altered subcellular distribution in orbitofrontal cortex in psychosis and substance/alcohol abuse. Proc Natl Acad Sci U S A. 2005;102:11871192.
14. Kockelkorn TT, Arai M, Matsumoto H, Fukuda N, Yamada K, Minabe Y, Toyota T,
Ujike H, Sora I, Mori N, Yoshikawa T, Itokawa M. Association study of polymorphisms in the 5⬘ upstream region of human DISC1 gene with schizophrenia. Neurosci Lett. 2004;368:41-45.
15. Hodgkinson CA, Goldman D, Jaeger J, Persaud S, Kane JM, Kipsky RH, Malhotra AK. Disrupted in schizophrenia 1 (DISC1): association with schizophrenia, schizoaffective disorder, and bipolar disorder. Am J Hum Genet. 2004;75:862-872.
16. James R, Adams RR, Christie S, Buchanan SR, Porteous DJ, Millar JK. Disrupted in schizophrenia 1 (DISC1) is a multicompartmentalized protein that predominantly localizes to mitochondria. Mol Cell Neurosci. 2004;26:112-122.
17. Millar JK, James R, Brandon NJ, Thomson PA. DISC1 and DISC2: discovering
and dissecting molecular mechanisms underlying psychiatric illness. Ann Med.
2004;36:367-378.
18. Miyoshi K, Honda A, Baba K, Taniguchi M, Oono K, Fujita T, Kuroda S, Katayama
T, Tohyama M. Disrupted-in-schizophrenia 1, a candidate gene for schizophrenia, participates in neurite outgrowth. Mol Psychiatry. 2003;8:685-694.
19. Morris JA, Kandpal G, Ma L, Austin CP. DISC1 (disrupted-in-schizophrenia 1) is
a centrosome-associated protein that interacts with MAP1A, MIPT3, ATF4/5 and
NUDEL: regulation and loss of interaction with mutation. Hum Mol Genet. 2003;
12:1591-1608.
20. Millar JK, Christie S, Semple CAM, Porteous DJ. Chromosomal location and genomic structure of the human translin-associated factor X gene (TRAX; TSNAX)
revealed by intergenic splicing to DISC1, a gene disrupted by a translocation segregating with schizophrenia. Genomics. 2000;67:69-77.
21. Ma L, Liu Y, Ky B, Shughrue PJ, Austin CP, Morris JA. Cloning and characterization of DISC1, the mouse ortholog of DISC1 (disrupted-in-schizophrenia 1).
Genomics. 2002;80:662-672.
22. Taylor MS, Devon RS, Millar JK, Porteous DJ. Evolutionary constraints on the
disrupted in schizophrenia locus. Genomics. 2003;81:67-77.
23. Finkenstadt PM, Kang W-S, Jeon M, Taira E, Tang W, Baraban JM. Somatodendritic localization of translin, a component of the translin/TRAX RNA binding
complex. J Neurochem. 2000;75:1754-1762.
24. Freimer N, Sabatti C. The human phenome project. Nat Genet. 2003;34:15-21.

WWW.ARCHGENPSYCHIATRY.COM

©2005 American Medical Association. All rights reserved.
Downloaded From: http://archpsyc.jamanetwork.com/ on 10/13/2015

25. Gottesman II, Gould TD. The endophenotype concept in psychiatry: etymology
and strategic intentions. Am J Psychiatry. 2003;160:636-645.
26. Paunio T, Tuulio-Henriksson A, Hiekkalinna T, Perola M, Vairilo T, Partonen T,
Cannon TD, Lonnqvist J, Peltonen L. Search for cognitive trait components of
schizophrenia reveals a locus for verbal learning and memory on 4q and for visual working memory on 2q. Hum Mol Genet. 2004;13:1693-1702.
27. Cannon TD, Huttunen MO, Lonnqvist J, Tuulio-Henriksson A, Pirkola T, Glahn
D, Finkelstein J, Hietanen M, Kaprio J, Koskenvuo M. The inheritance of neuropsychological dysfunction in twins discordant for schizophrenia. Am J Hum Genet.
2000;67:369-382.
28. Cannon TD, Thompson PM, van Erp TG, Toga AW, Poutanen VP, Huttunen M,
Lonnqvist J, Standerskjold-Nordenstam CG, Narr KL, Khaledy M, Zoumalan CI,
Dail R, Kaprio J. Cortex mapping reveals regionally specific patterns of genetic
and disease-specific gray-matter deficits in twins discordant for schizophrenia.
Proc Natl Acad Sci U S A. 2002;99:3228-3233.
29. van Erp TG, Saleh PA, Huttunen M, Lonnqvist J, Kaprio J, Salonen O, Valanne L,
Poutanen VP, Standertskjold-Nordenstam CG, Cannon TD. Hippocampal volumes in schizophrenic twins. Arch Gen Psychiatry. 2004;61:346-353.
30. Goldman-Rakic PS. Regional and cellular fractionation of working memory. Proc
Natl Acad Sci U S A. 1996;93:13473-13480.
31. Squire LR, Zola SM. Episodic memory, semantic memory, and amnesia.
Hippocampus. 1998;8:205-211.
32. Glantz LA, Lewis DA. Decreased dendritic spine density on prefrontal cortical pyramidal neurons in schizophrenia. Arch Gen Psychiatry. 2000;57:65-73.
33. Henze DA, Gonzalez-Burgos GR, Urban NN, Lewis DA, Barrionuevo G. Dopamine increases excitability of pyramidal neurons in primate prefrontal cortex.
J Neurophysiol. 2000;84:2799-2809.
34. Abi-Dargham A, Mawlawi O, Lombardo I, Gil R, Martinez D, Huang Y, Hwang
DR, Keilp J, Kochan L, Van Heertum R, Gorman JM, Laruelle M. Prefrontal dopamine D1 receptors and working memory in schizophrenia. J Neurosci. 2002;
22:3708-3719.
35. Cannon TD, Kaprio J, Lonnqvist J, Huttunen M, Koskenvuo M. The genetic epidemiology of schizophrenia in a Finnish twin cohort: a population-based modeling study. Arch Gen Psychiatry. 1998;55:67-74.
36. Dodrill CB, Thoreson NS. Reliability of the lateral dominance examination. J Clin
Exp Neuropsychol. 1993;15:183-190.
37. Spitzer RL, Williams JBW, Gibbon M, First MB. Instruction Manual for the Structured Clinical Interview for DSM-III-R (SCID). New York, NY: Biometrics Research; 1989.
38. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition. Washington, DC: American Psychiatric Association;
1994.
39. Spitzer RL, Williams JBW. Structured Clinical Interview for DSM-III-R Personality Disorders. New York: Biometrics Research Department, New York State Psychiatric Institute; 1986.
40. Cohen J. A coefficient of agreement for nominal scales. Educ Psychol Meas. 1960;
20:37-46.
41. Andreasen NC. Scale for the Assessment of Negative Symptoms (SANS). Iowa
City: Department of Psychiatry, University of Iowa College of Medicine; 1983.
42. Andreasen NC. Scale for the Assessment of Positive Symptoms (SAPS). Iowa
City: Department of Psychiatry, University of Iowa College of Medicine; 1983.
43. Russell E. A multiple scoring method for assessment of complex memory functions.
J Consult Clin Psychol. 1975;43:800-809.
44. Vilkki J, Virtanen S, Surma-Aho O, Servo A. Dual task performance after focal
cerebral lesions and closed head injuries. Neuropsychologia. 1996;34:10511056.
45. Finkelstein JR, Cannon TD, Gur RE, Gur RC, Moberg P. Attentional dysfunctions
in neuroleptic-naive and neuroleptic-withdrawn schizophrenic patients and their
siblings. J Abnorm Psychol. 1997;106:203-212.

(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 62, NOV 2005
1213

46. Delis DJH, Kaplan E, Ober B. California Verbal Learning Test, Research Edition.
Cleveland, Ohio: Psychological Corp; 1983.
47. Reitan R, Wolfson D. The Halstead-Reitan Neuropsychological Test Battery: Theory
and Clinical Interpretation. Tucson, Ariz: Neuropsychology Press; 1985.
48. Wechsler D. Wechsler Adult Intelligence Scale–Revised (WAIS-R) Manual. Cleveland, Ohio: Psychological Corp; 1981.
49. Farmer AE, McGuffin P, Gottesman II. Twin concordance for DSM-III schizophrenia: scrutinizing the validity of the definition. Arch Gen Psychiatry. 1987;
44:634-641.
50. Terwilliger JD, Weiss KM. Linkage disequilibrium mapping of complex disease:
fantasy or reality? Curr Opin Biotechnol. 1998;9:578-594.
51. Hwu HG, Liu CM, Fann CS, Ou-Yang WC, Lee SF. Linkage of schizophrenia with
chromosome 1q loci in Taiwanese families. Mol Psychiatry. 2003;8:445-452.
52. Jurinke C, van den Boom D, Cantor CR, Koster H. Automated genotyping using
the DNA MassArray technology. Methods Mol Biol. 2001;170:103-116.
53. Zijdenbos AP, Dawant BM. Brain segmentation and white matter lesion detection in MR images. Crit Rev Biomed Eng. 1994;22:401-465.
54. MacDonald D, Avids D, Evans AC. Multiple surface identification and matching
in magnetic resonance images. In: Robb RA, ed. Proceedings of the SPIEE Conference on Visualization in Biomedical Computing; October 4-7, 1994; Rochester, Minn. Vol 2359. Bellingham, Wash: International Society for Optical Engineering; 1994:160-169.
55. Ono M, Kubik S. CDA Atlas of the Cerebral Sulci. Stuttgart, Germany: Georg
Thieme Verlag; 1990.
56. Thompson PM, Toga AW. Detection, visualization and animation of abnormal
anatomic structure with a deformable probabilistic brain atlas based on random
vector field transformations. Med Image Anal. 1997;1:271-294.
57. Thompson PM, Cannon TD, Narr KL, van Erp T, Poutanen VP, Huttunen M,
Lonnqvist J, Standertskjold-Nordenstam CG, Kaprio J, Khaledy M, Dail R,
Zoumalan CI, Toga AW. Genetic influences on brain structure. Nat Neurosci.
2001;4:1253-1258.
58. Thompson PM, Mega MS, Woods RP, Zoumalan CI, Lindshield CJ, Blanton RE,
Moussai J, Holmes CJ, Cummings JL, Toga AW. Cortical change in Alzheimer’s
disease detected with a disease-specific population-based brain atlas. Cereb Cortex.
2001;11:1-16.
59. Sowell ER, Thompson PM, Holmes CJ, Jernigan TL, Toga AW. In vivo evidence
for post-adolescent brain maturation in frontal and striatal regions. Nat Neurosci.
1999;2:859-861.
60. Halperin E, Eskin E. Haplotype reconstruction from genotype data using imperfect phylogeny. Bioinformatics. 2004;20:1842-1849.
61. Abecasis GR, Cardon LR, Cookson WO. A general test of association for quantitative traits in nuclear families. Am J Hum Genet. 2000;66:279-292.
62. Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM, Straub RE, Goldman D, Weinberger DR. Effect of COMT Val108/158 Met genotype on frontal lobe
function and risk for schizophrenia. Proc Natl Acad Sci U S A. 2001;98:69176922.
63. Austin CP, Ma L, Ky B, Morris JA, Shughrue PJ. DISC1 (disrupted in schizophrenia-1) is expressed in limbic regions of the primate brain. Neuroreport. 2003;
14:951-954.
64. Austin CP, Ky B, Ma L, Morris JA, Shughrue PJ. Expression of disrupted-inschizophrenia-1, a schizophrenia-associated gene, is prominent in the mouse
hippocampus throughout brain development. Neuroscience. 2004;124:3-10.
65. Friedman HR, Goldman-Rakic PS. Activation of the hippocampus and dentate
gyrus by working-memory: a 2-deoxyglucose study of behaving rhesus monkeys.
J Neurosci. 1988;8:4693-4706.
66. Lee I, Kesner RP. Differential roles of dorsal hippocampal subregions in spatial
working memory with short versus intermediate delay. Behav Neurosci. 2003;
117:1044-1053.

WWW.ARCHGENPSYCHIATRY.COM

©2005 American Medical Association. All rights reserved.
Downloaded From: http://archpsyc.jamanetwork.com/ on 10/13/2015

