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Abstract: Impulsivity is a trait shared by many psychiatric disorders and therefore a suitable intermedi-
ate phenotype for their underlying biological mechanisms. One of the molecular determinants involved
is the NOS1 ex1f-VNTR, whose short variants are associated with a variety of impulsive behaviors. Fifty-
six healthy controls were stratified into homozygous long (LL) (30 probands) and short (SS) (26 probands)
allele groups. Subjects completed a combined stop-signal go/nogo task, while the oxygenation in the pre-
frontal cortex was measured with functional near-infrared spectroscopy. Electromyography was recorded
to control for differences in muscle activity in the two inhibition tasks. Two questionnaires on impulsive
traits were completed. Differences between the two tasks are shown by distinct activation patterns within
the prefrontal cortex. The nogo task resulted mainly in the activation of the dorsolateral prefrontal cortex
(dlPFC), whereas successful and unsuccessful inhibition in the stop-signal task elicited the predicted ac-
tivity in the inferior frontal cortex (IFC). Although significant differences were found in neither the scores
obtained on impulsivity-related questionnaires nor the behavioral data, the LL group displayed increased
dlPFC activity during nogo trials and the predicted activation in the IFC during successful inhibition in
the stop-signal task, while no significant activation was found in the SS group. Our data confirm an influ-
ence of NOS1 ex1f-VNTR on impulsivity, as carriers of the short risk allele exhibited diminished activity
of (pre-)frontal brain regions during the inhibition in a stop-signal task. Impairment of prefrontal control
with consecutive failure of inhibitory processes might underlie association findings reported previously.
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INTRODUCTION

In recent years the focus of psychiatric research is more
and more shifting from thinking in categorical entities of
classification systems that neglect etiology toward the
identification and consideration of intermediate pheno-
types. These consist for example of more etiologically ori-
ented measures of brain function, which are thought to
more closely reflect neurobiological mechanisms and the
corresponding underlying biological correlates. In the last
decade, there have been important breakthroughs in this
area, both in studies focusing on genetics and studies
using brain imaging methods. The decoding of the human
genome by the Human Genome Project in 2003 gave rise
to an entirely new perspective when looking for the basis
of human behavior. Consequently, evidence has been accu-
mulated for an influence of genes on human brain func-
tion that delineates the path for a new way of defining
healthy against dysfunctional behaviour.

Impulsive behavior is a complex and multidimensional
trait [Congdon and Canli, 2008], that does not only affect
healthy behavior, but has also been found to be dysfunc-
tional in many psychiatric disorders, such as attention
deficit/hyperactivity disorder (ADHD), borderline per-
sonality disorder, and aggressive behaviors [Avila et al.,
2004; Fossati et al., 2004]. Impulsivity is usually expressed
through extrovert, risk-taking and incautious behavior
without the consideration of possible long term conse-
quences. It consists of at least two major dimensions, one
that reflects disinhibition, or impulsive action, and
another that reflects impulsive decision making, or im-
pulsive choices [Avila et al., 2004; Congdon and Canli,
2008]. Twin studies have shown that impulsivity is highly
heritable, suggesting a genetic basis [Seroczynski et al.,
1999]. Only few genes have hitherto been suggested to
play a role in impulsive behavior, one of them being the
NOS1 gene [Reif, 2009], which codes for the neuronal iso-
form of nitric oxide synthase I (NOS-I). The enzymatic
product, nitric oxide (NO), is a gaseous molecule that
inter alia acts as a second messenger downstream of the
N-methyl-D-aspartate (NMDA) receptor and interacts
both with the dopaminergic and the serotonergic systems,
both of which having been suggested to influence impul-
sive behavior [Congdon and Canli, 2008]. The NOS1 gene
is located on chromosome 12 and has a fairly complex
structure, containing 28 protein-coding exons and a vari-
able region with at least 11 distinct first exons that are
transcribed into mRNA but later are removed by splicing.
The transcription of those alternate first exons is driven
by alternative promoters resulting in a tissue-specific
expression pattern [Bros et al., 2006]. A variable number
of tandem repeats (VNTR) polymorphism in the pro-
moter region of the alternative exon 1f, termed NOS1
ex1f-VNTR, conveys functional consequences in that long
variants enhance gene expression and influence the neu-
ral transcriptome [Reif et al., 2009]. The repeat is highly
polymorphic and has therefore been dichotomized in

long (L) and short (S) alleles to facilitate genetic studies.
The SS genotype has been identified as a providing a risk
factor for various psychiatric disorders [Galimberti et al.,
2008; Reif, 2009] and has been associated with various
brain functions and dysfunctions, e.g., it has been linked
with deficient striatal function [Reif et al., 2011] and pre-
frontal dysfunction in schizophrenia [Reif et al., 2006].

In a study investigating a population-based cohort, we
intended to explore the link between NOS1 ex1f-VNTR
and impulsive behavior in healthy controls and could
show significant differences in performance between the
two genotype groups in an inhibition task [Reif et al.,
2011]. Given the link between NOS1, psychiatric disorders
displaying impulsivity and altered brain function, the aim
of the current study was therefore to further investigate
the respective neural correlates of disinhibition, especially
prefrontal cortex (PFC) function, an area that has been
pointed out as a playing a major role in motor inhibition
[Aron et al., 2007b; Congdon and Canli, 2008; Fallgatter
and Herrmann, 2001; Herrmann et al., 2005]. Disinhibition
is closely linked to impulsivity and can be measured by
the go/nogo or stop-signal tasks. The go/nogo and the
stop-signal tasks are well established paradigms to measure
behavioral inhibition, with the core aim to inhibit a prepo-
tent motor response [Fallgatter et al., 1997; Logan and
Cowan, 1984]. In the present study subjects performed a
combined version of these two tasks and PFC function was
recorded online by means of functional near-infrared spec-
troscopy (fNIRS). The two tasks have been shown to have
different neural and physiological correlates: (1) A global
inhibition mechanism upstream of the primary motor cor-
tex (M1) located in the prefrontal cortex, which is reliably
activated when non-selective inhibitory actions are
required, and (2) a downstream selective inhibitory mecha-
nism located in M1. Aron and Verbruggen [2008] could
show that the stop signal task requires selective inhibition
(i.e. when the subjects already know the movement direc-
tion of the action that needs to be stopped), whereas the
nogo task, in which it is known before stimulus presenta-
tion that no response is required, can be seen as measuring
global inhibition. In addition to fNIRS, we measured mus-
cle activity with electromyography (EMG) in order to test
whether or not the NOS1 ex1f-VNTR has an influence in
the stopping mechanism selected.

FMRI studies in healthy adults using behavioral inhibi-
tion tasks have consistently shown activation in a right-
hemisphere lateralized neural circuit [Aron et al., 2003;
Boehler et al., 2010; Congdon and Canli, 2005]. These
imaging studies are further supported by data from lesion
studies [Aron et al., 2003; Rieger et al., 2003]. Within this
circuit, the two critical regions are the right inferior frontal
cortex (IFC) where increased activity can be seen both in
the successful as well as in the unsuccessful inhibition, but
far more pronounced in the successful inhibition condition
[Aron and Poldrack, 2006; Boehler et al., 2010], and the
subthalamic nucleus (STN).The IFC plays a central role in
controlling behavioral inhibition [Aron et al., 2003;
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Congdon and Canli, 2008]. We therefore expect that suc-
cessful inhibition is accompanied by significant activation
of the IFC and that both, behavioral performance is worse
and activation is lower in the S allele group as compared
to the L allele group.

MATERIALS AND METHODS

Subjects

Fifty-six healthy volunteers participated in the study.
The subjects were chosen from a large pool of previously
genotyped volunteers and were stratified according to the
NOS1 ex1f-VNTR into a homozygous short allele group
(SS) and a homozygous long allele group (LL) matched for
sex and age. The sample consisted of 30 women (15 in
each the SS and LL groups) and 26 men (11 in the SS, and
15 in the LL group); mean age of the subjects was 24.3 �
3.7 years. All participants were right handed. To ensure
comparable intelligence levels we conducted a subtest
(subtest 3) of the Leistungspruefsystem (LPS) by Horn
[1983], and part B of the Mehrfachwahl-Wortschatz-Test
(MWT-B; Lehrl [2005]). The LPS had a mean score of 32.8
� 3.1; the MWT-B yielded a mean score of 30.7 � 3.7. Fur-
thermore, all subjects completed the Impulsiveness-Ven-
turesomeness-Empathy questionnaire I7 [Eysenck and
Eysenck, 1977] and the UPPS Impulsive Behavior Scale
[Schmidt et al., 2008; Whiteside et al., 2005] as paper and
pencil tests. For further details on the demographic statis-
tics, see Table I. All participants were screened for the ab-
sence of past and present psychiatric axis I disorders with
the MINI interview [Sheehan et al., 1998]. The study was
reviewed and approved by the Ethics Committee of the
University of Wuerzburg, and all procedures involved
were in accordance with the latest version of the Declara-
tion of Helsinki. All participants gave written informed
consent after comprehensive explanation of the experimen-
tal procedures.

Genotyping

The NOS1 Ex1f-VNTR was determined as described pre-
viously (see Reif et al., 2006]. One of the primers was la-
beled with a fluorescent dye (cy-5; TIB MolBiol, Berlin,
Germany), enabling detection of the polymerase chain
reaction (PCR) product. Electrophoretic separation of the
PCR products was performed with a DNA sequencer
(CEQ8000; Beckman-Coulter, Krefeld, Germany). Primers
and PCR conditions are available on request. The resulting
genotypes were converted to short (S) and long (L) alleles
as described.

Stop-Signal Task

In the stop-signal task, two kinds of stimulus conditions
were presented, a frequent go and an infrequent stop con-

dition. There were two go stimuli that require a choice
reaction between two different buttons. The stop stimuli
are the same as for the go condition accompanied by a
stop signal, in this case a visual signal. This stop signal
requires withholding a response that probably was already
planned and in progress. The dynamics of the underlying
neural processes have been explained with the ‘‘Horse
Race Model’’ [De Jong et al., 1990; Logan and Cowan,
1984; Logan et al., 1997a], in which the go and the stop
processes are occurring independently from one another
and ‘‘race’’ each other. Depending on whether the stop
process can be implemented sufficiently before the go pro-
cess reaches a certain threshold, inhibition will either be
successful or not. Via systematic variation of stimulus
onset asynchrony (SOA) for the stop signal stimulus the
mean SOA for a 50% chance of a successful stop signal
can be determined. The difference between the mean SOA
and the mean reaction time during go stimuli represent
the stop signal reaction time which in turn represents in-
hibitory efficiency. The stop signal task can be viewed as a
refinement of the go/nogo task, because in the go/nogo
task the SOA is always zero. We used a combined stop-
signal-go/nogo-task to investigate inhibition. Subjects
were presented with a fixation cross for 500 ms, followed
by a blank screen for another 500 ms. Consecutively, they
an arrow appeared, pointing either to the right or the left
side for 500 ms and they were required to press either the
right or the left arrow on a standard keyboard with their
right index finger. The arrow was white (go-signal), red
(nogo-signal), turned red after a certain amount of time
(stop-signal) or turned green after 475 ms (oddball). When
the arrow was red or turned red, the subjects were
instructed to inhibit their reactions.

Go-trials accounted for 70% of all trials, 15% were stop-
trials; 7.5% of the trials were nogo-trials, and 7.5% of the
trials were oddball-trials. The oddball trials were intro-
duced to control for the differences in the frequency of the
trials. Go trials are presented significantly more often than
nogo or stop trials, and this could evoke probability effects
[Dimoska and Johnstone, 2008].

According to the ‘‘Horse Race Model’’ [Logan et al.,
1997b], we used a variable stimulus onset time (SOA) to
divide the stop trials into 50% successful inhibitions and
50% unsuccessful inhibitions. The initial stimulus onset for
the stop signal was 250 ms after the presentation of the
white arrow. Following a successful stop trial, the SOA
was decreased by 25 ms, and increased by 25 ms following
an unsuccessful stop trial, to yield approximately the same
number of successful and unsuccessful stop trials. We
then calculated the stop-signal response time (SSRT) by
subtracting the mean go-stop SOA from the average go-
trial response time [Logan et al., 1997a]. In other words,
the SOA characterizes the time at which the stop-process
triggered by the stop-stimulus will manage in half of the
trials to catch up with the go-process soon enough to
cancel the response. A schema of the task can be seen in
Figure 1.
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To control for confounds between behavioral inhibition
and attentional processes we introduced an oddball condi-
tion, in which the stimulus was followed by an additional
500 ms blank screen, summing up to a trial length of 2,000
ms. The stimulus interval was followed by a blank screen
(500–1,500 ms) that functioned as a jitter. The trials were
randomized with the constraint that no two stop stimuli,
nogo stimuli, or green stimuli would succeed each other,
in order to account for the length of the BOLD response
that followed each trial [Wager and Nichols, 2003].Accord-
ing to Wager and Nichols, those rapid event related
designs are possible as long as trials of the same condition
are at least 4 s apart. Since the go trials could not be used
for further analysis due to their insufficient inter-trial dis-
tance, oddball trials were used instead of the go trials
within the imaging analyses, after controlling for contrasts
between the go trials and the oddball trials, which did not
reveal any differences.

Electromyography

After preparation of the skin and application of the con-
ductive paste, the electromyography (EMG) was applied
to the musculus extensor digitorum, with the reference
electrode placed on the epicondylus lateralis. The EMG
was recorded with a 32-channel QuickAmp amplifier
(Brain Products, Munich, Germany) and the Vision Re-
corder data acquisition software (version 2.0, Brain Prod-
ucts, Munich, Germany).

Functional Near-Infrared Spectroscopy

FNIRS employs near-infrared light to noninvasively
measure changes in the concentration of oxygenated
(O2Hb) and deoxygenated hemoglobin (HHb) in the brain,
readily penetrating the skull and reaching cortical tissue
[Chance, 1991; Firbank et al., 1998; Hirth et al., 1997; Hock
et al., 1997]. Increases of O2Hb and a decrease of HHb as a
consequence of neuronal activity in certain brain regions is
described as neurovascular coupling and is the underlying
principle in fMRI measurements investigating the blood
oxygenation level dependent (BOLD) signal [Logothetis
and Wandell, 2004].

The basics of fNIRS are described elsewhere in detail
[Hoshi, 2007; Obrig and Villringer, 2003]. We used a con-
tinuous wave system (ETG-4000 Optical Topography sys-
tem; Hitachi Medical Co., Japan) with a 52-channel array
of optodes that covered an area of 30 � 6 cm of the frontal
region of the head (interoptode distance ¼ 3 cm). This
array consisted of 17 light emitters (semiconductor laser)
and 16 photo-detectors (Avalanche photodiodes), each of
which detected the reflected near-infrared light of the sur-
rounding emitters. A measuring point of activation (chan-
nel) was defined as the region between one emitter and
one detector. The array was fastened to the head by elastic
straps. The probe set was placed on the head with regard
to the standard positions of Fpz (for detector optode 26)
and T3/T4 (for emitter optodes 28 and 23) according to
the international 10-20 system for EEG electrode placement
[Jasper, 1958; Okamoto et al., 2004].

TABLE I. List of the demographic statistics and behavioral results

NOS-genotype N Mean Standard deviation T df P

Sex LL 30 1.50 0.50 �0.567 54 0.573
SS 26 1.57 0.50

Age LL 30 23.80 2.55 �1.084 54 0.283
SS 26 24.88 4.75

LPS LL 30 32.86 3.09 0.025 54 0.980
SS 26 32.84 3.09

MWT B LL 30 30.33 4.41 �0.757 54 0.453
SS 26 31.07 2.54

RT LL 30 504.92 77.13 �0.231 54 0.818
SS 26 509.93 84.71

SSRT LL 30 250.75 40.46 �1.056 54 0.296
SS 26 262.37 41.70

SOA LL 30 248.17 56.52 0.335 54 0.739
SS 26 242.76 64.33

Ommission_errors LL 30 4.46 5.20 �0.798 54 0.428
SS 26 6.50 12.79

I7_overall LL 30 6.50 2.40 0.190 54 0.850
SS 26 6.38 2.08 0.192 53.999 0.848

UPPS_overall LL 30 30.64 4.85 0.082 54 0.935
SS 26 30.54 3.47 0.084 52.239 0.934

LL ¼ long allele of the NOS1ex1f-VNTR group, SS ¼ short allele of the NOS1ex1f-VNTR group, LPS ¼ Lernpruefsystem (measure of
intelligence), MWT-B ¼ Merhfachwahl-Wortschatz-test (measure of intelligence), RT ¼ mean reaction time, SSRT ¼ stop signal reaction
time, SOA ¼ stimulus onset asynchrony, I7 ¼ Impulsiveness-Venturesomeness-Empathy-Questionnaire, UPPS ¼ UPPS Impulsive behav-
ior scale.
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Data Analysis

Behavioral data

We conducted three univariate analyses of variance
(ANOVA) with the dependent variables reaction time,
stop-signal reaction time, omission and commission errors.
The NOS1 ex1f-VNTR was entered as the independent
variable. As NOS1 genotype can only take two discrete
values, this ANOVA corresponds to an independent sam-
ple t-test, which was used to contrast the two groups
according to our a priori hypothesis.

Results of the I7 and the UPPS were also contrasted
regarding the genotype.

EMG data

EMG data were filtered with a 250-Hz low-pass filter
and a 50-Hz high-pass filter. Consecutively, the data were
filtered with an IIR filter and rectified. After separation of
the signal into segments that accounted for the nogo con-
dition, segments that accounted for the successful inhibi-
tion condition and segments that accounted for the
unsuccessful inhibition condition, all segments from one
condition were averaged and the resulting means were
entered in a multivariate ANOVA with the within-subject

Figure 2.

EMG activity for the different conditions. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1.

Schema of the stopsignal/nogo task. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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factor condition and the between-subject factor height of
means. Follow-up post hoc t-tests for dependent samples
were performed to further investigate potential differences
between the two genotype groups.

Functional imaging data

Before statistical analysis of the functional data using
the general linear model (GLM), the high frequency por-
tion of the signal was removed by applying the system
built-in moving average filter with a time window of 5 s.
A nine-element discrete cosine transform basis set was
used to account for slow drifts in the measurement. There-
after, a GLM analysis was conducted modeling the hemo-
dynamic response function (HRF) using a Gaussian with
peak time at 7.0 s. The HRF was convolved with a delta
function (stick function) indicating the onset of the trials,
resulting in beta weights indicating the relative signal
change in each channel. For details of the analysis of NIRS
data, the reader is referred to Plichta et al. [2006a]. We
controlled for multiple testing by applying the Dubey/
Armitage-Parmar (DAP) alpha boundary [Sankoh et al.,
1997] for all channels. Generally, DAP corrects for multiple
comparisons considering the correlations between the
data. If the correlation between the channels is zero, DAP
is equivalent to Bonferroni’s correction. The higher the cor-
relations, the more liberal the corrected [alpha]-level
becomes. At a correlation of 0.5, DAP corresponds to the
correction procedure suggested by Tukey et al. [1985], for
details, see Sankoh et al. [1997].

After performing the GLM analysis, separate ANOVAs
were applied to the resulting beta weights, with the inde-

pendent factor genotype group and the dependent factor
task condition. For validation of the paradigm, a one sam-
ple t-test was calculated for each task condition. Subse-
quently, ANOVAs were performed for each genotype
group separately, in order to further investigate the differ-
ences between the groups. HHb was analyzed but yielded
no additional information, and therefore is not discussed
further.

RESULTS

Behavioral Data

On the behavioral level, three were no significant differ-
ences between the SS and LL groups (for details see Table I).

EMG Data

The multivariate ANOVA yielded significant differences
for the different task conditions (1) nogo, (2) successful in-
hibition, and (3) unsuccessful inhibition [F(1, 28) ¼ 92,63, P
< 0.001].

Consecutively performed post hoc t-tests, yielded a sig-
nificant difference between (a) the nogo condition, in
which subjects were required not to respond and the suc-
cessful inhibition condition [t(1, 29) ¼ �2.836, P ¼ 0.008];
(b) the unsuccessful and the successful inhibition condition
[t(1, 29) ¼ �3.609, P ¼ 0.001]; and (c) the unsuccessful inhi-
bition condition and the nogo condition [t(1, 29) ¼ 5.844, P
¼ 0.000]. The muscle activity is shown in Figure 2.

TABLE II. Significant channels at the nogo condition, the unsuccessful inhibition condition, and the successful

inhibition condition, after correction with DAP

O2Hb Nogo Unsuccessful inhibition Successful inhibition

Channel t df ¼ 54 P Channel t df ¼ 54 P Channel t df ¼ 54 P

1 3.98 0.0002 1 �2.92 0.0049 11 3.55 0.0008
2 3.04 0.0036 3 �2.91 0.0051 32 2.93 0.0049
3 3.29 0.0017 4 �3.96 0.0002 34 3.10 0.0030
4 2.98 0.0042 5 �5.29 0.0000
8 3.07 0.0032 6 �6.03 0.0000
11 3.67 0.0005 7 �5.17 0.0000
14 3.07 0.0033 8 �3.22 0.0022
25 2.98 0.0042 10 �4.26 0.0001

15 �3.29 0.0017
16 �5.76 0.0000
17 �4.68 0.0000
26 �3.18 0.0024
27 �4.21 0.0001
28 �2.87 0.0058
34 3.21 0.0022
37 �3.59 0.0007
38 �2.99 0.0041
44 2.92 0.0050
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When calculating a multivariate ANOVA to control for
differences between the genotypes, we did not find any
significant differences [F(1, 28) ¼ 0.914, P ¼ 0.448].

Imaging Data

As evidenced by one-sample t-tests, a significant activa-
tion in eight channels for the nogo condition, correspond-
ing to the dorsolateral prefrontal cortex (dlPFC), three
channels in the successful inhibition condition, and 17
channels in the unsuccessful inhibition condition, which
correspond to the IFC, were found (see Table II and Figs.
3 and 4). After DAP-correction, the go condition yielded
no significant activation in any channel (P > 0.20).

The second level analyses for O2Hb revealed a signifi-
cant main effect of NOS1 Ex1f-VNTR for channel 37 in the
nogo condition[F(1, 54) ¼ 9.0257, P ¼ 0.004], and channels
45 [F(1, 54) ¼ 8.2902, P ¼ 0.0057], 46 [F(1, 54) ¼ 13.8383, P ¼
0.0005], and 49 [F(1, 54) ¼ 8.4562, P ¼ 0.0053], in the suc-
cessful inhibition condition. The corresponding t-maps are
displayed in Figure 5. The unsuccessful inhibition condi-
tion showed no significant differences between the geno-
type groups after correction with the DAP boundary.

When analyzing the two groups separately using sepa-
rate ANOVAs for each channel, the activation pattern for
the main effect condition differed for both groups, as can
be seen in Table III and Figures 5 and 6. The ANOVAs
were corrected with the DAP boundary.

DISCUSSION

We investigated the effect of the NOS1 ex1f-VNTR on
impulsive measures and prefrontal brain activation in
healthy adults. In this context, the subjects performed a
combined go/nogo-stop signal task, while prefrontal activa-
tion was measured using fNIRS. On the behavioral level, we
could not find any differences between carriers of the long
variant and carriers of the short variant of the NOS1 ex-1f-
VNTR. This contradicts earlier finding from our group [Reif
et al., 2011], where we also employed a stop signal para-
digm and found differences in the omission error rates.
However, the present sample was rather small compared
with the previous one, where over 500 subjects were investi-
gated. It is thus likely that the present study was underpow-
ered to detect small genetic effects on behavior.

The same is true for questionnaire data, as we also admin-
istered subjective measurements of impulsivity in the form
of the I7 and the UPPS. Both did not yield significant differ-
ences between the supposedly less impulsive long allele
group and the supposedly more impulsive short allele
group. Again that could be due to the small sample size,
and/or the administered questionnaires might not be sensi-
tive enough to detect small differences in behavior.

Figure 3.

Optode placements for the frontal probe set on the head.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4.

Significant channels for the three task conditions, t-values corrected with DAP. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

A, Significantly differing channels in a) nogo- and b) successful inhibition condition, between the

SS and the LL genotype, t-values corrected with DAP. B, Significantly activated channels for the

nogo condition between the SS and the LL genotype, t-values corrected with DAP. C, Signifi-

cantly activated channels for the successful inhibition condition, t-values corrected with DAP.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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To our best knowledge, this is the first report on a com-
bined go/nogo-stop signal paradigm investigated with
fNIRS. Different fMRI studies [Congdon and Canli, 2008]
provided an informed guess regarding the region of interest
of activation, namely the IFC. In the present study we could
replicate earlier findings from fMRI data in both the suc-
cessful and the unsuccessful inhibition condition, in which
the IFC was found to be activated using fNIRS. However,
there was a difference regarding the activated region for the
nogo task. This task does not require the inhibition of previ-
ously initiated movements, but implies that no action is to
be taken right from the start. It therefore differs from the
stop-signal task, which might explain the differential activa-
tion pattern that indicated neural responses in the dorsolat-
eral prefrontal cortex (dlPFC) in response to the nogo task.
The dlPFC has been suggested to be involved in sustained
attention and self control [Corbetta and Shulman, 2002],
both of which are crucial to the successful performance on
an inhibition task. Accordingly, Chevrier et al. [2007] sug-

gested that the right dlPFC areas are responsible for the with-
holding of a response right from the start. Thus, it appears
reasonable to assume that the nogo and the stop-signal task
involve different brain regions, with the former demanding
control on overall motor behavior, while the latter requires
inhibition of an already initiated action. In line with these
assumptions we found EMG differences in M. extensor digi-
torum activity for the different inhibition conditions, where
significantly higher muscle activation took place in the stop
signal task as compared with the nogo task, even when the
outcome was successful inhibition in both tasks (Fig. 6). This
might also be explained by the different nature of inhibition.
While the stop signal task triggers selective inhibition [Aron
and Verbruggen, 2008; Coxon et al., 2007], the nogo task can
be inhibited upstream of M1 by the prefrontal cortex.

Both the nogo and the successful inhibition condition
produce significantly lower activity in the brains of SS al-
lele subjects. This extends previous findings from our
group [Reif et al., 2009], which showed an effect of NOS1
ex1f-VNTR on prefrontal functioning in the anterior cingu-
late cortex (ACC) during a go/nogo task, where the short
allele carriers showed diminished ACC activation. Our
findings are also in line with even earlier work from our
group [Reif et al., 2006] which could show significantly
decreased P300 Nogo amplitudes for the SS carriers, which
has been linked to a defective response control. Rodent
studies [Wultsch et al., 2007] have also hinted at the role
of NOS1 as a regulator of impulsive behavior, and a recent
study [Reif et al., 2011] produced further evidence for the
role of NOS1 in impulsivity. Therefore it can be assumed
that the lack in prefrontal activation in short allele carriers,
as compared with long allele carriers, resulting in compro-
mised inhibition processes probably as a consequence of
decreased NOS1 gene expression. When considering the
processes involved in the stop signal response inhibition,
one should disentangle the processes involved. According
to Aron et al. [2007], the go signal is likely generated by
premotor areas, which in turn project to the basal ganglia
and the striatum. From there, the signal returns to the

TABLE III. Significant channels for both groups

separately, corrected with DAP

LL SS

Channel T df ¼ 28 P T df ¼ 24 P

NoGo O2Hb
1 3.66 0.0010 n.s.
3 3.68 0.0009 n.s.
4 3.93 0.0005 n.s.
5 3.60 0.0012 n.s.
6 3.40 0.0020 n.s.
8 3.27 0.0028 n.s.
11 3.04 0.0049 n.s.
14 3.72 0.0008 n.s.
15 4.04 0.0004 n.s.
17 3.31 0.0025 n.s.
18 3.43 0.0018 n.s.
25 3.42 0.0019 n.s.
28 3.77 0.0007 n.s.

Unsuccessful inhibition condition
4 n.s. �2.92 0.0072
5 �3.76 0.0007 �3.65 0.0012
6 �4.72 0.0001 �3.77 0.0009
7 �3.52 0.0014 �3.75 0.0009
10 n.s. �3.06 0.0052
16 �4.02 0.0004 �4.08 0.0004
17 �3.07 0.0046 �3.53 0.0016
27 n.s. �3.12 0.0045
28 n.s. �2.97 0.0064
34 n.s. 3.12 0.0044
37 n.s. �2.96 0.0065

Successful inhibition condition
11 2.99 0.0055 n.s.
32 3.00 0.0055 n.s.
35 2.82 0.0085 n.s.
37 n.s. �3.27 0.0031
45 3.93 0.0005 n.s.
46 3.31 0.0025 n.s.

Figure 6.

Differences in optodes 15 and 45 for the nogo and the success-

ful inhibition condition, respectively, for both groups.
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motor cortex and a signal to the relevant effector is created
[Aron et al., 2007a]. The stop process then needs to inter-
fere with the go process at some point. Assuming that the
stop command is being generated in the frontal cortex, the
signal could be rapidly conveyed to the basal ganglia via
the so called ‘‘hyperdirect pathway,’’ intercepting the go
process in the final stages of the ‘‘horse race’’ [Aron et al.,
2007b]. The weaker signal in the prefrontal cortex for the
stop task in short allele carriers might be due to diminished
NO production in the prefrontal cortex as a consequence of
decreased gene expression; however, at present it is unclear
whether NOS1 exon 1f is expressed at all in this brain
region. Alternatively, altered striatal output which can be
assumed in the SS group due to the regulation of firing pat-
terns by NO, could have modified prefrontal brain areas
indirectly. Further studies on the expressional patterns of
NOS and direct determination of neuronal firing patterns as
well as studies using methods other than fNIRS, such as
fMRI or PET, which allow for the measurement of activa-
tion in subcortical structures, like the striatum, are needed
to address these issues. While we could not demonstrate
changes on the behavioral level in the subjects studied in
our sample (which most likely is due to the relatively small
sample size), impaired prefrontal control as a direct or indi-
rect consequence of nitrinergic dysfunction might explain
our previous finding of impaired performance in a stop sig-
nal task in short allele carriers in a much larger sample
[Reif et al., 2011]. Other dimensions of inhibition, such as
the cognitive processes related to motivational inhibition
and impulsive behaviors, have not been taken into account
in this study. In-depth experiments are necessary studying
the effects of the NOS1 ex1f-VNTR on reward processes
and motivational aspects of impulsivity, especially to eluci-
date the precise neural mechanisms which are involved in
the mechanism of action of NOS1 ex1f-VNTR.

Further limitations of this study are inherent to the
method of choice, since fNIRS is a measure of the BOLD
signal, it is rather slow and can not detect differences
between processes that differ in the timing dimension
only. Moreover, the lacking depth of the infrared light pro-
hibits any measures of deeper brain regions, allowing only
a limited view on brain functionality.

Summarizing our results, we could demonstrate in a rel-
atively small sample that NOS1 ex1f-VNTR SS carriers,
which are at risk to be more impulsive, exhibit significant
differences in brain activation during motor inhibition
processes relative to LL carriers which might explain the
association data. The precise neural correlates and molecu-
lar mechanisms, however, are far from being understood
and subject to further research.
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T. Töpner, M. Harder, and R. Täglich are credited for
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