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1 Introduction 

Cortical excitability is an important diagnostic substrate of pathophysiologic 

sources of diseases like epilepsy, migraine and traumatic brain injury (Xiang et 

al. 2016, Pawley et al. 2017, Verley et al. 2018). So far, despite the considerable 

progress that has recently been made in neurophysiological research, the 

mechanisms underlying cortical excitability remain incompletely understood. One 

core issue is how to properly assess the correlation between synaptic 

transmissions on the molecular level, such as glutamatergic and GABA-ergic 

transmissions, and long-range neurophysiological interactions, including intra- 

and interhemispheric, and cortico-spinal connectivity (Daskalakis et al. 2012). 

Combining pharmacological interventions (Ziemann et al. 2015) with 

neuroimaging techniques, such as EEG or TMS-EEG, MRI, fMRI, PET and MEG 

(Ziemann 2011, Klamer et al. 2015, Cichy and Pantazis 2017), provides a 

promising way to approach such an issue by visualizing information of normal 

and abnormal neuro-activities (Chung et al. 2015). In these combinations, 

Pharmaco-TMS-EEG has been proved to be a reliable non-invasive method to 

modulate, stimulate and monitor neuronal excitability in real-time, respectively. 

Since EEG signals are affected directly or indirectly not only by each TMS 

stimulation, but also by pharmacological modulation, it is crucial to identify and 

relate EEG-responses in coupled neurophysiological system. The perturbation 

provoked TMS-on EEG signals can “either be evoked (i.e. phase-locked) or 

induced (i.e. non-phased locked)” oscillatory responses (Herrmann et al. 2014, 

Premoli et al. 2014, Pellicciari et al. 2017). The TMS-evoked potentials (TEPs) 

after various pharmacological interventions (Premoli et al. 2014, Darmani et al. 

2016, Salavati et al. 2018b, Rogasch et al. 2020), and TMS-induced oscillation 

under influence of agonists of GABA (Premoli et al. 2017), which is the main  

transmitter of the cortical inhibitory system, have been well developed and 

defined in recent years (Tremblay et al. 2019). It seems that synchronous 

oscillatory features of TMS-EEG after glutamatergic modulation, which is the 

major form of excitatory transmission, has still been less investigated in-vivo. At 

synaptic level of an excitatory transmission, it is important to acknowledge two 

principal mechanisms of neuronal depolarization. One is mediated by transmitter 
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towards postsynaptic receptors, such as glutamatergic AMPA- and NMDA-

receptors, the other is voltage-controlled, such as voltage-gated-calcium-

channels (VGCC).  From this perspective, this study aims to investigate the effect 

of perampanel and dextromethorphan as glutamate-antagonists and nimodipine 

as VGCC-antagonist on the feedback of time and frequency of TMS-EEG. 

1.1 Transcranial magnetic stimulation (TMS) 

TMS is a technique to investigate cortical excitation and inhibition non-invasively. 

Historically, TMS has been developed in two stages, from invasive to non-

invasive brain stimulation and from uncontrolled ubiquitous brain stimulation to 

reliable focal stimulation. Gustav Fritsch and Eduard Hitzig in 1870 (Carlson and 

Devinsky 2009) firstly described electrical excitability of human cortex using an 

invasive method, by which stimulating a specific cortical area could lead to 

motoric reaction. This area was then identified as the primary motor cortex (M1). 

At the second stage, electrical induction by magnetism was suggested as an 

improved approach by A. d’Arsonval in 1896, where stimulation by a magnetic 

full-body oscillator could cause symptoms like dizziness and unspecified muscle 

contractions on subjects (Geddes 1991). But this phenomenon could not be 

clearly explained and measured. About 70 years later, R.G. Bickford and B.D. 

Freeming developed the first working single-pulsed transcranial stimulator, which 

could stimulate visually detectable muscle activity. Yet, it could still not be used 

to measure such activity due to high artifacts, that probably resulted from 

magnetic field reverberations (Chapter 1.2.2, Siebner and Ziemann 2007). M. 

Polson (Polson et al. 1982),  A. Barker (Head of Department of Medical Physics 

and Clinical Engineering, Sheffield University U.K.), R. Jalinous and I.L.Freeston 

(Barker et al. 1985) developed the first single-pulsed transcranial magnetic 

stimulator without such reverberations and provided measurable muscle potential 

as evidence for peripheral neuronal stimulation through a cortico-spinal pathway. 

To understand the basic principles behind TMS, it is important to introduce 

Faraday’s law of electric induction by magnetism. Using a battery, a 

galvanometer, a metal ring and two wired loops, he observed that a changing 

magnetic field has been generated, when an in-constant primary current arrived 
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in the first wired loop. This magnetic field induced an electrical current in the 

second wired loop, but in the opposite direction to the current direction of the first 

loop. In line with Faraday’s experiment, the basic design of a TMS device is 

relatively simple and  consists of two universal components besides the power 

supply: a capacitor and an inductor coil. Charging and unloading the capacitor 

creates an alternating current, which drives through an inductor coil, while the 

electric current is filtered by a switch called “thyristor”, a silicon-controlled rectifier 

as shown in Fig.1.  

Adding a diode parallel connected to the thyristor enables electric backflow which 

creates a resonance of loaded voltage of the coil. This kind of resonance can 

generate a bipolar magnetic field by Faraday’s law - whenever the capacitor 

conduits the electric energy and whenever the energy has been expired inside a 

single circulation. Such a changing magnetic field on human brain quickly induces 

biphasic electrical current inside circulating neurons, which serve as the second 

wire loop of Faradays experiment (Chapter 2.1, Siebner and Ziemann 2007). 

Disregarding electric resistance of human skin and scalp for electrical conduction, 

the circuit cannot be interrupted. Removing the first diode from the circuit and 

adding a diode resistance attenuates the biphasic signal to a monophasic signal. 

Such monophasic signal can be used to produce complex pulse waveforms and 

it also has a lower risk of an “explosive destruction of any circuit elements that 

 
Figure 1. Simplified TMS-Circuit of a monophasic stimulator. 
C: capacitor; T: thyristor; R: resistance 
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stood in the way caused by a large negative value due to a rapid drop in current” 

(Chapter 1, Epstein et al. 2012). 

The changing magnetic field 𝐵𝐵�⃗  can be calculated by the law of Biot and Savart 

(Madsen et al. 2015),  

𝐵𝐵�⃗ =
μ0
4𝜋𝜋

 ∙ �
𝐽𝐽(𝑟𝑟′���⃗ ) × (𝑟𝑟 − 𝑟𝑟′���⃗ )

�𝑟𝑟 − 𝑟𝑟′��⃗ �
3   ∙ 𝑑𝑑3𝑟𝑟′���⃗    

where r and r’ represent spatial position vectors, J denotes the current distribution 

and μ0 is vacuum permeability. 

The value of the magnetic fields stands in negative correlation to the distance of 

stimulation (Kammer et al. 2001, Hallett 2007) and its induced electrical voltage 

𝐸𝐸�⃗  can be calculated by Faradays law as a vector of the changing magnetic field 

in relation to time after stimulation 𝑡𝑡, where ∇��⃗ × represents the curl operator. 

∇��⃗ × 𝐸𝐸�⃗ = −
d𝐵𝐵�⃗
d𝑡𝑡

     

As figure-of-eight coils can induce a more focal magnetic field than conventional 

single-circular coils (Deng et al. 2014), the generated magnetic field of a figure-

of-eight coil can also be calculated by computing models (Petrov et al. 2017). 

Using the admittance method by neuro-navigation-assisted technologies (Paffi et 

al. 2015), such induced electric field can be evaluated in real-time to improve 

targeting and dosing of neuronal stimulation.  

Electric stimulation of neuronal tissue has been found to be useful in various ways. 

For instance, methods like transcranial direct current stimulation, deep brain 

stimulation and electroconvulsive therapy are only few of many established 

clinical treatments. In regards of transcranial magnetic stimulation, the advantage 

of such non-invasive method is that no electric current has been directly applied 

on the surface of the scalp, while the magnetic field itself has no biological 

consequences (Chapter 1.1, Krieg 2017). Also, adverse events related to 

transcranial magnetic stimulation appears to be relatively low on single pulses, 

but repetitive stimulations could give rise to seizure, burning from scalp 

electrodes, pain and headache, transient effects on hormones and change of 
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mood and cognition caused by long-term potentiation or depression 

(Wassermann 1998).  

In the clinical diagnostics, TMS has been validated not only as a valuable tool for 

Alzheimer’s disease (Ferreri et al. 2016), epilepsy (Valentin et al. 2008, Shafi et 

al. 2015), attention-deficit hyperactivity disorder (Dutra et al. 2016), and 

schizophrenia (Radhu et al. 2012, Rogasch et al. 2013), but also as therapeutic 

tool for major depressive disorder and migraine (approvals by U.S. Food and 

Drug Administration in 2008 and 2013). Evoked EEG-potentials can also be 

quantified by applying TMS to patients with early relapsing-remitting multiple 

sclerosis, although the most common amplitudes were mostly indifferent between 

early-stage RRMS and healthy controls except for N280 amplitudes (Zipser et al. 

2018) 

1.2 Electroencephalography (EEG) 

Electroencephalography (EEG) is a real-time monitoring method to record 

electrophysiological activity of the brain. First recordings of spontaneous 

electrical activities were done by Richard Caton (Caton 1875) on animal brains. 

Hans Berger, who also discovered Alpha-waves (Berger 1929), then established 

fundamentals for the introduction of EEG in 1924. Since detection of epileptiform 

spikes by Gibbs, Davis and Lennox (Gibbs et al. 1935) and description of REM-

sleep (Aserinsky and Kleitman 1953), EEG has been used as a tool for research, 

diagnostics in neurology and neuro-psychiatry, and for monitoring of patients in 

anesthesia or in sleep, e.g. at intensive care units or stroke (Jordan 1999). 

A basic EEG system consists of electrodes, amplifiers and a digitizer, and records 

potential-differences between two electrodes on the scalp, of which the 

frontocentral electrode (FCz) is designed as reference electrode in most cases 

(Seeck et al. 2017). Such potential-difference is formed by an electric field of 

synchronized depolarization of focal underlying neuronal populations and reveal 

temporal and spatial information of postsynaptic potentials (Farzan et al. 2016). 

Even though the detection of sources is usually limited to a few centimeters below 

the cortical envelope of the human brain (Ilmoniemi et al. 1997, Taylor et al. 2008), 

the resolution of the EEG inverse problem allows to display the source of such 
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generated potential differences, as apical dendrites of pyramidal neurons can be 

mostly localized in the superficial layers of the cortex. When induced or 

spontaneous depolarization reaches the cortices, voltage-gated ion channels 

open for an influx of positive ions, which result in excitatory postsynaptic 

potentials (EPSPs). Due to the loss of the positive ions, the extracellular space 

become negatively polarized. The EPSPs inside the apical dendrites of pyramidal 

neurons can summarize to action potentials, which facilitate propagation of 

depolarization towards peripheral dendrites of neurons, which spread in the 

distant nerves and muscles. Such neurons can be modeled as dipoles due to a 

fast transmission of the action potentials. If the direction of such dipoles points 

towards deeper brain areas, the superficial areas are usually negatively polarized, 

whereas tangentially orientated dipoles are less likely to create any EEG 

potentials. A summarization of synchronized action potentials generates high 

potential differences and synchronous EEG-amplitudes within the same 

frequency, whereas asynchronous amplitudes are more likely to create higher 

frequencies (Chapter 10a, Gordon 2003). 

Induced brain activity relates to different brain processes and is classified into 

specific waveforms, which frequency band widths are determined mainly by their 

stimulation source. Sudden sensory stimuli (Engel and Singer 2001), memorized 

processing (Chrobak and Buzsáki 1998) and actions (Muthukumaraswamy 2010) 

are usually followed by gamma-waves with frequencies of 31-80 Hz, reflecting 

fast inhibitory activities of interneurons (Johnson et al. 2017). In an active mental 

state with open eyes, the human brain mostly produces beta-waves with a 

frequency of 13-30 Hz. Alpha waves with a frequency of 8-12 Hz can be 

predominately found when subjects have their eyes closed in a relaxed and 

drowsy mode. A so-called alpha blockade can occur with mental activity like 

sudden opening of eyes (Kirschfeld 2009), and is involved in cognitive inhibitory 

processes (Weisz et al. 2011). Other slower waveforms like theta-waves with 4-

7 Hz or delta-waves at 1-3 Hz are related to emotions like displeasure and 

pleasure (Knyazev 2012) or abnormal brain behaviors and REM-sleep 

(Hutchison and Rathore 2015). In this study, all subjects were in a relaxed 
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position with eyes open, thus the focus of this work will be on alpha- and beta-

frequency bands. 
 

1.3 Combination of tools: pharmaco-TMS-EEG 

The implementation of TMS into EEG-recordings was firstly suggested in 1989 

(Cracco et al. 1989). Cracco investigated the EEG-responses in the contralateral 

hemisphere caused by TMS-stimulation about 20 ms earlier. Thus, TMS-EEG 

enables a real-time and non-invasive mapping and tracing of neuronal reactions 

of human cortex in contrast to other imaging approaches (Ilmoniemi et al. 1997). 

Furthermore, a “spreading of neuronal activation from motor to premotor to 

contralateral and then to parietal areas” has been observed (Ilmoniemi et al. 1997) 

and thus indicating cortico-cortical and cortical-spinal transmissions. Several 

further studies showed the relationship between TMS and inhibitory EEG 

responses within a longer post-stimulus interval (up to 200 ms) by applying paired 

stimulation protocols, such as short- or long-interval cortical inhibition (SICI and 

LICI) (Nakamura et al. 1997). Recent studies considered a time period of more 

than 300ms of EEG responses after the TMS pulse (Hill et al. 2016).  

TMS depolarizes cortical neurons depending on the coil-orientation and intensity 

of the TMS-induced current inside the cortex. In particular, on primary motor 

cortex, induced activity of excitatory pyramidal cells and inhibitory interneurons 

of layer II, III and V can account for corticospinal plasticity (Di Lazzaro and 

Ziemann 2013). The excitation is transmitted to the target muscle through the 

corticospinal tract and peripheral nerves and may be quantified as motor evoked 

potential (MEP) as recorded in electromyography (EMG) (Barker et al. 1985, 

Ilmoniemi et al. 1997, Daskalakis et al. 2012, Groppa et al. 2012). Due to its 

quantifiability and reproducibility, EEG-responses during such activations can be 

therefore determined as TEPs (Komssi et al. 2004, Ilmoniemi and Kičić 2009) 

and reveal direct and indirect information of cortical excitability (Daskalakis et al. 

2002).  

It has been suggested that such responses originate in interactions from evoked 

EPSPs of pyramidal neurons and inhibitory postsynaptic potentials (IPSPs) of 

interneurons (Kirschstein and Köhling 2009, Hill et al. 2016), especially in a post-
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stimulation period within 200ms in animal models and in-vitro studies (Rotenberg 

et al. 2008, Mueller et al. 2014). These EEG potentials appear in a certain pattern 

of latencies and time-locked amplitudes after single-pulse TMS-stimulations on 

the primary motor cortex (see Fig. 2) and show reproducible corresponding 

topographies (Komssi and Kähkönen 2006, Ilmoniemi and Kičić 2009, Hill et al. 

2016). 

To obtain such potentials, a validated data cleaning method is necessary. 

Although mechanical and electronical artifacts can be partially reduced by using 

direct-current (Tsai et al. 2018) -coupled amplifiers (Daskalakis et al. 2012) and 

TMS-compatible EEG electrodes (Veniero et al. 2009), the obtained raw data still 

need to be filtered for a good “signal-to-noise ratio” (Ilmoniemi and Kičić 2009). 

Fortunately, many artifacts have been so far assigned to different waveforms and 

topographies. They relate to the TMS pulse (Ilmoniemi et al. 1997), different 

electrode-skin charges (Veniero et al. 2009), power supply, other electronics 

 
Figure 2. Sample averaged data of TMS-evoked EEG-responses  
of a representative participant before (blue) and (after) drug intervention and after data 
cleaning process.  
Data were obtained with a 62 channels EEG device. Vertical line at 0s displays the TMS 
pulse, dotted lines present most frequent amplitudes named as P (positive) or N (negative) 
and Number shows the most frequent peaks in relation to the time after stimulus on-set: P25, 
N45, P75, N100, P180. 
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(Ilmoniemi and Kičić 2009, Rogasch and Fitzgerald 2013, Farzan et al. 2016), 

muscle artifacts and coil pressure on the scalp, respectively. In the data analysis 

pipeline, in order to sort out event-evoked potentials from artifacts and 

spontaneous cerebral activity, one averages the EEG signal time-locked to the 

TMS-trigger (Herrmann et al. 2004). However, an issue related to this approach 

is that relevant event-related EEG information, which varies in time and phase 

with respect to the stimulus on-set, can be cancelled out (Herrmann et al. 2014). 

Such time- and phase-variabilities represent the features of TMS-induced brain 

oscillations. As a matter of course, if TMS had only the effect of a phase-reset 

and entrainment of underlying brain oscillations (Thut et al. 2011), this issue could 

be considered negligible. However, TMS-locked oscillatory activity has been 

indicated to origin from the same neurophysiological generator like spontaneous 

oscillations (Herring et al. 2015), e.g. alpha-oscillations, which is predominant in 

occipital areas in an eyes closed state, can also be evoked after stimulation of 

the occipital cortex (Rosanova et al. 2009). Thus, a proper extraction and 

interpretation of induced oscillations can pose a challenge. For this purpose, 

various analysis methods were developed (Farzan et al. 2016, Tremblay et al. 

2019). Of those, time-frequency representation (TFR) is a particularly promising 

method to characterize the spectral properties of TMS-induced EEG responses 

(Herrmann et al. 2014, Pellicciari et al. 2017, Premoli et al. 2017). Especially 

limiting the scope into frequency bands not only has the advantage of focusing 

into relevant frequencies of interest, but also can considerably reduce artifacts 

(Herrmann et al. 2014).  

Although spectral TMS-EEG properties attracted an increasing interest in the last 

decade, TMS-induced oscillations on the motor cortex remained less investigated. 

Recent works revealed predominately variations of TFR-power in TMS-induced-

oscillations of non-motor regions of the cortex within alpha- (Fuggetta et al. 2005, 

Rosanova et al. 2009, Herring et al. 2015), beta- (Paus et al. 2001, Rosanova et 

al. 2009) and gamma-bands (Canali et al. 2017), and provide information about 

intra- and interhemispheric connections as results of a spatiotemporal spreading 

(Lee et al. 2003, Ferreri et al. 2011).  
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Apart from single-pulse TMS, there are other variations in intensities and 

stimulation forms, e.g. repetitive TMS stimulation (Esser et al. 2006, Casula et al. 

2014), theta-burst stimulation (Casula et al. 2014, Chung et al. 2016) and paired 

associative stimulation (Weise et al. 2017, Salavati et al. 2018a), supporting the 

increasing interest in combined techniques using TMS and EEG. Paired-pulse 

TMS protocols, e.g. in the protocols of SICI (Paus et al. 2001) and LICI 

(Daskalakis et al. 2008, Rogasch et al. 2015) are shown to be able to suppress 

neuronal activity with a interstimulus interval between 50 and 200ms, enabling a 

mechanical method to study cortical inhibition. A different approach to modulate 

the human cortical systems is to implement pharmacological applications to 

single pulse TMS-EEG. This approach appear to be a more specific way to study 

the excitatory and inhibitory systems differentially (Barr et al. 2013). On the one 

hand, earlier pharmaco-TMS-EEG studies have shown significant changes of 

evoked cortical responses corresponding to subunit-agonists of gamma-

aminobutyric acid (GABA) receptors, when applying paired-pulsed cortical 

inhibition protocols like SICI and LICI (Premoli et al. 2014, Premoli et al. 2018). 

On the other hand, a modulation of alpha- and beta-frequency of TMS-induced 

brain oscillations with the same applied drugs has also been demonstrated 

(Premoli et al. 2017), which contributes to the understanding of the inhibitory 

GABA-ergic system. For the excitatory system, an early pharmaco-TMS-EEG-

study demonstrated a decreased motor cortical excitability by antagonizing a 

specific sort of glutamatergic receptors, the N-methyl-D-aspartate receptor 

(NMDAR), also by using paired-pulse TMS protocols like intracortical facilitation 

(ICF) and intracortical inhibition (ICI) (Ziemann et al. 1998). The same antagonist  

- dextromethorphan has the potential to decrease long-term potentiation (Salavati 

et al. 2018a), which is important in the process of memory and learning 

(Collingridge and Bliss 1995). 
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1.4 Glutamatergic receptors 

It is well known that information is interneuronally transmitted by chemical 

substances, such as glutamate, GABA, glycine etc. Among these, glutamate 

represent the “brain’s most abundant neurotransmitter” (Pinky et al. 2018). Yet, 

the neurophysiological and neurochemical mechanisms of glutamatergic 

transmission and metabolism have not been fully revealed. Generally, according 

to the different transduction mechanisms, glutamatergic receptors are divided 

into two families: ionotropic ligand-gated channel receptors and metabotropic 

ones. Techniques like immunoelectron microscopy, especially immunogold 

labeling (Nusser et al. 1994), displayed that the majority of receptors in 

postsynaptic membranes with affinity to glutamate are considered ionotropic 

(Asztély and Gustafsson 1996), whereas the metabotropic glutamate receptors, 

which activate a second messenger system by coupling GTP-binding proteins 

(Conn 2003), seem to occur with high concentrations in the in the peri-synaptic 

annulus (Baude et al. 1993), see Fig. 3. As a result of the different transduction 

mechanisms, different speed of signal transmissions can be observed. In general, 

 
Figure 3. Schematic view of a synapse for glutamate transmission. 
Containing ionotropic receptors AMPA-R and NMDA-R and metabotropic receptors (mGlu-
R), which appear in the periphery of a post-synapse, especially in the area of a peri-synaptic 
annulus. 
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ionotropic transmissions are faster than metabotropic (Reiner and Levitz 2018) in 

causing EPSPs, probably due to the direct influx of positively charged ions like 

sodium, potassium, and calcium. In this study, we focus on cerebral modulation 

of ionotropic glutamatergic transmissions.  

Referring to NMDA as a synthetic agonist (Ishii et al. 1993), the ionotropic 

receptors are categorized as NMDARs and Non-NMDA-related receptors, which 

include alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)-

receptors, kainate receptors and delta receptors due to their selective affinity for 

specific substances. Generally, the molecular structure of ionotropic receptors 

can be simplified as a glycoprotein consisting of a non-functional amino terminal 

domain, a transmembrane domain and a ligand binding domain whose 

composition can vary due to several subunits, as shown in Fig. 4 (Sobolevsky et 

al. 2009, Furukawa 2012).  

 
Figure 4. Model of an ionotropic glutamate receptor. 
Here: GluA2-AMPA-receptor from two sides in different 90 degree views, the receptor is 
divided into 3 domains: amino terminal domain (ATD), ligand-binding domain (LBD) and 
transmembrane domain (TMD) with a carboxyl ending, Out: synapse side, In: cell side, Å: 
angstrom =100 pm (modified from: Sobolevsky AI, Rosconi MP, Gouaux E (2009) X-ray 
structure, symmetry and mechanism of an AMPA-subtype glutamate, Nature 462). With 
permission. 
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Three gene-coded NMDA receptor-subunit families (GluN1-3) (Vyklicky et al. 

2014) containing seven subunit types (GluN1, GluN2A-D, GluN3A-B) have been 

revealed (Chapter 17, Brady et al. 2011). However, the distribution of NMDAR 

with a specific type of subunit are more locally limited inside human brain cells: 

GluN2A and -B in the forebrain and GluN2A and -C in the cerebellum, GluN2D in 

the midbrain and hindbrain, GluN3A in the spinal cord and cortex, and GluN3B 

mainly in motoneurons in spinal cord, pons and medulla (Chapter 17, Brady et al. 

2011, Dzamba et al. 2013). On the molecular level, glutamate and glycine are 

needed to activate NMDA receptors with GluN1 and/or GluN2 subunits (Clements 

and Westbrook 1991), whereas “NMDA-receptors composed of GluN1/ GluN3 

only require glycine for activation”  (Chatterton et al. 2002, Pachernegg et al. 

2012). When the ligands bind on the corresponding domain, the transmembrane 

domains open like channels for influx of sodium and calcium, which create an 

EPSP through summation (Mayer et al. 1987).  

Regarding non-NMDA subunits, four mRNA-coded AMPA receptor subunits 

(GluR1-4) have been identified as main representatives out of the non-NMDA-

related receptors. Receptors with GluR1-3 subunits are expressed in the majority 

of neurons inside the CNS, while GluR4 is more expressed in cerebellum and 

auditory system outside of the excitatory pyramidal neurons (Schwenk et al. 2014, 

Pelkey et al. 2015) and GluR3-AMPARs have been observed to play a role in 

hippocampal and cerebellar long-term potentiation (Gutierrez-Castellanos et al. 

2017, Renner et al. 2017). GluR1 has been also related to the major form, which 

leads to NMDAR-dependent long-term-potentiation (Huganir and Nicoll 2013, 

Herring and Nicoll 2016). The neuronal permeability of calcium has been related 

to the presence of GluR2-lacking AMPARs (Burnashev et al. 1992), which are 

merely expressed in neuronal synapses during postnatal period, and low in the 

mature synaptic levels (Diering and Huganir 2018). In mature brains, GluR2-

lacking AMPARs were only expressed inside “interneurons and some cortical 

neurons” (Rogawski 2011). In contrast, AMPARs containing the GluR2-subunit 

are significantly less permeable to calcium ions (Vandenberghe et al. 2000, 

Rogawski 2011) and prevalent in most principal neurons throughout the 

telencephalon (Jonas et al. 1994, Petralia et al. 1997), which includes the motor 
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cortex. An activation of such AMPARs results in a large influx of only sodium ions, 

which explains the faster kinetics of AMPAR than other glutamatergic receptors. 

An uprising time towards activation peak within 2,5ms and a desensitizing within 

4,4ms has been described (Clements et al. 1998), whereas NMDA-related 

activations result in a decaying or slow-uprising postsynaptic EPSP with a peak 

at 15-40ms (Sutor and Hablitz 1989, Lester et al. 1990) and has a prolonged 

component as glutamate remains bound to NMDARs (Lester et al. 1990).  

In the human cortex, a coexistence of the NMDAR and non-NMDAR driven 

mechanisms provides for spreading neuronal excitation. Such coexistence 

results in a combined EPSP with two currents (Fig. 5). EPSPs can sum up 

spatially and temporally to influence the frequency of action potentials.  

Unlike the other ionotropic glutamate receptors, kainate receptors have been 

found at both pre- and postsynaptic membranes (Contractor et al. 2011) and play 

a yet unclear role in excitatory synaptic transmission and network modulation.  

Delta receptors are also described as ionotropic glutamatergic receptors 

(Traynelis et al. 2010), but their importance for brain metabolism is largely inferior 

to AMPAR and NDMAR, which are at the core of the current study.  

 
Figure 5. A general excitatory postsynaptic activation with AMPA- and NMDA-receptor 
components. X-axis: time in milliseconds, and y-axis: electric current in picoampere,  
Modified from: Neuronal Dynamics, From single neurons to networks and models of 
cognition by Wulfram Gerstner, Werner M. Kistler, Richard Naud and Liam Paninski, 
Cambridge University Press July 2014 ISBN-13: 978-1107060838). With permission. 
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1.5 L-type voltage-gated calcium-channel (VGCC) 

Axonal action potentials (AP) are important for fast inter-neuronal communication. 

Besides the essential role in action potential initiation and propagation of sodium 

channels (Huxley 2002), various ion channels also affect the generation of action 

potentials (Bean 2007). Among these, voltage-gated calcium channels not only 

participate in intracellular signaling pathways and neurotransmission (Turner et 

al. 2011), but their activation also seems to modulate other ion channels and has 

an effect as a vesicular releasing signal of glutamate inside neuronal pre-

synapses (Catterall 2011). 

Five types of voltage-gated calcium channels (L-, N-, P/Q-, R-, and T-type) with 

a broad synaptic distribution have been so far identified: in the pre-synapses, 

calcium-influx appears to be carried by L-type, P/Q-  and also R-type 

channels (Shinnick-Gallagher et al. 2003, Nimmrich and Gross 2012), whereas 

in the post-synapses, calcium concentration can be modulated through 

pharmacological blockades of N- and L-type channels (Voglis and Tavernarakis 

2006). In comparison to sodium-related activation, L-type voltage-gated calcium 

channels show slow activation and highly voltage-gated control during 

potentiation (Kwiecien and Hammond 1998, Lipscombe et al. 2004), as shown in 

Fig. 6. Additionally, it has been reported that “the contribution of L-type VGCCs 

to total VGCC currents remained relatively constant” (Morton et al. 2013). In 

pyramidal neurons, L-type VGCC significantly contribute to the development of 

 
Figure 6. Action potential initiated by calcium influx without participation of sodium. 
Source: Kwiecien 1998. With permission from Karger AG 
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synaptic connections (Kuczewski et al. 2010, Cherubini et al. 2011), and to the 

modulation of synaptic plasticity (Wolters et al. 2003, Wankerl et al. 2010, Weise 

et al. 2017) by shifting somatic and dendritic calcium transients (Morton et al. 

2013). Pharmacological modulation can be easily established due to their high 

affinity to dihydropyridines, which suppress almost all possible action potentials 

for a short period (Kwiecien et al. 1998), as shown in Fig. 7. This study 

investigates the possible modulation of TMS-induced brain oscillations due to the 

L-type of VGCCs. 

1.6 Study Medication 

In order to investigate the spectral impact on EEG by modulating the two main 

glutamatergic receptors and L-type VGCC, we administered perampanel, 

dextromethorphan and nimodipine as well as placebo in a randomized double-

blinded crossover design. 

 Perampanel 

Perampanel, chemically described as 2-(2-oxo-1-phenyl-5-pyridin-2-yl-1,2-

dihydropyridin-3-yl) benzonitrile (Satlin et al. 2013) is a highly selective and 

allosteric antagonist at the AMPAR. It does not interfere with other ionotropic 

glutamate receptors like NMDAR (Rogawski 2011) and can inhibit all AMPAR-

subunits equally, both calcium-permeable and impermeable (Barygin 2016).  

 
Figure 7. Suppressing action potentials activity by dihydropyridine. 
Here: nifedipine on a growth hormone-secreting cell line (GC cell) derived from a rat 
pituitary tumor. Source:  Kwiecien 1998. With permission from Karger AG 
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According to pharmacokinetic studies, perampanel has an oral bioavailability of 

almost 100% 1  and its peak plasma concentration can be achieved in 

approximately 1 hour (Franco et al. 2013), as shown in table 2. As food can delay 

the Tmax up to 2 to 3 hours (Tsai et al. 2018), the subjects were asked not to eat 

during the experimental session. Some trials indicated that more than 90% of oral 

taken perampanel could be metabolized by type CYP3A4 of liver cytochromes 

(Patsalos 2015) to inactive metabolites. Multiple interactions with other drugs like 

other antiepileptic drugs (Patsalos 2015) and alcohol have been reported 2. The 

average elimination half-life time (T1/2) of perampanel was approximately 105 hrs. 

(Patsalos 2015, Gidal et al. 2017). Thus, it is necessary to prohibit driving 

motorized vehicles within 14 days after intake. Female participants were not 

included due to monthly change of level of progesterone, whose metabolism 

could be enhanced after application of perampanel 12mg (Patsalos 2015). In 

therapeutic application, perampanel has been found to be effective in treating 

partial or generalized tonic-clonic seizures (Krauss et al. 2013, Barygin 2016) and 

received its renewed approval for patients above 12 years old in Germany since 

December 2017. Its adverse events concern mainly dysfunction of the central 

nervous system, for instance, dysbalance, ataxia, dizziness, dysarthria, 

sleepiness, blurry vision and mental change towards aggressiveness and fear. 

Vegetative symptoms like higher or lower appetite, nausea and weight gain have 

also been reported by a multicenter clinical study (Rohracher et al. 2018). The 

use of Perampanel 12mg was investigated in biopharmaceutic studies3 and the 

adverse events at this dosage were considered mild to moderate by Eisai Co. Ltd, 

which were unpublished at the time of study application and provided after 

request for permission. Phase-III-studies “demonstrated that once-daily 

 
1Source: European Medicines Agency EMA. Perampanel (Fycompa): assessment report 
(EMA/424476). 2012. Available at:  
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_Public_assessment_report/hu
man/002434/WC500130839.pdf. Accessed May 10, 2014.  
2Source: US Food and Drug Administration FDA. Clinical pharmacology review. Reference ID: 
3205587. 2012. Available at:  
http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/DevelopmentResources/U
CM332052.pdf. Accessed May 10, 2014. 
3Source: Study E2007-E044-037 and E2007-A001-040, CLINICAL PHARMACOLOGY REVIEW 
from FDA https://www.fda.gov/media/84995/download. 
 

https://www.fda.gov/media/84995/download
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adjunctive perampanel, at doses up to 12mg/day, had a good tolerability profile” 

(Krauss et al. 2013, Satlin et al. 2013), where more than 91% of patients included 

in their study received a dosage of 10-12 mg per day. The provided results are 

now summarized and published in the prescribing information 2016 4  of 

Fycompa®. 

 Dextromethorphan 

Dextromethorphan has several functions at different receptor sites inside the 

CNS. Among many binding affinities (Nguyen et al. 2016), it has been reported 

that dextromethorphan is mostly affine to the sigma-1-receptor as an agonist, 5-

HT serotonin-reuptake receptors as an inhibitor, glycine-receptors as an 

antagonist and to NMDAR as a non-competitive antagonist (Takahama et al. 

1997, Taylor et al. 2016). 

Unlike perampanel, dextromethorphan rapidly undergoes a hepatic first-pass 

effect and is metabolized to its active form – dextrorphan (Capon et al. 1996, Yu 

et al. 2001). Then, cytochrome P460 (Nguyen et al. 2016) inactivates and 

decomposes dextrorphan into substances like 3-hydroxymorphinan and 

demethylation (Yu et al. 2001).  The velocity of metabolism is strongly dependent 

on different CYP2D6-phenotypes of the cytochrome P460 (Woodworth et al. 

1987, Capon et al. 1996), which can be generally divided into four classes: ultra-

rapid, extensive (normal type), intermediate (reduced activity) and poor 

metabolizers (Nguyen et al. 2016, Storelli et al. 2018). Different expression of 

CYP2D6 can dramatically vary the half-life time of dextromethorphan’s plasma 

concentration, from 2.4 hrs for extensive metabolizers to 19.1 hrs, in median for 

poor metabolizers (Capon et al. 1996), or even extended up to 45 hrs, according 

to some reports (Pfaff et al. 1983, Schadel et al. 1995). Participants with known 

intolerance of all substances5 metabolized by CYP2D6 were not included in the 

study. 

 
4Prescribing information of Fycompa (Eisai Co), see: 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/202834s011lbl.pdf 
5Relevante substances see: https://www.gelbe-liste.de/arzneimitteltherapiesicherheit/cyp-
interaktionen/cyp2d6 

https://www.gelbe-liste.de/arzneimitteltherapiesicherheit/cyp-interaktionen/cyp2d6
https://www.gelbe-liste.de/arzneimitteltherapiesicherheit/cyp-interaktionen/cyp2d6
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Therapeutically, dextromethorphan has been patented as an antitussive drug 

since 1954, while neuroprotective and anticonvulsive effects have been 

increasingly revealed in the last two decades (Tortella et al. 1989, Werling et al. 

2007, Shin et al. 2011). But dextromethorphan (Dextromethorphan ratiopharm®) 

can also bring out some adverse events, such as sleepiness, dizziness, nausea 

to vomiting, and hallucination in rare circumstances6. It has been reported that 7% 

of the population in Germany were poor metabolizers due to the phenotype of 

CYP2D6 (de Leon et al. 2005). In these cases, a slower metabolization of 

dextromethorphan can lead to sedation, circulatory collapse as well as the 

reported general adverse events. 

 Nimodipine 

Nimodipine is a dihydropyridine, which selectively blocks L-type voltage-gated 

calcium-channel (VGCC) by binding its alpha-1-subunit allosterically (Catterall 

and Striessnig 1992, Tomassoni et al. 2008). Thus, it limits the influx of 

extracellular calcium into post-synapses (Igelmund et al. 1996) and keeps the 

intracellular calcium concentration in a steady state, even under neuronal 

depolarizing conditions (Tomassoni et al. 2008). In vascular smooth muscle cells, 

the absence of depolarization results in vasodilatation (Catterall and Striessnig 

1992), but in comparison with other dihydropyridines like nifedipine, nimodipine 

has a quite potent activity in the cerebrovascular system, while only modest 

activity is detected on peripheral vessels (Tomassoni et al. 2008). Furthermore, 

it has been shown by some studies that the long-term potentiation is correlated 

with activation of L-type-calcium channels (Artola et al. 1996, Sjöström and 

Nelson 2002), and deactivation of L-type-calcium channels by nimodipine can be 

associated with decreased cortical excitability (Wolters et al. 2003, Wankerl et al. 

2010).  

The maximum of plasma concentration can be reached between 0.6 and 1.6 hrs. 

After hepatic-first pass effect, an oral bioavailability of 5-15% has been reported7, 

when nimodipine 30mg is applied. Like perampanel, nimodipine is metabolized 

 
6Source: Gebrauchsinformation Hustenstiller-ratiopharm® Dextromethorphan. 
7Source: FACHNFORMATION NIMOTOP® Nimodipine Bayer Resources, 
https://www.fachinfo.de/pdf/001480 

https://www.fachinfo.de/pdf/001480
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by CYP3A4-type of cytochrome P450 in the liver and excreted partially through a 

renal and biliary elimination pathway. Therefore, participants with chronic intake 

of drugs metabolized through CYP3A4, alcohol and grapefruit juice (Hanley et al. 

2011) were excluded. 

Nimodipine has been shown to be effective in treating vasospasms resulting from 

subarachnoid hemorrhage (Philippon et al. 1986, Catterall and Striessnig 1992) 

and cerebral hypertension (Tomassoni et al. 2008). This also implies that 

nimodipine (Nimodipine Hexal®), as an antihypertensive drug, can cause 

hypotension. Other minor adverse effects, such as dizziness, flush, headache, 

nausea, change in heart rate and sweating were also reported by the specialist 

information on medicinal products 8.  

Yet, neuronal effects have been less studied, only anti-seizure efficacy on rats 

has been indicated by studies in-vivo by some studies so far (Kriz et al. 2003, 

Shitak et al. 2006). 

 Placebo 

A Placebo is an inert substance, which is available as tablets and capsules in the 

clinic’s drug store of the University of Tübingen. In this study, the application of 

placebo capsules and tablets aims to ensure the double-blindness of participants 

and study investigators, as dextromethorphan was only available in capsules, 

and perampanel and nimodipine in tablets.   

1.7 Study motivation and main objectives 

Rationale: 
Glutamatergic transmission is the major mechanism of excitatory synaptic 

signaling (Hammond 2015) and GABA is the main representative of inhibitory 

transmitters of the CNS. Theoretically, it is reasonable to hypothesize that the 

effect of GABA-agonists on CNS resembles that of antagonists of ionotropic 

glutamate-related channels and L-type VGCC. While it has been demonstrated 

that GABA-ergic agonists like baclofen and diazepam can modulate cortical EEG-

responses to TMS stimuli (Premoli et al. 2014, Premoli et al. 2018, Tse et al. 

 
8Source: Gebrauchsinformation Nimodipin Hexal 30mg 
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2018), the effect of glutamatergic modulators on TMS-evoked and -induced EEG-

responses have not been investigated yet. This study will investigate 

physiological TMS-induced EEG responses by assessing the excitatory motor 

system pharmacologically. 

Objectives: 
1) Investigation of the role of AMPAR- (perampanel) and NMDAR- 

(dextromethorphan) mediated neurotransmission for resting-state EEG-

responses and TMS-induced oscillatory brain activity.  

2) Investigation of the role of calcium influx mediated by L-type VGCCs 

(nimodipine) for resting-state-EEG responses and TMS-induced oscillatory 

brain activity. 

 

Hypotheses: 

Specific hypotheses on this study were not formed as research on pharmaco-

TMS-EEG was at its developing state. This study intends to explore and 

characterize the physiology of resting-state and TMS-induced oscillatory brain 

activity in response to mediation of the glutamatergic system and L-type VGCCs. 
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2 Materials and Methods 

2.1 Ethics approval 

The Approval of the current study was given by the ethics Committee of the 

Medical Faculty of Eberhard-Karls-University Tübingen (Reg.-No. 526/2014BO1). 

2.2 Participants 

 Subject recruitment 

All included participants agreed the in- and exclusion criteria, experimental time 

plan and procedures by signing a written informed consent form, which includes 

personal data protection. Furthermore, they were informed about possible 

adverse events resulting from TMS, EEG and study drugs. They were explicitly 

informed not to take coffee, grapefruit juice or alcoholic beverage before and 

during each test session in order to avoid their possible interactions with study 

drugs and advised not to drive within one week after each test session. All 

participants received a reimbursement of 50 € for each completed experimental 

session.  

 Inclusion criteria 

Participants were selected by strict inclusion criteria, which are summarized in 

the following points:  

 aged between 18 and 50 years. 

 male subjects. Female subjects were not included due to possible hormonal 

and blood pressure interactions brought out by the menstrual cycle (Smith et 

al. 1999).  

 right-handed with a laterality score >75% as defined in Edinburgh handedness 

inventory (R.C.Oldfield 1971). 

 free of chronic medication and addictive substances (including alcohol and 

nicotine). 

 no electric or metal implants. 

 no history of neurological or psychiatric diseases. 
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 no contraindication by any other of the TMS safety requirements (Rossi et al. 

2011). 

All participants went through a screening procedure of blood pressure and 

resting-motor-threshold (RMT) measurements. The systolic blood pressure had 

to be above 100mmHg and RMT is defined as the minimal intensity, which can 

still elicit MEP with an amplitude ≥50 µV in at least five out of ten stimulations 

(Groppa et al. 2012, Rossini et al. 2015). Only participants (Rogasch et al. 2013) 

(mean ± s.d.: 40.38 ± 6,72%) with RMT < 60% of maximum stimulator output 

(Rogasch et al.) were included. Moreover, their Body-Mass-Index had to be lower 

than 30 kg/m2 to avoid possible inequalities of drug concentration, as all subjects 

received the same drug dosages. 

 Subjects 

Eighteen healthy male participants (mean age ± s.d.: 26.0 ± 3.5 years, range: 22-

36 years) participated in the study, and were examined physically and neuro-

psychiatrically by a physician of our group. According to the Edinburgh Inventory 

Test, all participants were right-handed with a mean laterality score ± s.d. of 88 ± 

15 %. Among the included participants, one was excluded due to a self-report of 

hepatitis B infection after beginning of the study and another subject exited the 

study due to private reasons. The remaining sixteen participants completed all 

four experimental sessions and their data served as the basis for this thesis. 

2.3 Experimental procedures 

To assess the glutamatergic system via TMS-EEG, the experiment was designed 

as a pseudo-randomized and double-blinded crossover study, and completed 

under four different drug conditions, i.e., perampanel, dextromethorphan, 

nimodipine and placebo. The interval between two consecutive experimental 

sessions in a given subject was set to at least 14 days in order to avoid possible 

carryover effects between sessions. As shown in Fig. 8, each experimental 

session chiefly consisted of the following four phases: 
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Initial preparation: Before starting the measurements, participants were told to sit 

still in a reclining chair. An EEG cap with 64 c-ring-electrodes was placed on their 

scalp according to the International 10-20 system (Fig. 9, right), and three EMG-

electrodes were placed onto the right abductor pollicis brevis (APB) muscle and 

its adjacent bone to record the EMG- activity, while the third is placed as the 

ground electrode at the forearm.  To minimize the distance between the coil and 

the scalp, we employed a thin, TMS-compatible cap of 4 mm thickness (Brain 

Products GmbH). The EMG-electrodes and EEG-electrodes were monitored at 

their impedance level (Julkunen et al. 2008) by using the software BrainVision 

Recorder (Brain Products GmbH)  and kept lower than 5 kΩ by using appropriate 

conductive gel at the contact areas of metal and skin.  

After the first measurement of blood pressure, RMT and the TMS hand hotspot 

(the optimal stimulation site targeting the right APB muscle) were searched 

manually using a figure-of-eight coil on the left primary motor cortex, mostly 

enclosing the C3 channel, and then marked out in a tangential T-form onto the 

EEG cap to maintain the same positioning throughout all test sessions (Fig. 9). 

 

Figure 8. Timeline of an experimental session with marked time-spots. 
Red marker: blood pressure measurement; orange marker: measurement of RMT and re- 
adjustment of hot spot; green marker: drug applications.    
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The figure-of-eight coil was kept at a 45-degree angle tangentially to the mid-

sagittal line, holding it from behind of the participant (Kammer et al. 2001, 

Thielscher et al. 2011). The correct targeting of the hot spot has been ensured 

by monitoring EMG-data using the Spike2 software (Cambridge Electronic 

Design) throughout the whole session. The recorded data underwent a 

processing procedure with amplification (Digitimer D360 8-channel amplifier), 

bandpass filtering (20 Hz – 2000Hz) and was digitized at an A/D rate of 10kHz 

(CED Micro 1401; Cambridge Electronic Design). 

 

Subsequently, participant needed to plug in  earphones, which sent out a 

monotone noise, to mask the clicking sound from discharging of the TMS coil, 

thus minimizing auditory evoked EEG signals (ter Braack et al. 2015). In addition, 

the participants were told to keep their eyes open, focusing on a marked dot on 

the wall in front of them to reduce artifacts that were produced by eye movements 

and blinks. 

 
Figure 9. Schematic view of positioning the TMS coil and distribution of EEG electrodes. 
Left: The angle of the figure-of-8 coil has been held tangentially on the scalp, in a 45-degree 
angle to the sagittal line; Right: montage of the EEG electrodes in the 64-electrode cap with 
the ground electrode AFz placed on the forehead as marked grey. Right: product information 
on www.brainproducts.com). 
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The subsequent baseline (pre-drug) measurements included two steps: the first 

was the recording of resting-state EEG, and the second involved TMS-EEG 

recordings using 150 monophasic single TMS pulses, which has been carried out 

at an intensity of 100% of measured RMT. Resting-state EEG was recorded for 

3 mins. The TMS pulses were applied on the previously marked hot spot by the 

figure-of-eight coil connected to two MagStim 2002 magnetic stimulators, while 

recording EEG-data continuously. The frequency of TMS was computationally 

set to 0.2 Hz ± 25% random variation. All recorded EEG-raw signals were also 

amplified, bandpass filtered and digitized at an A/D rate of 10kHz per channel. 

Table 1 represents the scheme of drug application. 4 capsules immediately at the 

end of the pre-drug measurement and 1 tablet 60 mins later were applied each 

test session to verify the double-blindness and to ensure that the experiment 

proceeds at the time of maximal plasma concentration of the study drugs (Tmax), 

as dextromethorphan has a Tmax of approximately 2 hours after intake (see Table 

Table 1. Scheme of drug application (30 mins after start and 90 mins after start) within the 
four drug conditions. 

Drug condition First application after 
baseline measurement 

Second application after 60 
mins 

Perampanel 

 

4x capsules of Placebo 1x tablet of perampanel 
12mg or 6mg 

Dextromethorphan 4x capsules of 
Dextromethorphan 30mg 

1x tablet of Placebo 

Nimodipine 4x capsules of Placebo 1x tablet of nimodipine 30mg 

 

Placebo 4x capsules of Placebo 1x tablet of Placebo 
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2), while perampanel and nimodipine can reach its Tmax after 1 hour. The blood 

pressure of the participants was re-monitored simultaneously to each drug 

application. As reported in the Table 2, these capsules and tablets included 

perampanel 12mg/6mg, dextromethorphan 120mg, nimodipine 30mg and 

Table 2 Study drugs, brand, dosage and applicated form, time of peak plasma 
concentrationafter application (Tmax) and half-life time (T1/2). 

Drug and Brand Dosage Form Tmax [h] T1/2 [h] 

Perampanel  
(Fycompa®) 

12 mg/ 
6 mg 

tablet 0.5-4 
(1)1 

1051 

Dextromethorphan  
(Hustenstiller-
ratiopharm® 
Dextromethorphan) 

120 mg capsule 1-22 

1.2-2.2 hrs.3 

(CYP2D6-EM) 
or  
< 45 hrs.3 

(CYP2D6-PM) 

Nimodipine 
(Nimodipin-HEXAL®) 
 

30 mg tablet 0.6-1.6 
(1)4 

1.1-1.74 

Placebo tablets  
(P-Tabletten 
Lichtenstein, 7, 8, 10 
mm, Winthrop) 

 
n.a. 

 
tablet 

 
n.a. 

 
n.a. 

Placebo capsules 
(Universitäts-apotheke) 

n.a. capsule n.a n.a 

Average Tmax time were taken in consideration for study design and marked bold in baskets. 
CYP2D6-PM: poor metabolizer of CYP2D6. n.a: not applicable.  
Source of literature:  
1) Tmax data is provided by Phase I randomized biopharmaceutical study E2007-A001-

040 and -037 after communication with Eisai Co. With permission; T1/2 data is based 
on Gidal et al 2017, Patsalos et al. 2014.  

2) PRODUCT INFORMATION Hustenstiller-ratiopharm® Dextromethorphan for 
CYP2D6-extensive metabolizer (CYP2D6-EM).   

3) Woodworth et al., 1987; Pfaff et al. 1983, Schadel et al. 1995 for CYP2D6-poor 
metabolizer (CYP2D6-PM).  

4) FACHNFORMATION NIMOTOP® Nimodipine Bayer Resources.  
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placebo, respectively.  Of note, the dosage of perampanel was reduced due to 

drug-related adverse events during the course of this project. Perampanel 12mg 

was only used to the first three participants.  

For the post-drug measurement, the conductivity of all prepared EEG- and 

muscle electrodes was re-tested and re-optimized by using conductive gel. The 

RMT was re-measured in the same way as mentioned above. The intensity of 

each TMS-pulse has been adjusted to 100% of the re-tested RMT. In addition, 

the blood pressure of the participants was measured again. Subsequently, the 

post-drug measurements (resting-state EEG, TMS-EEG) were analogous to the 

baseline measurements (Fig. 8). 

As a last step, a safety check was performed: a neurological examination and a 

last blood pressure measurement were administered by a physician. The 

neurological examination contained clinical tests of cranial nerves II – XI, gait 

pattern and ability of balancing like a tightrope walk, and Romberg’s test.  

2.4 Used non-drug materials 

 An automatic blood pressure measurement device. 

 TMS magnetic stimulators: two MagStim 200 magnetic stimulators 

connected to one figure-of-eight coil with external loop diameters of 90 mm 

through a BiStim module (all devices from Magstim Co, Whitland, Dyfed, 

UK). We used two stimulators to prevent overheating events. 

 TMS-compatible EEG equipment: A 64-electrode cap and three Ag-AgCl-

cup electrodes for EMG measurement, BrainAmp DC, BrainVision Recorder 

Software, by Brain Products GmbH, Munich, Germany. 

 An isolated D360 Amplifier system with band filtering function from Digitimer 

Ltd. Hertfordshire, UK. 

 A Digitizer: Micro1401 mk II from CED Cambridge Electronic Design, 

Cambridge, UK. 

 Conducting gel: Nuprep Skin Prep Gel from Weaver and Company, 

Colorado, USA and electrode paste from GE GmbH, Freiburg, Germany. 
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2.5 Data Processing 

EEG data processing was performed with Fieldtrip open source-toolbox scripts 

by using MATLAB R2016a (Oostenveld et al. 2011).  

 Resting-state oscillations 

First, the raw resting-state-EEG data were cut into time segments of 2 s, 

bandpass filtered by a zero-phase Butterworth filter of the 3rd order from 1 to 80 

Hz and down-sampled to 1000 Hz. 50 Hz artifacts induced by the power line 

(Freche et al. 2018) were notch-filtered by using the same filter system at 49-51 

Hz. A mean (± s.d) of 5 (± 2) Channels and 14.6 (± 8.9) % of epochs containing 

visual detectable noises were removed by individual and manual selection. 

Subsequently, the data underwent an independent component analysis (ICA) by 

means of the FastICA algorithm (Rogasch et al. 2014). Identifiable ICA 

components (mean ± s.d. 18 ± 4) contaminated by artifacts, which resulted from 

eye and lid movement, facial and masticatory muscle activity were removed on 

the basis of their power spectrum, topographical specification and single-trial 

time-course. Then, the data of discarded channels were re-calculated by spline-

interpolation of adjacent channels (Perrin et al. 1989, Thut et al. 2011). The 

resulted data were re-referenced on the average reference signal. A fast Fourier 

transform (FFT) algorithm, with a spectral resolution of 1 Hz and smoothing ±1/4 

of the central frequency, was applied for all epoched data of each EEG channel 

with a power spectrum from 1 Hz to 45 Hz by using multi-taper method (Babadi 

and Brown 2014), implemented in the Fieldtrip toolbox (Oostenveld et al. 2011). 

The pre-processed data were averaged over all retained epochs of either pre- or 

post-drug data. 

 TMS - induced oscillations 

The raw TMS-EEG data were also cut into epochs in relation to the time of the 

TMS pulse. Data from 600 ms before to 600 ms after the TMS trigger were 

considered for further processing, while the data contaminated by the TMS 

artifact from 1 ms before to 15 ms after the TMS pulse, were removed. The data 

gap was cubic spline interpolated. Noisy channels (mean ± s.d.: 5 ± 3) and the 
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epochs (25.4 ± 12.0%) containing visually detectable disturbances were 

discarded. Differently from the resting-state EEG processing, the ICA was applied 

in a two-step procedure. In the first ICA step, components (mean ± s.d. of 4.3 ± 

2.6) related to TMS discharging artifact, which causes a high amplitude as 

representatively shown in Fig. 10, were removed.  

After the first ICA, the data were filtered by using a 1 - 80 Hz bandpass filter (zero-

phase Butterworth, 3rd order) and a 49 - 51 Hz notch filter (zero-phase 

Butterworth, 3rd order), followed by data down-sampling to 1000 Hz. In the 

second ICA, artifact-contaminated ICA components caused by eye and lid 

movement, facial and masticatory muscle activity were removed analogously to 

the resting-state data and re-referenced to average reference signal (Rogasch et 

al. 2014). 

The data after removing artifacts were still a mixture of TMS-evoked time-locked 

responses and TMS-induced spontaneous brain EEG activity (Roach and 

Mathalon 2008, Herrmann et al. 2014, Pellicciari et al. 2017), which are non-time-

locked to the stimulus onset. The induced activity has been isolated in the time-

domain by channel-wise subtracting the average evoked response from each 

single trial (Premoli et al. 2017). Subsequently, a convolution of single trials with 

complex Morlet wavelets were used to calculate time-frequency representations 

(TFRs) of the obtained data (Wacker and Witte 2013) in the frequency range from 

 

Figure 10. Demonstration of first step ICA during data processing of one representative 
session. 
Left: raw data example of one experimental session before first ICA analysis of all channels. 
Right: after discarding ICA components related to the high amplitude artifact of TMS 
stimulation. 
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6 to 45 Hz in step of 1 Hz, while the center of the wavelet was shifted in step of 

10ms in the time window - 600ms to 600ms related to TMS application. The 

length of the wavelet was linearly increasing from 2.5 cycles at 6 Hz to 7.5 cycles 

at 45 Hz (Cohen 2019). Squared values of the complex time series preprocessed 

with wavelet transformation were taken as power of TFR. A trial-wise z-

transformation has been performed based on the mean and standard deviation 

of the full-length trial as described in (Roach and Mathalon 2008) and their 

baseline was corrected subtracting the mean value (over time) of the baseline 

period (from 300 ms to 100 ms before TMS), to ensure that the average pre-TMS 

values were unequal to zero, so that z-values can be interpreted as a modulation 

of the pre-TMS oscillatory activity. Finally, TFR was averaged over all obtained 

epochs for pre- or post-drug data and additionally trimmed, so that the marked 

time points without time-frequency values can be removed (from - 600 to – 400 

ms before and from 400 to 600 ms after the TMS-stimulation point, corresponding 

to 1.25 cycles of the 6 Hz oscillation at the beginning and end of the epoch). 

2.6 Statistical Analysis 

The analysis of obtained EEG data have been further performed with Fieldtrip 

open source-toolbox scripts by using MATLAB R2016a (Maris and Oostenveld 

2007, Oostenveld et al. 2011). For analysis of the RMT, a repeated-measures 

analysis of variance (rmANOVA) within subjects concerning two factors, DRUG 

(4 levels due to four condition groups) and TIME (2 levels: pre-drug vs. post-drug), 

has been used to detect possible changes. An applied Kolmogorov-Smirnov-

Lilliefors-Test did not detect any deviation from a normal Gaussian distribution, 

while sphericity was tested using Mauchly’s test. All discrepancies were corrected 

using the Greenhouse-Geisser method, resulting in an epsilon-value less than 

0.75. Two-tailed paired t-tests with a significance level set to p < 0.05 were 

applied when statistically significant main effects or interactions were detected. 

 Resting-state oscillations 

Frequencies of interest (FOI) were selected in the most common band widths: 

delta (1 – 3 Hz), theta (4 – 7 Hz), alpha (8 – 12 Hz), beta (13 – 30 Hz) and gamma 
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(31 – 45 Hz). Gamma-band with frequencies > 45 Hz were excluded from 

statistical analysis, in order to reduce high-frequent noise interactions induced by 

power lines and other electrical devices around 50Hz (Light et al. 2010). To 

ensure the reproducibility, all pre-drug data were statistically compared across all 

experimental conditions. Post-drug data were compared with corresponding pre-

drug data in cluster-based t-tests for each drug condition and each FOI. The 

obtained p-values underwent a Bonferroni-correction to adjust for multiple 

comparisons. In addition, power values of each post-drug test condition were 

calculated by subtracting pre-drug condition in order to detect absolute 

differences. 

 TMS - induced oscillations 

For the analysis of time-frequency power spectra of TMS-induced oscillations 

(Premoli et al. 2018), two time-regions of interest (TOIs) were defined as an early 

and a late response (30 - 200ms and 200 - 400ms, respectively) in the frequency 

band widths where drug-related changes were most expected, i.e., the alpha and 

beta frequencies (Jensen et al. 2005, Neuper et al. 2005, Engel and Fries 2010), 

as shown in Fig. 11. Then, we extended the analysis and integrated delta, theta 

and gamma frequency bands into the defined TOIs (Roach and Mathalon 2008, 

Jensen et al. 2014, Monsalve et al. 2018). Frequencies < 4 Hz within delta-band 

were not included, as these frequencies are not available in the selected time 

epochs (- 600 ms to 600 ms), and changes in these regions are less expected to 

be significant (Roach and Mathalon 2008). High frequencies (> 40 Hz) were not 

included due to TMS-recharging artifact at 200 ms (Veniero et al. 2009) and 

electrical noise around 50 Hz due to power supply and other electrical devices 

(Light et al. 2010), as shown in the thick-lined black boxes in Fig. 12.  

For reproducibility, the induced oscillation data were statistically compared 

across all pre-drug conditions. Subsequently, the power of TFR were statistically 

evaluated between post- vs. pre-drug data for each region of interest. Significant 

statistic FOI underwent a channel-wise paired t-test for each time-frequency 

region under all conditions for pre-drug measurement. A cluster-based 
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permutation approach9, which was implemented in Fieldtrip, has been performed 

at a defined threshold p < 0.05, formed by clusters of at least two adjacent 

channels. T-statistics has been established by summarization of t-values within 

each cluster comparing the maximum of the obtained t-values (Pernet et al. 2015). 

The same approach, with 1500 randomizations performed between each two 

 
9Source of instructions: http://www.fieldtriptoolbox.org/tutorial/cluster_permutation_freq/ 

 
Figure 11. Choice of time regions of interests (TOIs) in a time-frequency representation. 

A: choice of early response from 30-200ms and late response from 200-400ms within 30Hz. 
Black box indicates TMS artifacts from 0 -30ms after stimulus and has been discarded from 
analysis.  
B: topographical presentations of early responses dived by two frequency bands: alpha (left) 
within 8-12Hz and beta (right) within 13-30Hz. Power spectra are indicated as z-values in the 
right color bars. 
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conditions, was taken as the reference distribution of the maximum of the 

obtained t-value. Like in the resting-state EEG data analysis, Bonferroni-

correction was applied to the p-values across all pre-drug experimental sessions. 

Topographical distribution within defined band widths were displayed in relation 

to early and late responses. 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. Example of TMS-related artifact in Time-frequency-representation including 
frequencies above 40 Hz. 
TFR has been created after averaging over all pre- and post-drug conditions and subjects. 
Boxes with thicker black line indicate related artifacts with great potential of contamination. 
Boxes with thinner black line show possible TMS-induced changes in power. 
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3 Results 

3.1 Drug tolerance 

During the experiments, only minor adverse events were reported in relation to 

TMS, e.g. headache, acoustic irritation by TMS-clicking and paresthesia, which 

remitted on the same day. Possible allergic reaction to the conducting gel, paste 

and EEG-electrode material was not observed during the whole study.  

After intake of perampanel 12mg, three participants in our study reported side 

effects (dizziness, sleepiness, severe ataxia and paresthesia in different locations 

lasting longer than 4 hrs). Thus, we decided to lower the study dosage of 

perampanel to 6mg for all of the following participants. After the dosage reduction, 

relevant adverse events were no longer observed. Only mild symptoms, such as 

dizziness in 7 cases, hypesthesia on fingertips and tongue in 2 cases, were 

reported and did not last beyond the experimental session. Also, as participants 

who reported to have drug intolerance to CYP2D6-affine medication5 were not 

included, only mild adverse events like dizziness and nausea were noted in 5 

subjects after dextromethorphan intake. A significant hypotension due to 

nimodipine has not been observed. Only one subject showed slight dizziness and 

unsteady gait, and another subjects self-reported slight increase of forgetfulness. 

None of the reported drug-related adverse events lasted beyond the same day of 

application. 

3.2 Resting-motor threshold 

In the pre-drug measurements, the mean value (± s.d. in percentage of MSO) of 

RMT was 40.0 (± 6.4%) for perampanel, 40.9 (± 7.5%) for dextromethorphan, 

40.4 (± 7.2%) for nimodipine and 40.8 (± 5.8%) for placebo, respectively. 

Whereas in the post-drug measurement, its mean value (± s.d.) was 43.6 (± 7.6%) 

for perampanel, 40.4 (± 6.7%) for dextromethorphan, 41.8 (± 7.1%) for 

nimodipine and 38.7 (± 8.3%) for placebo. By means of rmANOVA, a significant 

DRUG x TIME interaction was demonstrated (F3,45 = 8.993, p < 0.001), and a 

series of pairwise post-hoc comparisons between pre-drug and post-drug 

conditions revealed a significant increase of RMT after intake of perampanel (p < 
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0.001) and nimodipine (p = 0.0037). No significant changes in RMT were 

observed in the dextromethorphan and placebo sessions (König et al. 2019).  

3.3 Resting-state oscillatory EEG responses 

Across all pre-drug sessions, no significant clusters were observed in pre-drug 

resting-state EEG oscillatory power, and there were no differences for the 

placebo session in post- vs. pre-drug condition. This confirms stability of the 

obtained resting-state EEG data. 

Compared with pre-drug resting-state EEG oscillations, post-drug resting-state 

EEG oscillations showed significant increases in power in all tested frequency 

bands except the gamma-band (delta, theta, alpha, beta and theta wavelets with 

p-value <0.001, see Fig. 13) after intake of perampanel. The topographic 

distribution of power differences was quite unspecific across the channels across 

all significant frequency bands. 

As shown in Fig. 13, after application of dextromethorphan, the power was 

significantly increased in the gamma frequency band up to 45Hz with p < 0.002. 

The significant clusters are topographically distributed in all brain region except 

the stimulated area and the contralateral occipital area. 

Nimodipine significantly increased power in beta and gamma bands (p < 0.05). 

The topographical distribution of these changes was localized mainly in the 

hemisphere contralateral to the stimulation site (Fig. 13).  
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3.4 TMS- induced oscillatory EEG responses 

Similarly, there were no significant clusters across the pre-drug conditions and 

between post- and pre-drug condition of the placebo session in all clusters of the 

time-frequency-regions of interest (all p > 0.05, see Fig. 14). In this way, 

reproducibility of obtained TMS-induced oscillatory EEG data was also 

demonstrated. 

Although the resting-state EEG data showed significant changes (see above, and 

Fig. 13), neither of the three post- vs. pre-drug conditions (perampanel, 

dextromethorphan and nimodipine) could statistically confirm a difference within 

the tested frequency bands (Fig. 14). However, the power distribution of the 

tested time-frequency responses changed from early (30-200ms after stimulation) 

to late (200-400ms after stimulation) oscillatory response. This was visualized in 

two steps: an early power increase, followed by a late power decrease (see Fig. 

14), also demonstrated by a previous study (Premoli et al. 2017). Figure 15 shows 

channel-wise averaged time-frequency presentations across all four drug 

conditions including data before and after drug application, but before exclusion 

of the data above 45Hz. Still, after extension of the analyzed frequencies onto 

theta- and gamma-frequency bands, a cluster-based statistical power difference 

could not be found, see topography plots in Fig. 16.  

 

 

 

 

Figure 13. Topographical distribution of resting-state EEG-oscillatory responses in 
comparison between pre- and post-drug divided in analyzed frequency bands and drug 
condition. 
Power of TFR has been colored from red (above zero) to blue (below zero) as t-value in 
continuous intensity. Upper row of each frequency band (POST-PRE) shows absolute power 
changes subtracting pre-drug- from post-drug power values. Statistical differences are shown 
in the lower row of each frequency band, where significant areas are indicated channel-wise 
as black dots with corresponding p-value of the significant cluster. 
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Figure 14. Average time-frequency-representations of TMS-induced EEG oscillations across 
all pre-drug conditions. 
A: Average Time-frequency-representation on channel C3 across subjects and pre-drug 
conditions of TMS-induced EEG oscillatory responses. Dashed line represents the TMS pulse 
as a zero-reference for Time. Analyzed early (from 30 to 200ms) and late (from 200 to 400ms) 
time-frequency regions of interest are divided by middle black line at 200ms post-stimulus. 
Marked area by black blocks represent the analyzed frequency band widths (theta (5-7Hz), 
alpha (8-12Hz), beta (13- 30Hz) and gamma (31-40Hz).  
B: Topographical distribution of frequency-representation divided in early (upper row) and 
late (lower row) time-regions. Z-value for power has been colored red (above zero) to blue 
(below zero) with continuous intensity. 
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Figure 15.  Distribution of channel-wise averaged TFR across all pre- and postdrug condition 
for all subjects. 
Red circled areas mark the missing channels “AFz” (ground electrode) and “FCz” (reference 
electrode). TFR are shown in small pictures to visualize channel-wise differences, x-axis: time 
in ms, y-axis: frequency in Hz, corresponding to figure 17. 
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Figure 16.  Topographical power distribution (z-value) of time-frequency representations of 
TMS-induced EEG oscillatory responses.   
Divided in early (A: 30-200ms post stimulus) and late time-regions (B: 200-400ms post 
stimulus).  Z-values in all eight time-frequency-regions are colored from red (above zero) to 
blue (below zero) with continuous intensity. Rows represent the applied four drug-conditions 
and Columns pre- or post-drug topographical power distribution within the defined frequency 
band widths (theta: 5-7Hz, alpha: 8-12Hz, beta: 13- 30Hz and gamma: 31-40Hz). No cluster-
based statistical difference could be found between post-drug vs pre-drug TMS-induced 
oscillatory responses.  
 



50 
 

4 Discussion 

In this study, we investigated the effect of two anti-glutamatergic drugs and a 

VGCC-blocker on resting-state EEG and TMS-induced EEG oscillations. The 

results may bring a new analytic insight into the connection between 

pharmacological modulation, resting and induced oscillatory brain activity in the 

excitatory system. 

4.1 Resting-state oscillations 

 Enhanced Δ, θ, α and β-synchronization after application of 
perampanel  

With respect to the AMPA-system, perampanel does not only lead to a significant 

increase of RMT, but also to a decrease of TMS-evoked EEG responses, 

especially the amplitude of P70 (König et al. 2019). Despite clear TEP modulation, 

perampanel significantly increases power of all frequency-bands except for 

gamma-oscillations in the resting-state EEG. However, concerning the TMS-

induced spatio-spectral profile of cortical oscillations, there were discrepant 

findings. On the one hand (Premoli et al. 2017) showed significant effects on 

TMS-induced oscillations effects by applying GABA-ergic drugs, specifically a 

decrease of alpha-oscillations by baclofen and an increase of beta-

synchronization by alprazolam and baclofen. On the other hand, no statistical 

effect on TMS-induced oscillations could be observed after application of 

perampanel and dextromethorphan. Possible explanations for the discrepancy 

are discussed in the following: 

Firstly, when comparing post-drug- with baseline-RMT, a significantly higher 

intensity is needed to elicit MEP (König et al. 2019) after application of 

perampanel, which indicates a reduction of corticospinal excitability.  

Secondly, the action potentials of glutamatergic transmission include currents 

mediated through two different receptors: AMPAR and NMDAR. AMPAR-related 

transmission is commonly related to faster kinetics than that of NMDAR, not only 

with regard to fast EPSPs, but also with regard to fast desensitization (Clements 

et al. 1998). Such fast kinetics in excitation can create more frequent spiking, 
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which can generate more action potentials within a shorter period. These higher 

firing rates may be involved in processes such as active thinking and movement 

execution that are related to gamma-band oscillations (Muthukumaraswamy 

2010). (Teleńczuk et al. 2015) correlated spiking activity of cortical neurons as 

primary origin of high-frequent EEG. After antagonizing AMPARs, it can be 

asserted that only slower excitatory activations by NMDAR-related transmission 

are left over that have a longer decaying time over hundreds of milliseconds 

(Lester et al. 1990), thus resulting in slower frequencies (Rogasch et al. 2019). 

Our results are consistent with a recent pharmacological in-vitro study, which 

presented a significant power increase of slow oscillations like theta-band, when 

non-competitively blocking AMPAR by SYM2206 (Johnson et al. 2017). 

Furthermore, Johnson and colleagues also reported an increased power in 

gamma-oscillation when applying SYM2206. According to their explanation, the 

mechanism of the increased power of gamma-oscillations was entirely separated 

to the mechanism of other frequencies (Johnson et al. 2017). This is consistent 

with other study using in-vivo magnetoencephalography, which showed 

significant increases in lower frequency power (delta, theta, alpha and beta) after 

application of  perampanel 6mg (Routley et al. 2017). These results are mostly in 

line with our findings. It should be noted that only frequencies below 45 Hz were 

evaluated in our study after artefact rejection, so that no change of gamma-

oscillations could be found in contrary to the results of (Muthukumaraswamy et 

al. 2016), who observed a decrease of gamma-frequencies from 30 Hz to 80 Hz, 

and (Routley et al. 2017), who described a decrease of gamma-frequencies from 

50Hz to 90Hz. 

Thirdly, AMPAR-mediated EPSC in interneurons can disrupt synchronization of 

gamma-oscillations, as demonstrated by an in-vitro study (Fuchs et al. 2001), 

where the interneurons with AMPA-subunit GluR2 were genetically over-

expressed. When antagonizing AMPARs by applying perampanel, both AMPAR-

related pyramidal neurons and AMPAR-containing interneurons should be less 

activated, leading to lower activation not only of the AMPA-related excitatory 

system, but also the AMPA-related inhibitory system of interneurons (Jang et al. 

2015). This co-activation of both excitatory and inhibitory systems could partially 
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neutralize the excitatory effects. This may explain why AMPA-related gamma-

oscillations remain without significant change after perampanel intake in the 

resting-state EEG in our study. 

The significant increase of RMT after perampanel needs to be related to the 

consistent absence of RMT changes in previous studies after modulation of the 

NMDAR-dependent glutamatergic system by dextromethorphan (Ziemann et al. 

1998, Veniero et al. 2009, Wankerl et al. 2010, Johnson et al. 2017, Rogasch et 

al. 2019), see Table 4. Thus, it can be concluded that AMPAR-related 

glutamatergic activation plays an essential role for corticospinal excitability, 

whereas NMDAR-related activation is subordinate regarding the RMT. 

 

Table 3. Spectral cortical responses to AMPAR antagonists using different methods. 

Used drug Author RMT Resting-state 
outcome 

Main outcome after 
event trigger/ stimulation 
type  

Perampanel  (Muthuku
maraswa
my et al. 
2016) 

 
Ø α,  

 γ (30-
80Hz) 

in vivo by magneto- 
encephalography 

SYM2206 
(non-competitive) 

(Johnson 
et al. 
2017) 

-  θ, γ in-vitro 

Perampanel 
 

(Routley 
et al. 
2017) 

- 
 Δ, θ, α, β 

 γ (50-
90Hz) 

in vivo by magnetoen- 
cephalography 

Perampanel 
(allosteric,  
non-competitive) 

current 
study 

  Δ, θ, α, β 

Ø γ (< 45Hz) 

Ø all frequencies (single-
pulse TMS) 

 P70 (single-pulse TMS) 

- incompatible method or not tested,  increase,  decrease, Ø no significant changes. Δ 
deta-band, θ theta-band, α alpha-band, β beta-band, γ gamma-band. 
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 Increased γ -oscillations after application of dextromethorphan 

Dextromethorphan as a NMDAR antagonist can suppress excitatory drive and 

plays an important role in cortical inhibition (Church et al. 1985, Ziemann et al. 

1998, Wankerl et al. 2010), but compared with AMPAR-related transmission, its 

most remarkable features are slower kinetics and longer desensitizing time. 

Therefore, power of higher frequency oscillations is possibly enhanced after 

application of dextromethorphan, represented by an increase of power of 

gamma-frequencies of resting-state EEG in our study, as only AMPAR-related 

excitatory transmissions remain. This result is in line with other in-vitro studies 

(Pinault 2008, Hakami et al. 2009, McNally et al. 2011), in which a significant 

effect of synchronization in gamma-frequencies (Johnson et al. 2017) has also 

been monitored after intake of the non-competitive NMDAR-inhibitor “MK-801”, 

ketamine and another non-specific non-competitive NMDAR antagonists.  

Another interpretation of gamma-power enhancement at rest was suggested by 

Korotkova and colleagues who also reported findings of enhanced gamma-

oscillations at resting-state after dextromethorphan intake. Similar to the AMPAR-

related interneuronal transmission, dextromethorphan also can inhibit NMDA-

affine interneurons in hippocampal CA1, leading to enhanced excitability in 

pyramidal neurons and synchronization of gamma-oscillations (Korotkova et al. 

2010).  

It is worth noting that another work reported different observations. According to 

Rogasch (Rogasch et al. 2020), after intake of dextromethorphan, the delta and 

theta oscillatory power were reduced in resting-state EEG, whereas gamma-

oscillation power did not increase. This difference between those and our results 

lies probably in the difference between measurement times (60 min in the 

Rogasch study vs. 120 min in our study) after intake of dextromethorphan. This 

could mean that the influence of plasma concentration of dextromethorphan on 

the variation of neuronal excitability is non-negligible, as it has an early effect on 

lower frequencies (decrease of delta and theta) and a late effect on higher 

frequencies (increase of gamma). 
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Table 4. Spectral cortical responses to NMDAR antagonists using different methods. 

 
Used drug 

 
Author RMT 

Resting-
state 
oscillations 

Main outcome after 
event trigger/ 
stimulation type or 
protocol 

 
Dextromethorphan 

 
(Ziemann et 
al. 1998) 

Ø  
- 

 intracortical 
inhibition (ICI) 
 intracortical 
facilitation (ICF) 

 
Dextromethorphan 

 
(Wankerl et 
al. 2010) 

 
Ø 

 
- 

 facilitation and  
depression of induced 
enhancement by 
theta-burst 
stimulation 

Dextromethorphan (Korotkova 
et al. 2010) 

Ø  γ (Selective ablation of 
NMDARs in animal 
study) 

MK-801  
(non-competitive) 

(Johnson et 
al. 2017) 

-  γ, θ (in-vitro) 

Ketamine  
(non-competitive) 

(Johnson et 
al. 2017) 

-  γ, θ (in-vitro) 

unspecified  
competitive  
antagonist 

(Johnson et 
al. 2017) 

-  γ 
Ø θ 

(in-vitro) 

Dextromethorphan (Salavati et 
al. 2018a) 

- -  LTP (PAS) 

Dextromethorphan (Salavati et 
al. 2018b) 

- - Ø LICI 

Dextromethorphan (Hui et al. 
2020) 

- - Ø ISP after single 
pulse TMS 

Dextromethorphan (Rogasch et 
al. 2020) 

Ø  Δ, θ 
Ø α, γ 

- 

Dextromethorphan 
(non-competitive) 

current study Ø  γ 
Ø Δ, θ, α, β 

Ø all frequencies 
(single-pulse TMS) 
 N45 (single-pulse 
TMS) 

- incompatible method or not tested,  increase or  decrease or tested frequency, Ø no 
statistically measurable changes. Δ delta-band, θ theta-band, α alpha-band, β beta-band, γ 
gamma-band.  
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 Reduced pre-enhanced cortical excitability by VGCC-antagonist 

In spite of excitatory synaptic signaling by glutamate, rapid release of excitatory 

neurotransmitters underlies the regulatory mechanism of calcium channels 

(Dolphin and Lee 2020), but how VGCC contributes to cortico-cortical and cortico-

spinal excitability has yet been less investigated. 30-40% of total electric current 

is driven by activation of L-type VGCC during synaptic transmissions between 

pyramidal neurons (Morton et al. 2013). However, pre-synaptic L-VGCC-activity 

is not substantially involved in the control of the release of glutamate during 

excitatory neurotransmission (Wankerl et al. 2010, Catterall 2011). Since limiting 

of postsynaptic calcium concentration can induce long-term-depression (Wankerl 

et al. 2010), and other types of VGCC (N and P/Q-type) did not relevantly affect 

cortico-cortical excitability (Heidegger 2010), postsynaptic L-type VGCC should 

play an important role in the regulatory system of calcium-related neuronal 

activation. In this study, nimodipine is used to inhibit post-synaptic L-type VGCC 

to investigate its role in corticospinal and synaptic excitability. In accordance with 

related studies (Wankerl et al. 2010, Weise et al. 2017), as shown in Table 5, no 

change of RMT or TEP has been observed (König et al. 2019), whereas power 

of gamma- and beta-oscillations increased after application of nimodipine in the 

resting-state EEG. So far, in-vivo resting-state EEG-changes on healthy human 

subjects after application of nimodipine have not been tested. (Herning et al. 1995) 

monitored EEG-changes on substance abusers after application of nimodipine 

and found an effect of increased alpha-oscillations, but without including gamma-

oscillations into their analysis. However, the comparison to their results is limited 

since pre-existing EEG abnormalities, such as excessive EEG beta-activity 

(Herning et al. 1997) and reduced alpha-activities (King et al. 2000), can be found 

in chronic cocaine abusers. A similar increase of power of gamma-oscillations 

like in our study was found in an in-vitro study using nimodipine (Lu et al. 2011). 

The question of why single-pulse TMS did not affect induced and evoked EEG-

responses after application of nimodipine can probably be explained by the 

observation that nimodipine only alters LTP-like plasticity, but not excitability per 

se. This conclusion was supported by earlier studies, in which the authors proved 
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a suppression of LTP-like plasticity by theta-burst stimulation (Wankerl et al. 2010) 

or PAS (Weise et al. 2017) after intake of nimodipine.  

 

Table 5. Cortical responses to L-type VGCC-antagonists using different methods. 

Used drug Author RMT 
Resting-state 
oscillations 

Main outcome after 
event trigger/ 
stimulation type or 
protocol 

Nimodipine (Deutz et al. 
1986) -  Δ, θ, α, β  (in-vivo on rat brain) 

Nimodipine 
(Herning et al. 
1995) 

 γ untested  
 α 
Ø Δ, θ, β 

on substance abusers 

Nimodipine 
(Wolters et al. 
2003) 

    decreased induced 
excitability by paired 
associative stimulation 
(PAS10) 

Nimodipine 
(Wankerl et al. 
2010) Ø - 

 decreased induced 
enhancement of cortico-
spinal excitability by 
theta-burst stimulation 
(cTBS) 

Nimodipine (Lu et al. 2011) -  γ (in-vitro on CA3 
hippocampal neurons) 

Nimodipine 
(Weise et al. 
2017) Ø - 

Ø input-output curves 
(single pulse TMS) 
 decreased induced 
enhancement of cortico 
spinal excitability by 
paired associative 
stimulation (PAS25) 

Nimodipine current study 
 

 γ, β 
Ø Δ, θ, α 

Ø all frequencies (single-
pulse TMS) 
Ø TEP 

- incompatible method or not tested,  increase,  decrease, Ø no significant changes. Δ 
deta-band, θ theta-band, α alpha-band, β beta-band, γ gamma-band. To note: the significant 
beta-increase (p=0.03) in our study is probably less validated comparing to the gamma-
increase (p=0.002). 
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4.2 TMS-induced oscillations 

While we found remarkable post- to pre- drug differences in the resting-state EEG 

after perampanel and dextromethorphan, it is not clear why no significant TMS-

induced spectral changes have been observed. One might speculate that in the 

presence of ionotropic glutamate antagonists, TMS induces an enhanced effect 

of transient phase resetting (Kawasaki et al. 2014). Such a phase-reset might 

flatten spectral distinction but boost phase-locked amplitudes of evoked cortical 

responses. Just as previously reported, perampanel reduces P70 and 

dextromethorphan increases N45 of TEP (König et al. 2019).  

In addition, in the case of perampanel the dosage had to be lowered from 12 mg 

to 6 mg due to major adverse events, as discussed above. The reduced dosage 

of perampanel may be insufficient to suppress brain oscillations after each 

excitatory trigger by TMS at an intensity of 100% RMT, but it is sufficient for the 

cortical suppression without the TMS-trigger. Similarly, the dosage of 

dextromethorphan 120 mg may have been too little to produce measurable 

changes of TMS-induced EEG-oscillations.  

But, alas, the effect of perampanel on TMS-EEG has never been examined so 

far, while only few studies investigated the impact of dextromethorphan on TMS-

EEG recordings. In these studies, using LICI protocols (Salavati et al. 2018b) and 

single-pulse TMS (Hui et al. 2020), there were also no significant changes after 

application of dextromethorphan 150mg on LICI and TMS-evoked 

interhemispheric signal propagation (ISP). However, PAS-induced long-term 

potentiation (LTP) was found decreased by applying paired associative 

stimulation (PAS) under the influence of dextromethorphan 150mg  (Salavati et 

al. 2018a). While spectral change of brain response can be clearly monitored by 

EEG during resting-state, it remains an open question whether a higher drug 

dosage can alter TMS-induced oscillatory EEG-responses. These questions 

warrant further investigation.  
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5 Summary 

Pharmaco-TMS-EEG is a promising technique to investigate and modulate brain 

activity. This study explores cortical and corticospinal excitability via TMS-

induced oscillatory EEG-responses by modifying synaptic glutamatergic and 

voltage-gated transmission, which is represented by AMPAR, NMDAR, and 

VGCC, respectively. Sixteen healthy male subjects completed the study with four 

sessions in a pseudo-randomized, placebo-controlled, double-blinded crossover 

study. EEG signals were recorded and analyzed by using 64 TMS-compatible 

electrode-channels at resting-state and when single TMS pulses were applied 

over the left primary motor cortex. Perampanel as the glutamatergic antagonist 

at AMPARs, dextromethorphan at NMDARs and nimodipine as the antagonist at 

L-type VGCC were used as negative modulators. It was found that perampanel 

and dextromethorphan have differential effects on resting-state EEG and TMS 

induced EEG-oscillations. Perampanel significantly increased RMT and power of 

all tested frequencies (Δ, θ, α and β) except for the fast γ-frequencies at resting-

state. Dextromethorphan had no effect on RMT and lower frequencies but 

increased power of resting-state γ-oscillations. This highlights that the main 

mechanisms of AMPAR- and NMDAR-related glutamatergic transmission have 

different effects on cortical excitability. Nimodipine produced a similar effect on 

resting-state EEG to that yielded by dextromethorphan. It significantly increased 

power of resting-state γ- and β-oscillations. Although statistical change of power 

of TMS-induced oscillations has not been significantly observed under any of the 

tested drugs, amplitudes of TMS-evoked potentials were significantly changed, 

which was reflected particularly by a decreased P70 after perampanel and 

increased N45 after dextromethorphan intake (König et al. 2019). This may be 

explained by an effect of phase-resetting by TMS in the global excitatory system. 

There were no TMS-evoked or -induced effects under influence of nimodipine, 

consistently with the conclusion of previous studies that antagonizing neuronal 

VGCCs probably can only decrease pre-enhanced cortical excitability. It is 

expected that the obtained results can contribute to the understanding of 

excitability mechanisms of cortical excitatory networks in further studies. 
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6 Zusammenfassung 

Pharmaco-TMS-EEG ist eine vielversprechende kombinierte Technik zur 

Modulation und Untersuchung von Hirnaktivitäten. Diese Studie erforscht die 

kortikale und kortikospinale Erregbarkeit anhand TMS-induzierter EEG-Signale, 

welche durch glutamaterge und spannungskontrollierte Neurotransmission der 

Synapsen hervorgerufen werden, die ihrerseits durch AMPA-, NMDA- und 

VGCC-Rezeptoren repräsentiert werden. Sechzehn gesunde männliche 

Probanden nahmen an der pseudo-randomisierten, doppel-verblindeten und 

Placebo-kontrollierten Studie teil. EEG-Signale wurden dabei mittels 64 TMS-

kompatiblen Elektroden sowohl im Ruhezustand als auch während der 

Stimulationsphase des primären Motorcortex durch TMS-Einzelpulse 

aufgenommen und analysiert. Als negative Modulatoren wurden Perampanel, ein 

AMPA-Rezeptorantagonist, Dextromethorphan, ein NMDA-Rezeptorantagonist, 

und Nimodipin, ein VGCC-Antagonist hierbei eingesetzt. Wir konnten zeigen, 

dass verschiedene Glutamat-Rezeptorantagonisten zu spezifischen 

Veränderungen im Ruhe-EEG und im TMS-evozierten EEG führen. Perampanel 

konnte signifikant die motorische Reizschwelle und die Power in allen getesteten 

Frequenzbändern bis auf die γ-Frequenz im Ruhe-EEG erhöhen. 

Dextromethorphan wiederum hatte keinen Effekt auf die motorische 

Reizschwelle, konnte aber signifikant die Power im γ-Frequenzband im Ruhe-

EEG erhöhen. Diese Ergebnisse betonen in erster Linie, dass der Mechanismus 

der AMPAR- und NMDAR-abhängigen Neurotransmission die kortikale 

Erregbarkeit unterschiedlich beeinflussen kann. Nimodipin hatte vergleichbare 

Effekte wie Dextromethorphan und steigerte signifikant die Stärke in den den ß- 

und γ-Frequenzbändern im Ruhe-EEG. Obwohl sich keine Änderungen der 

Frequenzstärken im TMS-induzierten EEG zeigten, wurden TMS-evozierte EEG-

Amplituden durch Einfluss der Studienmedikamente signifikant verändert. 

Insbesondere wurde eine signifikante Senkung des P70 durch Perampanel und 

eine Steigerung des N45 durch Dextromethorphan ausgelöst (König et al. 2019). 

Dies könnte durch eine Phasenkorrektur im exzitatorischen System durch TMS 

erklärt werden. Unter Nimodipin konnte weder eine evozierte noch eine induzierte 

EEG-Signaländerung nach TMS-Stimulation beobachtet werden, was wiederum 



60 
 

früheren Beobachtungen entspricht, dass die Hemmung von VGCC 

wahrscheinlich nur eine Senkung einer vorher gesteigerte kortikale Exzitabilität 

bewirken kann. Diese Ergebnisse tragen zum besseren Verständnis kortikaler 

exzitatorischer Mechanismen bei und sollten in zukünftigen Studien weiter 

untersucht werden. 
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