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Abstract: Working memory (WM) dysfunction is a hallmark feature of schizophrenia. Functional
imaging studies using WM tasks have documented both prefrontal hypo- and hyperactivation in
schizophrenia. Schizophrenia is highly heritable, and it is unclear which susceptibility genes modu-
late WM and its neural correlates. A strong linkage between genetic variants in the dysbindin 1 gene
and schizophrenia has been demonstrated. The aim of this study was to investigate the influence of
the DTNBP1 schizophrenia susceptibility gene on WM and its neural correlates in healthy individu-
als. Fifty-seven right-handed, healthy male volunteers genotyped for DTNBP1 SNP rs1018381 status
were divided in heterozygous risk-allele carriers (T/C) and homozygous noncarriers (C/C). WM was
assessed by a 2-back vs. 0-back version of the Continuous Performance Test (CPT), while brain acti-
vation was measured with fMRI. DTNBP1 SNP rs1018381 carrier status was determined and corre-
lated with WM performance and brain activation. Despite any differences in behavioral performance,
risk-allele carriers exhibited significantly increased activation of the bilateral middle frontal gyrus
(BA 9), a part of the dorsolateral prefrontal cortex (DLPFC), compared to noncarriers. This difference
did not correlate with WM performance. The fMRI data provide evidence for an influence of genetic
variation in DTNBP1 gene region tagged by SNP rs1018381 on bilateral middle frontal gyrus activa-
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tion during a WM task. The increased activation in these brain areas may be a consequence of
‘‘inefficient’’ or compensatory DLPFC cognitive control functions. Hum Brain Mapp 31:266–275,
2010. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Schizophrenia is a disorder with complex etiology char-
acterized by deficits of cognitive functions such as episodic
memory, executive functioning, working memory, and
verbal fluency [for review, see Dickinson et al., 2007; Hein-
richs and Zakzanis, 1998]. Working memory (WM) is often
defined as a limited-capacity storage system used for the
temporary maintenance and manipulation of information
[Repovs and Baddeley, 2006], and this cognitive function
exhibits considerable deficits in patients with schizophre-
nia [for review, see Lee and Park, 2005]. One of the main
tasks used to study WM functions is the N-back version of
the Continuous Performance Task (CPT) [Cohen et al.,
1993]. Thereby subjects are required to monitor the iden-
tity or location of a series of verbal or nonverbal stimuli
and indicate when the currently presented stimulus is
identical to the one presented n trials before. Reaction
time, hit rate, omission, and commission errors serve as
measurements for WM performance. These characteristics
are significantly impaired in patients with schizophrenia
and their relatives when compared to healthy subjects
[Bedwell et al., 2006; Wang et al., 2007].

The N-back task has also been one of the most popular
experimental paradigms for functional magnetic resonance
imaging (fMRI) studies of WM in schizophrenia. Two
meta-analyses reported widespread brain activation during
N-back task in bilateral frontal, prefrontal, and parietal
cerebral regions in patients as well as in healthy subjects
[Glahn et al., 2005; Owen et al., 2005]. In particular, the
dorsolateral prefrontal cortex (DLPFC, Brodmann areas 9/
46) plays a regulatory role in the processing of manipula-
tive functions and is of major relevance in the WM func-
tional network [D’esposito et al., 1999; Manoach et al.,
2003]. Earlier studies demonstrated decreased DLPFC acti-
vation in schizophrenia [e.g. Callicott et al., 1998; Yurge-
lun-Todd et al., 1996], while others found evidence for
increased activation in this area during performance of
WM tasks [Callicott et al., 2000; Manoach et al., 1999].
Recent studies reported mixed results with regard to PFC
activation, with hypo- [Hill et al., 2004; Perlstein et al.,
2003; Salgado-Pineda et al., 2004] and hyperfrontality
[Thermenos et al., 2005] or both [Callicott et al., 2003; John-
son et al., 2006; Schneider et al., 2007; Tan et al., 2006]. An
inverted U-shaped [Callicott et al., 2003; Manoach, 2003]
or flatter [Johnson et al., 2006] function between WM load
and PFC activation can be deduced as a potential explana-
tion for these controversial patterns indicating reduced
load sensitivity in patients. Increasing task demands are

first associated with increasing activation, which then falls
off after the subject’s WM capacity is exceeded, pointing
to ineffective processes and/or compensatory mechanisms
in schizophrenia while performing WM tasks [Schneider
et al., 2007; Tan et al., 2006].

Changes in activation patterns are not only found in
patients with schizophrenia but also in their relatives
[Keshavan et al., 2002; Thermenos et al., 2004], indicating a
possible genetic influence on brain activation related to
WM processes. On the behavioral level, the genetic compo-
nent is further supported by studies in relatives of patients
[Barrantes-Vidal et al., 2007; Dickinson et al., 2007; Ma et
al., 2007], subjects at high risk [Brewer et al., 2006; Myles-
Worsley et al., 2007] and prodromal state of schizophrenia
[Simon et al., 2007], where all three groups showed WM
deficits when compared with controls.

Recently, several susceptibility genes for schizophrenia
have been identified, for instance catechol-O-methyltrans-
ferase (COMT), dystrobrevin binding protein 1 (DTNBP1),
neuregulin 1 (NRG1), regulator of G-protein signaling 4
(RGS4), G72, proline dehydrogenase (PRODH), disrupted-
in-schizophrenia 1 (DISC1), and D-amino acid oxidase
(DAAO) [Harrison and Weinberger, 2005; Owen et al.,
2004b; O’Tuathaigh et al., 2007]. Some of the genes such as
COMT [for a review see Tunbridge et al., 2006], DTNBP1
[Burdick et al., 2006, 2007; Donohoe et al., 2007; Luciano et
al., 2009; Zinkstok et al., 2007], NRG1 [Hall et al. 2006],
DISC1 [Burdick et al., 2005], and G72 [Goldberg et al.,
2006] showed an influence on cognition in patients with
schizophrenia as well as healthy subjects. Furthermore,
numerous recent genetic imaging studies provide evidence
that genetic variants of some of these genes, such as
(NRG1) [Kircher et al., 2008; Krug et al., 2008], (RGS4)
[Buckholtz et al., 2007], (COMT) [Gothelf et al., 2007;
Straub et al., 2007; Tan et al., 2007], (DISC1) [Callicott et
al., 2005], influence brain activation during WM perform-
ance in healthy individuals.

Straub et al. [2002] were the first who postulated an asso-
ciation of DTNBP1 (or dysbindin 1) gene with schizophre-
nia. This gene is located in chromosome 6p22.3 and encodes
dysbindin 1 protein, which plays a significant role in modu-
lating glutamatergic neurotransmission in schizophrenia-
related brain regions [for review see Owen et al., 2004a; Wil-
liams et al., 2005]. Several SNPs from this gene, mostly
intronic, were established in the last years of investigation
in worldwide populations [Funke et al., 2004; Kirov et al.,
2004; Numakawa et al., 2004; Schwab et al., 2003; Tang et al.,
2003; Van Den Bogaert et al., 2003; van den Oord et al.,
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2003]. Although there are studies reporting negative [Datta
et al., 2007; Li and He, 2007] and inconsistent [Mutsuddi et
al., 2006], two meta-analyses supported the positive correla-
tions between DTNBP1 variations and schizophrenia [Owen
et al., 2004b; Williams et al., 2005].

The SNP 1018381 is one of the reported SNPs by Straub
et al. [2002] that has shown strong association with schizo-
phrenia in a series of follow-up studies [Funke et al., 2004;
Schwab et al., 2003; Tang et al., 2003; Van Den Bogaert
et al., 2003]. Although the C allele of this SNP was linked
to schizophrenia in two studies [Straub et al., 2002; Tang
et al., 2003], the opposite T allele of the same SNP showed
association in two other studies [Funke et al., 2004; Van
Den Bogaert et al., 2003]. Although the allele frequencies
of SNP rs1018381 differ between HapMap popula-
tions (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs
¼ 1018381), associations with the minor T allele of this
SNP were found in a study by Funke et al. [2004] in three
independent samples of different ethnic origin (white, His-
panic, and African American). In their study, the SNP
rs1018381 was conceived as a tagging SNP for the risk six-
locus haplotype (CTCTAC) and its minor T allele showed
the most significant association in the white and Hispanic
subsets of patients when compared with controls [Funke
et al., 2004]. It was the only SNP of this risk-haplotype
that showed a significant effect of genotype on cognitive
abilities in Caucasian patients with schizophrenia and
Caucasian healthy volunteers [Burdick et al., 2006]. In their
study, the minor T allele of SNP rs1018381 was again asso-
ciated with cognitive deficits in patients and controls.
Finally, a recent study on healthy individuals by Luciano
et al. [2009] provided evidence for a relationship between
the rs1018381 minor T allele and cognitive deficits in Aus-
tralian and Scottish cohorts as well as a trend for an asso-
ciation with the English cohort.

On the basis of the abovementioned background, we
hypothesized an influence of genetic variation in DTNBP1
gene region tagged by SNP rs1018381 on brain activation
during a WM task in healthy individuals. We expected dif-
ferences in brain activation in key regions underlying WM
processes, such as the prefrontal and parietal cortex.

MATERIALS AND METHODS

Subjects

A sample of 521 subjects (268 men, 253 women) was
recruited from students of the RWTH Aachen University.
Advertisements were made by word of mouth, posted
flyers in institutes and canteens, and an e-mail was sent to
all students of the University. All subjects gave written
informed consent, and the study was approved by the
local Ethics Committee according to the declaration of Hel-
sinki. After genotyping of the 521 subjects for SNP
rs1018381 carrier status, they were divided in 94 heterozy-
gous (T/C) risk-allele carriers (48 male) and 424 homozy-
gous (C/C) noncarriers (220 male). Because of an

extremely low frequency, the group of the homozygous
(T/T) risk-allele carriers (3 female) was excluded from fur-
ther investigation. The frequency of the SNP rs1018381
genotypes in the whole sample (n ¼ 521) did not deviate
from HWE (see also genetic analysis section). For fMRI
measurement, 24 subjects were randomly selected from
the sample of male risk-allele carriers and 36 subjects from
the sample of male noncarriers. The two groups were
matched on IQ, age, years of education, and handedness.
Participants had average IQ, ranged from 20 to 35 years,
were native German speakers and right-handed [according
to Edinburgh Handedness Scale, Oldfield, 1971], free of
neurological and psychiatric disorders according to ICD-
10, and had Western or Middle European ancestry. Health
status was assessed by a short semi-structured interview
performed by a psychologist. Two subjects of the carrier
and one of the noncarrier samples were excluded from
further statistical analyses for not following the instruction
of the N-back task, thus reducing the carrier sample (T/C)
to 22 and the noncarrier sample (C/C) to 35 subjects.

The mean age of the carriers (T/C) was 22.4 years (SD
¼ 2.1), their mean education was 15.0 years (SD ¼ 1.5),
and their mean IQ-score was 111.1 (SD ¼ 11.3). The mean
age of the noncarriers (C/C) was 23.6 years (SD ¼ 2.8),
their mean education was 15.5 years (SD ¼ 2.4), and their
mean IQ-score was 108.2 (SD ¼ 12.5). Both groups did not
differ according to age (tdf¼55 ¼ 1.87, F ¼ 3.11, P ¼ 0.07),
education (tdf¼55 ¼ 1.13, F ¼ 1.05, P ¼ 0.26), or IQ-scores
(tdf¼55 ¼ 0.86, F ¼ 0.74, P ¼ 0.39).

Genetic Analysis

DNA from peripheral lymphocytes was isolated by a
simple salting out procedure. The SNP rs1018381 [P1578
by Straub et al., 2002] was genotyped using Applied Bio-
systems 7900HT Fast Real-Time PCR System and TaqMan-
probes designed by Applied Biosystems (Foster City, CA).
Primers and VIC/FAM-probe sequences for rs1018381
detection were as follows: Forward-50-GAGTTACAAGT
AAATGAAACGTCATGCA-30; Reverse-50-GCTGAGATCT
GCCGGTGATTC-30; 50-VIC-ACAGCGTGCGGAAC-30; 50-
FAM-AACAGCATGCGGAAC. For following the true des-
ignation of the allelic nomenclature of the SNP rs 1018381
as suggested by Mutsuddi et al. [2006] occurrences of G
allele were replaced with its complementary C allele and
occurrences of the risk A allele were replaced with its
complementary risk T allele.

For differences between actual and expected frequencies
of the SNP rs1018381, we employed Hardy–Weinberg
equilibrium (HWE) equation as implemented in the DeFin-
etti program [Available online at http://ihg2.helmholtz-
muenchen.de/cgi-bin/hw/hwa1.pl). For SNP rs1018381,
the sample did not significantly deviate from HWE (P ¼
0.43). The T allele frequency in our sample was 0.093 for
the 521 genotyped subjects and this deviates by only
�1.8% of that observed in the HapMap CEU sample. We
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replicated more than 15% of genotypes with 100% identi-
cal results. The call rate for genotyping was 96.74%. To
narrow down the chromosomal region, in which SNPs are
tagged by rs1018381 (r2 > 0.8), we used SNAP Proxy
Search [www.broad.mit.edu/mpg/snap/; Johnson et al.
2008] on phased HapMap data. Markers pairwise tagged
by rs1018381 (r2 � 0.8) are distributed in a region of
�160kb (coordinate_HG18:15633432-15793222) on chromo-
some 6. As results could be shown that a lot of SNPs in
this DTNBP1 gene region (e.g. rs11755055, rs9296984,
rs2619535, rs2743550, rs9476860, etc.) are in perfect LD (r2

¼ 1.0) with the tagging SNP rs1018381. This suggests that
our effects may be due not only to SNP rs1018381 but also
to one of these other tagged SNPs.

fMRI Task and Stimuli

The working memory task during fMRI data acquisition
consisted of an N-back paradigm with an alternating
sequence of 0-back and 2-back conditions arranged in a
block design. As stimuli acted red single letters (A–Z) pre-
sented on a black background in a pseudorandomized
order. After single letter presentation for 500 ms, a blank
screen followed for 400 ms. In the blank screen time,
sequence subjects had to react by pressing the response
button (LUMItouchTM Lightwave Technologies, Richmond,
BC, Canada) for the target letter with their right index fin-
ger. In the 0-back condition (selective attention), subjects
were instructed to respond every time when the letter ‘‘X’’
occurred and in the 2-back condition (working memory)
every time when the target letter was identical to the one
presented two trials before. The target probability for both
conditions was 0.37 with a ratio of 48 nontargets to 28 tar-
gets. There were four 0-back blocks alternating with four
2-back blocks and 8 baseline blocks in between the both
(0-back, 2-back) conditions. Each block lasted for 30 s and
the whole N-back task had duration of 8 min and 8 s.
Stimuli were presented with Presentation 10.1 software
package (Neurobehavioral Systems, San Francisco, CA).
Subjects were instructed in detail with task examples
before scanning procedure, and during the fMRI data
acquisition an instruction screen was presented every time
the condition changed.

fMRI Data Acquisition

All scanning was performed on a 3-T Tim Trio MR scan-
ner (Siemens Medical Systems) in the Institute of Neuro-
science and Biophysics-Medicine, Research Centre Jülich.
Functional images were collected with echo planar imaging
(EPI) sensitive to blood oxygenation level dependent
(BOLD) contrast (T2*, 64 � 64 matrix, FoV 200 mm �
200 mm, 36 slices, 3 mm thickness, TR ¼ 2.25 s, TE ¼
30 ms, flipangle ¼ 90�). Slices covered the whole brain and
were positioned transaxially parallel to the anterior-poste-
rior commissural line (AC-PC). Two hundred seventeen

functional images were collected, and the initial three
images excluded from further analysis to remove the influ-
ence of T1 stabilization effects. Head movement was mini-
mized by foam wedges which fixed the head in the RF
(radio-frequency) coil. A mirror allowed the subjects to
view a screen, which facilitated the presentation of the
stimuli via a shielded LCD screen inside the scanner room.

Data Analyses

Behavioral data analysis

Behavioral data of 22 risk-allele carriers and 35 noncar-
riers were analyzed for the number of correct responses
(hits), false alarms, missed responses, and reaction time. A
two-sample t-test was used for comparison between both
groups with regard to the reaction time variable. A non-
parametric test (Mann–Whitney U-test) was applied for
assessing the differences between carriers and noncarriers
for hits, false alarms, and misses, because of the small,
almost none variance within the groups in these variables.

fMRI data analysis

fMRI data analyses were calculated using Statistical Para-
metric Mapping software (SPM5; www.fil.ion.ucl.ac.uk)
implemented in MATLAB 6.5 (Mathworks, Sherborn, MA).
After discarding the first three volumes, 214 images from
each participant were spatially realigned with rigid-body
transformations using the first image as reference. Next,
images were normalised using nonlinear spatial transforma-
tions to a standard brain stereotaxic (2 mm � 2 mm � 2 mm)
anatomical MNI (Montreal Neurological Institute) space cal-
culated from the mean EPI-scan of each subject and the EPI-
template. Afterwards, images were smoothed using a 6 mm
full -width-at-half-maximum (FWHM) Gaussian kernel to
increase signal-to-noise ratio, accommodate normal variabil-
ity in functional and gyral anatomy, and facilitate intersub-
ject averaging of measured BOLD signal changes. The
volume of interest was restricted to gray matter voxels by
use of an exclusive standard white matter mask (WFU Pick-
Atlas toolbox for SPM5; www.fil.ion.ucl.ac.uk).

Statistical analysis was performed in a two-level, mixed-
effects procedure. At the first level, the BOLD responses
for the 2-back and 0-back condition, respectively, were
modeled by a boxcar function convolved with the canoni-
cal hemodynamic response function employed by SPM5.
Parameter estimate (b) and t-statistic images were calcu-
lated for each subject. At the second level, the individual
b-contrasts relating to activation differences between the
2-back and the 0-back condition were analyzed. A one-
sample t-test was calculated for the whole sample (n ¼ 57)
to investigate general WM activation (simple contrast). For
exploration of genotype effects, a two-sample t-test (high
vs. low risk) was calculated. An inclusive mask restricted
the analysis to voxels with above-threshold activation
obtained from within-group (2-back versus 0-back)
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contrasts to include only regions showing activations in
both groups (complex cotrast). To correct for multiple
comparisons within a search volume, we applied a cluster
extent threshold determined by Monte Carlo simulations.
In the Monte-Carlo procedure ‘‘sufficient’’ data sets under
the null hypothesis are simulated. Then an uncorrected
threshold is applied to each simulated 3D image, and the
number of voxels for a cluster to be considered active is
increased stepwise [Slotnick et al., 2003]. For an uncor-
rected threshold at the voxel level at P ¼ 0.001 and spatial
properties as presented in this study, 10,000 simulations
resulted in an extent threshold of 26 resampled voxels.
This procedure prevented a false positive rate above 5%
due to multiple testing.

Brain activations were plotted on the anatomical SPM
template. All subjects showed head movement smaller
than one voxel size according to the SPM5 translation pa-
rameters and smaller than three degrees according to the
SPM5 rotation parameters. Thus, head movement was
minimal and did not lead to artifacts.

RESULTS

Behavioral Data

There were no significant differences on behavioral level
between both groups in any of the variables listed earlier
(see Table I).

fMRI Data

The simple contrast (2-back > 0-back) for the whole
fMRI sample (one-sample t-test, FWE corrected, P < 0.05)

revealed activations in a wide spread fronto-temporo-pari-
etal network (see Fig. 1) typically found in N-back tasks
[for a review see Owen et al., 2005].

The group comparison between risk-allele carriers and
noncarriers (two-sample t-test, Monte Carlo corrected, P <
0.001) yielded greater activation in bilateral middle frontal
gyrus (BA 9) in the carrier group (see Table II, Fig. 2). The
activation was inclusively masked by the overall contrast
of 2-back > 0-back independent of carrier status. The acti-
vated areas did not correlate with any of the behavioral
data after modeling them as co-variables in post-hoc anal-
yses. The reverse complex contrast (0-back > 2-back)
showed no significant differences in the BOLD signal
change between groups.

DISCUSSION

The aim of this study was to investigate the influence of
genetic variation in DTNBP1 gene region tagged by SNP
rs1018381 on WM and its neural correlates in healthy indi-
viduals. A significant effect of this SNP on brain activation
in bilateral middle frontal gyrus (BA 9) during WM per-
formance in healthy individuals was observed. The same
SNP showed no significant influence on a behavioral level
during N-back task. No correlation between brain activa-
tion and WM performance in relation to risk-carrier status
was identified.

TABLE I. Behavioral performance during

the N-back task

Carriers
(T/C)

Noncarriers
(C/C)

U PaMean MR Mean MR

Hits
0-back 28.00 27.50 27.86 24.05 262.5 n.s.
2-back 25.45 27.35 25.83 23.38 243.0 n.s.

False alarms
0-back 0.50 21.15 0.69 22.57 235.0 n.s.
2-back 0.80 23.18 0.93 26.26 253.5 n.s.

Mean SD Mean SD F Pb

Reaction time (ms)
0-back 388.74 60.56 381.67 35.15 0.27 n.s.
2-back 448.14 77.66 445.39 59.12 0.02 n.s.

MR, mean rank; SD, standard deviation.
n.s., nonsignificant (all P > 0.5).
aMann–Whitney U-test.
bTwo-sample t-test.

Figure 1.

Whole sample (n ¼ 57) brain activation for the contrast 2-back

versus 0-back condition (one-sample t-test; P < 0.05; FWE cor-

rected, cluster extent ¼ 50 voxels). A typical fronto-temporo-

parietal network hyperactivation for working memory processes

was observed.
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The absence of behavioral differences between risk-allele
carriers and noncarriers was not surprising because of the
fact that participants were university students and the task
was not really difficult for our participants. Activation pat-
terns for the simple contrast (2-back > 0-back) of the
whole fMRI sample were consistent with previous studies
[e.g. Krug et al., 2008; Schneider et al., 2007] and meta-
analyses [Glahn et al., 2005; Owen et al., 2005], thus con-
firming the validity of the paradigm and the scanning pro-
cedure. The group comparison revealed hyperactivation in
bilateral middle frontal gyrus (BA 9) in the carrier group
during the WM task (2-back > 0-back). This result is in

line with increased activation in these regions in patients
with schizophrenia when compared with controls during
N-back task [for review see Glahn et al., 2005]. BA 9 (to-
gether with BA 46) is consistently associated with working
memory processes [for review see Cabeza and Nyberg,
2000; Owen et al., 2005], and its dysregulation is thought
to be central to the neurophysiology of schizophrenia [for
review see Glahn et al., 2005].

Increased activity in DLPFC has already been found in
nonpsychotic and cognitively intact siblings [Callicott et
al., 2003; Delawalla et al., 2008] and relatives [Thermenos
et al., 2004] of persons with schizophrenia while

TABLE II. Local cluster-level maxima of blood oxygen level dependent fMRI signal

change during 2-back condition versus 0-back baseline condition between

carrier group (n 5 22) and noncarrier group (n 5 35)

Group/anatomical region Hemisphere BA

Coordinates

Z

Cluster size
(voxel)x y z

Carriers > noncarriers
Middle frontal gyrus R 9 26 21 32 4.60 34
Middle frontal gyrus L 9 �32 34 32 3.80 52

Noncarriers < carriers
No region of stat. significance

Coordinates are listed in Talairach and Tournoux (1998) atlas space. BA is the Brodmann area near-
est to the coordinate and should be considered approximate. The significance level is given in
Z-values and cluster size in number of voxels for P < 0.001 (corrected by Monte Carlo simulations),
extent threshold ¼ 26 voxel.

Figure 2.

Significant group differences in frontal brain activation for the

contrast 2-back versus 0-back (two-sample t-test; P < 0.001,

corrected by Monte Carlo simulations; cluster extent ¼ 26 vox-

els). Risk-allele carriers (n ¼ 22) exhibited increased activation

compared with non-carriers (n ¼ 35) in bilateral middle frontal

gyrus during working memory processes. The crosshairs indicate

the global maxima of BOLD responses in left (Tal. coordinates:

x ¼ �32, y ¼ 34, z ¼ 28) and right (x ¼ 26, y ¼ 21, z ¼ 32)

Brodmann area 9.
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performing N-back tasks. Thus, their findings point to a
genetic influence on working memory processes related to
this brain region and this is in line with our results show-
ing an impact of dysbindin 1 gene on cerebral hyperactiva-
tion in the same area.

The DLPFC activity is also related to WM load. Hyper-
activation in this area is associated with moderate WM
load, while hypoactivation occurs during high and low
WM task demands [Callicott et al., 2003; Johnson et al.,
2006; Manoach, 2003]. The observed hyperactivation in BA
9 in our study may appear as a consequence of a moderate
WM load for university students, which is in line with the
hypothesis of the inverted U-shaped curve function
between WM load and PFC activation [Callicott et al.,
2003; Manoach, 2003]. Indeed, our participants reported in
an informal postscan interview that the 2-back condition
of the N-back task was not too difficult. Owing to their
reports it could be suggested that the increased activation
in BA 9 occurs due to a moderate WM load.

However, we can only speculate about the reason of
hyperactivation in DLPFC to date. Several authors have al-
ready interpreted greater activity in prefrontal cortex dur-
ing N-back performance as ‘‘inefficient’’ processing [e.g.
Callicott et al., 2003; Delawalla et al., 2008; Thermenos et
al., 2004]. One possible explanation of this ‘‘inefficient’’
DLPFC function is a difference in strategy use. Braver et
al. [2007] have proposed proactive and reactive cognitive
control strategies. Employing a proactive strategy, partici-
pants pay attention to the cue as soon as it appears and
prepare for a response to the subsequent target, whereas a
reactive strategy involves minimal processing of the cue
information at the time of presentation but requires reacti-
vation of the cue information when the target appears. It
is possible that patients with schizophrenia and their rela-
tives may employ a reactive strategy, which is less efficient
than a proactive strategy probably utilized by healthy indi-
viduals. Another alternative explanation of hyperactivation
in DLPFC comes from a recent study by MacDonald et al.
[2006] who found subtle reductions in prefrontal activity
for relatives following cue presentation and an increase
following the target. Thus, an increase in activity is based
on target-related activity rather than cue maintenance. On
the basis of their findings, we speculate that risk-allele car-
riers may require additional resources, as indexed by bilat-
eral BA 9 activity, to compensate for the suboptimal
cognitive strategy to accomplish a certain level of WM
performance.

Finally, we identified enhanced fMRI responses in BA 9,
a part of DLPFC, during WM activation. This difference in
brain activation was not manifested in behavior. Because it
could be suggested that at some level the cellular strategy
for processing WM information is abnormal in healthy
risk-allele carriers and genetic variation of dysbindin 1
gene could contribute to this difference. Indeed, a proxi-
mate study by our own group [Nickl-Jockschat et al., in
prep) used diffusion tensor imaging (DTI) as measurement
method revealed evidence for increased white matter con-

nectivity in the left middle frontal lobe and right superior
medial gyrus due to influence of genetic variation in
DTNBP1 gene region tagged by SNP rs1018381. Thus,
increased anatomic connectivity in these brain regions
might lead to hyperactivations in the same or adjacent
brain areas in the frontal lobe in risk-allele carriers during
an N-back working memory task.

CONCLUSION

Our results provide evidence for an influence of genetic
variation in DTNBP1 gene region tagged by SNP
rs1018381 on brain activation in bilateral middle frontal
gyrus during WM task in healthy individuals. These
regions have previously been related to WM processes
and are further core neuropathological areas in schizo-
phrenia. The increased activation of the observed cortical
areas in the current study may occur due to a moderate
WM load and ‘‘inefficient’’ or compensatory DLPFC cogni-
tive control functions. Genetic variation of DTNBP1 gene
may play a significant role at the cellular level for qualita-
tive difference in information processing within the
DLPFC. The stronger brain activity in risk-allele carriers
appears in absence of performance differences between
risk-allele carriers and non-carriers, suggesting that brain
activation can act as a more sensitive measure than behav-
ioral performance, which can contribute to a better investi-
gation, diagnostic and prevention of schizophrenia.
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