Received: 28 July 2018

Revised: 21 September 2018

Accepted: 17 October 2018

DOI: 10.1002/hbm.24448

RESEARCH ARTICLE

WILEY

Effects of antiepileptic drugs on cortical excitability in humans:
A TMS-EMG and TMS-EEG study

Ghazaleh Darmani® | Til O. Bergmann®? | Carl Zipser! | David Baur! |

Florian Miiller-Dahlhaus®?® | UIf Ziemann'

1Department of Neurology & Stroke, and
Hertie Institute for Clinical Brain Research,
University of Tubingen, Tlibingen, Germany

?|nstitute of Medical Psychology and
Behavioral Neurobiology, University of
Tubingen, Tubingen, Germany

3Department of Psychiatry and
Psychotherapy, University Medical Center
Mainz, Mainz, Germany

Correspondence

Prof. Ulf Ziemann, Department of Neurology &
Stroke, and Hertie Institute for Clinical Brain
Research, Eberhard-Karls-University of
Tubingen, Hoppe-Seyler-Str. 3, 72076,
Tubingen, Germany.

Email: ulf.ziemann@uni-tuebingen.de

Funding information
German Research Foundation, Grant/Award

Abstract

Brain responses to transcranial magnetic stimulation (TMS) recorded by electroencephalography
(EEG) are emergent noninvasive markers of neuronal excitability and effective connectivity in
humans. However, the underlying physiology of these TMS-evoked EEG potentials (TEPs) is still
heavily underexplored, impeding a broad application of TEPs to study pathology in neuropsychiatric
disorders. Here we tested the effects of a single oral dose of three antiepileptic drugs with specific
modes of action (carbamazepine, a voltage-gated sodium channel (VGSC) blocker; brivaracetam, a
ligand to the presynaptic vesicle protein VSA2; tiagabine, a gamma-aminobutyric acid (GABA) reup-
take inhibitor) on TEP amplitudes in 15 healthy adults in a double-blinded randomized placebo-
controlled crossover design. We found that carbamazepine decreased the P25 and P180 TEP
components, and brivaracetam the N100 amplitude in the nonstimulated hemisphere, while tiaga-
bine had no effect. Findings corroborate the view that the P25 represents axonal excitability of the
corticospinal system, the N100 in the nonstimulated hemisphere propagated activity suppressed by
inhibition of presynaptic neurotransmitter release, and the P180 late activity particularly sensitive

to VGSC blockade. Pharmaco-physiological characterization of TEPs will facilitate utilization of
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1 | INTRODUCTION

Many neuropsychiatric disorders are caused by or associated with
abnormal neuronal excitability and/or network connectivity. However,
it is still difficult to measure these abnormalities noninvasively. Tran-
scranial magnetic stimulation (TMS) evoked electroencephalographic
(EEG) potentials (TEPs) provide a relatively novel technique to test
excitability and connectivity of the human brain (Chung, Rogasch,
Hoy, & Fitzgerald, 2015; limoniemi et al., 1997; limoniemi & Kicic,
2010; Rogasch & Fitzgerald, 2013; Ziemann, 2011). However, the
physiological mechanisms underlying TEPs remain heavily underex-
plored impeding their clinical application, even though several studies
have used them to study a variety of patients, for instance with
epilepsy (Julkunen et al., 2013; Kimiskidis et al., 2017; Shafi et al.,
2015; Ter Braack, Koopman, & van Putten, 2016; Valentin et al.,
2008), traumatic brain injury (Bashir et al., 2012), multiple sclerosis

TMS-EEG in neuropsychiatric disorders with altered excitability and/or network connectivity.

brivaracetam, carbamazepine, electroencephalography, excitability, human cortex, tiagabine,

TMS-evoked EEG response, transcranial magnetic stimulation

(Zipser et al., 2018), stroke (Pellicciari et al., 2018), Alzheimer's disease
(Ferreri et al., 2016), or depression (Sun et al., 2016).

When TMS is applied to the primary motor cortex (M1) then a typi-
cal sequence of TEPs can be recorded that are named according to their
relative polarity and latency (in ms): P25, N45, P70, N100, and P180
(Bonato, Miniussi, & Rossini, 2006; Lioumis, Kicic, Savolainen, Makela, &
Kahkonen, 2009). One way to characterize the physiology of these
TEPs is to test their changes in healthy subjects under challenge with
central nervous system active drugs, which have specific modes action
(Ziemann et al., 2015). Neurotransmission through the gamma-butyric
acid type A (GABAA\) receptor contributes to the N45 potential because
positive modulators at the GABAA receptor, such as benzodiazepines
and zolpidem, and the SV2A ligand levetiracetam increased the N45
potential amplitude (Premoli et al, 2014; Premoli, Biondi, Carlesso,
Rivolta, & Richardson, 2017; Premoli, Costantini, Rivolta, Biondi, &
Richardson, 2017), whereas 544819, a specific antagonist of the alpha-5
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subunit bearing subtype of the GABAA receptor decreased it (Darmani
et al., 2016). Moreover, neurotransmission through the GABAB recep-
tor contributes to the N100 potential because baclofen, a specific ago-
nist at the GABAB receptor, increased the N100 potential amplitude at
the site of stimulation (Premoli, Castellanos, et al., 2014). Positive modu-
lators at the GABAA receptor resulted in a decrease of the N100 poten-
tial in frontal areas of the nonstimulated hemisphere, suggesting that
propagation of neuronal activity into areas remote from the stimulation
site is under the control of neurotransmission through the GABAA
receptor (Ferrarelli et al., 2010; Premoli, Castellanos, et al., 2014).
Finally, late TEP components, such as the P180 may be controlled by
axonal excitability, as the voltage-gated sodium channel (VGSC) blocker
lamotrigine resulted in a depression of the P180 amplitude (Premoli,
Costantini, et al., 2017).

Here we extend previous findings by studying the effects of carba-
mazepine (CBZ), brivaracetam (BRV) and tiagabine (TGB) on cortical
excitability and inhibition in healthy human subjects testing both TMS
evoked electromyographic (EMG) and TMS-EEG responses. Drugs were
chosen because of their common use as antiepileptic drugs and well-
defined specific modes of action: CBZ is a VGSC blocker (Macdonald,
1995), BRV decreases neuronal excitability primarily through selective
binding to the presynaptic vesicle protein SV2A (Klein, Diaz, Gasalla, &
Whitesides, 2018; Klitgaard et al., 2016), and TGB is a selective GABA
reuptake inhibitor (Suzdak & Jansen, 1995). Subjects received a single
oral dose of CBZ, BRV, or TGB in a double-blinded, randomized,
placebo-controlled crossover design. The study was exploratory but,
given the previous pharmaco-TMS-EEG data, we expected suppression
of the P180 under CBZ and, possibly, an increase of N45 under BRV,
although the detailed modes of action of BRV and levetiracetam are dif-
ferent, with levetiracetam but not BRV showing relevant inhibitory
action on glutamatergic neurotransmission through AMPA and NMDA
receptors (Lee, Chen, & Liou, 2009; Niespodziany et al., 2017).

We consider this work important to elucidate the physiological
underpinnings of TEPs, potentially to use them in the future as
biomarkers to inform on specific abnormalities in excitability and/or

connectivity of human cortex.

2 | MATERIALS AND METHODS

2.1 | Participants

Fifteen right-handed healthy male volunteers (mean age = 28 years,
SD = 2.6 years, age range: 22-33 years) were recruited to participate

in the study. Right-handedness was confirmed using the Edinburgh
handedness inventory (laterality score > 75%, [Oldfield, 1971]). All
participants gave written informed consent prior to study enrolment.
Participants underwent a physical and neurological examination
followed by a structured clinical interview to exclude subjects with
conditions that would predispose them to potential adverse effects
related to TMS, MRI, or any of the study drugs (Rossini et al., 2015).
The general exclusion criteria included (a) drug or alcohol abuse,
(b) any history of neurological or psychiatric diseases, (c) a history of
cardiac, hematopoietic, liver and/or kidney disease, (d) current use of
CNS active drugs, (e) a family history of epilepsy, and (f) contraindica-
tions to the study medications (CBZ, BRV, and TGB). To screen for
atrioventricular block, a 12-channel ECG was performed at the inclu-
sion visit. The experiments were conducted in accordance with the
Declaration of Helsinki and approved by the ethics committee of the
Medical Faculty of Eberhard-Karls-University Tibingen (protocol
026/2016B0O1).

2.2 | Experimental design

The study followed a double-blinded, placebo-controlled crossover
design, measuring motor-evoked potentials (MEPs), and TMS-evoked
EEG potentials (TEPs) in response to single- and paired-pulse TMS of
the left M1 hand area before (pre) and after (post) administration of
either of the three study drugs or placebo. Subjects participated in
four experimental sessions in pseudo-randomized order, balanced
across subjects, and separated by at least 1 week to avoid carry-over
effects from the previous session. Study drugs were: (a) CBZ, a VGSC
blocker (Macdonald, 1995), (b) BRYV, a specific ligand to the presynap-
tic vesicle protein SV2A with high affinity and selectivity (Klein et al.,
2018; Klitgaard et al., 2016), and (c) TGB, a selective GABA reuptake
inhibitor (Suzdak & Jansen, 1995). The timeline of an experimental
session is illustrated in Figure 1. Resting motor threshold (RMT), the
TMS intensity to elicit MEPs of 1 mV peak-to-peak amplitude
(SI1mV), short-interval intracortical inhibition (SICI) intensity curves,
MEP input-output curves, resting state EEG (rs-EEG), and TMS-
evoked EEG potentials (TEPs) were measured prior to study drug
intake (predrug measurements) and again following a defined waiting
period after study drug intake (postdrug measurements).

Drug dosages were chosen based on effective standard daily doses
in the (chronic) treatment of epilepsy patients and according to previous
TMS-EMG reports (Sommer et al., 2012; Werhahn, Kunesch, Noachtar,
Benecke, & Classen, 1999; Ziemann et al., 2015; Ziemann, Lonnecker,
Steinhoff, & Paulus, 1996). Single dosages of either CBZ 600 mg
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FIGURE1 Time line of an experimental session
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(Carbamazepine AbZ®, AbZ-Pharma GmbH), BRV 100 mg (Briviact®,
UCB Pharma SA), TGB 15 mg (Gabitril®, Cephalon UK Ltd.) or placebo
(P-Tabletten Lichtenstein, Winthrop) were administered (Table 1). A
common waiting period of 150 min was chosen based upon the drugs
individual t,.., and upon TMS studies that previously demonstrated an
effect on cortical excitability and/or GABAergic activity after this wait-
ing period (Werhahn et al., 1999; Ziemann, Lonnecker, et al., 1996).
Placebo tablets had roughly the same size as CBZ, BRV, and TGB, and
subjects were asked to close their eyes before tablet intake in order to
prevent recognition of the tablet by color.

Prior to the first session, a high-resolution T1-weighted anatomical
magnetic resonance (MR) image (voxel size= 1 x 1 x 1 mm; FoV
read = 250, FoV phase = 93.8%, TR= 2,300 ms, TE = 4.18 ms,
FA = 9.0°) was obtained from each subject using a 3 T MRI scanner
(Magnetom Prismafit, syngo MR D13D; Siemens) to allow neuronavi-
gation of the TMS coil. In each experimental session, predrug TMS
measurements were conducted either at 8:00 a.m. or 10:30 a.m.
(always at the same time for a given participant) after participants had
a light caffeine-free breakfast. One hour after drug intake a cereal bar
(without chocolate) was ingested. During the waiting period subjects
were located in the waiting area of the lab, where they could be moni-
tored constantly (in order to prevent sleeping and to monitor possible
adverse effects). At 1:00 p.m. or 3:30 p.m., respectively, postdrug TMS
measurements were started. The total experimental session time was
6:35 h 4+ 20 min [mean =+ SD]. To control for blood pressure changes
during the experimental sessions, blood pressure was measured at the
beginning of each session, immediately prior to drug intake, 1 and 2 hr
post drug intake, and at the end of the session. All 15 subjects partici-
pated in four experimental sessions, however, only a subset of 12
subjects was able to complete the experimental session after taking
TGB. Three subjects experienced adverse effects in the TGB session
including dizziness, nausea, vomiting, somnolence, coordination prob-
lems, concentration difficulties, confusion, and nervousness. In these

subjects, the postdrug measurements could not be obtained.

23 |

2.3.1 | Transcranial magnetic stimulation

Experimental procedures and data recording

Subjects were seated in a comfortable reclining armchair and watched
a fixation point directly in front of them. To reduce head movement, a
vacuum pillow was placed around the neck. Monophasic TMS pulses

were delivered through a 90-mm figure-of-eight coil using a Magstim

TABLE1 Pharmacokinetics for the study drugs and placebo

Administration Median Median
Drug Dosage form tmax (range) t1/2 (range)
CBz 600 mg Tablet 4.5 (4.0-5.0) 45.0 (25.0-65.0)
BRV 100 mg Tablet 1.0(0.25-3.0) 9.0(N.R)
TGB 15 mg Tablet 0.75 8.0 (7.0-9-0)
PBO N.A. Tablet N.A. N.A.

CBZ = carbamazepine; BRV = brivaracetam; TGB = tiagabine; PBO = pla-
cebo; Median t.x = time to peak plasma concentrations (in hr); Median
t1/2 = median biological half-life (in hr) of the substances as given in the
full prescribing information of each medication, respectively (resources:
US food and drug administration, FDA); N.R. = not reported; N.A. = not
applicable.

200 stimulator (Magstim Co., Whitland, UK), in case of single-pulse
TMS, or two Magstim 200 stimulators connected by a BiStim module,
in case of paired-pulse TMS. To ensure reproducibility of the stimula-
tion site across sessions, we used a frameless stereotactic neuronavi-
gation system (Localite GmbH, Sankt Augustin, Germany) to digitize
EEG electrode positions and to navigate the TMS coil based on each
subject's anatomical MRI scan. To have a comparable EEG cap posi-
tioning across sessions, EEG electrode positions were digitalized at
the beginning of the first session individually and cap position was
kept identical in the following sessions with the help of the stored
electrode positions (this is an important step to obtain comparable
TEP results for the different sessions). The TMS coil was placed
tangentially to the scalp and perpendicular to the central sulcus to
optimally excite corticospinal motor neurons in M1 with an induced
current direction in the brain from posterior to anterior (Di Lazzaro,
Ziemann, & Lemon, 2008; Mills, Boniface, & Schubert, 1992). Then
the coil position was optimized individually to evoke the largest and
most consistent responses (MEPs) in the relaxed abductor pollicis
brevis (APB) muscle of the right hand at a marginally suprathreshold
stimulus intensity. The coil was maintained at the desired position
with the help of a holding arm (Magic Arm, Manfrotto, Cassola, Italy)
and coil position was monitored in real-time by the neuronavigation
system to ensure targeting consistency.

Resting motor threshold (RMT) was determined as the lowest
stimulation intensity (in percent maximum stimulator output [MSQ])
evoking MEPs of at least 50 uV peak-to-peak amplitude in at least
5 out of 10 successive trials (Groppa et al., 2012). SI1mV was deter-
mined as the stimulus intensity required to evoke average MEPs of
1 mV peak-to-peak amplitude in the relaxed APB muscle. Short inter-
val intracortical inhibition (SICI) was tested by applying paired-pulse
TMS and investigating the effect of a first subthreshold (conditioning)
stimulus on a second suprathreshold (test) stimulus (Kujirai et al.,
1993). The test stimulus (TS) was delivered at a short interstimulus
interval (ISI) of 2.0 ms after the conditioning stimulus (CS); 2.0 ms was
selected since maximum SICI typically occurs at this ISI and short-
interval intracortical facilitation does not compromise the SICI effect
at this particular interval (Peurala, Muller-Dahlhaus, Arai, & Ziemann,
2008; Roshan, Paradiso, & Chen, 2003; Ziemann et al., 1998). SICI
was obtained at six different CS intensities (50, 60, 70, 80, 90, and
100% of RMT) with TS intensity set to SI1mV. The amplitude of CS
responses was expressed as percentage of the amplitude of the TS
responses. Eight trials for each CS intensity condition and 16 trials for
the TS alone condition were delivered in randomized order, that is, a
total of 64 trials. For postdrug measurements, TS intensity was
adjusted to ensure that MEPs in response to TS alone still showed a
1 mV peak-to-peak amplitude on average, despite a potential drug- or
time-related change in corticospinal excitability. This was important to
avoid nonspecific alteration of SICI related to changes in test MEP
amplitude (Sanger, Garg, & Chen, 2001). Subjects were provided with
audio-visual feedback of APB muscle activity to assist in maintaining
complete muscle relaxation, avoiding any drug-unrelated reduction of
SICl by preinnervation (Ridding, Taylor, & Rothwell, 1995). MEP
input-output curves were also acquired in the resting APB muscle.
Seven stimulus intensities (90, 100, 110, 120, 130, 140, and 150% of

RMT) were tested in randomized order, and eight trials were obtained
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per stimulus intensity, resulting in a total of 56 single-pulse stimuli.
For postdrug MEP input-output curves, stimulus intensity was not
adjusted in case of RMT change, that is, the same absolute stimulus
intensities were used for predrug and postdrug measurements.
TMS-evoked EEG potentials (TEPs) were measured in response to
200 single TMS pulses, delivered at an intensity of 100% RMT
(as determined at baseline), predrug and postdrug intake with a
jittered 4-6 s inter-trial interval to reduced anticipation of the next
trial. Here, postdrug TEP measurements were repeated with an
adjusted stimulus intensity if RMT had changed by more than 2%
MSO (Figure 1). Auditory white noise masking via in-ear headphones
was used to attenuate auditory co-stimulation by the TMS click and
prevent contamination of TMS-evoked EEG responses with auditory
evoked potentials (Casarotto et al., 2010; Massimini et al., 2005).

232 |

MEPs were recorded from the APB muscle using EMG adhesive

EMG recordings

hydrogel electrodes (Kendall, Covidien) in a bipolar belly tendon
montage and a ground electrode placed on the right wrist. EMG data
were recorded (20 Hz-2 kHz bandpass filter, 50 Hz notch filter,
5 kHz sampling rate) by Spike2 software (Cambridge Electronic
Design) and stored for offline analysis.

233 |

Subjects were instructed to fixate a cross, minimize eye blinks, and

EEG recordings

keep their face and hand muscles relaxed during data recording. EEG
was recorded using a 64-channel EEG cap with TMS-compatible sin-
tered Ag/AgCl electrodes (Multitrodes, BrainCap-Fast'n Easy; Brain
Products). FCz and AFz served as recording reference and ground
electrode, respectively. To minimize TMS-related artifacts during TEP
measurements, EEG signals were recorded in DC mode with an anti-
aliasing low-pass filter of 1,000 Hz, and digitized with a resolution of
0.1 pV/bit at a sampling rate of 5 kHz using BrainVision Recorder
software (version 1.20; BrainProducts). Additional electrodes for
horizontal and vertical electrooculography were placed at the outer
canthus and below of the right eye to monitor eye movement arti-
facts. The position of each EEG electrode relative to the head was
recorded and stored using the neuronavigation system to allow pre-
cise repositioning of the cap for subsequent sessions of the same sub-
ject. Electrode impedances were regularly checked and kept below
5 kQ throughout the experiment. In each experimental session, 5 min
of both, eyes-closed and eyes-open resting-state EEG were acquired
additional to TEP recordings before and after drug intake to investi-

gate drug-induced changes in spontaneous oscillatory brain activity.

2.4 | Data analyses
24.1 | TMS-EMG analysis

EMG data were analyzed blind to experimental conditions using cus-
tomized MATLAB scripts (R2015a, MathWorks, Natick, MA). Data
were imported from Spike2 to MATLAB and MEP peak-to-peak ampli-
tudes were determined per trial and averaged across trials per time
point (predrug and postdrug) and drug condition. For assessment of
drug-induced changes in RMT and SI1mV, normalized (post/pre) data

were computed separately for all drug conditions, and two-sided

one-sample t-tests against 1 for each drug condition and two-sided
paired t-tests for comparing drug conditions with placebo were con-
ducted. MEP input-output curves were obtained by calculating condi-
tional averages (7 stimulation intensity levels: 90-150% RMT in steps
of 10% RMT) of the peak-to-peak MEP amplitudes. SICI intensity
curves were calculated as the ratio of conditional averages of condi-
tioned MEP (6 CS intensities: 50-100% RMT in steps of 10% RMT)
over the average test MEP (TS intensity: SI1mV). For MEP input-
output and SICI intensity curves, three-way rmANOVAs were con-
ducted separately for each study drug relative to placebo, with the
factors TIME (2 levels: predrug, postdrug), DRUG (2 levels: drug, pla-
cebo), and INTENSITY (7 levels for MEP input-output curves; 6 levels
for SICI intensity curves). In addition, a two-way rmANOVA with the
factors TIME and INTENSITY was conducted within each drug condi-
tion. Posthoc paired t tests were applied in case of significant main

effects. Significance threshold was set to p < .05.

242 | TMS-EEG analysis

EEG data were analyzed blind to experimental conditions using
MATLAB and the Fieldtrip open source toolbox (www.ru.nl/
fcdonders/fieldtrip; [Oostenveld, Fries, Maris, & Schoffelen, 2011]),
and in accordance with established artifact removal pipelines (Herring,
Thut, Jensen, & Bergmann, 2015; Rogasch et al., 2017). Raw data
were initially segmented into longer epochs from 1.5 s before to 1.5 s
after the TMS pulse to avoid filter artifacts before later reducing seg-
ments to the actual epoch of interest (i.e., from —100 ms to 300 ms
after the TMS pulse). Long epochs were baseline corrected by
subtracting the average of the interval from —220 ms to —20 ms. The
initial TMS pulse artifact (amplifier ringing and step artifact) and sub-
sequent cranial muscle artifacts (resulting from co-stimulation of
peripheral motor nerves) were cut and data was cubically interpolated
between —2 ms to 12 ms. Then, trials and channels were inspected
visually using the summary function of Fieldtrip to remove artifact-
contaminated trials. On average, 37 &+ 23 [mean £ SD] trials were
removed per block of 200 trials. Subsequently, a 2 Hz fourth-order
zero-phase (two-pass) Butterworth high-pass filter were applied to
suppress low-frequency fluctuations, followed by demeaning and
downsampling EEG data to 1 kHz. Note that high-pass filtered and
down-sampled data was used for independent component analysis
training only (see below). Independent component analysis (FastICA)
was applied to the down-sampled data to capture the residual muscle
and exponential decay artifacts as well as sharp edges caused by inter-
polation of the pulse artifact. Artifact components were identified
based on the topography and temporal pattern of the TMS-locked
responses and in agreement with published procedures (Herring et al.,
2015; Rogasch et al., 2017). After identifying artifact contaminated
components (on average 3 + 2 [mean & SD] per subject), the same
unmixing matrix was applied to the interpolated EEG signal before
high-pass filtering and down-sampling had been applied, and bad com-
ponents were removed from those data before back-projection into
channel space. This procedure prevented filter and down-sample arti-
facts to contaminate our data. Then, a second round of high-pass fil-
tering (2 Hz), demeaning, downsampling (1 kHz), and ICA was applied

to identify and remove other TMS-unrelated artifacts such as eye
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blinks, eye movements, line noise, and tonic muscle artifacts according
to standard criteria (Chaumon, Bishop, & Busch, 2015). Again, the
unmixing matrix was applied to the signal cleaned by the first ICA
before the second round of high-pass filtering and downsampling had
been applied, and the selected artifactual components were removed
before back-projecting that signal into channel space. Finally, time-
locked averages (TEPs) of the remaining artifact-free trials (163 + 23
(mean &+ SD) per participant and measurement) were computed per
measurement time point and drug condition for each channel, and
eventually a 2 Hz high-pass filter and a 45 Hz low-pass filter were
applied followed by baseline correction from —200 to O ms and re-
referencing of EEG data to the common average of all EEG channels.

Five TEP components: P25 (time window of interest [TOI]:
15-35 ms), N45 (36-50 ms), P70 (51-85 ms), N100 (86-150 ms), and
P180 (151-280 ms) were studied due to their high reproducibility for
M1 stimulation, and in accordance with the literature (Bonato et al.,
2006; Darmani et al., 2016; Lioumis et al., 2009; Premoli et al., 2014;
Premoli, Castellanos, et al, 2014). The specific TOIs were chosen
around the respective peaks based on grand-average TEPs. Two-tailed
paired t-tests were applied to compare predrug and postdrug TEP peak
amplitudes within each drug condition and to test for the interaction
between TIME and DRUG, that is, drug(post-pre)-placebo(post-pre)
for each electrode and at each time point, separately for the five TOls.
Nonparametric, cluster-based permutation statistics (Maris & Oostenveld,
2007) were used to control for multiple comparisons across channels
and time points within TOls. Clusters were defined as adjacent time
point-channel pairs for which the t-statistic exceeded a threshold of
p < .05. Cluster-level statistics were calculated based on the sum of
t-values within each cluster. Monte Carlo P-values were computed
based on 10,000 random permutations and a value of p < .05 was
used as the cluster-statistical significance threshold for all tests.

Since there were strong drug-induced increases in spontaneous
oscillatory power in the post-TGB measurement, which contaminated
the TEPs, we used General Eigenvalue Decomposition (GEiD) for
extracting and removing the spontaneous oscillatory components from
the concatenated predrug and postdrug measurements of the TGB ses-
sion only (Cohen, 2017). Given that delta and theta frequency bands
demonstrated the largest increase, we used the respective peak frequen-
cies for each subject (as determined from the individual Fast Fourier
Transform [FFT]; see below) to individualize the targeted frequency
band for optimal results. Separate GEIDs were calculated for each fre-
quency band. To identify truly endogenous oscillations, time-frequency
representation, inter-trial coherence, and power spectra of the compo-
nents were considered. However, to ensure that spontaneous oscillatory
components were removed to the maximal possible degree, we were
very conservative with respect to the components kept, which may have
resulted in slight overcorrection and removal of actual TEP components.

2.4.3 | Pre-TMS EEG analysis

To further investigate the above-mentioned drug-induced changes of
spontaneous oscillations, a FFT was performed for the pre-TMS time
periods. Data preprocessed for the TEP analysis between —1,030 ms
and —30 ms before the TMS pulse were analyzed using a Hanning-

tapered FFT for frequency bins from of 1-45 Hz in steps of 1 Hz,

averaged across trials, separately for each channel, measurement time
point and drug condition, and eventually as grand-average across all par-
ticipants. The same cluster statistical test outlined for the TEP analysis
was used to test postdrug versus pre-drug for each drug condition, as
well as the interactions between TIME and DRUG, that is, drug (post-
pre)-placebo(post-pre), separately for each frequency band: that is,
delta (1-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), and beta (13-30 Hz).

244 |

In addition to the pre-TMS analyses, we also quantified drug-induced

Resting-state EEG analysis

changes in spontaneous oscillations for the 5 min eyes-open resting-state
EEG. For initial ICA preprocessing, rs-EEG data were segmented into 4 s
epochs, and concatenated across all drug conditions and measurements
per subject. Data were 2 Hz high-pass filtered, demeaned, and down-
sampled (1 kHz), and ICA was conducted to identify eye blinks, eye move-
ments, or muscle/movement artifacts. Similar to the TEP analysis
described above, the unmixing matrix was then applied to the original
data before high-pass filtering and down-sampling. The artifactual compo-
nents were removed before back-projection into channel space. Data
were visually inspected, and trials contaminated by residual artifact were
removed manually. The cleaned rs-EEG data were then re-referenced to
the average of all EEG channels. Power spectra were determined via a
Hanning-tapered FFT for frequency bins from 1 to 45 Hz in steps of
0.25 Hz, and spectra were averaged across segments and EEG channels.
Cluster-based permutation tests were performed as described above sep-
arately for delta, theta, alpha, and beta frequency bands.

3 | RESULTS

CBZ and BRV had tolerability profiles comparable to placebo. TGB,
however, was associated with considerable side effects (see section 2),
causing 3 out of 15 participants to abort the respective session, leading

to a reduced sample size of N = 12 for the analyses of this condition.
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Drug effects on RMT and SI1mV (postdrug/predrug) are summarized in
Figure 2 and Table 2. CBZ increased RMT and SI1mV, both with respect
to predrug baseline (RMT: t14 = 3.57, p =.003; SI1mV: t14 = 4.34;
p < .001) and compared to placebo-related changes (RMT: t;4 = 3.38,
p =.004; SIAmV: t14 = 1.9, p = .08, nonsignificant). Under BRYV, there

was a nonsignificant (p < .1) RMT increase relative to both predrug

Drug effects on RMT and SIimV

baseline (t14 = 1.86, p = .08) and compared to placebo-related changes
(t14 = 1.84, p = .08), as well as a significant increase in SI1mV relative to
predrug baseline (t14 = 2.35, p = .03). No significant effects were found
for TGB (RMT: all p > .7; SIAmV: all p > .3) or placebo (all p > .5).

3.2 | Drug effects on MEP input-output curve

Drug effects on MEP input-output curves are illustrated in Figure 3.
A 2 x 2 x 7 three-way rmANOVA with factors TIME (pre vs. post),
DRUG (drug vs. placebo), and INTENSITY (90, 100, 110, 120,
130, 140, and 150% RMT) revealed a main effect of DRUG for CBZ
(F1392 = 5.47, p =.02), and a TIME x DRUG interaction for BRV
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FIGURE 2 Individual and mean changes (&= 1 SEM) in RMT and

SIimV (postdrug/predrug) in all drug conditions (CBZ, carbamazepine;
TGB, tiagabine; BRV, brivaracetam; and PBO, placebo). CBZ increased
RMT compared to baseline and placebo (p < .05) and both CBZ and
BRYV increased S1 mV compared to baseline (p < .05). Asterisks
indicate significant comparisons with p < .05, hashtags indicate
nonsignificant comparisons with p < .1

(F1,392 = 445, p = .03). A follow-up within-drug 2 x 7 two-way rmA-
NOVA for BRV with the factors TIME and INTENSITY did reveal a
nonsignificant (p <.1) main effect of TIME only (Fi39> = 3.68,
p = .056), suggesting a general BRV-induced decrease in corticospinal
excitability, irrespective of stimulation intensity. No significant change
of MEP input-output curves was found for TGB or placebo. Trivially,
all main effects of INTENSITY were highly significant (p < .0001).

3.3 |

SICI intensity curves per drug condition (TS intensity adjusted for

Drug effects on SICI intensity curve

SIimV changes, CS intensity nonadjusted, see section 2) are provided

WILE Y-

in Figure 4. A 2 x 2 x 6 three-way rmANOVA with factors TIME,
DRUG, and CS-INTENSITY (50, 60, 70, 80, 90, and 100% RMT)
revealed a significant interaction between TIME and DRUG
(F1.336 = 5.24, p = .02) for CBZ. A follow-up within-drug 2 x 6 two-way
rmANOVA for CBZ with the factors TIME and CS-INTENSITY for the
CBZ session, revealed main effects of TIME (F; 145 = 8.95, p = .003) but
no interaction effect (p > .3), indicating a general CBZ-induced decrease
in SICI, irrespective of CS-INTENSITY. For BRYV, the three-way rmA-
NOVA revealed a main effect of DRUG only (F1 336 = 3.9, p = .04) but
no interaction effect (p > .3), and the respective two-way rmANOVA
for the BRV session showed no significant main effect of DRUG or
interaction (p > .3). No significant change of SICI intensity curves was
found for TGB or placebo. As expected, CS-INTENSITY effects were
highly significant in all drug conditions (p < .0001).

3.4 | Drug effects on TEPs

Cluster-based permutation analysis was used to test for differences
between predrug TEPs across drug conditions, drug-induced TEP
changes within each drug condition (i.e., postdrug - predrug; indicated
as vs. baseline in the following), and drug-induced TEP changes relative
to placebo (i.e., the interaction contrast drug(post-pre)-placebo(post-
pre); indicated as vs. placebo in the following). Because CBZ increased
RMT in some subjects, TEP analyses were conducted for the measure-
ments with adjusted and nonadjusted stimulation intensity (see
section 2). Note that in the following increases and decreases of TEP
components always refer to a modulation of their amplitude in absolute
values (e.g., a decreased N100 means a negative potential of reduced
amplitude). Also note that the same TEP component can have opposite
signs (direction of deflection) in different channels as a result of the
dipole orientation of the underlying neuronal source and the common
average referencing (e.g., the P25 being positive over the stimulated
sensorimotor cortex, but negative at contralateral posterior sites, with a
reduction in absolute amplitude of that negativity at contralateral poste-
rior sites would still being considered a decrease of the very same
potential).

Figure 5 shows the grand average TEPs at predrug baseline for all
drug conditions. In line with the literature, five classic TEP compo-
nents (P25, N45, P70, N100, and P180) were identified and selected
for further analysis. Importantly, predrug TEPs did not differ between
drug conditions, demonstrating reliability of TMS-evoked EEG
responses in our neuronavigated multi-session TEP measurements.
Moreover, there was no significant modulation of the TEP over time
in the placebo condition, besides a nonsignificantly (p < .1) increased
P25 amplitude over the stimulated left sensorimotor cortex (p = .06),

possibly reflecting a general effect of time, that is taken into account

TABLE2 Mean =+ SD for RMT and SI1mV before (pre) and after (post) drug intake for all drug conditions

CBZ BRV TGB PBO

Predrug Postdrug Predrug Postdrug Predrug Postdrug Predrug Postdrug
RMT (%MSO) 42 +7.2 45 +7.9 418+72 425+ 6.8 434+ 6.7 433+ 6.9 424 + 6.8 424 +7
SIimV (%MSO) 56 + 11.1 60.3 + 11.6 554+ 9.6 58 + 114 57.1+10.8 58.9 + 12.3 55.7 £ 114 56.2 + 11.3

CBZ = carbamazepine; BRV = brivaracetam; TGB = tiagabine; PBO = placebo.
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FIGURE3 Mean MEP input-output curves (shadings: & 1 SEM) plotted against seven different stimulus intensities before (black) and after (gray)
intake of the four drug conditions: Carbamazepine (top left), tiagabine (top right), brivaracetam (bottom left) and placebo (bottom right). The hashtag
indicates a nonsignificant (p < .1) drug-related change of the MEP curve. RMT = resting motor threshold, as determined before drug intake

by analysis of the interaction contrasts (drug[post-pre]-placebo
[post-pre]).

CBZ modulated both early and late TEP components as depicted
in Figure 6 (Supporting Information Table S1 provides the individual
channels for each of the significant clusters mentioned below) and in

Figure 8(a). Notably, those changes were independent of the general

decrease in corticospinal excitability (as reflected by an increase in
RMT and SI1mV in the TMS-EMG measurements), as the following
results were obtained with the adjusted stimulation intensity. CBZ
suppressed the P25 potential over the stimulated left sensorimotor
cortex (vs. placebo: p =.003; vs. baseline: p = .08) and the parieto-

occipital cortex in the nonstimulated right hemisphere (vs. placebo:
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FIGURE4 Mean SICl intensity curves (shadings: + 1 SEM) plotted as a function of the six conditioning stimulus (CS) intensities before (black) and
after (gray) intake of carbamazepine (top left), tiagabine (top right), brivaracetam (bottom left), and placebo (bottom right). The asterisk indicates a
significant (p < .05) drug-related change of the SICl intensity curve. RMT = resting motor threshold; cMEP = conditioned motor evoked potential

amplitude; uMEP = unconditioned motor evoked potential amplitude
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FIGURE5 TEPs before drug intake. TEPs (shadings: + 1 SEM) were
plotted for channel Cz at baseline (predrug) in the four different drug
conditions (CBZ, carbamazepine; TGB, tiagabine; BRV, brivaracetam;
and PBO, placebo) and labeled based on their approximate latency
(P25, N45, P70, N100, and P180) relative to the time of the TMS
pulse over the left M1 (time O, vertical dashed line). Topographical
distributions of surface voltages illustrated in the bottom were grand
averaged over the four drug conditions in nonoverlapping TOls after
TMS (P25: 15-35 ms; N45: 36-50 ms; P70: 51-85 ms; N100:
86-150 ms; P180: 151-280 ms). Note that voltage topographies may
not reveal accurate locations for low amplitude components

(e.g., N45, P70) that peak during the flanks of high amplitude
components (e.g., N100) [Color figure can be viewed at
wileyonlinelibrary.com]

p = .0001; vs. baseline: p = .001). CBZ also caused a reduction of the
P180 potential (vs. placebo: p = .03; vs. baseline: p = .0005) and a
nonsignificant (p < .1) attenuation of the N100 potential (vs. placebo:
p = .09; vs. baseline: p = .09), both over the nonstimulated right sen-
sorimotor cortex. The N100 potential was also decreased in amplitude
over the occipito-parietal cortex (vs. placebo: p = .058; vs. baseline:
p = .03). Notably, without readjustment of the stimulation intensity,
results remained largely identical for the P25 and P180 potential (see
Supporting Information Table S1); merely the nonsignificant (p < .1)
N100 did not survive, and instead the N45 potential was increased
over the stimulated left sensorimotor cortex (vs. placebo: p = .03;
vs. baseline: p = .09) and over the nonstimulated right sensorimotor
cortex (vs. placebo: p = .0006; vs. baseline: p = .10; as shown in Sup-
porting Information Figure S1).

BRV only modulated late TEP components as depicted in Figure 7
and Supporting Information Figure S2 (Supporting Information Table 52
provides the individual channels for each of the significant clusters men-
tioned below) and in Figure 8b. BRV decreased the N100 potential
(vs. placebo: p = .03; vs. baseline: p = .03) and caused a nonsignificant
(p < .1) attenuation of the P180 potential (vs. baseline: p = .08), with
drug-induced changes of both TEP components topographically being
located over the nonstimulated right sensorimotor cortex.

For TGB, in the reduced sample of N = 12 subjects, and despite all

attempts to remove the increased spontaneous oscillatory activity

WILE Y-

corrupting TEP averages (see section 2, and below), no significant mod-

ulation of any of the TEP components could be observed (all p > .2).

3.5 | Drug effects on spontaneous oscillations

Drug-induced changes in spontaneous oscillatory spectral power in

the pre-TMS time periods are shown in Figure 9 and Supporting
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FIGURE 6 Carbamazepine-induced changes of TEPs. CBZ decreased
the (a) P25, (b) N100 and (c) P180 TEP components. TEPs (shadings:
+ 1 SEM) plotted for grand averages of those channels constituting a
cluster of significant differences versus baseline (post-CBZ - pre-
CB2Z), separately for predrug (blue) and postdrug (red) measures.
Horizontal black bars underneath the TEPs denote the significant
clusters in time (*p < .05, #p < .1). T-statistic maps of the TEP
amplitude plotted versus placebo (CBZ [post-pre] vs. placebo [post-
pre]). Channels constituting significant clusters of changes in this
interaction are indicated by asterisks in the t-statistic maps [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Brivaracetam-induced changes of TEPs. BRV decreased
the N100 potential in the nonstimulated right hemisphere. TEPs
(shadings: & 1 SEM) plotted for grand averages of those channels that
showed a significant difference versus baseline (post-BRV - pre-BRV),
separately for predrug (blue) and postdrug (red) measures. Horizontal
black bars underneath the TEPs denote significant clusters in time

(*p < .05). T-statistic maps of the TEP amplitude plotted versus
placebo (BRV [post-pre] vs. placebo [post-pre]). Channels
constituting significant clusters of changes in this interaction are
indicated by asterisks in the t-statistic maps [Color figure can be
viewed at wileyonlinelibrary.com]

Information Figure S3. CBZ caused an increase in the power of
spontaneous oscillations that was significant only for a circumscribed
central cluster in the beta band during pre-TMS EEG periods
(vs. placebo: p = .007; vs. baseline: p = .0009), but extended to more
widespread global increases in the theta (vs. baseline: p = .004) and
alpha (vs. placebo: p = .004; vs. baseline: p = .01) bands in addition to
the beta band (vs. placebo: p = .04; vs. baseline: p = .01) during eyes
open resting-state EEG recordings.

TGB caused an even stronger broadband and spatially widespread
boost of oscillatory spectral power, including delta (vs. placebo:
p = .0009; vs. baseline: p = .0009), theta (vs. placebo: p = .0009; vs. ba-
seline: p = .0009), alpha (vs. placebo: p = .0009; vs. baseline: p = .01),
and beta (vs. placebo: p = .003; vs. baseline: p = .0009) bands during
both pre-TMS time periods and eyes open resting-state EEG. Oscilla-
tory power changes were most pronounced (i.e., 7- to 8-fold) in the
delta and theta bands (see Figure 9 and Supporting Information
Figure S3).

(a) . cBzZ

-
T

No significant modulation of spontaneous resting EEG spectral
power was observed for BRV or placebo in any of the four frequency
bands (all p > .2).

4 | DISCUSSION

The novel findings of this work relate to the drug induced changes in
TMS-evoked EEG potentials (TEPs). In the context of previous studies
that investigated the effects of drugs with other specific modes of
action this allows to further characterize the pharmaco-physiology of
TEPs, which are considered important noninvasively measured signa-
tures of excitability and connectivity of the human brain (Chung et al.,
2015; Rogasch & Fitzgerald, 2013). In the following the main reported
drug effects on TMS-EMG and TMS-EEG measures will be discussed.

4.1 | TMS-EMG results

411 | RMTandSI1mV

CBZ increased RMT and SI1mV. This confirms previous TMS-EMG
findings that consistently demonstrated that CBZ increases motor
threshold (for review see Ziemann et al, 2015). Motor threshold
depends on membrane excitability, and blockade of VGSCs decreases
the axonal excitability of cortico-cortical and corticospinal neurons to
single-pulse TMS. VGSCs are crucial in regulating axon excitability and
their blockade will result in a more hyperpolarized (i.e., less excitable)
state of cortico-cortical axons in M1 (Hodgkin & Huxley, 1952), and
since these axons have synaptic contacts with cortico-spinal neurons,
VGSC blocking drugs such as CBZ increase motor threshold (Ziemann
et al., 2015).

BRV increased the Slimv and there was also a nonsignificant
(b < .1) increase in RMT, however, the increases in Slimv and RMT
after BRV were less pronounced than after CBZ, which was expected
since BRV has primarily neurotransmitter-modifying properties. There
is some inconsistency in the reports after levetiracetam intake (also a
ligand to the presynaptic vesicle protein SV2A), with some studies
reporting an increase in motor threshold (Premoli, Costantini, et al.,

(b). BRV
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FIGURE 8

Individual and mean changes (+ 1 SEM) of drug-induced changes in TEP component amplitudes, averaged across channels within each

significant (p < .05) cluster that was detected for (a) CBZ (cf. Figure 6) and BRV (cf. Figure 7)
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FIGURE9 Drug-induced changes in spontaneous oscillatory power. Grand average power spectra (shadings: + 1 SEM) are plotted for the pre-
TMS EEG period of predrug (blue) and postdrug (red) measures for carbamazepine (CBZ, top left), tiagabine (TGB, top right), brivaracetam (BRV,
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significant drug-related changes (p < .05). T-statistic maps plotted versus placebo (drug [post-pre] vs. placebo [post-pre]), and channels forming
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2017; Solinas, Lee, & Reutens, 2008), while others reported no change
(Heidegger, Krakow, & Ziemann, 2010). The slight increase in motor
threshold after BRV intake reported here may relate to a secondary
mode of action of BRV in blocking VGSCs (Niespodziany et al., 2015).

TGB did not alter RMT or Slimv, in line with previous results
(Werhahn et al., 1999).

412 |
CBZ did not change the MEP amplitudes. MEP input-output curve is

a measure of trans-synaptic excitation of corticospinal neurons regu-

MEP input-output curve

lated by glutamatergic, GABAergic and neuromodulating neurotrans-
mitters, but no effects of ion channels on MEP amplitudes have been
established (Ziemann et al., 2015). Note that significant changes in
motor threshold may occur without changes in MEP amplitudes,
which supports the idea that the mechanism underlying motor thresh-
old and MEP amplitudes are different, and this may explain the lack of
a significant effect of CBZ on MEP input-output curve despite its
effects on motor threshold. Also note that the assessment of changes
in RMT and MEP curve was not only based on two independent mea-
surements, and determined by two very different procedures but also
relied on different statistical tests (paired t-tests vs. three-way rmA-
NOVA), which may partially explain this apparent discrepancy. In fact,
if conducting post hoc comparisons per intensity condition (which is
not justified given the lack of interaction in the three-way rmANOVA)

the single significant post-pre difference would have been at

100% RMT, but no other intensity. Others have described a rightward
shift of the MEP input-output curve reflecting the increase in
motor threshold after VGSC blocker intake (Boroojerdi, Battaglia,
Muellbacher, & Cohen, 2001).

BRV produced a nonsignificant (p < .1) decrease in the MEP
input-output curve. This effect may be explained by its specific bind-
ing to the presynaptic vesicle protein SV2A. This protein is expressed
on excitatory and inhibitory neurons throughout the central nervous
system (Klein et al., 2018), but BRV may exert its antiepileptic effects
predominantly through depression of excitatory neurotransmission
(Yang et al., 2015).The current BRV findings are in agreement with
previous TMS-EMG studies that reported a depression of MEP input-
output curves under levetiracetam (Reis et al., 2004; Sohn, Kaelin-
Lang, Jung, & Hallett, 2001).

TGB did not modulate the MEP input-output curve, in accor-
dance with previous findings (Werhahn et al., 1999).

413 |

SICI reflects synaptic GABAAergic inhibition of corticospinal neurons,

SICl intensity curve

and VGSC blockers had no effect on SICl in previous studies (Ziemann
et al., 2015). The observed decrease in SICI after CBZ in the present
study (Figure 4) is most likely simply a rightward shift of the SICI
input-output curve caused by the increase in RMT, for which CS
intensity was not adjusted for and, therefore, a nonspecific finding.

This is supported by the observation that motor and SICI thresholds
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are closely
Ridding, 1996).

BRV had no effect on SICI. This is in accord with the literature
where levetiracetam also did not alter SICI (Reis et al., 2004; Sohn
et al., 2001; Solinas et al., 2008), and with the mode of action of BRV
and levetiracetam without any modulating activity directly at the
GABAA receptor (Klein et al., 2018; Lyseng-Williamson, 2011).

In contrast to previous work (Werhahn et al., 1999), we did not

related to each other (Ziemann, Rothwell, &

observe a depression of SICI after TGB intake. Those authors also
demonstrated a prolongation of the cortical silent period (CSP) dura-
tion and an increase in long-interval intracortical inhibition, both puta-
tive measures of GABAB receptor mediated cortical inhibition
(McDonnell, Orekhov, & Ziemann, 2006; Ziemann et al., 2015), and
interpreted the TGB-induced reduction in SICI through enhanced
GABAB receptor-mediated presynaptic autoinhibition (Werhahn et al.,
1999). We have not tested here TMS-EMG measures of GABAB
receptor-mediated inhibition, and there are other methodological dif-
ferences between the two studies, for example the ISI of 3 ms
(Werhahn et al., 1999) versus 2 ms (our study) for SICI testing that
may have contributed to the disparate findings (Peurala et al., 2008).

4.2 | TMS-EEG results
421 |

After application of repetitive TMS (rTMS) or transcranial direct current

Carbamazepine

stimulation (tDCS), which modulate synaptic strength and cortical excit-
ability as indicated by TMS-EMG measures (Ziemann et al., 2008), only
early components of TEPs changed significantly (Esser et al., 2006; Pel-
licciari, Brignani, & Miniussi, 2013; Veniero, Bortoletto, & Miniussi,
2012). Also, llmoniemi et al. (1997) showed that after stimulating M1,
motor cortical areas responded within the first 28 ms and these results
suggest that the amplitude of early TEPs (< 30 ms) might be a putative
marker of excitation of the corticospinal system. Moreover, the ampli-
tude of the N15-P30 complex correlated directly with MEP amplitude
(M3ki & llmoniemi, 2010). In patients with progressive myoclonus
epilepsy, the P25 waveform was increased as a sign for corticospinal
and cortico-cortical hyperexcitability (Julkunen et al., 2013). Therefore,
P25 suppression by CBZ, predominantly at the site of stimulation, most
likely reflects reduction of corticospinal excitability, a finding that
remained significant even with stimulation intensity adjusted to RMT
change (Figure 5). This corroborates the previously established notion
that TMS-EEG measures may be more sensitive than TMS-EMG
measures in detecting change in cortical excitability after intervention
(Ferreri & Rossini, 2013). The N15-P30 complex has been reported to
be strongly affected by TMS coil orientation (Bonato et al., 2006).
However, we were able to exclude this possible confound by careful
application of neuronavigated TMS.

A decrease of N100 was observed after administration of diaze-
pam and alprazolam, while baclofen increased N100, suggesting that
the N100 is negatively related to GABAA but positively to GABAB
receptor mediated neurotransmission (Premoli, Castellanos, et al.,
2014; Premoli, Rivolta, et al., 2014). The nonsignificant (p < .1) reduc-
tion of N100 amplitude after CBZ should be considered with caution
because it took place only when compared to baseline but not when

compared to placebo, and not with unadjusted stimulus intensities

(Figure 6, Supporting Information Figure S1). Therefore, we consider
this a nil finding that is in accordance with a lacking effect on the
N100 by lamotrigine, another VGSC blocker (Premoli, Costantini,
et al., 2017).

A decrease in P180 amplitude was observed after lamotrigine
intake, both with and without adjusting stimulus intensity to compen-
sate for RMT change (Premoli, Biondi, et al., 2017; Premoli, Costantini,
et al., 2017). Our results complement these findings, as CBZ reduced
P180 amplitude both with and without adjusting stimulation intensity.
These results suggest that P180 is reactive to excitability-lowering
drugs, for example, classic VGSC blockers (CBZ and lamotrigine), while
GABAergic drugs had no effect (Premoli, Castellanos, et al., 2014).

Part of the P180 component is likely caused by auditory evoked
activity induced by the click of the stimulating coil (Conde et al., 2018;
Rogasch et al., 2014). Therefore, it is possible that a reduction of the
cortical auditory evoked potential after CBZ has contributed to the
observed P180 reduction. This is, however unlikely, given the findings
in the literature that have only shown changes in latency but not
amplitude of cortical auditory evoked potentials after CBZ (Japaridze,
Kvernadze, Geladze, & Kevanishvili, 1993) but significant amplitude
depression after diazepam (Noldy, Neiman, el-Nesr, & Carlen, 1990).
This double dissociation with the reported TMS-EEG P180 data
strongly suggests that the reported depression by VGSC blockers is
caused by their effects on direct TMS-evoked brain responses rather

than brain activity related to the auditory input.

422 |

The N100 is thought to be a marker of GABABergic inhibition due to
the enhancing effect of baclofen, a specific GABAB receptor agonist, on

Brivaracetam

N100 amplitude at the site of stimulation (Premoli, Castellanos, et al.,
2014). On the other hand, benzodiazepines (Premoli, Castellanos, et al.,
2014) and levetiracetam (Premoli, Biondi, et al., 2017) resulted in N100
amplitude depression in the nonstimulated hemisphere. The present
results of BRV, showing N100 amplitude depression in M1 area of the
nonstimulated hemisphere (Figure 7) are in full agreement with those
previous findings. The underlying physiology of this effect, particularly
on propagated neuronal activity remote from the site of stimulation
remains unclear, but may indicate a suppression of long-range cortico-
cortical effective connectivity and signal propagation under the influ-
ence of drugs with positive modulation at the GABAA receptor
(Ferrarelli et al., 2010; Sarasso et al., 2015) and drugs with inhibition of

presynaptic excitatory transmitter release (levetiracetam, BRV).

423 | Tiagabine

TGB did not modulate any of the TEP components. One possible reason
might be that the TGB dose was not sufficient to cause any effects.
However, this can be largely excluded as one previous study found
significant effects on TMS-EMG measures with the same dose (15 mg;
Werhahn et al, 1999). Furthermore, we found that TGB strongly
increased preTMS EEG power in all frequency bands (Figure 9 and Sup-
porting Information Figure S3), confirming findings of two resting-state
magnetoencephalographic studies (Muthukumaraswamy & Liley, 2018;
Nutt et al., 2015) and, therefore, indicating a significant effect of TGB

on brain activity in the present experiments.
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Nutt and colleagues also had investigated gaboxadol, a positive
modulator specifically at the extrasynaptic alpha-4 delta unit bearing
subtype of the GABAA receptor, and zolpidem, a positive modulator
with strong positive modulating activity at the synaptic alpha-1 unit
bearing subtype of the GABA receptor. Gaboxadol but not zolpidem
resulted in a similar enhancement of resting-state activity as TGB, and
they concluded that the effects by TGB may therefore be largely
related to its action on tonic inhibition mediated by extrasynaptic
GABAA receptors (Nutt et al., 2015). However, this is unlikely to be
the reason for the nil findings of TGB on TEP amplitudes in the pre-
sent study as previous studies demonstrated significant effects of eth-
anol, another positive modulator at the extrasynaptic alpha-4 delta
unit bearing subtype of the GABAA receptor (Kahkonen et al., 2001;
Kahkonen, Wilenius, Nikulin, Ollikainen, & llmoniemi, 2003).

The reason for the nil findings may be explained by the specific
mode of action of TGB, which increases the concentration of GABA in
the synaptic cleft by inhibition of the GABA transporter 1, but without
having significant affinity for any neurotransmitter receptor binding
sites in the central nervous system (Suzdak & Jansen, 1995). Impor-
tantly, in rat hippocampal slice preparations, tiagabine had no effect on
the amplitude of low- and high-intensity single-pulse evoked inhibitory
postsynaptic potentials (Jackson, Esplin, & Capek, 1999), in contrast to
positive modulators at GABAA receptors, such as benzodiazepines
(Thomson, Bannister, Hughes, & Pawelzik, 2000). For this reason, TGB
may have failed to modulate single-pulse TMS evoked neuronal activity
in the human brain as measured by TEP amplitudes.

In conclusion, the present study used three different drugs
with specific modes of action to further elucidate the pharmaco-
physiological characteristics of TMS-evoked EEG potentials (TEPs),
emergent noninvasive markers of excitability and effective connectiv-
ity of the human brain. We found that carbamazepine, a VGSC blocker
depressed the P25 and P180 potentials, while brivaracetam that
decreases neuronal excitability through binding to the presynaptic
protein SV2A decreased the N100 potential in the nonstimulated
hemisphere, and tiagabine, a GABA reuptake inhibitor without direct
modulating action on receptors in the central nervous system had no
effect. Together with data from previous pharmaco-TMS-EEG studies
the present findings corroborate the view that the P25 represents
axonal excitability of the corticospinal system, the N100 in the nonsti-
mulated hemisphere propagated activity suppressed by positive mod-
ulation of GABAA receptors, and the P180 late activity particularly
sensitive to VGSC blockade.
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Pharmaco-TMS-EEG is still a pioneering approach with many chal-

Limitations

lenges, but we did our best to prevent potential confounds by running
a double-blinded, randomized, placebo-controlled crossover design,
and state-of-the-art neuronavigated TMS-EEG procedures and ana-
lyses. Nonetheless, there are a few caveats to consider: While we
controlled for multiple comparisons regarding the number of EEG
channels and time points, the assessment of multiple different drugs
inevitably comes at the risk of false positive findings, no matter
whether within a single-study or across multiple studies and research

groups. The only real solution to this issue is replication across labs,

which we hereby explicitly encourage. In general, TEPs can be inher-
ently confounded by auditory and somatosensory co-stimulation
(Conde et al, 2018; Gordon, Desideri, Belardinelli, Zrenner, &
Ziemann, 2018; Herring et al., 2015). While auditory noise masking
can reduce its impact, and the post-pre and drug-placebo compari-
sons remove most of these confounds, it is possible that a pharmaco-
logical modulation of residual auditory and somatosensory evoked
potentials adds to the drug-induced changes in truly transcranial
evoked brain responses. This potential confound has to be carefully
assessed for each individual case, in particular for components that
appear remotely to the stimulation site, such as the P180, as discussed
in detail in the TMS-EEG section above. In general, remote TEP com-
ponents are more difficult to interpret than those at the stimulation
site, as they may have multiple origins. While they can indeed reflect
multisensory co-activations, they may also result from actual signal
propagation (also transcallosal) within the stimulated network
(Ilmoniemi et al., 1997; Massimini et al., 2005), or from projections to
the remote surface from dipoles located at deeper sources (Litvak
et al., 2007). In the future, realistic sham conditions and source local-
ized TEP analyses may help to disentangle these contributions. How-
ever, TEP analyses in channel space are well established and,
importantly, allow comparability with previously published studies.
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