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Abstract

Rationale The dopaminergic system has been implicated in
visuospatial attention and inhibition, but the exact role has yet
to be elucidated. Scarce literature suggests that attenuation of
dopaminergic neurotransmission negatively affects attentional
focusing and inhibition. To the best of our knowledge, this is
the first study that evaluated the effect of dopaminergic antag-
onism on stopping performance.

Methods Dopaminergic neurotransmission was attenuated in 28
healthy male participants by using 2 mg haloperidol. A repeated-
measures placebo-controlled crossover design was implemented,
and performance indices of attention and inhibition were
assessed in the visual spatial cueing task (VSC) and stop signal
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task (SST). Additionally, the effect of haloperidol on motoric
parameters was assessed. It was expected that haloperidol as
contrasted to placebo would result in a reduction of the “validity
effect,” the benefit of valid cueing as opposed to invalid cueing
of a target in terms of reaction time. Furthermore, an increase in
stop signal reaction time (SSRT) in the SST was expected.
Results and conclusion Results partially confirmed the hypo-
thesis. Haloperidol negatively affected inhibitory motor control
in the SST as indexed by SSRT, but there were no indications that
haloperidol affected bias or disengagement in the VSC task as
indicated by a lack of an effect on RTs. Pertaining to secondary
parameters, motor activity increased significantly under haloper-
idol. Haloperidol negatively affected reaction time variability and
errors in both tasks, as well as omissions in the SST, indicating a
decreased sustained attention, an increase in premature
responses, and an increase in lapses of attention, respectively.

Keywords Dopaminergic - Dopamine - Haloperidol -
Inhibition - Attention - Motor activity

Introduction

The dopaminergic (DA) neurotransmitter system has been im-
plicated in (visuospatial) attention and inhibition; however,
the exact role remains to be elucidated. Visuospatial attention
has been investigated by using the visual spatial cueing task
(Posner et al. 1980). In this task, a cue signals the likely loca-
tion of an upcoming target presented in either the left or right
visual field, to which a response is required. In a minority of
trials, the target is invalidly cued, that is, presented in the
location opposite to the cued location. The relevant outcome
is the “validity effect.” The validity effect reflects the benefit
in terms of reaction time to responses to validly cued targets as
compared to invalidly cued targets. The validity effect is
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thought to reflect two mechanisms: bias, referring to the
neuronal signals that modulate the sensitivity of sensory
cortex, and disengagement, the decoupling of attention from
an invalidly cued location (Corbetta and Shulman 2002;
Corbetta et al. 2008). Simplified, a large validity effect can
indicate relatively enhanced bias and/or reduced disengagement
(rigidity). A small validity effect, on the other hand, can reflect
relatively diminished bias and/or enhanced disengagement
(distractibility).

Conceptually, disengagement is linked with inhibition as it
also plays a role when an ongoing response suddenly has to be
inhibited because of a sudden change in task demands. This
situation is captured by the stop signal task (SST) (Logan et al.
1984; de Jong et al. 1990). In this task, go stimuli are presented
and in a minority of trials are followed by a stop stimulus. The
stop stimulus signals to withhold a planned response. The rele-
vant outcome measure is the stop signal reaction time (SSRT),
an index of inhibition (de Jong et al. 1990; De Jong et al. 1995).

There is conceptual overlap between inhibition and disen-
gagement. Studies show some support for this link.
Electrophysiological studies show that stop signals in the
SST elicit a positivity of about 300 ms latency (P300) that is
modulated by success of stopping (Lansbergen et al. 2007);
this modulation reflects inhibitory-related activity presumably
within the superior frontal gyrus (SFG) (Kenemans and
Kéhkonen 2011). Targets in the VSC task elicit a late positive
deflection (LPD) that is larger for invalidly cued targets as
opposed to validly cued targets (Mangun and Hillyard 1991;
Meinke et al. 2006). This could mean that the LPD is larger
when the specific stimulus requires a disengagement of atten-
tion. It has been speculated that the source of the LPD reflects
activity within the temporal parietal junction (Logemann et al.
2013). Mangun and Hillyard (1991) argued that part of the
LPD as evidenced in the VSC paradigm probably consists of
the P300. It is plausible that, although the exact neuroanatom-
ical substrates may differ, LPD and stop P300 do share an
intracranial generator. Furthermore, pharmacological effects
of enhancement of the cholinergic system on disengagement
mirror those on inhibition. Firstly, studies show that nicotine, a
cholinergic agonist, reduces the validity effect (Witte et al.
1997; Thiel et al. 2005; Meinke et al. 2006; Vossel et al.
2008). This reduction of the validity effect was found to be a
result of faster responses in invalid trials (Witte et al. 1997;
Meinke et al. 2006; Thiel and Fink 2008) and possibly reflect
enhanced disengagement. Secondly, for groups with enough
room for improvement, nicotine decreases the SSRT, indicat-
ing improvement of inhibition (Potter et al. 2012).

Effects of manipulating noradrenergic neurotransmission
on visuospatial attention have also been investigated. Coull
et al. (2001) reported a decrease of the validity effect for stim-
uli presented in the left visual field (LVF) in response to clo-
nidine (which effectively attenuates noradrenergic neurotrans-
mission). As the authors note, the validity effect is in general
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larger for stimuli presented in the left versus right visual field
as a potential result of hemispheric lateralization of attentional
processing. As such, a potential drug effect is more likely to be
detected for stimuli presented in the LVF. Also, as Coull et al.
(2001) note, processing of stimuli presented in the LVF may
be more sensitive to disruptions.

The reduction of the validity effect may imply a reduction
of bias but could also entail an increase in disengagement.
Importantly, in the same study, fMRI data showed a reduction
of parietal activity in the right hemisphere during spatial
orienting in response to clonidine, supporting the notion of
reduced bias due to the clonidine challenge.

In line with these results, clonidine has also been reported
to negatively affect the electrophysiological index of bias
(Logemann et al. 2014). In the latter study, clonidine reduced
the target-related N1 modulation by validity of cueing, albeit
in a subsample. Hence, noradrenergic neurotransmission may
be primarily related to bias, and cholinergic neurotransmission
seems to be related to disengagement and related inhibition.

Finally, for the relation between dopaminergic neuro-
transmission and bias, Clark et al. (1989) reported that dopa-
minergic antagonism by droperidol resulted in a reduction of
the validity effect. While at first sight this points to a specific
effect of enhanced disengagement, it can also be explained as
a reducing effect on bias. Importantly, a direct evaluation of
the role of dopamine in disengagement and inhibition is still
lacking. However, genetic (Gurvich and Rossell 2014),
animal (Bari et al. 2009; Eagle et al. 2011; Bari and Robbins
2013), and pharmacological studies with human subjects
(Lijffijt et al. 2006; Overtoom et al. 2009) suggest a link
between dopamine and inhibition, although relatively recent
animal studies yielded seemingly conflicting results.
Pertaining to the latter, it has been suggested that affecting
dopaminergic neurotransmission with either blockade of the
dopamine transporter (DAT) or direct (ant)agonism of any of
the D1-D4 receptors does not affect SSRT in male Lister
hooded rats (Bari et al. 2009; Bari and Robbins 2013).
However, Eagle et al. (2011) showed that dopaminergic
antagonism, using sulpiride directly infused into the
dorsomedial striatum, does negatively affect SSRT but argue
that this effect is region and receptor dependent.

In humans, dopamine has been (indirectly) linked to inhi-
bition. Patients with attention deficit/hyperactivity disorder
(ADHD), which is marked by deficits in attention and inhibi-
tion (Kenemans et al. 2005), show reduced D2/D3 receptors in
the striatum (Volkow et al. 2009). Furthermore, it has been
shown that striatal D2/D3 availability is associated with re-
sponse inhibition (Ghahremani et al. 2012). Preliminary re-
sults point toward a potential link between this striatal D2/
D3 availability and activation within the right inferior frontal
gyrus (rIFG; Ghahremani et al. 2012), a region strongly im-
plicated in inhibitory processing (Corbetta and Shulman 2002;
Corbetta et al. 2008; Aron et al. 2014; Kenemans 2015).
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Indeed, the effects of indirect manipulations of dopaminer-
gic neurotransmission in human subjects also point toward a
link between dopamine and inhibition. With respect to diet, it
has been shown that administration of tyrosine (a precursor to
dopamine, but also to noradrenaline) supplements results in
shorter SSRTs in healthy female participants (Colzato et al.
2014). Also, enhancing dopaminergic neurotransmission by
blockage of DAT via methylphenidate has been shown to
shorten SSRTs in adults with ADHD (Overtoom et al.
2009). Furthermore, dopamine metabolite levels do correlate
significantly with SSRT, but not with reaction time (RT) to go
stimuli (Lijffijt et al. 2006). Of note, in the same study, the
reverse pattern was found for norepinephrine metabolite
levels. With reference to the aforementioned studies, it must
be stressed however that methylphenidate also affects norad-
renergic (NE) neurotransmission, complicating specific attri-
bution of effects (Zetterstrom et al. 1988). To the best of our
knowledge, a direct evaluation of the effect of dopaminergic
antagonism on stopping performance is still lacking. In sum,
dopaminergic attenuation may compromise bias as well as
disengagement and inhibition.

In the current study, dopaminergic neurotransmission was
attenuated by using 2 mg haloperidol, and the effect on per-
formance indices of bias, disengagement, and related inhibi-
tory control was assessed in the VSC and SST, respectively.
To account for individual variability with respect to the drug
response, the drug effect on motoric parameters was used as a
proxy for central responsivity. It was hypothesized that 2 mg
haloperidol relative to placebo would decrease the validity
effect in the VSC task and would increase SSRT in the SST.

Methods
Participants

Thirty-five healthy male students were recruited from Utrecht
University. All participants gave informed consent prior to
participation. It was required to pass a short medical interview
prior to the experiment. In total, 28 subjects, ranging from 20
to 33 years of age (M =23, SD = 3), completed the study. Two
participants could not participate due to potential health con-
cerns. Four participants withdrew from the study for reasons
unrelated to the pharmacological manipulation. One partici-
pant withdrew because of side effects. The study was ap-
proved by the Medical Ethics Committee from the
University Medical Center Utrecht and conducted in accor-
dance with the Declaration of Helsinki.

Pharmacological manipulation

Haloperidol is a potent dopamine D2 receptor antagonist
(Kapur et al. 2000). It also has affinity for the alpha-1

adrenoreceptor, which is however about a factor of 13 lower
than that for the D2 receptor (Richelson and Nelson 1984;
Leysen et al. 1992; Schotte et al. 1996; Kroeze et al. 2003).
Both 2 mg haloperidol and placebo were encapsulated (DB
capsule, AA Swedish orange). The placebo contained no ac-
tive substance and consisted of a mixture of lactose
monohydrate DC and magnesium stearate (0.5 %).

Tasks
Visual spatial cueing task

Our specific implementation of the VSC task was a combina-
tion of the VSC task as described in van der Lubbe et al.
(2006) and the task as described in Mangun and Hillyard
(1991). Trials always started with a fixation dot, presented
for 600 ms, after which a cue was presented for 400 ms. The
cue consisted of a diamond (width 1.3°, height 0.7°) for which
the left and right half differed in terms of color (red versus
green). In each block of trials, either the green or the red
arrow-shaped half indicated the most likely location of the
subsequent target stimulus and therefore could be used to
direct attention (see below). The cue was followed by the
fixation dot (presented again for 600 ms) and subsequently
by one of two possible targets, either a short white bar (width
0.8°, height 2.0°) or a long white bar (width 0.8°, height 2.4°),
presented in either the left or right visual hemifield (6.4° from
the center of the screen) for 100 ms. Subsequently, the fixation
dot was presented for 1400 ms. The total duration of one trial
was 3100 ms. A pretreatment (“pretest”) version consisted of
two blocks in total, and an instruction was presented prior to
each block. The first block was used as a practice block and
consisted of 32 trials of which 8 were invalid trials. Valid trials
were trials in which the location of the target was congruently
cued (target presented at location indicated by the cue); invalid
trials were trials in which the location of the target was oppo-
site to the location indicated by the cue. The second block was
used for data analysis and consisted of 256 trials of which
75 % were valid trials. The posttreatment (“posttest”) version
consisted of in total four blocks (no practice block), which
differed with respect to the specific stimulus-response assign-
ment and color-cue assignment. The posttest started with the
block equal to the block of the pretest in terms of the stimulus-
response and color-cue assignment. Within blocks, trials were
semi-randomized for each task run and specific block order
was counterbalanced across participants.

Stop signal task
An SST similar to Schmajuk et al. (2006) was implemented. In
this task, go stimuli were presented centrally, randomly, se-

quentially, and slightly above a fixation cross. These stimuli
consisted of the letters X (height and width 1.4°) and O (height
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1.4° and width 1.3°), and a differential response was required
after presentation of these stimuli (left or right button press). In
25 % of trials in a stop signal block, the go stimulus was
followed by a stop stimulus (letter “$”, height 1.7°, width
0.8°) which signaled that the go response should be withheld.
All three stimuli were presented for 150 ms, and trial durations
varied between 1.5 and 1.8 s. The pretest consisted of 126 go
trials (no stop trials), a base stop signal block (used to estimate
the optimal stimulus onset asynchrony (SOA) to yield 50 %
inhibitions in a subsequent block), and lastly two experimental
stop signal blocks (for data analysis, 128 trials in each block).
Since participants often delay responding to go stimuli in stop
signal blocks, participants were instructed to speed up
responding to go stimuli in stop signal blocks if the average
reaction time to go stimuli in these blocks was more than 1.5
times the reaction time in the first block (block without the
stop trials). In the base stop signal block, the go-stop stimulus
interval was set at 250 ms, and in subsequent blocks, this SOA
was based on the performance in the previous block so that
approximately 50 % inhibitions were made. Furthermore, in
experimental blocks, the exact onset of the stop signal was
varied between 99 ms above and 99 ms below the average
SOA. The minimum average SOA was fixed at 250 ms. If
participants made less than 40 % inhibitions in stop signal
blocks, they were instructed to react slightly slower to the go
stimuli. Trials in stop signal blocks were randomized pseudo-
randomly so that no more than three stop signals would be
presented in succession. The difference between the posttest
and pretest was that for the posttest, the base stop block was
followed by three experimental blocks (equal to the pretest in
terms of stimulus-response assignment) after which the
stimulus-response assignment switched and another four stop
signal blocks (base plus experimental blocks) were presented.
Block order in terms of stimulus-response assignment was
counterbalanced across participants.

Motoric parameters

Motor disturbances under haloperidol are related to dopamine
receptor occupancy; specifically, extrapyramidal symptoms or
akathisia occur with >78-80 % receptor occupancy (Nyberg
etal. 1995; Kapur et al. 2000). Studies show that akathisia can
occur after a single dose of haloperidol (Kumari et al. 1997,
Kumari et al. 1999; Zirnheld et al. 2004; Saeedi et al. 2006).
Importantly, the effect of haloperidol on motor activity may be
used as an index for individual responsivity under the assump-
tion that a drug-induced motor effect is positively correlated
with the central effect. Firstly, haloperidol-induced akathisia/
dyskinesia, resulting in possible increases in motor activity,
was assessed by using an Actigraph (Actigraph GT3X+,
Actigraph, LLC; Pensacola, FL, USA); for application of
actometry in a more clinically oriented setting, see Janno
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et al. (2008). The actigraph stores acceleration data (in gravi-
tational unit G) with a sample rate of 100 Hz.

Secondly, haloperidol-induced bradykinesia has been pro-
posed to be reflected in a decrease in velocity scaling. Here,
velocity scaling was assessed by presenting a target first at the
center of a computer screen. On a first trial, it subsequently
moved either 25° or 45° from the center starting point, after
which it returned to the center. Participants were instructed to
move a cursor as quickly and accurately as possible to the
location of the target by flexing a handle by means of wrist
rotation. The target always remained at a location for 2 s. In
each block, the target movement from center to periphery was
repeated 32 times (16 times for 25° and 16 times for 45°,
randomly). The task consisted of four blocks: two in which
the target always moved from the center to the left and sub-
jects used their right hand to correspondingly move the cursor
and two in which the target always moved from the center to
the right and subjects used their left hand to correspondingly
move the cursor.

Cardiovascular and subjective parameters

Cardiovascular variables (diastolic and systolic blood pressure
and heart rate) were assessed by using an automatic blood
pressure monitor (Microlife, BP3ACI-1PC). Subjective ef-
fects were assessed by using the Profile of Mood States
(POMS) questionnaire (Wald 1984; Wald and Mellenbergh
1990).

Procedure

A repeated-measures placebo-controlled crossover design was
used. Participants performed in two sessions: drug
(haloperidol) and placebo. Sessions were separated by at least
1 week. The specific order of the sessions (drug/placebo) as
well as the order of computer tasks was counterbalanced over
participants. After participants signed the informed consent
and passed the medical interview, the actigraph was placed
on the right ankle. The actigraph collected acceleration data
along three axes during the entire experiment. Participants
filled out the POMS questionnaire and performed for about
10 min the velocity scaling task. Subsequently, participants
performed the pretest version of the SST and VSC which took
approximately 30 min. Approximately 10 min prior to drug
administration, blood pressure and heart rate were assessed.
About 1 h and 50 min after drug administration (¢t = 1 h
50 min), an EEG cap was placed (EEG data presented else-
where) and electrodes were placed at the outer canthi and
supraorbitally and infraorbitally to the eye to record eye move-
ments (horizontal electrooculogram (HEOG) and vertical
electrooculogram (VEOG), respectively). At # =2 h 45 min,
participants filled out the POMS again; 5 min later, cardiovas-
cular variables were assessed, and at t = 3 h 00 min,
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participants performed the posttest version of the VSC task
and SST. Between blocks, participants had short breaks, and
between tasks, there was room for a longer break (20 min).
Upon completion of both tasks, velocity scaling was assessed
again (at =5 h 20 min), and at =5 h 30 min, blood pressure
and heart rate were measured. The total duration of the exper-
iment was approximately 6.5 h.

Data analyses
Motor activity

Baseline assessment (T1) was at 10 min after the start of the
first pretreatment computer task (VSC or SST). Posttreatment
assessment (T2) was at 10 min after the start of the first post-
treatment computer task (VSC or SST). T1 and T2 consisted
of a 10 min recording with a sample rate of 100 Hz. For
analyses, per condition, 10-s epochs of acceleration data per
axis (in total three axes) was averaged across axes and over
10 min recording to yield one measure of motor activity.

Velocity scaling

Velocity scaling values are expressed in degrees/s/degree
(Caligiuri et al. 1998). Scaling values for movements toward
targets were averaged with values for return movements.

POMS

The POMS questionnaire consists of six scales: depression
(eight items), anger (seven items), vigor (five items), fatigue
(six items), tension (six items), and total mood disturbance.
Each scale ranges from 0 to 4. The total score on a scale was
determined by the sum of the item values for that scale.

Stop signal task

In line with de Jong et al. (1990), the SSRT was calculated by
using the integration method. This method minimizes the bias
of SSRT estimation related to variation in go RT (Verbruggen
etal. 2013). To correct stop rates for go-omission rate, follow-
ing Tannock et al. (1989), the corrected proportion of success-
ful stops was calculated as proportion of inhibitions — (propor-
tion of omissions x proportion of inhibitions) / (1 — (proportion
of omissions X proportion of inhibitions)).

Subsequently, RTs in go trials in the 150 to 1500-ms win-
dow were ordered from short to long RTs. The nth point on
this vector was determined by multiplying the total number of
RTs by one minus the stop rate (corrected for omissions). The
SSRT was then calculated by subtracting the average go-stop
interval from the reaction time at the nth point on the RT
vector.

Visual spatial cueing task

Reaction times within the 100-1500 ms range were consid-
ered valid and were included in the analyses. For each partic-
ipant, session and time (pre/post) and reaction times on
(separately) valid trials and invalid trials were averaged across
blocks. The validity effect was calculated as the difference
between the averaged reaction time on invalidly cued targets
minus validly cued targets. Horizontal saccades were moni-
tored via HEOG. We defined a saccade as a peak (positive or
negative polarity) exceeding 60 pV relative to baseline (van
der Lubbe et al. 2006). Performance data was not corrected for
HEOG activity, but VSC performance analyses were rerun
excluding participants that showed excessive saccades (sac-
cades in >85 % of trials).

Responses are in general faster and more accurate when the
stimulus requires a response from the spatially corresponding
hand (congruent condition); this is called the Simon effect
(Simon and Wolf 1963). Following the suggestion of one of
the reviewers, the interaction between drug and Simon con-
gruency was analyzed post hoc.

Statistical analyses

Analyses of variances (ANOVAs) were used. Alpha was set at
0.05. With respect to the POMS, data were missing from one
subject. With respect to the actigraph data, one participant was
excluded for the analysis of motor activity because of a re-
cording error. Secondary analyses were also performed. To
account for individual differences in drug responsivity, corre-
lations were calculated between the drug effect on motoric
parameters on one hand and the performance variables on
the other. Furthermore, the drug effect on performance vari-
ables was also assessed for the split-half sample that showed
the strongest drug effect on velocity scaling and the split-half
sample that showed the strongest drug effect on motor activity.

Results

Cardiovascular data

Haloperidol did not affect heart rate and systolic or diastolic
blood pressure (F(1, 27) < 1 for all drug x time interactions).
Subjective effects

None of the variables (depression, anger, vigor, fatigue, ten-

sion, and total mood disturbance) on the POMS scale were
affected by haloperidol.
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Fig. 1 Performance data in the VSC task (means and standard error bars) before (PRE) and after (POST) haloperidol and placebo administration,
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Performance data
Visual spatial cueing task

Performance data in the VSC task are depicted in Fig. 1. RT
was shorter for validly cued targets as opposed to invalidly
cued targets (main effect of validity, F(1, 27) = 13.6,
p = 0.001). Errors and RT variability (standard deviation of
reaction time (SDRT)) were not affected by cueing (both, F(1,
27) < 1). Haloperidol did not affect the validity effect on RT;
the time x drug x validity interaction was not significant (F(1,
27) < 1). Three participants showed excessive saccades
(>85 % of trials). Exclusion of these participants did not yield
a different result with respect to latter interaction. Haloperidol
resulted in a general increase in errors and SDRT, as evident in
a time x drug interaction (respectively, F(1, 27) = 4.5,
p =0.043, F(1, 27) = 12.2, p = 0.002). Mean RT was not
affected by haloperidol (time x drug interaction, F(1,27) < 1).

For the post hoc analysis pertaining to the Simon effect, the
factor congruency was added to the analysis, which logically
resulted in a relatively smaller number of trials per condition.
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For one participant, this yielded an insufficient number of
trials (<5) for the invalidly cued incongruent and congruent
target conditions in the pretest. This participant was excluded
from the post hoc analysis. In the congruent, compared to the
incongruent condition, RTs were shorter and fewer errors were
made (main effect of congruency, respectively, F(I,
26) = 17.37, p < 0.001; F(1, 26) = 5.75, p = 0.024.
However, there were no interactions between the drug effects
and the effect of congruency.

Stop signal task

Performance data in the SST are depicted in Fig. 2.
Haloperidol resulted in an increase in SSRT, SDRT, percent-
age incorrect responses, and percentage of omissions relative
to placebo as indicated by significant time x drug interactions
(F(1,27)=5.101, p = 0.032, F(1, 27) = 10.2, p = 0.004, F(1,
27)=13.1,p=0.001, F(1,27)=5.5, p = 0.027, respectively).
Mean reaction time was not significantly affected by haloper-
idol (F(1,27) < 1). Table 1 shows the percentages of success-
ful inhibition (corrected for omissions).
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Table 1  Percentage of inhibition (corrected for omissions) in the SST,
per session (drug/placebo), pre and post treatment

Pre Post

M (SD) M (SD)
Placebo 53 % (11) 48 % (10)
Haloperidol 47 % (12) 44 % (12)
Motor effects

As depicted in Fig. 3 (top left panel), there was a trend toward
a significant time x drug interaction with respect to motor
activity (F(1,26) = 3.7, p = 0.064). It is clear that the standard
error is sizeable in the posttreatment condition under haloper-
idol. Evaluation of potential outliers per condition (placebo/
haloperidol) and time point (pre/post) indicated several out-
liers, defined as values exceeding three standard deviations
from the mean within the specific condition. Participants for
which any such outlier was evident in any of the four condi-
tions were excluded (N = 5) from the second analysis (Fig. 3,
right panel). This analysis indicated a significant increase in
motor activity after haloperidol relative to placebo (significant
drug x time interaction, F(1, 21) = 11.881, p = 0.002).

Velocity scaling was unaffected by time and by its interaction
with drug (Fig. 3, bottom panel). One outlier (STD > 3) was
present in one condition. Again, no significant time x drug inter-
action was present after the exclusion of this participant.
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Fig. 3 Motor activity (top panel, accumulated G (10 min), mean G per
10 s, collapsed over axes)) and velocity scaling (bottom panel, degrees/s/
degree) before and after placebo and haloperidol administration and
separately for whole-sample analysis and analysis of the sample from
which participants with outliers have been excluded

Individual differences

There was no correlation between the drug effect on motoric
parameters and neurocognitive variables. Results of the split-
half analyses did not yield notable additional significant ef-
fects. These analyses also did not reveal a significant drug
effect on the validity effect in the VSC.

Discussion

In the current study, the role of dopamine in visuospatial at-
tention and inhibition was investigated, using 2 mg haloperi-
dol to attenuate dopaminergic neurotransmission. In line with
the hypothesis, haloperidol negatively affected inhibition as
indexed by SSRT. Surprisingly, haloperidol did not affect dis-
engagement or bias as evident by the lack of effect on the
validity effect in the VSC task.

The lack of a reduction of the validity effect under haloper-
idol is inconsistent with the results of Clark et al. (1989). The
current dose may have been insufficient, or individual variabil-
ity with respect to the drug response may have been sizeable.
To account for this, the drug effect on motor activity was used
as an index for central drug responsivity. However, this ap-
proach did not yield a different outcome. Although we did
account for individual variability in drug responsivity, we can-
not discount the possibility that the current dosage was insuffi-
cient. One limitation of the current study was the absence of
neutral cues. This would have rendered the performance data in
the VSC task more informative as direct contrasts between
responses on valid versus neutral and invalid versus neutral
trials could have been analyzed. In the current experiment, if
the expected reduction of the validity effect was evident, this
(although unlikely) could in principle also imply enhanced dis-
engagement as opposed to diminished bias. However, results
do not support an effect on either bias or disengagement, since
no effect on the validity effect and no effect on mean response
time in both the VSC task and the SST were evidenced.

We proposed that there is (conceptual) overlap between
mechanisms of disengagement and inhibition. Although, as not-
ed in the introduction, there is preliminary evidence supporting
this claim, conclusive data is still lacking. It must be noted that
posthoc preliminary data (available upon request) did not show a
significant correlation between the (in)validity effect and SSRT
prior to the drug challenge, which might indicate a lack of asso-
ciation between inhibition and disengagement of attention as
reflected by SSRT and RTs to invalidly cued targets, respectively.
However, as pointed out, the validity effect reflects a mix of both
disengagement-related processing and bias-related processing.

Posthoc, explorative evaluation indicated that responses were
faster and more accurate when the stimulus required a response
from the spatially corresponding hand (congruent condition),
also called the Simon effect (Simon and Wolf 1963). The
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Simon effect can be seen as reflecting selective impulse suppres-
sion, in contrast to more general inhibition as indexed by SSRT
(Ramdani et al. 2015). In the latter study, it was shown that the
Simon effect may be affected by dopamine depletion. However,
in the current study, we did not find an interaction between the
effect of haloperidol and that of congruency. It has been shown
that the effect of dopaminergic challenge on the effect of congru-
ency depends on response latency (Ramdani etal. 2015). Hence,
it is plausible that haloperidol did not affect congruency in the
current experiment, because we did not assess the drug effect on
the congruency effect as a function of response latency (as this
would yield an insufficient number of trials).

Haloperidol affected SSRT in the SST, and this result may
have ramifications for the understanding of the effects of meth-
ylphenidate, a widely used drug in the treatment of ADHD with
effects primarily not only on dopaminergic but also on the
noradrenergic neurotransmission. Methylphenidate has been
reported to reduce SSRT in both patients (Aron et al. 2003;
Lijffijt et al. 2006; Overtoom et al. 2009) and healthy volun-
teers (Nandam et al. 2011). In our earlier study, however, it was
shown that SSRT was unaffected by noradrenergic antagonism
by clonidine (Logemann et al. 2013). Methylphenidate-
induced modulation of SSRT may reflect the modulation of a
dopaminergic rather than of a noradrenergic mechanism. This
is also consistent with the results from Lijffijt et al. (2006).

It should be noted that relatively recently, it has been reported
that SSRTs can become biased as a result of effects on general
response time (Verbruggen et al. 2013). This bias is significantly
reduced or absent by using the integration approach in the calcu-
lation of the SSRT as opposed to the mean method. In the current
study, the effect of haloperidol on SSRT cannot plausibly be
related to effects on mean RT. Firstly, the integration method
was used for the analysis of SSRTs. Secondly, in both the VSC
task and SST, haloperidol did not significantly affect mean RT.

The slower processing of the stop stimulus (as indexed by
SSRT) does not have to be specific to inhibition (Bekker et al.
2005). It could potentially indicate a general slower accumula-
tion of information. However, there was no evidence of a con-
current increase in reaction time, discounting an interpretation of
increased SSRT in terms of general slowed accumulation of in-
formation. In arelated vein, the increase in error rate, which often
is interpreted in terms of lapses of attention (Castellanos and
Tannock 2002), may indicate premature responding in the con-
text of a lack of'a concurrent increase in RT (Bekker et al. 2005).

Haloperidol resulted in increased reaction variability
(SDRT) in both tasks. In addition, in the stop task, go-
omission rates were higher under haloperidol. These effects
reflect an increased number of lapses of attention, resulting in
a higher incidence of missed targets or delayed responses, the
latter resulting in higher RT variability. Note that this is not
easily related to general sedation, as haloperidol did not affect
subjective measures, cardiovascular variables, or general re-
action time.

@ Springer

It should be stressed that potential session order effects were
taken into account a priori by using counterbalancing and by
inclusion of the pretest. Furthermore, potential session order ef-
fects pertaining to the primary variables/interactions of interestin
the SST and VSC task were explored post hoc. Specifically, for
the SST variables, the drug x time x order interactions were not
significant, and for the VSC task variables, the drug x time x
validity x order interactions were also not significant.

Lastly, motor activity increased under haloperidol which
may reflect extrapyramidal symptoms or akathisia (Nyberg
et al. 1995; Kapur et al. 2000). Akathisia is not a likely expla-
nation of the haloperidol-induced increase of motor activity.
Post hoc analyses (not shown, but available upon request) did
not indicate an effect of haloperidol on the item coding for
“restlessness” of the POMS questionnaire. Furthermore, there
was no correlation between the haloperidol-induced effect on
motor activity and a potential subtle haloperidol-induced effect
on restlessness as assessed by the relevant item of the POMS.

Velocity scaling was unaffected by haloperidol.
Neuromotor retardation as reflected in (reduced) velocity scal-
ing has been reported in patients with Parkinson (Caligiuri
et al. 1998). It may be that attenuation of dopaminergic neu-
rotransmission in the current study was not sufficient to render
bradykinesia as robust as in Parkinson’s.

It must be noted that haloperidol also blocks the alpha-1
adrenoreceptor (Richelson and Nelson 1984; Leysen et al. 1992,
Kroeze et al. 2003). Although the exact role in cognitive process-
ing is yet to be firmly established, scarce animal studies suggest
thatblockage ofthe alpha- 1 receptor may actually benefit prefron-
tal cortex functioning (Arnsten et al. 1999; Arnsten 2004). Hence,
if the latter results generalize to human subjects, the haloperidol-
induced detrimental effects on cognitive performance are not like-
ly a result of blockage of alpha-1 adrenoreceptors.

To conclude, haloperidol negatively affected inhibitory
motor control, but there were no indications of effects on bias
or disengagement in the VSC task. It may well be that disen-
gagement is subserved by a different neurotransmitter system
as opposed to inhibitory motor control. On the other hand, the
dose may have been insufficient to affect bias and disengage-
ment in the VSC task, especially in light of previous work.
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