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Abstract
Involvement of the cerebellum to non-motor related aspects of behavior is becoming increasingly clear. The aim of this study was
to investigate the role of the cerebellum in reactive and proactive behavioral control and interference. In a double-blind controlled
within-subject design, 26 healthy volunteers underwent real and sham cerebellar transcranial direct current stimulation (tDCS)
while performing a go/no-go task and a delay discounting task. Results showed that the number of go/no-go commission errors
was significantly lower during real as compared with sham cerebellar tDCS. No effects of tDCS were observed on delay
discounting. Our findings provide further behavioral support for the involvement of the cerebellum in fast neural processes
associated with response inhibition.
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Introduction
The classical view that the cerebellum is primarily involved in
motor-related functions is being challenged by a rapidly growing body of evidence in support of cerebellar involvement in
cognitive and affective processes. Neuropsychological studies
have, for instance, demonstrated that cerebellar damage can
cause impulsivity, emotion dysregulation, and problems in
behavioral inhibition [1–5]. This pattern of non-motorrelated symptoms is part of the cerebellar cognitive affective
(Schmahmann’s) syndrome and is attributed to damage of the
posterolateral parts of the cerebellum [4, 6, 7]. More recent
functional neuroimaging studies have confirmed the role of
the cerebellum in the regulation of both motor, affective, and
cognitive processes [8–13]. Furthermore, results of a recent
fMRI study showed that neural activities in the cerebellum,
cingulate cortex, and cortical association areas are linked to
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interference control when there is competing information [14].
Even though the neural mechanisms remain elusive, research
data point towards the involvement of cerebello-cortical and
cerebello-cortical-subcortical loops in behavioral control and
inhibition. This is substantiated by findings showing activation of the cerebellar-thalamo-frontal and cerebellar-thalamostriatal pathways when a prepotent motor response needs to be
inhibited [15, 16]. In addition, cerebellar activity and functional cerebello-frontal cortical connectivity are inversely related
to the preference for a small immediate reward over a larger
delayed reward [17–20]. Collectively, these studies suggest
that the cerebellum is involved in several aspects of behavioral
and interference control that vary from rapid inhibition of
simple motor responses to slower, more complex executive
control. Reactive inhibition refers to the suppression of fast,
simple motor responses, for instance, when occasionally a
prepotent response needs to be withheld. In contrast, proactive
inhibition deals with slower, complex, anticipatory executive
control, for example when choosing between a smaller immediate reward and a larger delayed reward.
Cerebellar transcranial direct current stimulation (tDCS) is
increasingly used in both research and clinical settings to
modulate motor, cognitive, and affective functions [21, 22].
At this point, the precise mechanisms of action underlying the
neuronal effect of cerebellar tDCS are still unknown [22]. As a
consequence, it is difficult to predict the direction of the behavioral effect in healthy volunteers (see also [3]). Following
the simplified assumption that cathodal tDCS reduces neural
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excitability [21, 23], the current double-blind sham-controlled
crossover study applied cathodal cerebellar tDCS in order to
reduce response inhibition in healthy volunteers. More specifically, we hypothesized a reduction in fast motor inhibition
and a decline in anticipatory executive control during cathodal
cerebellar tDCS. However, results from a recent metaanalytical study indicate that the polarity of cerebellar tDCS
is not predictive for the direction of performance change [3],
and thus, cathodal tDCS to the cerebellum may also enhance
reactive and proactive inhibition.

Material and Methods
Participants
Twenty-six healthy individuals (19 women) aged between 18
and 30 years (M = 23.48, SD = 2.55) participated in this study.
All had normal or corrected-to-normal vision, were native
Dutch speakers, non-smokers, and right handed. Main exclusion criteria were as follows: metal in the cranium, epilepsy or
a family history of epilepsy, history of other neurological conditions or psychiatric disease, heart disease, use of psychoactive medication or substances, and pregnancy. All volunteers
received 10 euros per hour for participation. The study was
approved by the medical ethics committee of the Radboud
University Medical Centre, Nijmegen, the Netherlands, and
was carried out in accordance with the standards of the declaration of Helsinki.

Reactive Response Inhibition: Go/No-Go Task
A commonly used version of the go/no-go task was utilized to
measure reactive response inhibition of prepotent motor responses [24]. Stimulus presentation and recording of responses were attained using E-Prime (v2.0; Psychology
Software Tools, Pittsburgh, PA). The task consists of 225 trials
in which a digit, ranging from 1 to 9, was presented at the
center of the screen for a duration of 250 ms. Digits were
presented in quasi-random order with an inter-trial interval
of 850 ms. Participants were instructed to push the spacebar
each time a digit other than B3^ appeared on the screen (go
trials). In 11.1% of all trials, a B3^ appeared on the screen and
the participants were instructed to withhold their response (nogo trials). The main task was preceded by a practice session of
20 trials. A commission error was defined by a key press in the
case of a no-go trial, while an omission error was defined by
the absence of a key press in go trials. The amount of commission errors was the main outcome measure of the task. In
general, go/no-go tasks are well-validated measures of fast,
simple motor inhibition [25, 26], with a positive correlation
between motor inhibition and the number of commission errors [27, 28].

Proactive Response Inhibition: Delay Discounting
Task
A delay discounting task was administered to measure proactive inhibition, which requires executive control. Again,
stimulus presentation and recording of responses were
attained using E-Prime (v2.0; Psychology Software Tools,
Pittsburgh, PA). The task consisted of 30 hypothetical trials
in which participants chose between a relatively small
monetary reward that they would receive the same day
(immediate reward; IR) and a reward of 10 euros that they
would receive after a certain delay (delayed reward; DR).
To increase ecological validity and participant’s motivation, one of the trials was randomly selected and paid out
as a bonus to the participant, in addition to the hourly
monetary compensation. The amount of IR and the duration of the delay (2, 14, 30, 180, and 365 days) varied
between trials. For each of the five different delays, participants were presented with six consecutive choices. On
each delay, the first choice started with an IR of 5 euros.
For the following choices, the IR depended on the previous
choice of the participant [29]. As a result of choosing IR on
the first trial, the amount of IR was decreased by half of the
difference between the IR and DR on the next choice,
whereas, as after choosing DR on the first trial, the amount
was increased by half of the difference between the IR and
DR on the next choice. For subsequent trials, as a result of
choosing IR, the amount of IR was decreased by half of the
previous adjustment, whereas, after choosing DR, the
amount was increased by half of the previous adjustment.
For each delay, the value of the IR after the sixth trial was
used to estimate the subjective value of the DR, i.e., the
indifference point. The subjective values were used to define the area under the curve (AUC), which was calculated
according to the procedure in [30]. The first step of this
procedure is the normalization of the delay and subjective
values, by expressing the delay as a proportion of the maximal delay, and expressing the subjective value as a proportion of the DR. These normalized values were respectively used as x and y coordinates. When imaginary vertical
lines are drawn from each data point to the x axis, the graph
can be divided into trapezoids. The sum of the area of all
these trapezoids was used as the AUC. The AUC is positively related to inhibition, where AUC ranges from 0 to 1.
This method is commonly used to quantify delay
discounting (e.g., [31–35]).

Cerebellar Transcranial Direct Current Stimulation
A cathodal electrode was placed over the medial cerebellum,
2 cm below the inion with the electrode’s lateral borders 1 cm
medially to the mastoid apophysis (size 35 cm2; current density 0.05 mA/cm2). The anodal electrode was placed over the
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right deltoid muscle [size 25cm2; current density 0.08 mA/
cm2; 21]. The duration of the stimulation was 30 min, including a ramp-up and ramp-down period of 15 s in which the
intensity gradually increased from 0 to 2 mA, or vice versa.
During sham cerebellar tDCS, the ramp-up period was followed by 30 s of real stimulation after which the intensity was
ramped down to 0 mA. Electrode impedance was kept below
10 kΩ throughout the experiment.

4.19) as compared with the sham tDCS (M = 13.16, SD =
4.62; see Table 1). The AUCs did not differ significantly between real (M = 0.61, SD = 0.24) and sham (M = 0.59, SD =
0.26) stimulation (F(1,24) = 0.23, p = .63, ηp2 = .01).

Procedure

The aim of the present study was to investigate the role
of the cerebellum in proactive and reactive inhibition.
Our results show that cathodal tDCS over the medial
cerebellum, as compared with sham tDCS, reduced the
percentage of commission errors during the go/no-go
task, while performance on the delay discounting task
was not affected. Since imaging studies reported cerebellar involvement in networks implicated in reactive inhibition [15, 16] and proactive inhibition [17–20], the latter finding is unanticipated. A possible explanation is
that proactive inhibition, as currently measured with the
delay discounting task, relies more on cortical regions,
such as the dorsolateral prefrontal cortex which is involved in executive functions [36, 37]. The effect of
cerebellar cathodal tDCS on the go/no-go task concurs
with previous demonstrations of an association between
reactive motor response inhibition and the cerebellarstriatal-cortical pathways [15, 16]. In particular, an inverse correlation between response inhibition and cerebellar activity during a serial response reaction time task
has been reported [38]. This adds to the growing body of
evidence supporting the contribution of the cerebellum to
inhibitory control processes.
It should be noted that, at first glance, our findings are
at odds with the general idea that cathodal tDCS interferes with cerebellar processes, having a negative effect
on performance [21, 23]. However, various explanations
can be put forward to account for the observed improvement in reactive response inhibition in our study. On the
cellular level, an externally applied direct current polarizes Purkinje cells (PC) along the somato-dendritic axis

The current sham-controlled double-blind within-subject
study design consisted of two test sessions which took
place on two separate days, exactly 1 week apart. Prior
to the experiment, participants received written and oral
information about the study, after which they filled in the
consent and screening forms. Thereafter, participants received either sham or active cerebellar tDCS while
performing both the go/no-go and delayed discounting
tasks. Stimulation conditions were randomized and
counterbalanced across participants. At the end of each
session, participants filled out an evaluation form and a
checklist to validate the blinding procedure. After
finishing the second test session, participants were
debriefed and received monetary compensation.

Data Analyses
Data were analyzed using MATLAB 2015b (Mathworks,
USA) and SPSS version 25 (Armonk, NY). Before statistical tests were performed on the go/no-go task, trials with
reaction times greater than three standard deviations from
the mean were excluded. On average trials, 1.63% of the
trials (M = 3.66, SD = 2.05) were excluded per participant.
A repeated measure general linear model (GLM) was used
to test for statistically significant within-subject effects of
cerebellar tDCS on go/no-go commission errors and delay
discounting AUC. The alpha level of significance was set
to .05 (two tailed).

Results
Stimulation was well tolerated, and no adverse events occurred. One of the participants did not adhere to the instructions of the go/no-go task and was therefore excluded from the
analyses pertaining to this task. The blinding procedure was
successful as participants were not able to distinguish real
from sham tDCS (χ2(1) = 0.62, p = .43).
The GLM showed a significant main effect of tDCS condition on go/no-go commission errors (F(1,24) = 5.37,
p = .03, ηp2 = .18). There were significantly fewer go/no-go
commission errors observed during real (M = 11.56, SD =

Discussion

Table 1 Go/no-go performance during real and sham cerebellar
cathodal tDCS
Real

Correct responses
Commission errors
Omission errors
RT correct Go
RT commission errors

Sham

Mean

SD

Mean

SD

193.08
11.56
16.48
243.73
231.12

8.45
4.19
6.81
29.66
42.54

193.04
13.16
15.36
250.06
232.94

7.53
4.62
5.57
25.06
38.31
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in a linear fashion [39], and can be used to either depolarize (anodal tDCS) or hyperpolarize nerve cells (cathodal tDCS). The angle between the applied electric field
and the somatic-dendritic axis of the PC is a critical
factor in the magnitude and direction of polarization.
Due to the complexity of gyral folding of the cerebellar
cortex, tDCS can cause different polarization profiles at
different sites [40]. Given the relatively broad electric
field of tDCS, it is conceivable that parts of the cerebellum in fact show depolarization to cathodal tDCS. If
these parts indeed play a significant role in task execution, then cathodal tDCS can facilitate processes and enhance performance. An alternative explanation for the
findings is the modulation of GABA-ergic interneurons
in the outer surface (molecular) layer of the cerebellar
cortex. The molecular layer contains stellate and Basket
cells that inhibit PC, and lowering GABA release by
hyperpolarizing these interneurons through cathodal
tDCS [41] may affect PC activity and cause a transient
gain in the cerebellar output channels [42]. It should be
noted that, similar to the parallel fibers in this layer, the
horizontal organization of these neurons makes them less
susceptible to tDCS. Then again, the orientation due to
gyral folding differs across the cerebellum and, similar to
the previous explanation, leaves open the possibility for
neuromodulatory effects of tDCS. Another alternative may be
through transsynaptic activation of extracerebellar areas following the polarization of PC. Cathodal tDCS may hyperpolarize PC and downregulate its inhibitory control over the
deep cerebellar nuclei (DCN). The reduction in inhibitory
PC activity causes excitation of the DCN and connected distal
regions including the primary motor cortex. Additionally, the
excitatory projections from the DCN to the reticular formation
in the brainstem could increase general arousal in the central
nervous system and boost performance [43].
The reason as to why we only found effects on reactive
response inhibition may be related to task differences and
the associated brain regions to perform the task. For example, without extensive practice, participants typically
show an improvement in behavioral performance during
the course of a task [44]. Purkinje cell simple spike suppression is widely regarded as part of the cerebellar mechanism underlying learning [45]. Indeed, simultaneous activation of parallel fibers (pf) and PC causes long-term
depression (LTD) at the pf-PC synapse and has been found
to facilitate learning and memory formation [46]. This
explanation implies that the direction of the extracellular
current flow is of less critical importance, which leads to
the hypothesis that anodal tDCS should have a similar
behavioral effect. Evidence for paradoxical facilitation of
functions following confined brain lesions and noninvasive brain stimulation in healthy volunteers has been
reported [47]. Furthermore, acquired cerebellar damage

can hinder the initiation of response inhibition [48] with
the most pronounced effects being observed in patients
with lesions involving the DCN. These patients experienced difficulties during an infrequent and unpredictable
event and were more prone to errors. This study not only
further supports the importance of the DCN for understanding cerebellar functions but also leaves open the possibility that hyperpolarizing the cerebellar cortex may
cause a shift to the DCN. This shift can be explained by
reduced afferent inhibitory input and promotion of processes that do not rely on PC.
Even though neuropsychological studies have shown
that cerebellar damage can affect reward-punishment sensitivity, impulsivity, and planning, cerebellar tDCS did
not influence proactive inhibition in the current study.
In retrospect, task properties may have been suboptimal
in detecting improvements in healthy volunteers due to
ceiling effects. While this argument also holds for reductions in proactive inhibition, another hypothetical explanation for the null effect may be related to successful
compensation. Proactive inhibition is a complex cognitive phenomenon that involves many subcortical and cortical regions (Schüller et al. [49]). It is therefore conceivable that cerebellar tDCS triggered a compensatory process within these functionally connected regions.
Evidence for this hypothesis comes from a recent study
that found compensatory cortical activity in response to
cerebellar tDCS during performance monitoring (Schutter
et al., under review).
The current study applied cathodal cerebellar tDCS on
healthy participants in order to investigate the role of the cerebellum in reactive and proactive response inhibition. Taking
into account the inconsistent evidence regarding the polaritydependent effects of cerebellar tDCS, the inclusion of an anodal condition would have strengthened the design. The current findings provide first evidence of cerebellar involvement
in reactive response inhibition. Future studies including both
cathodal and anodal tDCS conditions could provide further
insight into polarity specific effects.
In summary, our findings indicate a significant role for the
cerebellum in reactive inhibition, while there was no support
for a role of the cerebellum in proactive inhibition. We acknowledge the speculative nature of the explanations, and
further critical testing is warranted. Even though tDCS is effective in targeting the cerebellum, research on the mechanisms by which tDCS interacts with cerebellar tissue under
different environmental conditions continues to be critical for
understanding the neurological basis of behavior.
Notwithstanding the lack of a mechanistic account, our results
do provide direct evidence for a role of the cerebellum in
reactive response inhibition, adding to the growing body of
literature emphasizing the importance of the cerebellum in
non-motor-related processes.
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