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The ever-changing environment we are living in requires us to apply different action control
strategies in order to fulﬁll a task goal. Indeed, when confronted with multiple response options
it is fundamental to prioritize and cascade different actions. So far, very little is known about
the neuromodulation of action cascading. In this study we assessed the causal role of the
gamma-aminobutyric acid (GABA)-ergic and noradrenergic system in modulating the efﬁciency
of action cascading by applying transcutaneous vagus nerve stimulation (tVNS), a new noninvasive and safe method to stimulate the vagus nerve and to increase GABA and norepinephrine concentrations in the brain. A single-blind, sham-controlled, between-group design was
used to assess the effect of on-line (i.e., stimulation overlapping with the critical task) tVNS in
healthy young volunteers (n =30)–on a stop-change paradigm. Results showed that active, as
compared to sham stimulation, enhanced response selection functions during action cascading
and led to faster responses when two actions were executed in succession. These ﬁndings
provide evidence for the important role of the GABA-ergic and noradrenergic system in
modulating performance in action cascading.
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Introduction

The ever-changing environment we are living in requires us to
apply different action control strategies in order to fulﬁll a
task goal. Indeed, when confronted with multiple response
options it is fundamental to prioritize and cascade different
actions (Mückschel et al., 2014). So far, very little is known
about the neuromodulation of action cascading, although
there is evidence showing that dopaminergic and the
gamma-aminobutyric acid (GABA)-ergic system are important
(Stock et al., 2014a, 2014b; Beste and Saft, 2013). Concerning
the GABA-ergic system, recent ﬁndings using magnetic resonance spectroscopy (MRS) showed that superior performance
in action cascading was associated with increased concentrations of striatal GABA (Yildiz et al., 2014a). Given the
correlational nature of MRS studies, it is, however, hard to
infer the exact role of GABA in mediating action cascading.
There is also evidence showing that stress modulates action
cascading processes (Yildiz et al., 2014b). Stress is known to
affect the noradrenergic system (Glavin, 1985). So there is
tentative evidence for the idea that norepinephrine (NE),
playing an important role in stress responses, may affect
functions during action cascading and lead to slowing of
responses when two actions are executed in succession.
In this study we assessed the causal role of the GABAergic and noradrenergic system in modulating the efﬁciency
of action cascading by applying transcutaneous vagus nerve
stimulation (tVNS), a new non-invasive method to stimulate
the vagus nerve, introduced for the ﬁrst time by Ventureyra
(2000); for a recent review see Vonck et al. (2014). tVNS
stimulates the afferent auricular branch of the vagus nerve
located medial of the tragus at the entry of the acoustic
meatus (Kreuzer et al., 2012). tVNS is safe and is accompanied only by minor side effects such as a burning or
itching sensation under the electrodes. Very recently, it has
been suggested that tVNS may be a useful tool to further
investigate the neuromodulation of cognitive processes
related to NE and GABA, two of the main neurotransmitters
targeted by VNS (van Leusden et al., 2015). In rats, it has
been demonstrated that VNS leads to an intensitydependent increase in brain NE in response to stimulation
of the left vagus nerve (Raedt et al., 2011; Roosevelt et al.,
2006). These increases in NE are transient and return to
baseline levels when the stimulation is stopped and the
vagus nerve is no longer being stimulated (Roosevelt et al.,
2006). Besides NE, the other main neurotransmitter targeted by VNS is GABA. So far, tVNS has mainly been used to
treat patients with epilepsy (Vonck et al., 2014), who suffer
from an abnormal reduction of GABA-ergic function
(Treiman, 2001). Indeed, VNS seems to increase the levels
of free GABA in the cerebrospinal ﬂuid (Ben-Menachem
et al., 1995). Moreover, in epileptic patients receiving VNS
for a year, GABA-A receptor density was signiﬁcantly
increased as compared to controls (Marrosu et al., 2003).
Given the available, correlational evidence that action
cascading is modulated by the GABA-ergic system, we
tested whether tVNS, via GABA and NE release, ameliorates
the efﬁciency of action cascading. This hypothesis is supported by the fact that, from an anatomical point of view,
action cascading efﬁciency is related to a neural network
that includes the anterior cingulate cortex (ACC; Mückschel

et al., 2014). Importantly, the vagal nerve is connected to
the ACC (Mayer, 2011), and the ACC is a crucial area for the
execution of multi-component behavior (Duncan, 2010,
2013). We assessed action cascading by means of a wellestablished stop-change paradigm (Verbruggen et al.,
2008), in which we varied the interval between “stopping”
and “changing” (stop–change delay; SCD) and hence varied
the time available for preparation before executing the
change response (Mückschel et al., 2014). Given the idea
that GABA and NE impact action selection (Yildiz et al.,
2014a; Yildiz et al., 2014b), we expected the active tVNS to
ameliorate the action cascading processes (i.e. decrease
reaction times on the change stimuli) when (i) an interruption, i.e. stopping a response, and a change toward an
alternative response are required simultaneously (SCD0),
and when (ii) the change to another response is required
once the stopping process has already ﬁnished (SCD300).

2.
2.1.

Experimental procedures
Participants

Thirty undergraduate students of the Leiden University (26 females,
4 males, mean age=19.8 years, range 18–27) participated in the
experiment. Participants were recruited via an on-line recruiting
system and were offered course credit for participating in a study on
the effects of brain stimulation on cognition. Once recruited,
participants were randomly assigned to one of the two following
experimental groups: sham stimulation (N=15; 2 male; mean
age=20.2, SD=3.0), or active stimulation (N=15; 2 male; mean
age=19.3, SD=1.4). Groups did not differ in terms of age, t(28)
=1.0, p=.32, or gender, χ2o.01, p4.9. All participants were naïve
to tVNS. Participants were screened individually via a phone interview by the same lab-assistant using the Mini International Neuropsychiatric Interview (M.I.N.I.). The M.I.N.I. is a short, structured,
interview of about 15 minutes that screens for several psychiatric
disorders and drug use, often used in clinical and pharmacological
research (Sheehan et al., 1998; Colzato et al., 2008, 2010).
Participants were considered suitable to participate in this study if
they fulﬁlled the following criteria: (i) age between 18 and 30 years;
(ii) no history of neurological or psychiatric disorders; (iii) no history
of substance abuse or dependence; (iv) no history of brain surgery,
tumor or intracranial metal implantation; (v) no chronic or acute
medications; (vi) no pregnancy; (vii) no susceptibility to seizures or
migraine; (viii) no pacemaker or other implanted devices.
All participants were naïve to tVNS. Prior to the testing session,
they received a verbal and written explanation of the procedure and
of the typical adverse effects (i.e., itching and tingling skin sensation, skin reddening, and headache). No information was provided
about the different types of stimulation (active vs. sham) or about
the hypotheses concerning the outcome of the experiment. The
study conformed to the ethical standards of the declaration of
Helsinki and the protocol was approved by the local ethical
committee (Leiden University, Institute for Psychological Research).

2.2.

Apparatus and procedure

Single-blinded, sham-controlled, randomized two-arms trials were
used to assess the effect of on-line (i.e., stimulation overlapping with
the critical task) tVNS in healthy young volunteers in a stop–change
paradigm. All participants were tested individually. After having read
and signed the informed consent, heart rate (HR) was collected from
the non-dominant arm with an OSZ 3 Automatic Digital Electronic
Wrist Blood Pressure Monitor (Spiedel & Keller). Immediately after,
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participants performed the stop–change paradigm, which included a
practice phase (about 20 minutes) and a testing phase (about 25
minutes). Thus, tVNS was applied throughout the whole task. Once
ﬁnished, participants had their HR measured for the second time.
After completion of the session, participants were debriefed and
asked to complete a tVNS adverse effects questionnaire requiring them
to rate, on a ﬁve-point (1–5) scale, how much they experienced: (1)
headache, (2) neck pain, (3) nausea, (4) muscles contraction in face
and/or neck, (5) stinging sensation under the electrodes, (6) burning
sensation under the electrodes, (7) uncomfortable (generic) feelings,
(8) other sensations and/or adverse effects. None of the participants
reported major complains or discomfort during or after tVNS.
2.2.1. tVNS
We used a tVNS instrument consisting of two titan electrodes
mounted on a gel frame and connected to a wired neurostimulating
device (CM02, Cerbomed, Erlangen, Germany). Following the
suggestions by Dietrich et al. (2008) for optimal stimulation, the
tVNSs device was programmed to a stimulus intensity at .5 mA,
delivered with a pulse width of 200–300 ms at 25 Hz. Stimulation was
active for 30 seconds, followed by a break of 30 seconds. Following
Kraus et al. (2007), in the sham condition, the stimulation electrodes were attached to the center of the left ear love instead of the
outer aditory canal. Indeed, the ear lobe has been found to be free
of cutaneous vagal innervation (Peuker and Filler, 2002; Fallgatter
et al., 2003) and a recent fMRI study showed that this sham
condition produced no activation in the cortex and brain stem
(Kraus et al., 2013).
None of the participants were able to determine whether or not
they received real or sham stimulation. Since efferent ﬁbers of the
vagus nerve modulate cardiac function, cardiac safety has always
been a concern in the therapeutic use of vagus nerve stimulation
(Cristancho et al., 2011). Efferent vagal ﬁbers to the heart are
supposed to be located on the right side (Nemeroff et al., 2006). In
order to avoid cardiac side effects, electrodes were always placed
on the left ear (Nemeroff et al., 2006). While placing electrodes on
the left side, a clinical trial showed no arrhythmic effects of tVNS
(Kreuzer et al., 2012).
2.2.2. Stop–change paradigm
The experiment was controlled by an Asus laptop running on an Intel
Core i3-3217U processor, attached to a LG Flatron 776FM 16 in.

Figure 1 Schematic illustration of the stop–change paradigm.
GO1 trials end after the ﬁrst response to the GO1 stimulus
(bold). In contrast, SC trials end after the ﬁrst response to the
CHANGE signal (bold). The stop-signal delay (SSD) between the
onset of the GO1 stimulus and the STOP signal was adjusted
using a staircase procedure described in Section 2. The stimulus
onset asynchrony (SOA) between the onset of the STOP and
CHANGE stimuli was set to either 0 or 300 ms. As indicated in
the upper right corner, the three CHANGE stimuli were associated with one of the three reference lines.
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monitor (refresh rate of 60 Hz). Stimulus presentation and data
collection were controlled using the Presentation software system
(Neurobehavioral Systems, Inc., Berkeley, CA). The stop–change (SC)
paradigm was adapted from Yildiz et al. (2014b), see Figure 1.
Responses were given using the index and middle ﬁngers of the right
hand during the GO trials and those of the left hand for the SC trials.
Throughout each trial, a white rectangle of 55  16 mm was
displayed on a black background in the center of the screen. Within
this rectangle, three horizontal reference lines (line thickness 1 mm,
width 13 mm) separated four vertically aligned circles (diameter
7 mm). At 250 ms after trial onset, one of the circles was ﬁlled
white, thus becoming the GO target stimulus. In the GO condition
(67% of all trials), participants were expected to indicate whether
this target was located above or below the middle reference line.
Responses were given by pressing the outer right key with the right
middle ﬁnger (“above” judgment) or by pressing the inner right key
with the right index ﬁnger (“below” judgment). All stimuli remained
visible until either the participant responded or 2500 ms had
elapsed. When RTs were longer than 1000 ms, the word “Quicker”
was presented above the box until the participant responded.
The remaining 33% of trials were SC trials. The SC condition began
with the presentation of a white GO stimulus. After a variable stop
signal delay (SSD), which was adjusted using a staircase procedure, a
STOP signal (a red rectangle replacing the previous white frame) was
presented. This STOP signal remained on the screen until the end of
the trial and requested the participant to try to inhibit the response to
the GO stimulus. The SSD was initially set to 250 ms and was adapted
to each participant's performance by means of a staircase procedure
to yield a 50% probability of successfully inhibited GO responses. This
procedure ensured that motor actions were successfully inhibited on
about half of the stop trials, which yields accurate estimates of the
stop–signal reaction time (SSRT), a quantitative estimate of the
duration of the covert response-inhibition process (Logan and Cowan,
1984). In the case of a completely correct SC trial (no response to GO
stimulus, no response prior to the CHANGE stimulus in the SCD300
condition (explained below) and a correct left hand response to the
CHANGE stimulus), the SSD of the following SC trial was adjusted by
adding 50 ms to the SSD of the evaluated trial. In the case of an
erroneous SC trial (if any of the above criteria were not met), the SSD
was adjusted by subtracting 50 ms from the SSD of the evaluated trial.
Limiting this procedure, the SSD values were set to not fall below a
value of 50 ms nor exceed a value of 1000 ms. Irrespective of the
stopping performance/inhibition, every stop signal was combined with
one of the three possible CHANGE stimuli. The CHANGE stimulus was a
100 ms sine tone presented via headphones at 75 dB SPL and could be
high (1300 Hz), medium (900 Hz) or low (500 Hz) in pitch. The tone
assigned a new reference line in relation to which the CHANGE
stimulus (the previous white GO target circle on the screen) had to
be judged. The high tone represented the highest of the three lines as
the new reference, the medium tone represented the middle line and
the low tone represented the lowest line (see Figure 1). All three
reference lines were used with equal frequency. The required CHANGE
response had to be performed with the left hand. For this response,
the reaction time (RT2) was measured. If the target was located above
the newly assigned reference line, an outer left key press (left middle
ﬁnger) was required; if the target circle was located below the newly
assigned reference line, a left inner key press (left index ﬁnger) was
required. In half of the SC trials, there was a stop change delay (SCD)
with a stimulus onset asynchrony (SOA) of 300 ms between the STOP
and the CHANGE signals (SCD300 condition); in the other half of SC
trials, the two stimuli were presented simultaneously (SOA of 0 ms,
SCD0 condition). In the case of RT2s longer than 2000 ms, the English
word “Quicker” was presented above the box until the participant
responded. During the inter-trial interval (ITI; ﬁxed duration of
900 ms), a ﬁxation cross was presented in the center of the screen.
Participants ﬁrst received explanation and practiced the task, whereafter they were presented with 864 test trials, which in total took the
participants approximately 45 minutes to ﬁnish.
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Table 1 Behavioral parameters (reaction times; RTs and error rates) separated for the active (tVNS) and sham group
(mean7SEM).
Active tVNS

GO
SCD 0
SCD 300
SSRT

2.3.

Sham

RTs (in ms)

Error rates (in %)

RTs (in ms)

Error rates (in %)

542730
977752
802760
255713

4.87.7
40.371.8
17.372.4

539730
1139752
1000760
270713

4.77.7
42.971.8
17.972.4

Statistical analyses

HR was analyzed by means of repeated-measures analyses of
variance (ANOVAs) with group (active vs. sham) as betweensubjects factor and effect of time (ﬁrst vs. second measurement)
as within-subjects factor. The effect of tVNS on action cascading
was assessed by means of repeated-measures ANOVAs with condition (Go, SCD0, and SCD300) as within-subject factor and group
(active vs. sham) as between-subject factor. The effect of tVNS on
SSRT was assessed by independent samples t-tests. LSD-Fisher posthoc tests were performed to clarify mean differences in case of
signiﬁcant interactions. Trials with errors were excluded from the
reaction times (RTs) analysis. A signiﬁcance level of po.05 was
adopted for all statistical tests.

3.
3.1.

Results
Stop–change paradigm

Table 1 shows the behavioral parameters for the Stop–
Change paradigm separately for the active and sham group.
There was a main effect of group, F(1,28)=4.97, p=.034,
η2p =.151, indicating that RTs where faster in the active group
(774 ms) as compared to the sham group (893 ms). There was
also a main effect of condition, F(2,56)=98.22, po.001,
η2p =.778. LSD-Fisher post-hoc tests showed that RTs were
longer in the SCD0 condition (1058737), as compared to the
SCD300 (901742) and the Go condition (541721) (both
po.001). The latter conditions (i.e., SCD300 and Go) differed
signiﬁcantly from each other too, po.001. Most importantly,
the two-way interaction involving condition and group was
signiﬁcant, F(2,56)=4.00; p=.024; η2p =.125. LSD-Fisher posthoc tests revealed a difference in RTs between groups in the
SCD0 condition, p=.02, and in the SCD300 condition, p=.006,
but not in the GO condition, p=.96. Speciﬁcally, for the SCD0
and the SCD300 conditions, the sham group had longer RTs
(SCD0 1139 ms752; SCD300 1000 ms760) than the active
group (SCD0 977 ms752; SCD300 802 ms760). The error rate
analysis revealed a main effect of condition, F (2,56)=448.558
po.001, η2p =.94: the SCD0 condition (41.6%71.3) produced
more errors as compared to the SCD300 (17.6%71.7) and the
Go conditions (4.8%7.5) (both po.001), which differed
signiﬁcantly from each other too (po.001). The main effect
of group and the two-way interaction between group and
condition were not signiﬁcant, Fso1, ps Z.55 (see Table 1).
Analyzing SSRTs, as calculated after Logan and Cowan (1984),
did not reveal differences between the active and sham
groups (t28 =.75, p4.45).

3.2.

HR measurements

ANOVA showed a main effect of time, F(1,27)= 11.27,
po.002, η2p = .295, indicating that heart rate decreased
during the experiment (85 vs. 75 BPM). However, HR did
not signiﬁcantly differ between groups (85 vs. 75 and 85 vs.
75 in the active and sham group, respectively), F(1,27)
o.001, p= .98. This suggests that we can rule out an
account of our results in terms of physiological changes.

4.

Discussion

Our ﬁndings show that tVNS, likely via GABA and NE release
and because of connections between the vagus nerve and
the ACC, modulates the efﬁciency of action cascading as
measured by a stop–change paradigm. The observation that
tVNS boosts performance on a well-established diagnostic
index of action cascading (Verbruggen et al., 2008) provides
considerable support for the idea of a crucial role of GABAergic and noradrenergic pathways in action cascading (Yildiz
et al., 2014a, 2014b). tVNS modulates action cascading
processes when (i) an interruption, i.e. stopping a response,
and a change toward an alternative response are required
simultaneously (SCD0 condition) and when (ii) the change to
another response is required once the stopping process has
already ﬁnished (SCD300 condition). As revealed by the lack
of tVNS effects on the stop-signal reaction time (SSRT), tVNS
did not modulate the efﬁciency to stop an ongoing response.
This is not surprising given that SSRT seems to be affected,
instead, by dopaminergic manipulations (Colzato et al.,
2013, 2014; but see Stock et al., 2014a, 2014b).
Our results are partially inconsistent with a previous
study by Yildiz et al. (2014a) in which airplane pilot trainees
(associated with increased GABA concentrations) were
better than controls only in the SCD0 condition, when
participants were confronted with stop and change stimuli
at the same time. Given that tVNS, besides GABA, also
targets NE it may be possible that the noradrenergic release
contributed to ameliorating action cascading in the SCD300
condition, when participants have enough time to prepare
for the change response. Indeed, a previous study showed
that stress, a factor known to affect the noradrenergic
system (Galvin, 1990), impacted the SCD300 but not the
SCD0 condition (Yildiz et al., 2014b). As the data pattern is
hence more consistent to what was found for stress
responses, the results suggest that in the SCD300 condition
the impact of tVNS is stronger on the NE-system than on the
GABA-ergic system.
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Future studies require a more systematic examination of
this issue. Further investigations testing acute neuromodulatory effects of highly selective GABA and NE agonists on
the efﬁciency of action cascading are necessary to determine the precise role of the GABA-ergic and noradrenergic
system in modulating response selection processes.
Of particular interest would be also to look into the genetic
variability associated with GABA (Mulligan et al., 2012) and
NE (Stöber et al., 1996), which may predict individual
differences in the efﬁciency of action cascading.
Even though VNS, besides GABA and NE, is also associated
with acetylcholine (ACh) release (Borovikova, et al., 2000),
previous literature suggests that it is less plausible that ACh is
responsible for our results. Indeed, animal literature proposes
that ACh is responsible for, more than action selection processes, the proper development of action coordination in rats
(e.g., Watanabe et al., 1990) and that it plays an essential role
in neural communication in brain networks implicated in
movements and actions (Bartus et al., 1985). That is, if ACh
would have signiﬁcantly contributed to our results, we would
have found an improvement in action accuracy; however, in the
current study, we failed to found such evidence in the Go trials.
The present study has some limitations that deserve
discussion. First, we did not explicitly assess participants'
blinding by asking them if they could guess the stimulation
received. Second, it would have been ideal to have the
application of tVNS accompanied by appropriate physiological
assays, such as the vagus-evoked potentials (See Bestmann
et al., 2015 for a related discussion).
In sum, the available observations provide converging
evidence for the idea that GABA and NE-related processes
only affect the change to an alternative response, once an
ongoing response has stopped. Taken altogether, our results
support the idea that tVNS is a promising non-invasive brain
stimulation technique to enhance cognitive processes.

Role of funding source
This work was supported by research grant from the Netherlands
Organization for Scientiﬁc Research (NWO) awarded to Lorenza S.
Colzato (Vidi Grant: 452-12-001) and from the Deutsche Forschungsgemeinschaft (DFG) awarded to Christian Beste (BE4045/10-1 and
10-2). The NWO and DFG had no further role in study design; in the
collection, analysis and interpretation of data; in the writing of the
report; and in the decision to submit the paper for publication.

Contributors
Authors LSC and CB designed the study and wrote the protocol.
Authors AKS, BV and LS managed the literature searches and
analyses. Authors RS and AKS undertook the statistical analysis,
and Authors LSC, CB and LS wrote the ﬁrst draft of the manuscript.
All authors contributed to and have approved the ﬁnal manuscript.

Conﬂict of interest
The authors have declared that no competing interests exist.

Acknowledgments
We thank our participants, who kindly took part to our study.

777

Appendix A.

Supporting information

Supplementary data associated with this article can be
found in the online version at http://dx.doi.org/10.1016/
j.euroneuro.2015.03.015.

References
Borovikova, L.V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G.I.,
Watkins, L.R., Tracey, K.J., 2000. Vagus nerve stimulation
attenuates the systemic inﬂammatory response to endotoxin.
Nature 405 (6785), 458–462.
Bartus, R.T., Dean, R.L., Pontecorvo, M.J., Flicker, C., 1985. The
cholinergic hypothesis: a historical overview, current perspective, and future directions. Ann. N. Y. Acad. Sci. 444, 332–358.
Ben-Menachem, E., Hamberger, A., Hedner, T., Hammond, E.J.,
Uthman, B.M., Slater, J., Wilder, B.J., 1995. Effects of vagus
nerve stimulation on amino acids and other metabolites in the
CSF of patients with partial seizures. Epilepsy Res. 20, 221–227.
Beste, C., Saft, C., 2013. Action selection in a possible model of
striatal medium spiny neuron dysfunction: behavioral and EEG
data in a patient with benign hereditary chorea. Brain Struct.
Funct. 220, 221–228. http://dx.doi.org/10.1007/s00429-0130649-9.
Bestmann, S., de Berker, A.O., Bonaiuto, J., 2015. Understanding
the behavioural consequences of noninvasive brain stimulation.
Trends Cognit. Sci. 19, 13–20.
Colzato, L.S., Hertsig, G., van den Wildenberg, W.P.M., Hommel, B., 2010.
Estrogen modulates inhibitory control in healthy human females:
evidence from the stop-signal paradigm. Neuroscience 167, 709–715.
http://dx.doi.org/10.1016/j.neuroscience.2010.02.029.
Colzato, L.S., Kool, W., Hommel, B., 2008. Stress modulation of
visuomotor binding. Neuropsychologia 46, 1542–1548. http://dx.
doi.org/10.1016/j.neuropsychologia.2008.01.006.
Colzato, L.S., Jongkees, B.J., Sellaro, R., van den Wildenberg, W.,
Hommel, B., 2014. Eating to stop: tyrosine supplementation
enhances inhibitory control but not response execution. Neuropsychologia 62, 398–402.
Colzato, L.S., van den Wildenberg, W., Hommel, B., 2013. The
genetic impact (C957T-DRD2) on inhibitory control is magniﬁed
by aging. Neuropsychologia 51, 1377–1381.
Cristancho, P., Cristancho, M.A., Baltuch, G.H., Thase, M.E.,
O’Reardon, J.P., 2011. Effectiveness and safety of vagus nerve
stimulation for severe treatment-resistant major depression in
clinical practice after FDA approval: outcomes at 1 year. J. Clin.
Psychiatry 72, 1376–1382.
Dietrich, S., Smith, J., Scherzinger, C., Hofmann-Preiss, K., Freitag,
T., Eisenkolb, A., Ringler, R., 2008. A novel transcutaneous
vagus nerve stimulation leads to brainstem and cerebral activations measured by functional MRI/Funktionelle Magnetresonanztomographie zeigt Aktivierungen des Hirnstamms und weiterer
zerebraler Strukturen unter transkutaner Vagusnervstimulation.
Biomed. Tech./Biomed. Eng. 53 (3), 104–111.
Duncan, J., 2013. The structure of cognition: attentional episodes
in mind and brain. Neuron 80, 35–50.
Duncan, J., 2010. The multiple-demand (MD) system of the primate
brain: mental programs for intelligent behaviour. Trends Cognit.
Sci. 14, 172–179.
Fallgatter, A.J., Neuhauser, B., Herrmann, M.J., Ehlis, A.C.,
Wagener, A., Scheuerpﬂug, P., Riederer, P., 2003. Far ﬁeld
potentials from the brain stem after transcutaneous vagus nerve
stimulation. J. Neural Transm. 110 (12), 1437–1443.
Galvin, G.B., 1990. Stress and monoamines: a review. Neurosci.
Biobehav. Rev. 9, 233–243.

778
Glavin, G.B., 1985. Stress and brain noradrenaline: a review.
Neurosci. Biobehav. Rev. 9, 233–243.
Kraus, T., Hosl, K., Kiess, O., Schanze, A., Kornhuber, J., Forster,
C., 2007. BOLD fMRI deactivation of limbic and temporal brain
structures and mood enhancing effect by transcuaneous vagus
nerve stimulation. J. Neural Transm. 114, 1485–1493.
Kraus, T., Kiess, O., Hösl, K., Terekhin, P., Kornhuber, J., Forster,
C., 2013. CNS BOLD fMRI effects of sham-controlled transcutaneous electric nerve stimulation in the left outer auditory canal
– a pilot study. Brain Stimul. 6, 798–804. http://dx.doi.org/
10.1016/j.brs.2013.01.011.
Kreuzer, P.M., Landgrebe, M., Husser, O., Resch, M., Schecklmann, M.,
Geisreiter, F., Langguth, B., 2012. Transcutaneous vagus nerve
stimulation: retrospective assessment of cardiac safety in a pilot
study. Front. Psychiatry 3, 1–7. http://dx.doi.org/10.3389/
fpsyt.2012.00070.
Logan, G.D., Cowan, W.B., 1984. On the ability to inhibit thought
and action: A theory of an act of control. Psychol. Rev. 91,
295–327.
Marrosu, F., Serra, A., Maleci, A., Puligheddu, M., Biggio, G., Piga, M.,
2003. Correlation between GABA(A) receptor density and vagus
nerve stimulation in individuals with drug-resistant partial epilepsy.
Epilepsy Res. 55, 59–70. http://dx.doi.org/10.1016/S0920-1211(03)
00107-4.
Mayer, E.A., 2011. Gut feelings: the emerging biology of gut–brain
communication. Nat. Rev. Neurosci. 12 (8), 453–466.
Mückschel, M., Stock, A.K., Beste, C., 2014. Psychophysiological
mechanisms of interindividual differences in goal activation
modes during action cascading. Cereb. Cortex 24, 2120–2129.
http://dx.doi.org/10.1093/cercor/bht066.
Mulligan, M.K., Wang, X., Adler, A.L., Mozhui, K., Lu, L., Williams, R.W.,
2012. Complex control of GABA (A) receptor subunit mRNA expression: variation, covariation, and genetic regulation. PloS One 7,
e34586.
Nemeroff, C.B., Mayberg, H.S., Krahl, S.E., Mcnamara, J., Frazer, A.,
Henry, T.R., Brannan, S.K., 2006. VNS therapy in treatment-resistant
depression: clinical evidence and putative neurobiological mechanisms. Neuropsychopharmacology 31, 1345–1355.
Peuker, E.T., Filler, T.J., 2002. The nerve supply of the human
auricle. Clin. Anat. 15, 35–37.
Sheehan, D.V., Lecrubier, Y., Sheehan, K.H., Amorim, P., Janavs, J.,
Weiller, E., Dunbar, G.C., 1998. The Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and validation
of a structured diagnostic psychiatric interview for DSM-IV and
ICD-10. J. Clin. Psychiatry 59, 22–23.
Raedt, R., Clinckers, R., Mollet, L., Vonck, K., El Tahry, R.,
Wyckhuys, T., Meurs, A., 2011. Increased hippocampus noradrenaline is a biomarker for efﬁcacy of vagus nerve stimulation in a

L. Steenbergen et al.
limbic seizure model. J. Neurochem. 117, 461–469. http://dx.
doi.org/10.1111/j.1471-4159.2011.07214.x.
Roosevelt, R.W., Smith, D.C., Clough, R.W., Jensen, R.A., Browning, R.A., 2006. Increased extracellular concentrations of norepinephrine in cortex and hippocampus following vagus nerve
stimulation in the rat. Brain Res. 1119, 124–132. http://dx.doi.
org/10.1016/j.brainres.2006.08.048.
Stöber, G., Nöthen, M.M., Pörzgen, P., Brüss, M., Bönisch, H.,
Knapp, M., Propping, P., 1996. Systematic search for variation in
the human norepinephrine transporter gene: identiﬁcation of
ﬁve naturally occurring missense mutations and study of association with major psychiatric disorders. Am. J. Med. Genet. 67,
523–532.
Stock, A.K., Blaszkewicz, M., Beste, C., 2014a. Effects of binge
drinking on action cascading processes: an EEG study. Arch.
Toxicol. 88, 475–488. http://dx.doi.org/10.1007/s00204-0131109-2.
Stock, A.K., Arning, L., Epplen, J.T., Beste, C., 2014b. DRD1 and
DRD2 genotypes modulate processing modes of goal activation
processes during action cascading. J. Neurosci. 34, 5335–5341.
Treiman, D.M., 2001. GABAergic mechanisms in epilepsy. Epilepsia
42, 8–12.
van Leusden, J.W.R., Sellaro, R., Colzato, L.S., 2015. Transcutaneous vagal nerve stimulation (tVNS): a new neuromodulation
tool in healthy humans? Front. Psychol. 6, 102.
Ventureyra, E.C., 2000. Transcutaneous vagus nerve stimulation for
partial onset seizure therapy. Childs Nerv. Syst. 16 (2), 101–102.
Verbruggen, F., Schneider, D.W., Logan, G.D., 2008. How to stop
and change a response: the role of goal activation in multitasking. J. Exp. Psychol. Hum. 34, 1212–1228.
Vonck, K., Raedt, R., Naulaerts, J., De Vogelaere, F., Thiery, E., Van
Roost, D., Boon, P., 2014. Vagus nerve stimulation… 25 years
later! What do we know about the effects on cognition? Neurosci. Biobehav. Rev. 45, 63–71. http://dx.doi.org/10.1016/j.
neubiorev.2014.05.005.
Watanabe, H., Shimizu, H., Matsumoto, K., 1990. Acetylcholine
release detected by trans-striatal dialysis in freely moving rats
correlates with spontaneous motor activity. Life Sci. 47,
829–832.
Yildiz, A., Quetscher, C., Dharmadhikari, S., Chmielewski, W.,
Glaubitz, B., Schmidt‐Wilcke, T., Beste, C., 2014a. Feeling safe
in the plane: neural mechanisms underlying superior action
control in airplane pilot trainees—a combined EEG/MRS study.
Hum. Brain Mapp. 35, 5040–5051.
Yildiz, A., Wolf, O.T., Beste, C., 2014b. Stress intensiﬁes demands
on response selection during action cascading processes. Psychoneuroendocrinology 42, 178–187.

