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The neuropeptide S (NPS) system has been suggested to contribute to the pathogenesis of anxiety. In order to
further characterize the cognitive-neurophysiological relevance of neuropeptide S in the etiology of anxiety,
the influence of a functional neuropeptide S receptor gene (NPSR1) variant on response inhibition and error
monitoring was investigated under consideration of the dimensional phenotype of anxiety sensitivity (AS).
In a sample of N=97 healthy probands, event-related potential (ERP) measurement using a modified Flanker
task was applied allowing for a distinct neurophysiological examination of processes related to response in-
hibition (Nogo-N2, Nogo-P3) and error monitoring (Ne/ERN). All subjects were genotyped for the functional
NPSR1 A/T (Asn107Ile) variant (rs324981) and characterized for anxiety sensitivity using the Anxiety Sensitiv-
ity Index (ASI).
Carriers of theNPSR1 T allele displayed intensified response inhibition (Nogo-P3) and errormonitoring (Ne/ERN),
which was in both cases paralleled by the behavioral data. Furthermore, anxiety sensitivity was found to be
higher in NPSR1 T allele carriers and to correlate with Nogo-P3 and Ne/ERN. A mediation analysis revealed the
ERN to mediate the effect between NPSR1 genotype and anxiety sensitivity.
In summary, the more active NPSR1 T allele may confer enhanced response inhibition and increased error mon-
itoring and might drive particularly error monitoring as a neurophysiological endophenotype of anxiety as
reflected by increased anxiety sensitivity. These findings further corroborate a major role of the neuropeptide S
system in the pathogenesis of anxiety and suggest a potentially beneficial use of therapeutic agents targeting
the NPS system in anxiety disorders.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Converging evidence from animal studies as well as molecular ge-
netic, imaging genetic, gene–environment-interaction and multi-level
systems studies in humans implicates the neuropeptide S (NPS) system
as a novel pathomechanism in the etiology of anxiety (Reinscheid and
Xu, 2005; for review see Okamura and Reinscheid, 2007; Pape et al.,
2010).

In rodent models, centrally administered NPS has been observed to
elicit increased arousal paralleled by an anxiolytic effect in anxiety-
behavior-related tests like the open field, elevated plus maze, four-
plate, elevated zero maze, light–dark box, recovery of righting reflex,
stress-induced hyperthermia or defensive burying tests (e.g., Rizzi et
al., 2008; Wegener et al., in press; Xu et al., 2004), with reciprocal

findings in neuropeptide S receptor (NPSR) knock-out mice (Duangdao
et al., 2009). In rats, NPS is primarily expressed in the locus coeruleus
area, while NPSR has been reported to be widely expressed in various
brain regions such as the amygdaloid complex, parts of the cingulate cor-
tex and the ventral/lateral orbital cortex (Xu et al., 2007). NPS increases
glutamatergic transmission to intercalated GABAergic neurons in the
amygdala (Jüngling et al., 2008) and modulates the release of serotonin
and norepinephrine in the frontal cortex (Raiteri et al., 2009) as well as
extracellular levels of dopamine in the medial PFC and the nucleus
accumbens (Mochizuki et al., 2010; Si et al., 2010), whereby NPS might
influence anxiety- and arousal-related behavior.

In humans, the more active T allele of the functional neuropeptide S
receptor (NPSR1) A/T Asn to Ile (N107I) single nucleotide polymorphism
(rs324981) (Bernier et al., 2006; Reinscheid et al., 2005) has consistent-
ly been reported to be associated with panic disorder (Domschke et al.,
2011; Donner et al., 2010; Okamura et al., 2007). TheNPSR1 T risk allele
was furthermore found to be related to increased heart rate as well as
higher symptom reports and elevated anxiety sensitivity during a

NeuroImage 71 (2013) 1–9

⁎ Corresponding author at: Department of Psychiatry, University of Wuerzburg,
Fuechsleinstrasse 15, D-97080 Wuerzburg, Germany. Fax: +49 931 20177109.

E-mail address: Domschke_K@klinik.uni-wuerzburg.de (K. Domschke).

1053-8119/$ – see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neuroimage.2013.01.004

Contents lists available at SciVerse ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img



Author's personal copy

behavioral avoidance test as peripheral neurophysiological and dimen-
sional endophenotypes of anxiety, respectively (Domschke et al., 2011).
This increased anxiety sensitivity was suggested to be interactively
influenced by the NPSR1 A/T polymorphism and childhood maltreat-
ment, with carriers of the more active NPSR1 T/T genotype and a high
number of maltreatment experiences in childhood reporting increased
anxiety sensitivity (Klauke et al., in press). At first sight, the association
of the gain-of-functionNPSR1 rs324981 T allele with panic disorder and
anxiety sensitivity in humans seems inconsistent with findings in ro-
dent models, where NPS and agonists at NPSR have been shown to
exert a dose-dependent anxiolytic effect. However, in rodents NPS at
the same time conferred increased arousal, which behaviorally and
therefore also biochemically/genetically might be more comparable to
human “anxiety” as in panic disorder or generalized anxiety disorder
as compared the more phobia-related phasic “fear” (cf. Davis et al.,
2010).

To further characterize the role of genetic factors in the pathogenesis
of complex phenotypes in humans such as the role of NPSR1 gene vari-
ation in anxiety, the investigation of endophenotypes on an intermedi-
ate level between genotype and clinical phenotype has proven to be
useful (Gottesman and Gould, 2003). Event-related potentials (ERPs)
comprising response inhibition (Nogo-N2/Nogo-P3) and error monitor-
ing (Ne, “error negativity”/ERN, “error-related negativity”) (Falkenstein
et al., 1991; Gehring et al., 1993) are established markers of neurophys-
iological mechanisms underlying cognitive processes related to the se-
lection and adaptation of behavior (Bush et al., 2000; Ridderinkhof et
al., 2004b). Response inhibition (Nogo-P3) has been shown to be signif-
icantly associatedwith anxiety sensitivity (Sehlmeyer et al., 2010) and is
hypothesized to be related to the behavioral inhibition system (BIS) (cf.
Gray, 1982), which has been postulated as a potentially genetically driv-
en neurophysiological risk factor of anxiety (e.g., Johnson et al., 2003;
McDermott et al., 2009; Smoller and Tsuang, 1998; Smoller et al.,
2001). Error monitoring processes (Ne/ERN) have consistently been
suggested to constitute an endophenotype of anxiety-related psychopa-
thology (Olvet and Hajcak, 2008) supported by several recent studies
revealing error processing functions to be altered in e.g. trait anxiety
and generalized anxiety disorder (Aarts and Pourtois, 2010; Weinberg
et al., 2010, 2012; Xiao et al., 2011). Aside from the Ne/ERN, the second
(P3-like) error positivity (Pe; Beste et al., 2008; Overbeeck et al., 2005)
has been related to post-error adaptation (e.g., Nieuwenhuis et al.,
2001) and shown to be diminished in anxious subjects (Moser et al.,
2012).

Response inhibition processes are mediated by the orbitofrontal and
dmPFC (Falkenstein, 2006; Ridderinkhof et al., 2004a); yet the relevance
of theorbitofrontal and dmPFC varies across response inhibition subpro-
cesses: the Nogo-N2 is supposed to mirror pre-motor inhibition or con-
flict monitoring processes (e.g., Beste et al., 2010c; Falkenstein, 2006;
Nieuwenhuis et al., 2003) and has been shown to be generated in
orbitofrontal areas (see: Falkenstein, 2006); the Nogo-P3 has been
suggested to reflect the evaluation of a successful inhibition (Roche et
al., 2005; Schmajuk et al., 2006) and has been shown to be additionally
mediated via the ACC (e.g., Fallgatter et al., 2004), modulated by the
meso-corticolimbic dopamine system (Beste et al., 2010b). Modulations
in theNe/ERNdependon anterior cingulate areas (review: Ridderinkhof
et al., 2004a) and have been shown to alter the degree of post-error
slowing (Debener et al., 2005) as an indicator of behavioral adaptation
(Rabbitt, 1966). Yet, some studies failed to find a relation between Ne/
ERN and post-error slowing (e.g., Gehring and Fencsik, 2001) with
post-error slowing not always being adaptive (Notebaert et al., 2009).
Thus, response inhibition/behavioral inhibition and error monitoring
have been related to a neural network greatly overlapping with the
brain fear circuit involving e.g. the ACC, the medial prefrontal cortex,
the orbitofrontal cortex as well as the amygdala (see Bush et al., 2000;
Charney and Deutch, 1996; Dresler et al., 2013; Fallgatter et al., 2004;
Gorman et al., 1989, 2000; Huster et al., 2010; Pourtois et al., 2010;
Ridderinkhof et al., 2004a). NPSR1 mRNA is widely expressed in these

brain regions such as the cingulate cortex, the orbitofrontal cortex and
to a lesser degree also the amygdala (Xu et al., 2007; Allen Brain Atlas
Resources [http://www.brain-map.org/], Seattle (WA): Allen Institute
for Brain Science. ©2009) and therefore might directly or indirectly
shape neural activity within this network. As furthermore NPSR1 gene
variation has been demonstrated to differentially impact activity of the
amygdala, the dorsolateral prefrontal, lateral orbitofrontal and anterior
cingulate cortex (ACC) during processing of anxiety-relevant emotional
stimuli in healthy probands and patients with panic disorder, respec-
tively (Dannlowski et al., 2011; Domschke et al., 2011), neural mecha-
nisms underlying response inhibition and error monitoring might
involve genetically driven networks of both executive cognitive and af-
fective processes related to anxiety.

Given the suggested but mechanistically still not comprehensively
understood role of the neuropeptide S system in anxiety-related pheno-
types, in the present study we set out to further define the cognitive-
neurophysiological role of neuropeptide S for the first time by investi-
gating the influence of the functional NPSR1 A/T (rs324981) variant
on response inhibition (Nogo-N2; Nogo-P3) and error monitoring
(Ne/ERN; Pe) as potential endophenotypes of anxiety as measured by
anxiety sensitivity and state/trait anxiety. It was hypothesized that the
more active NPSR1 T risk allele would magnify response inhibition and
error monitoring mediating an increased level of anxiety.

Material and methods

Subjects

A sample of N=97 genetically unrelated subjects of Caucasian de-
scent (f=67; m=30) was recruited for the study (cf. Beste et al.,
2010a). The mean age of subjects was 25.16±4.5 years. Absence of a
history of neurological or psychiatric illness was assessed during an ini-
tial standardized screening interview by telephone. Second, absence of
neurological and psychiatric disorderswas establishedmore thoroughly
using a standardized life interview constructed for this study at the first
personal visit. Our screening procedure excluded patients with any psy-
chiatric disorders including substance abuse and anxiety disorders.

Anxiety sensitivity was measured by means of the German version
of the Anxiety Sensitivity Index (ASI) (Alpers and Pauli, 2002; Reiss et
al., 1986). Furthermore, anxiety was measured by the State-Trait Anx-
iety Inventory (STAI) (Laux et al., 1981), which consists of 40 state-
ments differentiating between trait anxiety (TA) and the temporary
condition of state anxiety (SA).

A blood sample (20 ml EDTA blood) was taken for genetic analy-
ses. The study was approved by decision of the ethics committee of
the University of Münster. All subjects gave written informed consent
before any of the study procedures were commenced.

Genotyping

All subjects were genotyped for the neuropeptide S receptor gene
(NPSR1) A/T (N107I) variant (rs324981) according to published proto-
cols (Domschke et al., 2011). Genotypes were determined by investiga-
tors blinded for phenotypes and independently by two investigators.
Hardy–Weinberg criteria, assessed with the online available program
DeFinetti (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl;Wienker TF and Strom
TM; accessed April 2012), were fulfilled for NPSR1 A/T genotype distri-
bution in the present sample (AA: N=29, AT: N=50, TT: N=18;
p>.6).

Task

To examine a broad spectrum of response monitoring functions
(i.e., response inhibition and error processing) we used a modified
Flanker task. In this task the stimuli (arrowheads) were vertically ar-
ranged above and underneath a centrally presented fixation cross.
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The target stimulus (arrowhead or circle) was presented in the center of
the array with the arrowhead pointing to the left or right. The central
stimulus was presented at the location of the fixation cross. The central
stimulus was flanked by two vertically adjacent arrowheads which
pointed in the same (compatible) or opposite (incompatible) direction
as the target. Whenever an arrowheadwas presented in the central po-
sition, the subjects had to press a response buttonwith their left or right
index finger depending on the direction of centrally presented arrow-
head. Whenever a circle was presented at the central position, the
subjects were required to refrain from responding (i.e., Nogo trials).
The flankers preceded the target by 100 ms to maximize premature
responding to the flankers to increase error likelihood. The target stim-
uli (arrowheads or circles) were displayed for 300 ms. The mean re-
sponse–stimulus interval was 1600 ms and jittered between 1400 and
1800 ms. Flankers and target were switched off simultaneously. Time
pressure was administered by asking the subjects to respond within
600 ms in order to further increase demands on conflict processing
and response selection as well as to further increase response error like-
lihood. In trials with reaction times exceeding this deadline, a feedback
stimulus (1000 Hz, 60 dB SPL) was given 1200 ms after the response;
this stimulus had to be avoided by the subjects. Four blocks of 105 stim-
uli eachwere presented in this task. Compatible (60%) and incompatible
stimuli (20%) andNogo stimuli (circle) (20%)were presented randomly.

EEG recording and analysis

During the task the EEG was recorded from 24 Ag–AgCl electrodes
according to the 10–20 System against a reference electrode located at
Cz at a sampling rate of 500 Hz applying a filter bandwidth DC-80 Hz
to the EEG. Electrode impedances were kept below 5 kΩ. Filtering was
applied in the band-pass from 0.5 to 16 Hz (48 db/oct). In the epoched
data, artifact rejection procedures were applied automatically with an
amplitude threshold of±80 μV. Horizontal and vertical eyemovements
were corrected using the Gratton–Coles Algorithm (Gratton et al., 1983)
applied to the epoched data. Data was re-referenced to linked mastoids
before a baseline correction was conducted (−200 ms till stimulus or
response) and the average calculated. The EEG data was analyzed
stimulus-locked and response-locked.

In the stimulus-locked data, the Nogo-N2 andNogo-P3were quanti-
fied. The Nogo-N2 was measured at electrodes Fz and FCz and quanti-
fied relative to pre-stimulus baseline. The Nogo-P3 was measured at
electrodes FCz and Pz and also quantified against the pre-stimulus base-
line. The Nogo-N2 was defined as the most negative peak between 200
and 350 ms post stimulus; the Nogo-P3 was defined as the most posi-
tive peak between 300 and 600 ms. Both components were quantified
in amplitude and latency.

The Ne/ERN usually peaks around 50 until 110 ms post-response
(Falkenstein et al., 1991). Within this interval we calculated the mean
amplitude of the Ne/ERN as well as peak latency at electrodes Fz and
FCz using a pre-response baseline −200 until 0 (i.e., time point of
response). The Nc (i.e. post-response negativity occurring on correct
trials) was quantified similarly. Ne/ERN and Nc were quantified across
compatible and incompatible conditions. The Nogo condition was not
used for the Ne analysis. The Pe was quantified at electrode Pz (e.g.
Overbeeck et al., 2005). The Pe peaks between 200 and 500 ms post re-
sponse.We calculated themean amplitude of the Pewithin this interval
using a pre-response baseline−400 until−200. This baselinewas cho-
sen because of the P3b-like component around button press, which
would have distorted a baseline from −200 until 0 (i.e. button press).

Statistics

Data was analyzed using (repeated measures) analyses of variance
(ANOVAs). ERPs denoting conflict processing or response selection
functions were analyzed using the within-subject factors “electrode”
and depending on the potential “correctness” (error processing), “Go/

Nogo” (response inhibition) and “compatibility” (conflict processing)
as additional within-subject factors. NPSR1 A/T “genotype” served as
between-subject factor. Since previous results suggest that anxiety sen-
sitivity modulates response inhibition processes (Sehlmeyer et al.,
2010), but also varies across NPSR1 A/T genotype groups (Domschke
et al., 2011), regression analyseswere calculated to estimate the relative
influence of anxiety sensitivity and NPSR1 A/T genotype on response in-
hibition and error monitoring processes. All variables subjected to anal-
yses of variancewere normally distributed as indicated byKolmogorov–
Smirnov Tests (all z'sb .7; p>.3). In all analyses, Greenhouse–Geisser
corrections were applied when appropriate. Post-hoc tests were
Bonferroni-corrected, when necessary. For all analyses the means and
standard error of mean (±SEM) are provided.

Results

Genetic and behavioral data

NPSR1 genotype groups did not differ in age (p>.5). A Kruskal–
Wallis H test revealed that the distribution of sexes did not differ be-
tween genotype groups (H=2.95; df=2; p>.2). NPSR1 genotype
groups differed, however, regarding anxiety sensitivity (F(2,94)=
5.12; p=.017; η2=.08): AA genotype carriers displayed a signifi-
cantly lower ASI score (14.15±2.2) than carriers of the AT (21.96±
1.6) and TT (21.87±2.8) genotypes (pb .02), with the latter two ge-
notype groups not significantly differing from each other (p>.9).

Reaction times (RTs inms)were longer for correct (403±7) than for
error trials (296±8) (F(1,94)=893.95; pb .001; η2=.90) and also lon-
ger for correct incompatible than for correct compatible trials (F(1,94)=
170.63; pb .001; η2=.64). In both cases, NPSR1 genotype did not modu-
late the pattern of results, as revealed by non-significant interactions (all
Fb1.15; p>.3; η2b .03). Genotype groups did not differ in their overall
RT on correct trials (F(2,94)b0.85; p>.5; η2=.03) and on error trials
(F(2,94)b0.5; p>.6; η2=.03). To examine the degree of behavioral ad-
aptation after the commitment of a response error, ‘post-error slowing’
was calculated (Rabbitt, 1966). Therefore, we subjected the mean reac-
tion time of correct responses in succession and those after an error (“se-
quence”) to a mixedmeasures ANOVAwith “group” as between-subject
factor. RTs on correct response after an error were significantly longer
(400±7) than RTs on correct responses in succession (367±7)
(F(1,94)=596.2; pb .001; η2=.86). This slowing effect was different
across NPSR1 genotype groups, as indicated by a significant interaction
(F(2,94)=13.01; pb .001;η2=.21). Submitting the difference in RTs be-
tween correct responses in succession and those after an error to a uni-
variate ANOVA revealed that each genotype group differed from each
other in an allele-dose fashion (F(2,94)=11.61; pb .001; η2=.19).
Bonferroni-corrected pair-wise comparisons showed that the AA geno-
type conferred the lowest post-error slowing effect (23.6±2), followed
by the AT (31.9±2) and TT (41±3) genotype groups (pb .018)
(Fig. 1A). Correlational analyses revealed that the degree of post-error
slowing was stronger, when the ASI score was higher (r=.46; R2=
.21; pb .001). Using the STAI, no significant correlations were evident
for the ‘trait score’ and ‘state score’ (rb .1; p>.5).

We further analyzed, whether the amount of errors committed oc-
curred mainly after correct trials or after error trials (i.e., post-error ac-
curacy). The analysis on post-error accuracy showed that 30.51% (±10)
of errors occurring after the previous trials also showed an error, while
69.49% (±10) of errors occurring after the previous trial were correct
(pb .001). Moreover, there was a negative correlation between
post-error slowing and post-error accuracy. In particular, this negative
correlation showed that the longer the mean post-error slowing, the
lower the frequency of errorswas (i.e., the higher the post-error accura-
cy) (r=− .45; R2=.20; p=.001). Error rates (percent errors) were
lower in the compatible (3.1±0.3) than in the incompatible (8.7±
0.4) condition (F(2,94)=104.93; pb .001; η2=.52). This effect was
not differentially modulated across genotype groups, as indicated by
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the non-significant interaction (F(2,94)=2.12; p>.12; η2=.04). Re-
garding the post-error accuracy, there were genotype group effects
(F(2,94)=6.61; pb .001; η2=.12) showing that the post-error accura-
cy (based on the total amount of errors) was higher (i.e., errors were
lower) in the TT genotype group (8.5±0.4), compared to the AT
(15.6±0.6) and AA genotype groups (14.8±0.5) (pb .001). The latter
two did not differ from each other (p>.3). This pattern is in line with
the correlational analysis on post-error slowing and post-error accura-
cy. Further correlation analyses revealed that the degree of post-error
accuracy was stronger, when the ASI score was higher (r=.33; R2=
.10; pb .001). Using the STAI, no significant correlations were evident
for the ‘trait score’ and ‘state score’ (rb0.9; p>.5).

For the frequency of false alarms, ANOVA revealed differences across
NPSR1 genotypes (F(2,94)=4.88; p=.01; η2=.09). Bonferroni-
corrected pair-wise comparisons showed that the AA genotype group
committed more false alarms (7.1±0.7) (p=.009) than the AT (4.3±
0.5) or TT (4.6±0.9) genotype group, which did not differ from each
other (Fig. 1B). There was generally no relation between the degree of
post-error slowing and the rate of false alarms (r=.13; p>.4). Further
correlational analyses revealed that the rate of false alarms was lower
in subjects with a higher ASI score (r=.39; R2=0.15; pb .001), replicat-
ing previous results (Sehlmeyer et al., 2010). No correlations were evi-
dent with the STAI ‘trait score’ and ‘state score’ (all rb .1; p>.5).

Neurophysiological data

Stimulus-locked analysis
For theN2-ERP, themixed effects ANOVA revealed that this potential

was larger (i.e., more negative) at electrode Fz (−1.64±0.1), compared
to FCz (−0.49±0.2) (F(1,94)=83.43; pb .001; η2=.47). N2 potentials
were alsomore negative for Nogo (−3.24±0.2) compared to Go (1.1±
0.2) trials (F(1,94)=311.05; pb .001; η2=.76). However, the Go/Nogo
effect was not further modulated by NPSR1 genotype (F(2,94)=1.89;
p=.116; η2=.04). There was also no main effect of genotype group
(F(1,94)=1.05; p>.2). For the Nogo-N2, there was no correlation
with the ASI score (rb .2; p>.4).

For the P3-ERP, a similar ANOVA revealed a main effect “Go/Nogo”
(F(1,94)=8.80; p=.004; η2=.08) showing that the potential was
overall larger on Nogo (12.26±0.4) compared to Go trials (11.49±

0.3). Yet, an interaction “Go/Nogo×electrode” revealed that this effect
was different for electrode FCz and Pz (F(1,94)=101.53; pb .001;
η2=.51). Bonferroni-corrected post-hoc tests (paired samples t-tests)
showed that for electrode FCz the Nogo potential (14.65±0.5) was
stronger than the Go potential (9.1±0.3) (t=10.47; df=96; pb .001),
while for electrode Pz the Go potential (13.92±0.4) was larger than
the Nogo potential (9.96±0.5) (t=−7.98; df=96; pb .001).

Importantly, there was an interaction “Go/Nogo×genotype”
(F(2,94)=4.49; p=.014; η2=.09) (see Fig. 2A). Subsequent univar-
iate ANOVAs revealed that the Nogo-P3 differed across NPSR1 geno-
type groups (F(2,94)=11.33; pb .001; η2=.19), but there were no
genotype group differences on Go trials (F(2,94)=1.51; p>.2; η2=
.03). The Nogo-P3 was lower in the AA (11.10±0.4) compared to
AT (13.33±0.3) and TT (13.92±0.5) genotype groups. Both, the AT
and TT genotype groups differed from the AA genotype group
(pb .001), but not from each other (p>.9).

A first correlation analysis using the Nogo-P3 amplitude as predictor
for the ASI score revealed a substantial positive correlation (r=.461;
R2=.21; pb .001) showing that a higher ASI score was related to a
stronger Nogo-P3 (cf. Sehlmeyer et al., 2010) (see Fig. 2B). The correla-
tion remained similar, when corrected for outliers (r=.441; R2=.19;
pb .001). Furthermore, a step-wise regression analysis (‘forward meth-
od’), in which ASI and genotype group were stepwise entered into the
model, was calculated. The regression analysis is useful, since both fac-
tors (ASI and genotype group) were not independent from each other

Fig. 1. Variation in (A) thedegree of post-error slowing and (B) the rate of false alarms across
NPSR1 rs324981 A/T genotype groups.

Fig. 2. (A) Stimulus-locked ERPs at electrode FCz. Time point 0 denotes the time point of
response execution. Thedifferent ERP traces denote the potential onGoandNogo trials for
each NPSR1 rs324981 A/T genotype group. (B) Scatterplot showing the correlation of the
Nogo-P3 amplitude and anxiety sensitivity (ASI) score.
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with increased ASI scores in NPSR1 T allele carriers (see above). The
step-wise regression revealed that the model fit was better (ΔR2=
4.7%) when both factors (ASI and genotype group) were entered into
the model (R2=0.259; F(2,94)=15.56; pb .001) as compared to
when only ASIwas used as predictor (R2=0.212). However, the relative
influence of the ASI score was nearly twice as large (β=.404) as the in-
fluence of genotype group (β=.224). Therewas no correlation between
the STAI trait/state score and the Nogo-N2 or Nogo-P3 amplitudes (all
rb .2; p>.3).

Response-locked analysis: Ne/ERN and Pe
Post-response ERP amplitudes were larger for error (−7.1±0.2),

than for correct trials (−4.7±0.2) (F(1,94)=77.72; pb .001; η2=
.45). ERPs were also larger at electrode FCz (−6.22±0.2), compared
to Fz (−5.56±0.2) (F(1,94)=8.21; p=.005; η2=.08). There was a
main effect of “genotype” (F(2,94)=7.97; p=.001; η2=.14) showing
that post-response ERPs were largest for the TT genotype group (TT:
−6.65±0.3; AT: −5.88±0.1; AA: −5.14±0.2). Bonferroni-corrected
pair-wise comparison revealed that the TT genotype differed from the
other genotype groups (pb .043), while AT and AA genotype groups
did not differ from each other (p>.1).

Importantly, there was an interaction “correctness×genotype” at
electrode FCz (F(2,94)=7.73; p=.001; η2=.14) (see Fig. 3A). Subse-
quent univariate ANOVAs as post-hoc tests revealed thatNPSR1 genotype
groups differed in theirNe/ERNamplitude (F(1,94)=9.72; pb .001;η2=
.17), but not on the Nc amplitude (F(1,94)=0.74; p>.7; η2=.02).
Bonferroni-corrected pair-wise comparisons for the Ne/ERN showed
that the Ne/ERN war strongest in the TT genotype group (−8.49±0.5),
followed by the AT (−6.91±0.3) and AA genotype groups (−5.6±
0.4) (all pb .030).1 Since previous studies reported effects of gender on
the Ne/ERN, this factor was evaluated separately. This analysis revealed
no main effect of gender or an interaction with genotype on the Ne/
ERN (all Fb1; p>.4; η2b .03). A correlation analysis revealed an inverse
relationship between ASI score and Ne/ERN amplitude (r=− .486;
R2=.23; pb .001), showing that higher ASI scores were related to higher
(i.e., more negative) Ne/ERN amplitudes at electrode FCz (see Fig. 3B). As
with the previous analysis on response inhibition data, the correlation
remained similar after correction for outliers (r=.466; R2=.21;
pb .001). The model fit of the step-wise regression model was better
(ΔR2=7.5%), when besides the ASI score, the genotype was fed into
the model (R2=0.311; F(2,94)=19.41; pb .001). The influence of ASI
was nearly twice as large (β=.417) as the influence of genotype group
(β=.238). There were generally no significant correlations between
the Pe and the ASI or the STAI trait and state score and between the
Ne/ERN and the STAI trait and state score (all rb .2; p>.4).

Analyzing the potentials at electrode Pz to determine the Pe (see
Fig. 4), no interaction “correctness×genotype” (F(2,94)=1.13; p>.2;
η2=.02) and no main effect of genotype group (F(2,94)=0.11; p>.8;
η2=.01) could be discerned. This shows that the Pe was not differen-
tially modulated across NPSR1 genotype groups.

Mediation analyses
Additionally, a mediation analysis (cf. Preacher and Hayes, 2004)

was performed to test whether Nogo-P3 and Ne/ERN amplitudes at
electrode FCz mediated the effect between genotype and anxiety sensi-
tivity, respectively, by calculating the difference between the regression
coefficients in a simple regression (genotype predicts ASI, c) and the co-
efficient when Nogo-P3 and ERN, respectively, were also fed into the

model (c′) and testing it against zero (i.e., c−c′=0) using the Sobel
test (Sobel, 1982). Here, it could be shown that the ERNmediated the ef-
fect between NPSR1 genotype group and ASI score (z=2.05; p=.04).
For the Nogo-P3, there were generally no mediation effects (zb .85;
p>.4).

Discussion

The present results show that response inhibition and error moni-
toring processes are differentially affected by the functional NPSR1
rs324981 A/T genotype. In particular, it could be demonstrated that
neurophysiological processes related to response inhibition (Nogo-P3)

Fig. 3. (A) Response-locked ERPs at electrode FCz. Time point 0 denotes the time point of
response execution. The different ERP traces denote the potential on correct (Nc) and
error trials (Ne/ERN) for eachNPSR1 rs324981 A/T genotype group. (B) Scatterplot show-
ing the correlation of the Ne/ERN amplitude and anxiety sensitivity (ASI) score.

1 As can be seen in the scatterplot of Fig. 3, there are some outliers in the distribution
that may affect the results obtained. However, after removing these outliers, the effects
of NPSR1 genotype remained stable. However, it may also be argued that the AA geno-
type group revealed higher error rates, which may slightly skew the comparison with
the TT group. We re-run this part of the analysis and took the first N error trials of the
AA subjects matched to the TT subject error rates. When comparing the Ne/ERN ampli-
tudes, the Ne/ERN was still lower (−6.3±0.9) in the AA than in the TT genotype group
(−7.44±0.6) (pb .01).

Fig. 4. Response-lockedERPs at electrode Pz. Timepoint 0 denotes the timepoint of response
execution. The different ERP traces denote the potential on correct and error trials (Pe) for
each NPSR1 rs324981 A/T genotype group.
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and error monitoring (Ne/ERN) are intensified in carriers of the more
active NPSR1 TT risk genotype, which parallels the behavioral data pat-
tern, i.e. increased post-error slowing and increased post-error accuracy
(i.e., fewer errors in trials following an error trial) in carriers of themore
active NPSR1 T allele, whichwas furthermore associated with increased
anxiety sensitivity. Therefore, an adaptive behavior could be hypothe-
sized to be elevated in non-pathological, but risk-increasing conditions
(anxiety sensitivity), which in extreme cases (anxiety disorders) may
becomemaladaptive. The low rate of false alarms on Nogo-trials in T al-
lele carriers seems to indicate a dominant model for the T allele to ren-
der response inhibition more efficient than the AA genotype. Error
monitoring processes were affected in an allele-dose fashion, with in-
creasing behavioral adaptation depending on the number of T alleles.
With regard to the dimensional phenotype of anxiety sensitivity (AS),
NPSR1 T allele carriers displayed a significantly higher AS score than
AA homozygotes. Additionally, regression analyses revealed that anxi-
ety sensitivity impacted Nogo-P3 and Ne/ERN beyond the influence of
NPSR1 genotype. Finally, a mediation analysis revealed the ERN to me-
diate the effect between NPSR1 genotype and anxiety sensitivity. For
the Nogo-P3, no mediation effect was detectable suggesting the ERN
to be more of an important factor in this gene–anxiety association
than the Nogo-P3.

The NPSR1 T allele, being associated with increased anxiety sensitiv-
ity, and—beyond a genetic effect—anxiety sensitivity itself may confer
enhanced response inhibition and thus an over-activation of the behav-
ioral inhibition system (BIS) leading to enhanced behavioral inhibition,
increased arousal and attention to outputs (cf. Gray, 1982), which are
suggested as potentially genetically driven neurophysiological risk fac-
tors of anxiety (e.g., Johnson et al., 2003; McDermott et al., 2009;
Smoller and Tsuang, 1998; Smoller et al., 2001). The present results
are in line with several previous findings of the NPSR1 T allele to be as-
sociatedwith anxiety sensitivity, arousal and sustained fear related phe-
notypes such as panic disorder (Domschke et al., 2011; Domschke et al.,
2012b; Donner et al., 2010; Klauke et al., in press; Okamura et al., 2007).
They are furthermore in accordance with reports of increased cognitive
control and enhanced evaluation of their behavioral outcomes as
reflected by increased Nogo-P3 responses and fewer false alarm rates,
respectively, in probands with high anxiety sensitivity (Sehlmeyer et
al., 2010). No effect of NPSR1 genotype was detected on the Nogo-N2
ERP. As NPSR1 gene variation seems to primarily drive anxiety sensitiv-
ity related states (Domschke et al., 2011) and the Nogo-N2 has previ-
ously been reported not to be influenced by anxiety sensitivity but
rather by trait anxiety (Sehlmeyer et al., 2010), the present finding sup-
ports the hypothesis of differential effects of different anxiety constructs
on Nogo-N2 and -P3 components. The increased Nogo-P3 response
might thus mirror strong attentive and evaluative components regard-
ing response inhibition as well as potentially anxiety-relevant physical
and psychological processes driven by the NPSR1 T risk allele (cf. Beste
et al., 2011; Domschke et al., 2010; Roche et al., 2005). On a neurotrans-
mitter level, central administration of neuropeptide S (NPS) has been
observed to dose-dependently increase extracellular levels of dopamine
in the medial prefrontal cortex and the shell of the nucleus accumbens
(Mochizuki et al., 2010; Si et al., 2010). Comparing diseases exerting dif-
ferential dysfunctions of the nigro-striatal and meso-corticolimbic do-
pamine system it has been shown that the Nogo-P3, but not the
Nogo-N2 is modulated by the meso-corticolimbic dopamine system
(Beste et al., 2010b). This suggests that these response inhibition
sub-processes seem to be mediated via distinct neural circuits (Beste
et al., 2010c, 2010d). An alternative explanation may be that larger
Nogo-P3 amplitudes reflect intensified effort (i.e., less efficient perfor-
mance) to inhibit the response. Roche et al. (2005), for example, found
that absent-minded individuals exhibit larger Nogo-P3 amplitudes and
suggested that these individuals may require greater effort to perform
the task than individuals more focused on the task. Thus, NPSR1 T allele
carriers may have exhibited inefficient inhibition processes, evidenced
by greater P3 amplitudes.

The Ne/ERN was presently found to be modulated in an allele-
dose fashion, with stronger Ne/ERN and more efficient post-error
behavioral adaptation along with an increasing number of NPSR1 T al-
leles.2 The Ne/ERN is generated in the ACC (Bush et al., 2000;
Ridderinkhof et al., 2004a) on the basis of a phasic dopaminergic sig-
nal elicited in the basal ganglia (Holroyd and Coles, 2002) suggesting
a strong influence of the dopaminergic system on the Ne/ERN (re-
view: Jocham and Ullsperger, 2008). The Ne/ERN has consequently
been reported to be decreased in diseases accompanied by dopamine
dysfunction such as Parkinson's disease (e.g., Willemssen et al., 2008,
2009) or Huntington's disease (e.g., Beste et al., 2006, 2009), as well
as in schizophrenia (Foti et al., 2012). As NPS has been shown to in-
crease extracellular levels of dopamine in the medial PFC and the nu-
cleus accumbens (see above; Mochizuki et al., 2010; Si et al., 2010),
the more active NPSR1 T allele might increase error monitoring (Ne/
ERN) via elevated dopamine levels. The fact that—opposed to re-
sponse inhibition processes—the Ne/ERN follows the pharmacologi-
cally proven dose-dependent increase of extracellular dopamine
level in the medial PFC (Si et al., 2010) suggests that the neurophys-
iological mechanisms mediating error processing are more fine-
tuned than mechanisms related to response inhibition potentially
driven by NPSR1 gene variation. NPS has also been shown to be
strongly expressed in the locus coeruleus region and thus to be tightly
linked to the central noradrenergic system (Raiteri et al., 2009; Xu et
al., 2004). Recent pharmacological results provide evidence for the
noradrenergic system to affect error monitoring (Graf et al., 2011;
Jocham and Ullsperger, 2008). NPS may therefore affect error pro-
cessing not only via modulation of the dopaminergic, but also of the
noradrenergic system. The Ne/ERN has furthermore been found to
mediate the association between NPSR1 genotype group and anxiety
sensitivity suggesting error monitoring as a potential endophenotype
of anxiety sensitivity or anxiety sensitivity related phenotypes such
as panic disorder (Schmidt et al., 2006) or generalized anxiety disor-
der (Rector et al., 2007), while no mediation effect was detectable for
the Nogo-P3. As the noradrenergic system—tightly linked with neuro-
peptide S activity (Raiteri et al., 2009; Xu et al., 2004)—has been
shown to influence error monitoring to a greater extent than re-
sponse inhibition (Graf et al., 2011; Jocham and Ullsperger, 2009)
and as neuropeptide S receptor gene variation has repeatedly shown
to be associated with anxiety sensitivity (this study; Domschke et al.,
2011), the gene–anxiety mediation effect by the ERN might be driven
by noradrenergic mechanisms.

Interestingly, the Pe did not show NPSR1 genotype dependent vari-
ations, despite the Pe has been suggested to be generated in the ACC
(van Veen and Carter, 2002) and has been shown to be altered in anx-
ious subjects (Moser et al., 2012). Apparently, the ERN and the Pe are
not only dissociable with respect to the cognitive processes they reflect
(Moser et al., 2011; Steinhauser and Yeung, 2010), but also due to their
neurobiological substrates. This is in line with other data suggesting
that the Pe is related to processes in the anterior insula (Ullsperger et
al., 2010) and may reflect processes similar to processes captured by
the P3 (Ridderinkhof et al., 2009).

The present study should be considered in the light of some limita-
tions: For exclusion of mental disorders a standardized life interview
constructed for this study was applied, but no validated interview
such as the SCID or the MINI. Also, while anxiety sensitivity (AS) was
found to correlate with NPSR1 genotype as well as Nogo-P3 and Ne/
ERN, no correlation with STAI scores could be discerned. Anxiety sensi-
tivity and trait anxiety as captured by the STAI can be considered

2 The issue what processes are reflected by post-error slowing has been debated
(e.g., Notebaert et al., 2009). Moreover, there was a negative correlation between
post-error slowing and post-error error rate. In particular, this negative correlation
showed that the longer the mean post-error slowing, the lower the frequency of errors
was. Also, errors mainly occurred after correct trials and not after a previous error trial.
This suggests that post-error slowing reflects behavioural adaptation.
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different constructs of anxiety-related measures with only low tomod-
est overlapping variance (McNally, 1996). While AS reflects fear of par-
ticularly bodily anxiety symptoms and is suggested as a predictor of
anxiety disorders, especially panic disorder (Schmidt et al., 2006) and
worry-related generalized anxiety disorder (Rector et al., 2007),
STAI-T has been shown to predict future anxiety in general based on pre-
vious anxiety experiences not specific to panic disorder (Reiss, 1997;
Taylor et al., 1991; Taylor et al., 1992). Given evidence for ERN enhance-
ment to be relatively specific to the anxious apprehension (i.e., worry),
trait anxiety and generalized subtype of anxiety (Aarts and Pourtois,
2010; Hajcak et al., 2003; Moran et al., 2012; Moser et al., 2012;
Vaidyanathan et al., 2012) and for the STAI to correlate with the ERN
(e.g., Riesel et al., 2012; Vocat et al., 2008), the current results not show-
ing association with the STAI are at first sight at odds with these studies.
However, as anxiety sensitivity has also been tightly linked with worry
and generalized anxiety disorder (Rector et al., 2007), the present
study is not that divergent from previous studies. In fact, the present
studymight contribute to themore precise definition of neurophysiolog-
ical endophenotypes underlying the presumably differential neurobio-
logical pathways of “phasic” and “sustained” fear, related to the clinical
entities of phobias on the one hand and panic disorder/generalized anx-
iety disorder, possibly linked to anxiety sensitivity, on the other hand (cf.
Davis et al., 2010) and the potential role ofNPSR1 gene variation and ERN
in particularly mediating “sustained” fear/panic disorder related pheno-
types. Also, for a number of reasons previous studies showing association
of ERN with STAI scores are not fully comparable to the present study,
which may partly explain differences in results: The study by Vocat et
al. (2008) used a Go/Nogo task, where errors were nearly equally fre-
quent to correct trials. This effect was desired by the authors in order
to have more error trials for the analysis. However, it is known that the
ERN becomes more similar to the CRN, when errors are highly frequent
(e.g., Band and Kok, 2000; Pailing and Segalowitz, 2004). This experi-
ment therefore differs from our experiment, where there was no such
high error rate (approx. 8%). The study by Riesel et al. (2012) also dif-
fered from our study in using a punishment manipulation. The aim of
the Riesel et al. study was to examine, whether the ERN is enhanced in
conditions in which errors are punished. Obviously, this manipulation
put larger emphasis on anxious apprehension related processes as it
was the case in our study. Moreover, correlations with the STAI score
obtained in the Riesel et al. study were based on a difference measure,
where the ERN in a control condition was subtracted from the ERN in
the punishment condition. Also, while themean ASI score in the present
sample (19.76, SD: 11.97) corresponds to the norm mean ASI score
(Peterson andReiss, 1992), themean STAI-trait score in thepresent sam-
ple was 34.35 (SD: 7.95), which is significantly lower than the norm
mean STAI-trait scores (38.07 (SD: 8.20) in N=332 males, 38.22 (SD:
8.20) in N=644 females) given in theManual for the State-Trait Anxiety
Inventory (Spielberger et al., 1970) (t=3.96 (males), t=4.35 (females);
both pb0.0001). This might indicate super-normality of the present
sample for the STAI-trait and therefore does not allow for full compara-
bility of the results to other populations. Finally, as recent results show
that the ERN is modulated by the individual degree of neuroticism
(Olvet and Hajcak, 2012), systematically controlling for this potentially
confounding factor in future studies might be worthwhile. With regard
to limitations of the present study on a molecular level, the present re-
sults have not been controlled for polymorphisms of the adenosinergic,
dopaminergic system and serotonergic system, which have previously
been suggested to in part drive error monitoring and/or behavioral inhi-
bition or to interact with the neuropeptide S system (Beste et al., 2011;
Braet et al., 2011; Domschke et al., 2012a, 2012b; Filbey et al., 2012;
Stokes et al., 2011), which could be subject to further studies.

In summary, the more active NPSR1 T allele may confer enhanced
response inhibition and increased error monitoring and might drive
particularly error monitoring as a neurophysiological endophenotype
of anxiety as reflected by increased anxiety sensitivity. In synopsis
with previous animal studies as well as molecular genetic, imaging

genetic, gene–environment-interaction andmulti-level systems studies
in humans, the present findings further corroborate a pathomechanistic
role of the NPS system as well as a potentially beneficial use of thera-
peutic agents targeting the NPS system in anxiety disorders.
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