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Background: Cerebellar transcranial direct current stimulation has been reported to enhance motor
associative learning and motor adaptation, holding promise for clinical application in patients with
movement disorders. However, behavioral benefits from cerebellar tDCS have been inconsistent.

Accepted 9 April 2018 Objective: Identifying determinants of treatment success is necessary. BDNF Val66Met is a candidate
Available online xxx determinant, because the polymorphism is associated with motor skill learning and BDNF is thought to
mediate tDCS effects.
Keywords: Methods: We undertook two cerebellar tDCS studies in subjects genotyped for BDNF Val66Met. Subjects
Motor learning performed an eyeblink conditioning task and received sham, anodal or cathodal tDCS (N = 117, between-
Motor adaptation subjects design) or a vestibulo-ocular reflex adaptation task and received sham and anodal tDCS (N = 51
tDCS subjects, within-subjects design). Performance was quantified as a learning parameter from 0 to 100%.
Rehabilitation We investigated (1) the distribution of the learning parameter with mixture modeling presented as the
Cerebellum mean (M), standard deviation (S) and proportion (P) of the groups, and (2) the role of BDNF Val66Met

BDNF Val66Met and cerebellar tDCS using linear regression presented as the regression coefficients (B) and odds ratios

(OR) with equally-tailed intervals (ETIs).

Results: For the eyeblink conditioning task, we found distinct groups of learners (Miearner = 67.2%;
Stearner = 14.7%;  Plearmner=61.6%) and non-learners (Mnon-learner = 14.2%; Snon-learner = 8.0%;  PNon-
learner = 38.4%). Carriers of the BDNF Val66Met polymorphism were more likely to be learners (OR = 2.7
[1.2 6.2]). Within the group of learners, anodal tDCS supported eyeblink conditioning in BDNF Val66Met
non-carriers (B = 11.9% 95%ETI = [0.8 23.0]%), but not in carriers (B = 1.0% 95%ETI = [-10.2 12.1]%). For the
vestibulo-ocular reflex adaptation task, we found no effect of BDNF Val66Met (B = —2.0% 95%ETI = [-8.7
4.71%) or anodal tDCS in either carriers (B =3.4% 95%ETI=[-3.2 9.5]%) or non-carriers (B=0.6% 95%
ETI=[-3.4 4.8]%). Finally, we performed additional saccade and visuomotor adaptation experiments
(N =72) to investigate the general role of BDNF Val66Met in cerebellum-dependent learning and found
no difference between carriers and non-carriers for both saccade (B = 1.0% 95%ETI=[-8.6 10.6]%) and
visuomotor adaptation (B =2.7% 95%ETI = [-2.5 7.9]%).

Conclusions: The specific role for BDNF Val66Met in eyeblink conditioning, but not vestibulo-ocular
reflex adaptation, saccade adaptation or visuomotor adaptation could be related to dominance of the
role of simple spike suppression of cerebellar Purkinje cells with a high baseline firing frequency in
eyeblink conditioning. Susceptibility of non-carriers to anodal tDCS in eyeblink conditioning might be
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explained by a relatively larger effect of tDCS-induced subthreshold depolarization in this group, which
might increase the spontaneous firing frequency up to the level of that of the carriers.
© 2018 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Over the past decade, cerebellar transcranial direct current
stimulation (tDCS) has been reported to enhance motor associative
learning [1] and motor adaptation [2—10] (see Ref. [11] for a review
of the technical details), holding promise for patients with move-
ment disorders [12]. However, cerebellar tDCS effects are incon-
sistent across the literature, as recent studies failed to replicate
initial behavioral benefits [13—15]. This could mean that the
behavioral gains reported in earlier studies result from chance and/
or that determinants predicting successful tDCS are incompletely
understood. Genetic differences between individuals might influ-
ence (1) the background performance level and therefore the po-
tential to improve with tDCS [16] or (2) the susceptibility to tDCS.
Therefore, to increase predictability of cerebellar tDCS effectiveness
it is important to identify factors which modify treatment success
[17], like genetic variants.

The common [18,19] BDNF Val66Met polymorphism, which
decreases activity-dependent BDNF release [20], is a candidate
determinant of cerebellar tDCS effectiveness, because (1) the
polymorphism is associated with motor skill learning ability [21,22]
and (2) BDNF is thought to mediate tDCS effects on synaptic plas-
ticity and motor skill learning [22]. Since BDNF supports long-term
potentiation [22,23] and formation of inhibitory synapses [24],
Val66Met carriers have subtle behavioral alterations such as
decreased memory [20], slowed motor skill learning [21,22] and
more pronounced fear conditioning [25]. In addition, in mouse
cortical brain slices, concurrent DCS and synaptic activation only
leads to long-term potentiation when BDNF is not knocked out or
blocked [22], suggesting that Val66Met carriers may benefit less
from tDCS. However, whether BDNF Val66Met interacts with
cerebellar tDCS in cerebellum-dependent motor learning has not
yet been investigated.

Eyeblink conditioning and vestibulo-ocular reflex (VOR) adap-
tation are particularly well-characterized cerebellum-dependent
learning tasks for which positive effects of cerebellar tDCS have
been found. Eyeblinks are protective eyelid closures against dam-
age to the cornea. They can be activated in response to predictive
neutral cues such as auditory tones. This learned motor association
is made in a relatively simple circuitry involving the interposed
nucleus and lobule VI of the cerebellum [26—29] and extracer-
ebellar areas in the hippocampus and amygdala [30—34]. Eyeblink
conditioning is mediated by a sudden, carefully timed decrease in
simple spike activity of cerebellar Purkinje cells that fire at a rela-
tively high spontaneous firing frequency [28,35,36]. Zuchowski
et al. found an increase in eyeblink conditioning with anodal tDCS
and a decrease with cathodal tDCS [1], which is in line with the
concept that in eyeblink conditioning Purkinje cells should operate
at a sufficiently high simple spike firing frequency during sponta-
neous activity, because anodal tDCS is supposed to increase the
baseline firing frequency of neurons [37—40]. The VOR generates
eye movements opposite in direction, but with identical speed as
head rotation to stabilize objects of interest on the retina. Changes
in the environment or the body can make this relation inappro-
priate and result in retinal slip [41]. Retinal slip will recruit adaptive
mechanisms in the cerebellar flocculus and downstream vestibular
nuclei to increase (gain-increase adaptation) or decrease eye (gain-

decrease adaptation) movement velocity and regain foveal stabili-
zation [42—48]. VOR gain-decrease adaptation, which will be
studied in this paper, is mediated by decreased velocity sensitivity
of neurons in vestibular nuclei, at least partially induced by plas-
ticity mechanism involving floccular Purkinje cells [44—47].
Recently, anodal cerebellar DCS during VOR adaptation was found
to enhance learning rate of a gain-decrease paradigm in mice [9].
Therefore, eyeblink conditioning and VOR adaptation are two
cerebellum-dependent, but fundamentally different tasks, which
entail different cellular mechanisms, and which concern concep-
tually different paradigms in that conditioning implies learning
new associations, whereas adaptation involves recalibrating and
optimizing existing behavior.

The primary aim of this study was to investigate the interaction
between BDNF Val66Met and cerebellar tDCS in eyeblink condi-
tioning and VOR adaptation. To this end, we undertook two studies
in genotyped subjects who received cerebellar tDCS and performed
either an eyeblink conditioning task (N =117, between-subjects
design) or a VOR adaptation task (N = 51, within-subjects design).
Based on motor skill learning studies [21,22], we expected faster
learning for non-carriers in both tasks and therefore a more pro-
nounced effect of cerebellar tDCS in carriers. Based on fear condi-
tioning studies [25], we expected faster learning for carriers in the
eyeblink conditioning task, which depends on the amygdala as well
as the cerebellum, but not in the VOR adaptation task and therefore
a more pronounced effect of cerebellar tDCS on eyeblink condi-
tioning in non-carriers. In addition, we performed control experi-
ments to evaluate the role of BDNF Val66Met in saccade and
visuomotor adaptation.

Materials and methods
Subjects

Healthy right-handed, defined as having an Edinburgh hand-
edness inventory score [49] larger than zero, individuals partici-
pated in the eyeblink conditioning (genetic analysis failed in 3/120
subjects leaving 117 for analysis) and VOR adaptation studies (ge-
netic analysis failed in 4/55 subjects leaving 51 for analysis) (see
Table 1). 9/51 subjects dropped out before the second VOR session
but the available data of the first session was included in the
analysis. The experiments were approved by the Erasmus MC
medical ethics committee and performed in accordance with the
Declaration of Helsinki.

Cerebellar tDCS

Cerebellar tDCS was delivered through two saline-soaked
5 x 5cm sponge electrodes (DC stimulator, NeuroConn GmbH,
IImenau, Germany) placed on the right side of the scalp, 3 cm
lateral to the inion (target electrode) and on the ipsilateral bucci-
nator muscle (reference electrode). This electrode configuration is
the standard for cerebellar tDCS in motor learning tasks [1—5,10]
and is supported by electrophysiological [50] and modeling studies
[51]. In the active conditions, we applied 2 mA anodal or cathodal
tDCS during 20 min for the eyeblink conditioning experiment
(similar to: [14]) and 2 mA anodal tDCS during 15 min for the VOR
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Table 1

Subject characteristics for the eyeblink conditioning, VOR adaptation, and saccade and visuomotor adaptation tasks. M = mean; S = standard deviation.

Paradigm Group Gender (%Male) Age (M+S) Ethnicity (¥Western-European) Edinburgh handedness inventory (M +S)
Eyeblink conditioning (N=117) Sham (N =39) 41 215+28 85 79.4+20.2
Carriers (N=16) 31 213+24 81 83.0+18.0
Non-carriers (N=23) 48 21.7+£3.2 87 76.5+21.8
Anodal (N = 40) 40 206+25 85 76.8+19.5
Carriers (N=17) 35 208+29 82 69.5 +22.7
Non-carriers (N=23) 43 204 +2.2 87 80.7 +16.5
Cathodal (N =38) 42 209+24 82 753+17.1
Carriers (N = 14) 57 214+25 79 723 +£19.8
Non-carriers (N=24) 33 206+24 83 77.0+16.3
VOR adaptation (N=51) Carriers (N =18) 11 21.8+3.1 89 77.5+24.5
Non-carriers (N=33) 42 21.7+27 82 74.8 +15.1
Saccade adaptation and visuomotor Carriers (N = 25) 40 216+20 87 822+ 156
adaptation (N =72) Non-Carriers (N=47) 38 21.1+25 91 79.0+17.9

adaptation experiment (most commonly used duration: [52]). In
the sham condition, 2 mA anodal or cathodal tDCS was delivered for
only 30 s, which is an effective method for blinding subjects [53]. In
both the active and sham condition, current amplitude was
increased and decreased in a ramp-like fashion over 30 s according
to a well-established protocol [2]. Experimenters were blinded
using a list of stimulation codes corresponding with sham or active
stimulation. This list was semi-randomized, balancing the number
of subjects in each condition.

Genetics

The BDNF Val66Met polymorphism (rs6265) was genotyped
using TagMan assays as described before [54]. Subjects with at least
one Met allele were termed “carriers”, others “non-carriers”.

Eyeblink conditioning

Eyeblink conditioning was studied by presenting an auditory
tone (conditioned stimulus) shortly before applying an air puff to
the eye (unconditioned stimulus) [55,56], similar to Zuchowski
et al. [1]. Over trials, subjects learn to predict the air puff from the
tone and close the eyelid before the puff reaches the cornea. We
chose a between-subject design for this task, even though a within-
subject design could have removed between-subject variability,
because the motor memory in eyeblink conditioning is retained for
a long time [57]. Furthermore, we included anodal as well as
cathodal tDCS because both have been found to modulate eyeblink
conditioning [1].

We used a SheBot system (Neurasmus, Rotterdam, The
Netherlands [58]) controlled by a custom-built LabVIEW program
(National Instruments Corporation, Austin, Texas, United States) to
provide precisely timed (1) auditory tones via a headphone and (2)
air-puffs via a nozzle placed 15 mm from the lateral corner of the
eye. Eyelid closures were recorded with a small magnet on the
upper eyelid and a sensor slightly below the eye [58]. During the
experiment, subjects watched the movie “A Beautiful Mind” (Uni-
versal Pictures, 2005, Internet Movie DataBase #tt0268978) with
audio but without subtitles.

The experiment consisted of unconditioned stimulus trials,
conditioned stimulus trials and paired stimulus trials (see Fig. 1A).
The experiment started with a baseline measurement (B)
comprised of ten unconditioned stimulus trials and ten conditioned
stimulus trials, followed by ten learning measurements (L1-L10)
consisting of ten paired trials, one unconditioned stimulus trial and
one conditioned stimulus trial (Fig. 1B). For each measurement, trial
order and trial interval (ranging from 20 to 35s) were pseudo-
randomized. Cerebellar tDCS or sham stimulation started with L1.

Eyeblink data was automatically processed using a custom
MATLAB program (The MathWorks Inc., Natick, Massachusetts,
United States) (see Fig. 1E). First, trials were low-pass filtered with a
zero-phase 6th order Butterworth filter using a 100 Hz cut-off
frequency. Subsequently, trials were divided in four time win-
dows: (1) a baseline window; (2) a short-latency response window;
(3) a conditioned response window; and (4) an unconditioned
response window. Peak time (ms) occurred at maximum eyelid
closure in the conditioned or unconditioned response window.
Peak amplitude (mV) was the difference between the eyelid signal
at peak time and the mean eyelid signal in the baseline window.
Eyeblink onset (ms) occurred at the last time point when the eyelid
signal was smaller than 7.5% of the peak amplitude. The analysis
was robust to small changes in the peak amplitude threshold. Trials
were classified by the window that contained the eyeblink onset.
Short-latency response and baseline responses were counted as
invalid trials.

The learning parameter for this experiment was the percentage
of conditioned responses in the last six learning blocks L5-L10. That
is, the number of conditioned responses divided by the total
number of conditioned and unconditioned responses in the 60
paired trials of the learning measurements L5-L10 multiplied by
100 (0 =no conditioning; 100 = complete conditioning). In addi-
tion, we investigated the short-latency responses as a percentage of
the sum of conditioned responses, unconditioned responses and
short-latency responses (short-latency response fraction).

VOR adaptation

VOR adaptation was studied by directly coupling head rotation
to visual display rotation, which requires suppression of the reflex
to minimize retinal slip [59—61], similar to an animal study per-
formed by Das et al. [9]. In contrast to the eyeblink conditioning
experiment, we chose a within-subject design as the motor mem-
ory is expected to last no more than three days [62—64]. Both
stimulation sessions were separated by at least 7 days to ensure
wash-out of the cerebellar tDCS [65,66] and VOR adaptation effects
[62—64] of the first session. Furthermore, we did not include a
cathodal condition to limit the number of experimental conditions
for our subjects.

Subjects were seated in a rotational chair placed 224 cm in front
of a wide translucent screen (235 cm x 170 cm). Head position was
fixed relative to the chair with a bite-board (Dental Tecno Benelux,
Ede, Netherlands). Chair rotation frequency was set to 0.295 Hz
with an amplitude of 12° around the vertical axis, resulting in a
peak angular velocity of 22.2°/s (similar to [67]). Two-dimensional
binocular eye movements were recorded using infrared video-
oculography (EyeLink I, SR Research, Ontario, Canada [68]). An
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Fig. 1. Experimental procedures and data-analysis for eyeblink conditioning and VOR adaptation.

tDCS = transcranial direct current stimulation; VOR = vestibulo-ocular reflex; VVOR visually-enhanced vestibulo-ocular reflex.

A. Eyeblink conditioning set-up. The experiment consisted of unconditioned stimulus trials (red line), conditioned stimulus trials (blue line) and paired stimulus trials (green line).
During each trial, eyelid movements were recorded for 3 s. For the unconditioned stimulus trials, an air puff (3 bar at source, 100 ms duration) was delivered from 1750 until 1850 ms
after recording onset. For the conditioned stimulus trials, a tone (650 Hz, 75 dB, 540 ms duration) was played from 1310 ms until 1850 ms after recording onset. In paired stimulus
trials, subjects received both the tone and the air puff, which overlapped for 100 ms. B. Eyeblink conditioning experimental design. The experiment started with a baseline
measurement (B) comprised of ten unconditioned stimulus trials (red lines) and ten conditioned stimulus trials (blue lines), followed by ten learning measurements (L1-L10)
consisting of ten paired trials (green lines), one unconditioned stimulus trial (red lines) and one conditioned stimulus trial (blue lines). C. VOR adaptation set-up. The experiment
consisted of VOR trials (red line), VOR adaptation trials (blue lines) and VVOR trials (green line). During VOR measurements, subjects were asked to keep their eyes fixated at the
middle of the screen during rotation in total darkness for 40 s. Rotation of the chair was paused for 30 s before each VOR measurement. During VVOR trials, subjects were rotated for
1 min while the movie was projected stationary on the middle of the screen. During VOR adaptation trials, the projection was rotated for 60 min with identical phase and amplitude
as the chair. D. VOR adaptation experimental design. The experiment started with two baseline VOR trials (red lines, measurements B1 and B2), separated by a single VVOR trial
(green line). Subsequently, subjects underwent a single VOR adaptation trial (blue line) and two VOR trials (red lines, measurements L1 and L2). E. Eyeblink conditioning analysis.
Each trial (green line) was divided into (I) a baseline window of 150 ms before the start of the conditioned stimulus from tgeare = 1160 ms until tenq = 1310 ms; (II) a short-latency
response window of 150 ms after the start of the conditioned stimulus from tga;¢ = 1310 ms until tenq = 1460 ms; (III) a conditioned response window of 290 ms before the start of
the unconditioned stimulus from tg,+ = 1460 ms until tepg = 1750 ms; and (IV) an unconditioned response window of 250 ms after the start of the unconditioned stimulus from
tstart = 1750 ms until teng = 2000 ms. Trials were classified as the window that contained the eyeblink onset. F. VOR adaptation analysis. Forty-second eye velocity signals were cut
into eleven rotations (brown line) of 3.39s, aligned in time and fitted with a sine wave (green line) of the same frequency to extract the amplitude (red arrow).

episode of “How I Met Your Mother” with audio but without sub- Trial types included VOR, visually-enhanced vestibulo-ocular
titles (Twentieth Century Fox Film Cooperation, 2005, Internet reflex (VVOR) trials and VOR adaptation trials (see Fig. 1C). The
Movie DataBase #tt0460649) was back-projected (Infocus LP 335, experiment started with two baseline VOR trials (measurements B1
Portland, Oregon, United States) onto the translucent screen (size and B2), separated by a single VVOR trial. Subsequently, subjects
104 x 74 cm) via rotatable mirrors (model number 6900, Cam- underwent a single VOR adaptation trial and two VOR trials
bridge Technology, Cambridge, United Kingdom). (measurements L1 and L2) (Fig. 1D).
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A-D. Histograms of the learning parameter for eyeblink conditioning (A), VOR adaptation (B), saccade adaptation (C) and visuomotor adaptation (D). The red Gaussians show the
unimodal distributions. The green Gaussians the bimodal distribution.

Table 2

Mixture model results. The learning parameters for eyeblink conditioning, VOR adaptation, saccade adaptation and visuomotor adaptation were modeled with (1) a single
normal distribution and (2) a learner/non-learner model composed of a mixture of two normal distributions. We compared model fit with the DIC, with lower DICs indicating
better model fits. Eyeblink conditioning was best captured with a learner/non-learner model, whereas the adaptation paradigms were best described with a single group
model. DIC = deviance information criterion, L = learner, M = mean, NL = non-learner, S = standard deviation.

Single group Learner/non-learner

DIC M S DIC Py MnL SnL P M, S
Eyeblink conditioning 1121 46.8 28.8 1067 38.4 14.2 8.0 61.6 67.2 14.7
VOR adaptation 384 29.1 103 416 69.5 26.3 7.0 30.5 38.5 10.5
Saccade adaptation 635 55.9 19.6 695 40.1 452 15.4 59.9 60.7 14.1
Visuomotor adaptation 548 71.0 10.7 603 50.2 66.5 5.7 49.8 77.8 6.6

Table 3

Linear and logistic regression models. VOR adaptation, saccade adaptation and visuomotor adaptation were best modeled as a single group (see Table 2) and therefore further
analyzed with a linear regression of the learning parameter of all subjects. Eyeblink conditioning was best captured with a learner/non-learner model and therefore analyzed
both with a logistic regression for the probability of being a learner and a linear regression for the learning parameter of the learner group. B = correlation coefficient,
OR = odds ratio.

Paradigm Model Factor OR B

Eyeblink conditioning Single group Carrier - 18.8 [2.3 35.3]
Anodalcyrrier — —0.7 [-18.6 17.2]
Anodalnon-carrier - 18.0 [2.6 33.3]
Cathodalcarrier - 1.2 [-17.7 19.9]
Cathodalnon-carrier — 23[-13.017.5]

Learner/non-learner Carrier 4.2 [1.1 19.8] 29[-8.514.5]

Anodalcarrier 0.8 [0.1 3.9] 1.0 [-10.2 12.1]
Anodalnon-carrier 2.5[0.8 8.9] 11.9 [0.8 23.0]
Cathodalcagrier 1.2 0.2 8.3] -1.4[-12.8 10.0]
Cathodalnon-carrier 1.3 [0.4 4.3] -1.7[-13.29.9]

VOR adaptation Single group Carrier — -2.0[-8.74.7]
Anodalcarrier - 34[-3.295]
Anodalyon-carrier — 0.6 [-3.4 4.8]

Saccade adaptation Single group Carrier — 1.0 [-8.6 10.6]

Visuomotor adaptation Single group Carrier - 2.7[-2579]
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Eye movement data was processed in MATLAB (The MathWorks
Inc., Natick, Massachusetts, United States) (see Fig. 1F). Eye velocity
gains were calculated per subject, eye and measurement (B1-2 and
L1-2) according to the following procedure. First, saccades and
eyeblinks were removed from the horizontal eye position using an
internal Eyelink routine. Subsequently, the horizontal eye position
was smoothened and differentiated with a Savitzky-Golay filter
(third order polynomial, 10 Hz critical frequency) to obtain an eye
movement velocity signal (°/s). Eleven rotations of 3.39 s from this
40-second velocity signal were aligned in time and fitted with a
sine wave of the same frequency. Fitted velocity amplitudes (°/s) of
left and right eye velocity signals were combined for each block by
weighing with the number of recorded data points. Finally, all
amplitudes were divided by the mean amplitude in B1 and B2
resulting in a normalized gain.

The learning parameter for this experiment was one minus the
average amplitude of learning measurements L1 and L2 multiplied
by 100 (0 = no adaptation; 100 = complete adaptation).

Saccade adaptation

Saccade adaptation was studied by relocating a target in an in-
ward direction during a saccade to induce a post saccadic error
[69—71]. Over trials, subjects learn to decrease the size of their
saccades to compensate for these target jumps.

Subjects were seated in front of a monitor covered with a red
filter (53 cm width, 1280 x 1024 pixel resolution) in a completely
dark room. Steady head position was maintained using a chin rest
at a fixed viewing distance of 82 cm. Eye movements were recorded
binocularly at 250 Hz by means of video-oculography (EyeLink II, SR
Research, Ontario, Canada).

Task design was similar to Avila et al. [6], but with smaller
amplitude saccades (10° rather than 20°) to reduce the occurrence
of two-step saccades. The trial types were unperturbed and per-
turbed trials (see Fig. 6A). The experiment included baseline mea-
surements of 50 unperturbed trials (measurements B1-50),
followed by learning measurements of 150 perturbed trials (mea-
surements L1-150) (see Fig. 6B).

Saccade amplitudes were calculated using an internal Eyelink
routine. All amplitudes were divided by 10° to calculate normalized
gains and corrected for an offset by subtracting the median
amplitude of the baseline measurements. The learning parameter
was defined as the quotient of 1 minus the median of L150-200, and
the perturbation size 0.3.

Visuomotor adaptation

Reaching movement adaptation to visual mismatches was
studied with visuomotor adaptation, wherein visual feedback of
hand location is rotated with respect to actual reaching movement
[72—74]. Subjects adjust their movement based on this visual
mismatch by changing the angle of their reaches.

Subjects were seated in front of a vertical monitor (48 cm width,
1280 x 1024 pixel resolution, distanced 60 cm from the subjects)
while holding a robotic handle in their right hand (custom-made,
see Ref. [75]) which recorded hand position and velocity. To remove
direct visual feedback of hand position, subjects wore an apron that
was attached to the table around their neck.

Task design was similar to Galea et al. [2]. The trial types were
unperturbed trials and perturbed trials (see Fig. 6C). The experi-
ment design included baseline measurements of unperturbed trials
(measurements B1-192) and learning measurements of perturbed
trials (measurements L1-200) (see Fig. 6D). Order of the visuomotor
and saccade adaptation experiments was counterbalanced across
subjects.

Visuomotor adaptation data was processed using MATLAB (The
MathWorks Inc., Natick, Massachusetts, United States). From each
trial, we extracted movement start, defined as the time point when
movement velocity exceeded 0.03 m/s, and movement end, defined
as the moment when displacement from origin was equal to or
larger than 9.5 cm. Aiming direction was calculated as the signed
(+or -) angle in degrees between the vector connecting origin and
target and the vector connecting the positions of the manipu-
landum at movement start and movement end. The clockwise di-
rection was defined as positive. Aiming directions more than 30°
away from the median of an epoch of 8 trials across all subjects,
were removed from further analysis.

The learning parameter for this experiment was the negative
average of L9 through L88 divided by the perturbation size of 30°
(similar to Galea et al. [2]).

Statistics

We used a two-step approach to data-analysis of the learning
parameter.

First, we investigated whether the distribution of the learning
parameter was best captured by either a single normal distribution
(unimodal) or a mixture of two normal distributions (bimodal). The
latter distribution could arise if one group of subjects is able to
learn the task (learners) whereas the other group is not (non-
learners). For this analysis, we used a Bayesian Gaussian mixture
model fitting one or two normal distributions to the learning
parameter (averaged across stimulation conditions for the VOR
adaptation experiment), with a beta prior for the probability of
being a learner or a non-learner. We set the lower limit on the prior
probability of being a learner or non-learner to 0.15 and the upper
limit to 0.85 to neglect clusters smaller than 15% of the total pop-
ulation. Quality of the two models was compared for each paradigm
with the deviance information criterion (DIC) according to [76],
which rewards high likelihood and penalizes model complexity.

Second, in case the learning parameter was best captured by a
unimodal distribution, the learning parameters of all subjects were
studied with a ‘single group’ Bayesian linear regression model
(independent variables described below). However, if the learning
parameter was best captured by a bimodal distribution, we per-
formed a ‘learner/non-learner’ regression analysis as the main
analysis, and reported the ‘single group’ analysis for transparency
purposes. For the ‘learner/non-learner’ analysis, we labeled the
subjects as “learners” and “non-learners” based on the group the
subjects were assigned to most in the mixture model and calcu-
lated (1) a Bayesian logistic regression model for the probability of
being a learner, and (2) a Bayesian linear regression model for the
learning parameter of the “learners” only (independent variables
described below). For eyeblink conditioning (between-subjects),
the regression model contained the independent variables “car-
rier”, “anodalcarrier”, “anodalnon-carrier’» “cathodalcarrier” and “cath-
odalnon-carrier”- For VOR adaptation (within-subjects), the
regression model contained the independent variables “carrier”,
“anodalcarrier” and “anodalnon-carrier”-

The short-latency response fraction was analyzed by fitting beta
distributions to the carriers and non-carriers and calculating the
difference in group means. It was necessary to use beta distribu-
tions because short-latency response fraction was heavily skewed
towards zero.

Analysis for the saccade and visuomotor adaptation studies was
similar to the eyeblink conditioning and VOR adaptation experi-
ments with “carrier” as the independent variable.

Results for the linear and logistic regressions are reported as the
mean regression coefficient with 95% equally-tailed intervals (ETIs).
Results for the direct comparison of beta distributions are
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A-B Histograms for the short-latency response fraction in carriers (A) and non-carriers (B).

presented as the mean difference between carriers and non-
carriers with 95%ETIs. An effect size is considered significant if
the ETI does not overlap with zero. All analyses were performed
using three chains with 50,000 samples each and 20,000 burn-in
samples in Openbugs version 3.2.3 (Openbugs foundation).
Missing values are automatically handled by the Bayesian analysis
and do not contribute to the posterior estimates of the model pa-
rameters [77]. Group results are described with medians and
interquartile ranges.

Sample size calculation

We powered the eyeblink conditioning and VOR adaptation
studies to find a positive effect of anodal cerebellar tDCS in the
smaller non-carrier group (estimated as 30% of the population
[18,19]). Based on [21,22], BDNF Val66Met carriers were predicted
to learn 50% less than non-carriers. All power analyses included a
drop-out rate of 10%. For eyeblink conditioning, tDCS effect sizes
were based on [1] (Banodal, carrier=30%, Bcathodal, carrier=-30%; pop-
ulation standard deviation of 20%). We estimated 35 subjects per
group would give >90% power and included 40 subjects per group.
For VOR adaptation, tDCS effect size was based on [2,61] (Banodal,
carrier=15%, within-subject standard deviation of 15%). We esti-
mated a group size of 50 subjects would give >90% power and
included 55 subjects. The saccade and visuomotor adaptation
studies were powered to find a Bcarrier = 10% given a population
standard deviation of 10% and included 75 subjects.

Results
Eyeblink conditioning

We found that eyeblink conditioning was best captured with a
bimodal distribution of the learning parameter (see Fig. 2A and

Short—Latency Response Fraction (%)

Table 2), which is line with a recent study [78]. The main statistical
analysis was therefore based on the ‘Learner/non-learner model’
and the results are presented in Table 3 (‘Learner/non-learner
model’) and Fig. 3F—L. We found that whereas the learning
parameter was similar for carriers and non-carriers (see Fig. 3F—G
and Table 3), the percentage of learners was higher for carriers than
for non-carriers (see Fig. 3H and Table 3). In the carrier group,
neither anodal tDCS nor cathodal tDCS affected the learning
parameter compared with sham (see Fig. 31 and K and Table 3).
Similarly, neither anodal tDCS nor cathodal tDCS affected the per-
centage of learners compared with sham (see Fig. 3L). In the non-
carrier group, anodal tDCS increased the learning parameter (see
Fig. 3]-K and Table 3) compared with sham, but not the percentage
of learners compared with sham (see Fig. 3L and Table 3). Cathodal
tDCS did not affect the learning parameter nor the percentage of
learners (see Fig. 3]—L and Table 3).

To give full data transparency, results of the ‘single group’
analysis are also presented in Table 3 (‘Single group model’) and
Fig. 3A—E. In line with the ‘Learner/non-learner’ analysis, we found
(1) an increase in the learning parameter for carriers compared to
non-carriers (see Fig. 3A—B and Table 3), (2) no effect of cerebellar
tDCS on the learning rate for carriers (see Fig. 3C,E and Table 3) and
(3) an increase in the learning parameter with anodal stimulation
for non-carriers (see Fig. 3D—E and Table 3).

There was no significant difference in the short latency response
fraction between non carriers and carriers (Mpon-carrier -~ Mcar-
rier = —1.2% 95%ETI = [-3.3—0.6]%) (see Fig. 4).

VOR adaptation

The learning parameter for VOR adaptation was best described
by a unimodal distribution (see Fig. 2B and Table 2). We therefore
performed the statistical analysis based on the ‘single group’ model
only (see Fig. 5 and Table 3).

cathodal tDCS (n = 24). E. Overall whisker plots of the learning parameter for carriers and non-carriers receiving sham, anodal or cathodal tDCS.

F-L. Plots showing learners only.

F. Learning curves for carriers (n = 35) and non-carriers (n = 37) who were classified as learners. G. Whisker plots of the learning parameter for carriers and non-carriers who were
classified as learners. H. Bar graphs of the proportion of learners in the carrier and non-carrier group. I. Learning curves for carriers who were classified as learners and received
sham (n = 12), anodal (n = 12) or cathodal tDCS (n = 11). J. Learning curves for non-carriers who were classified as learners and received sham (n = 10), anodal (n = 15) or cathodal
tDCS (n = 12). K. Whisker plots of the learning parameter for carriers and non-carriers receiving sham, anodal or cathodal tDCS who were classified as learners. L. Bar graphs of the
proportion of learners for carriers and non-carriers receiving sham, anodal or cathodal tDCS.
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Fig. 5. Role of BDNF Val66Met and cerebellar tDCS in VOR adaptation.

A-C. Learning curves for (A) carriers and non-carriers, averaged over the two tDCS conditions, (B) carriers receiving sham and anodal tDCS and (C) non-carriers receiving sham and
anodal tDCS. D-F. Learning parameters for (D) carriers and non-carriers, averaged over the two tDCS conditions, (E) carriers receiving sham and anodal tDCS and (F) non-carriers

receiving sham and anodal tDCS.

The learning parameter was similar for carriers and non-carriers
(see Fig. 5A and C and Table 3). In carriers, no effect of anodal tDCS
was found compared with sham (see Fig. 5B and E and Table 3).
Similarly, in non-carriers, no effect of anodal tDCS was found
compared with sham (see Fig. 5C and F and Table 3).

Saccade adaptation and visuomotor adaptation

To further investigate whether a role for BDNF Val66Met is ab-
sent in cerebellum-dependent motor adaptation, we performed
additional saccade and visuomotor adaptation tasks. Genetic
analysis failed in 3/75 individuals leaving 72 for analysis.

The learning parameters of saccade and visuomotor adaptation
were best described by a unimodal distribution (see Fig. 2C—D and
Table 2) and therefore analyzed with the ‘single group’ model only.
For saccade adaptation, no difference was found for the learning
parameter between carriers and non-carriers (see Fig. 6 E—F and
Table 3). Similarly, for visuomotor adaptation, no difference was
found for the learning parameter between carriers and non-carriers
(see Fig. 6 G—H and Table 3).

Discussion
Role of BDNF Val66Met in cerebellum-dependent learning

The higher proportion of eyeblink conditioning learners in car-
riers compared to non-carriers could depend on modulation of
cerebellar activity. Within the cerebellum, BDNF released from
mossy fibers [24] may control the response of both granule cells
and Purkinje cells to GABA [79] and thereby keep baseline simple
spike firing frequency and the potential for conditioning within
normal limits. Carriers of the BDNF Val66Met polymorphism on the

other hand are expected to have an altered granule and Purkinje
cell response to GABA, which may increase baseline simple spike
firing frequency allowing for stronger disinhibition of cerebellar
nuclei neurons and faster eyeblink conditioning [80]. Why then
does the polymorphism not affect adaptation? Learning mecha-
nisms for gain-decrease VOR adaptation, gain-decrease saccade
adaptation and visuomotor adaptation are believed to depend more
on synaptic plasticity in cerebellar and vestibular nuclei rather than
the cerebellar cortex, and might be less directly related to baseline
simple spike firing frequencies [44—48,81,82].

Alternatively, BDNF Val66Met might also influence other brain
regions that are involved in eyeblink conditioning, like the amgy-
dala [30—34] and the hippocampus [30]. We did not find a differ-
ence in short latency responses between carriers and non-carriers,
which makes a direct effect of the amygdala unlikely [31]. However,
it has been suggested that the amygdala can enhance eyeblink
conditioning indirectly, by modulating the saliency of the condi-
tioned stimulus [34]. In contrast, the hippocampus is believed to
inhibit eyeblink conditioning [30]. Indeed, lower BDNF concentra-
tions in the mouse hippocampus have been associated with faster
eyeblink conditioning [83]. Furthermore, BDNF Val66Met carriers
show stronger cued fear conditioning, with decreased activity in
the hippocampus and increased activity in the amygdala [25]. This
extracerebellar hypothesis is also compatible with the null effect of
BDNF Val66Met in the adaptation tasks, which do not depend on
the hippocampus or amygdala [41,84].

The relevance of BDNF Val66Met for eyeblink conditioning
might extend to other cerebellum-dependent modalities of motor,
emotional and cognitive associative learning [85] and pathologies
of cerebellum-dependent associative learning such as schizo-
phrenia [86,87].
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Fig. 6. Role of BDNF Val66Met in saccade and visuomotor adaptation.

A. Saccade adaptation set-up. Subjects were instructed to look at the origin (red circle 0.25° of visual angle radius) displayed on a black background, 5° of visual angle left of the center
of the screen. After a uniformly distributed random delay between 400 and 1400 ms, the origin disappeared and a target (red circle 0.25° of visual angle radius) appeared 5° of visual
angle right of the center of the screen. Saccades were detected online using a velocity threshold of 60°/s and a boundary threshold of 1.2° to the right of the fixation position. If no
saccade was detected after 500 ms, the screen was blanked for 500 ms and the trial was restarted showing the origin. The duration of one trial was 3000 ms. In unperturbed trials (red
line), the target was shown at a fixed location 10° to the right of the origin from presentation start until trial end. In perturbed trials (blue line), the target was displaced 3° of visual
angle inward as soon as a saccade was detected i.e., during the saccade. B. Saccade adaptation experimental design. The experiment included baseline measurements of 50 unper-
turbed trials (red line, B1-50), followed by learning measurements of 150 perturbed trials (green line, L1-150). C. Visuomotor adaptation set-up. Subjects were instructed to make
straight rapid shooting movements from the origin towards the target. A trial started when the cursor (position of robotic handle; green circle 2 mm radius) was within 0.5 cm of the
origin (red circle 2 mm radius) for 1 s, with the appearance of the target (red circle 2 mm radius) at one of 8 positions. A trial ended when the robotic handle passed an (invisible) circle
with 10 cm radius around the origin or trial duration exceeded 2 s. At this point, the cursor was shown at its last position until the start of the next trial and the movement was
dampened. Color cues were given to keep movement velocity in a tight range (blue when too slow >600 ms; yellow when too fast <400 ms; green when correct 400—600 ms). The
cursor reappeared at its measured position when located 0.5 cm from the origin. In unperturbed trials (red lines), the cursor was shown at the location of the robotic handle while in
perturbed trials (green lines) cursor position was rotated 30° clockwise around the origin with respect to manipulandum position. D. Visuomotor adaptation experimental design. The
experiment design included baseline measurements of unperturbed trials (red line, B1-192) and learning measurements of perturbed trials (green line, L1-200). E. Role of BDNF
Val66Met in saccade adaptation. Learning curves (left column) and learning parameters (right column) for carriers of the BDNF Val66Met polymorphism (green) and non-carriers
(red). F. Role of BDNF Val66Met in visuomotor adaptation. Learning curves (left column) and learning parameters (right column) for carriers of the BDNF Val66Met polymorphism
(green) and non-carriers (red).
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Mechanisms of cerebellar tDCS

The interaction between cerebellar tDCS and BDNF Val66Met in
eyeblink conditioning might point to a common effect on simple
spike firing frequency. Anodal tDCS only increases eyeblink con-
ditioning in non-carriers, who learn more slowly and have higher
activity-dependent BDNF release. However, it seems unlikely that
the effect of anodal tDCS in the cerebellum is mediated by BDNF
release, as has been suggested for the motor cortex [22], because
this would decrease rather than increase the eyeblink conditioning
response. Rather, we expect anodal tDCS to directly modulate the
baseline simple spike firing frequency of cerebellar neurons
through subthreshold depolarization [36,37,39,40,88,89]. Carriers
might be less sensitive to subthreshold depolarization, because
baseline firing frequency is already increased (1) as a direct result of
diminished BDNF release or (2) as a result of stronger excitation by
the amygdala. In contrast, no effect of cerebellar tDCS on VOR
adaptation was found for either carriers or non-carriers, which
might be related to a minor role for simple spike firing in VOR
adaptation compared to eyeblink conditioning [46,48]. Alterna-
tively, the cerebellar flocculus, which is involved in VOR adaptation
is located deeper in the cerebellum than Lobule VI, which is
involved in eyeblink conditioning, and the local electric field
strength [51] might therefore be insufficient for cerebellar tDCS to
have an effect. Modeling-based approaches are necessary to further
explore this open question [12].

The complex interaction between (1) cerebellar tDCS, (2)
anatomical substrates and neurophysiological mechanisms of mo-
tor learning, and (3) genetic factors requires detailed animal studies
combining electrophysiological and behavioral experiments to
further develop cerebellar tDCS as a neuromodulatory technique.

Variable results of cerebellar tDCS

The interaction between BDNF Val66Met and anodal tDCS might
explain some of the inconsistency in cerebellar tDCS literature. The
null result for anodal tDCS found by Beyer et al. compared with
increased eyeblink conditioning found by Zuchowski et al. [1]
might have resulted from a higher proportion of carriers in the
subject population of Beyer et al. [ 14]. However, decreased eyeblink
conditioning with cathodal tDCS [1] could only be explained from
our results by an uneven distribution of non-learners. In addition,
since no interaction between cerebellar tDCS and BDNF Val66Met
in VOR adaptation was found, as well as no direct effect of BDNF
Val66Met on VOR adaptation, saccade adaptation and visuomotor
adaptation, we do not think conflicting literature results in other
tasks, such as visuomotor adaptation [2,4,10,13], can be explained
by our results. Possibly, other individual determinants are impor-
tant in these tasks.

Careful characterization of genetic and other individual factors
will be necessary in future (pre)clinical studies of cerebellar tDCS to
decrease response variability and identify non-learners who do not
benefit from stimulation.
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