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Chapter 1: Introduction

Transcranial electrical and magnetic stimulation techniques have become increasingly
popular methods, both in basic research and within a clinical setting, to stimulate
targeted areas of the cerebral cortex painlessly, non- invasively. Since the development
of non- invasive stimulation techniques with which to stimulate the intact human cortex,
a wealth of studies have amassed a large amount of data suggesting that a wide variety
of neurons can be targeted by different intensities and polarities of stimulation

(Rothwell, 2005).

Stimulation of the intact human cortex was initially challenging due to the high
resistance of the scalp and skull and by the naturally high threshold of the cortex itself.
However, a seminal study conducted in 1980 by Merton and Morton, showed that by
applying a small anode over the hand area of the motor cortex and an identical cathode
over the vertex of the head and applying very short pulses of high intensity current
which overcame the high resistance of the skull, electrical stimulation of the human
motor cortex was entirely possible, if somewhat painful (Merton and Morton, 1980).
This was major breakthrough for transcranial electrical stimulation techniques; soon
other methods began to follow. Transcranial direct current stimulation (tDCS), the best
characterized of these methods so far, was applied to the intact human cortex in 2000 by
Nitsche and Paulus (Nitsche and Paulus, 2000). tACS (transcranial alternating current)
and tRNS (transcranial random noise stimulation), two newer methods, have since
emerged as promising tools in both basic and neurophysiological research, with the later
aim of further optimizing these techniques to be useful as potential therapeutic
measures, with a particular emphasis in pharmacologically intractable neurological

disorders.

Transcranial magnetic stimulation (TMS) was the first clinically applied method,
introduced in 1985 by Barker and colleagues (Barker et al., 1985) that has enabled the
measurement of global levels of cortical excitability, and the evaluation of other

interventional transcranial stimulation methods, when applied over the scalp to the



superficial layers of the cerebral cortex, including remote areas connected via neuronal
projections from the cortex. It also allows the integrity of the central motor pathways to
be accurately assessed, lending it a useful role as diagnostic tool (Kobayashi and

Pascual-Leone, 2003).

Now, such transcranial tools have been widely used to investigate processes of
neuroplastic induction and their underlying mechanisms in the intact human cortex.
Prior to the application of TMS, such investigations were only possible in animal
preparations but with the advent of TMS and tDCS, it has become possible to induce

cortical plasticity in the human cortex safely and reversibly.

This thesis will focus on evaluating the role of transcranial electrical stimulation
techniques, how they are able to induce neuroplastic effects in the intact human cortex
and their methodological approaches. The objectives of the dissertation are to explore
the ways in which transcranially applied currents are able to induce neuroplastic
aftereffects, their impact on neural networks, how long these aftereffects endure and
how they can be modulated. This includes evaluating the stimulation parameters applied
and how they can be optimized for future use within a clinical setting. Key studies
highlight developments in novel methods of transcranial electrical stimulation; namely
tACS and tRNS, and how applications of oscillating currents within specified
stimulation parameters are able to impact upon neuroplasticity. A functional magnetic
resonance imaging (fMRI) investigation will demonstrate that applied tRNS currents are
subject to task-related modulations, and that application of tACS within the low kHz
range can induce long-lasting changes in cortical excitability. Featured studies range
from an analysis of gender roles in neuroplastic induction, the development of novel
transcranial methods and their applications, and the impact of genetic variability on the
ability to induce neuroplastic effects. Several other works detailing studies related to the
thesis will provide additional information about the applications of specific transcranial

electrical methods.

The aim of this thesis is to further our understanding of how neuroplastic effects can be

induced within the human cortex using external stimulation methods, and how these



techniques can be developed and optimized to induce long- lasting, measurable changes
in cortical excitability which can then be observed as a manifestation of behavioural or
cognitive changes. The further-reaching objective is to characterise approaches for
tRNS and tACS that may be implemented as potential therapies for the symptoms of

neurological disorders.

The following chapter will provide a brief introduction to the background of external
stimulation techniques, how and why they are applied and their resultant effects.
Chapter 2 constitutes the main body of the thesis detailing relevant studies and featuring
published or submitted manuscripts currently under review. Each manuscript will have
a foreword describing its relevance to the aims and objectives of the thesis. Finally,
Chapter 3 will summarise the main findings of the studies conducted and place them

into context within current knowledge, and will indicate future research directions.

1.1 Plasticity in the Central Nervous System

The brain’s innate ability to remodel itself in response to external stimuli, which in turn
modifies neural circuitry that impacts on future behaviours and cognitive processes, is
termed neuroplasticity (Citri and Malenka, 2008). Plasticity occurs at different levels
within the CNS and can modify brain networks by one of three mechanisms: by altering
the efficacy or strength of synaptic transmission at preexisting synaptic terminals; by
the growth/ sprouting of new synaptic connections or the trimming of existing ones; or
by modulating the function of individual neurons (Malenka and Bear, 2004). Long-
term potentiation (LTP) and long- term depression (LTD) are two specific forms of
synaptic plasticity relating to the sustained increase or decrease in plasticity associated
with changes in receptor expression, synaptic weight, and the increase or decrease in
synaptic strength, and have been characterized at the glutamatergic synapse (Cooke and
Bliss, 2006). Both forms have been studied across many species, mainly using in vitro
slice preparation, with the hippocampus as a model (Bliss and Lomo, 1973, Cooke and
Bliss, 2006). Mechanisms of LTP in the neocortex are strongly mediated by N- methyl-
D- aspartate (NMDA) receptor activation and the alteration of the postsynaptic button to



presynaptic neurotransmitter release (Feldman, 2009). While LTP is primarily an input-
specific process and is thought to underlie processes of learning and memory storage, it
can be closely identified with the rules of Hebbian plasticity describing modifications in
synaptic strength and efficacy between neural networks arising from the simultaneous
activation of neurons in response to a repetitive input (Hebb, 1949). Such mechanisms
are important and closely relate to maladaptive or functional neuroplastic changes,
associated with use- dependent learning and task-repetition, within the cortex following

traumatic brain injury or physiological alterations (Pascual-Leone et al., 2005).

1.2 Motor cortex plasticity

Many studies of neuroplasticity in the human cortex have been conducted using the
primary motor cortex (M1) as a model due to the ease at which global levels of cortical
excitability can be measured, i.e. by eliciting motoric responses like motor-evoked-
potentials (MEPs). Although most processes of LTP and LTD have been characterized
using the hippocampus, changes in synaptic plasticity have also been demonstrated in
the mammalian motor cortex (Hess and Donoghue, 1994). Mechanisms of motor cortex
plasticity are partly due to the dynamic cytoarchitecture of the M1 and the system of
horizontal connections that spans the M 1; this system of connections functionally attach
M1 neurons to form neural networks that result in the construction of dynamic motor
maps (for a review see (Sanes and Donoghue, 2000). These horizontal connections have
been identified as candidate substrates for M1 plasticity due to the identification of
occult motor maps in the M1 using local blockade of GABAergic inhibition that is able
to unmask the horizontal connections usually blocked by feed-forward inhibition
(Jacobs and Donoghue, 1991). It has also been stated that M1 organization depends
upon the explicit balance between excitatory and inhibitory influences within the M1
(Sanes and Donoghue, 2000). Several studies have shown that M1 plasticity is
functionally relevant to use- dependent learning (Cohen et al., 1998, Ziemann et al.,
2001) and reorganization of neuronal networks to compensate for lack of function in
areas damaged following brain injury (Butefisch, 2006). In addition, transient

modifications in sensory-inputs (Brasil-Neto et al., 1992) and repetitive M1 stimulation



(Berardelli et al., 1998) amongst other factors are all able to modify movement
representations in the M1. The ability of the M1 to dynamically reorganize itself is of
tremendous interest to the field of neurological rehabilitation (Duffau, 2006). The role
of M1 plasticity is also fundamental to the processes of motor learning and memory

consolidation (Ziemann et al., 1998b).

1.3 Non- invasive brain stimulation in humans

Advances in neuroimaging methods like positron emission tomography (PET),
electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) have
enabled much research into understanding the link between cognitive processing and
functional changes in cortical plasticity with a high spatial and temporal resolution.
Transcranial electrical and magnetic techniques have been undergoing constant
development, and have become useful tools in enabling us to elucidate how neuroplastic
effects can be induced, monitored and sustained within the living cortex, as well as for
therapeutic and diagnostic purposes. Concurrent use of these methods allows the study
of immediate and enduring effects of interventional methods of transcranial electric and
magnetic stimulation and lends an insight into their effects on neuronal activity (Siebner

et al., 2003).

1.3.1 Transcranial magnetic stimulation (TMS)

TMS has emerged as a promising method not only within a clinical setting for the
diagnosis of disorders of the nervous system, but as a powerful research tool. It has
applications in disorders as far reaching as depression to Parkinson’s disease, with
studies reporting promising findings (Ridding and Rothwell, 2007). In a single- pulse
monophasic application, its mode of action is to induce a secondary ‘eddy’ current
within the brain; the result of a rapidly changing electrical current which is passed
through a coil placed above the scalp. This generates a transient magnetic field that is

able to pass through the skull and scalp unimpeded. The biophysical properties of the



magnetic field; a fast rise time and slow fall off result in the induction of an electrical
current within the conductive tissues of the targeted cortex. Neurons in the superficial
layers of the cortex (usually when TMS is applied over an output cortex, namely the
M1, or the visual cortex) are stimulated to discharge, propagating a volley of action
potentials along the corticospinal tract. (Jalinous, 1991, Rothwell, 1997, Hallett, 2000).
For ease of use TMS is usually applied over the M1, and used to measure MEPs elicited
from the cortical representation of the small muscles of the hand; abductor digiti minimi
(ADM), abductor pollicis brevis (APB) and first dorsal interosseous (FDI). Coil
geometry, size and stimulus/ current orientation relative to the surface of the brain are
all factors determining the focality of stimulation (Rossini et al., 1994, Ruohonen and
[lmoniemi, 1999). TMS preferentially evokes I-waves (indirect waves) at a lower
intensity than D-waves (direct waves), in comparison to transcranial electrical
stimulation (TES), which evokes D-waves initially at a low intensity, depending upon
the direction of induced current flow. Epidural recordings show that TMS activates
pyramidal tract neurons transsynaptically, whereas TES activates pyramidal tract
neurons directly (Di Lazzaro et al., 1998, Rothwell, 2005). The application of a TMS
pulse to the cortex may activate a variety of neurons within a population depending
upon their orientation relative to the induced electric field; as a result TMS may give
rise to both inhibitory and excitatory responses concurrently (Siebner and Rothwell,
2003, Huerta and Volpe, 2009). Single- pulse monophasic TMS is often applied to the
M1 before and after intervention as the size and amplitude of elicited MEPs reflect
changes in corticospinal excitability (Rothwell, 2005). Certain parameters are used to
assess the excitability of the motor cortex in addition to MEP amplitudes; resting motor
threshold (RMT) and active motor threshold (AMT) both reflect the level of excitation
needed for motor neurons to reach discharge threshold during rest versus contraction,
while motor threshold (MT) is defined as the lowest stimulus intensity required to evoke
a measurable MEP (Rothwell, 2005).

TMS can be applied in a number of ways, not limited to the corticospinal tract. For
example intracortical effects can be assessed using paired- pulse measures of
excitability and are often used in conjunction with pharmacological agents in order to

elucidate either the mechanism of TMS action, or to profile drug interventions (Kujirai



et al.,, 1993, Ziemann, 2003). Input- output (I/O) recruitment curves can be used to
identify cortical sub-populations responsible for inhibitory or excitatory effects and I-
waves to measure enduring aftereffects of interventional stimulations (Ziemann and
Rothwell, 2000). Other highly specialized TMS protocols include theta- burst
stimulation (TBS) paradigms; a subdivision of repetitive TMS (rTMS) which once
applied over the M1 can achieve robust excitatory aftereffects lasting up to 30mins
(Huang et al., 2005). Such highly specialized methods are useful in establishing novel
therapeutic measures for neurological pathological conditions and in modulating

cortical plasticity.

1.3.2 Transcranial direct current stimulation (tDCS)

tDCS was first applied in conjunction with TMS in order to evaluate neuroplastic
aftereffects in the human cortex, in a seminal study by Nitsche and Paulus (Nitsche and
Paulus, 2000). They observed that a short stimulation duration (13mins for anodal tDCS
and 9mins for cathodal tDCS), at 1mA was able to induce sustained excitability
increases (anodal) or diminutions (cathodal) that outlasted the stimulation duration
itself. A later study demonstrated that these alterations in excitability were able to be
prolonged until 30mins poststimulation (Nitsche and Paulus, 2001, Nitsche et al., 2003).
This significant finding has prompted many studies that have since applied tDCS to
other brain cortices including the visual system (for a review see: (Antal and Paulus,
2008) and areas associated with cognitive processing (Reis et al., 2008). tDCS has
emerged as a powerful tool in the treatment of chronic pain syndromes (Antal et al.,
2010) and many other neurological disturbances (Nitsche and Paulus, 2009). Its
mechanism of action is believed to underlie changes in neuronal membrane potentials,
leading to alteration in intracellular cAMP levels and calcium influxes (Gartside, 1968,
Islam et al., 1995). Applications of NMDA receptor antagonist dextromethorphan
(DMO) have shown that tDCS neuroplasticity is NMDA receptor dependent, after
having observed the complete blockade of all tDCS aftereffects post drug application
(Liebetanz et al., 2002). tDCS 1is polarity, duration and intensity dependent and its

aftereffects are subject to changes in the classic electrode montage; which is the



placement of stimulation electrodes over the M1 and contralateral orbit, above the
eyebrow (Nitsche and Paulus, 2000, Nitsche et al., 2005). Other studies also suggest the
involvement of mechanisms other than membrane hyperpolarisation; synaptic effects
(Purpura and McMurtry, 1965). However, these hypothesized modes of action are yet to
be fully understood.

1.3.3 Transcranial alternating current stimulation (tACS)

The first observed effects of tACS on the human motor cortex were published by Antal
and colleagues, who reported that the aftereffects of applied current at low intensities
(0.4mA) and low frequencies (1,15,30 and 45 Hz) were negligible and transient; with
only a significant effect of 10Hz tACS over the M1 reported during the performance of
the serial reaction time task (Antal et al., 2008). The ‘comparatively weak’ aftereffects
were postulated to be a result of these two factors, however, later studies have since
shown that application of higher frequencies over the motor cortex are much more
tolerable than lower frequencies, due to the lack of interference of retinal stimulation
from the electrode over the contralateral orbit (Chaieb et al., 2010). Recent studies also
report inhibitory effects of tACS over the motor cortex at lower frequencies, of 15Hz,
(Zaghi et al., 2010) and that phosphenes can be induced in a frequency- dependent
manner in the visual cortex (Kanai et al., 2008). However, there is some controversy as
to whether the perceived phosphenes are retinal or cortical in origin (for a commentary
see (Paulus, 2010, Schutter and Hortensius, 2010). Pogosyan et al observed that 20Hz
tACS, an important intrinsic oscillatory frequency of the motor system, was able to slow
voluntary movement. They postulated that the bursts of beta activity present in the
cortex are correlated with the reinforcement of motoric responses after processing of
sensory feedback during periods of tonic contraction. Therefore, the entrainment of
networks in the motor cortex to the intrinsic 20Hz frequency superimposed by tACS
reduced the velocity of voluntary movement (Pogosyan et al., 2009). This study
provides useful insights into the pathophysiology of Parkinson’s disease, and why the
motor system is inhibited by the predominant beta oscillating frequency found in

patients. Although recent studies show that tACS at higher frequencies, 140Hz to SkHz



(Chaieb et al., 2010, Moliadze et al., 2010a) generates stronger, more robust aftereffects
in the M1, its mechanism of action is yet to be determined. However, according to a
study by Castro- Alamancos et al (Castro-Alamancos et al., 2007), frequencies of 10Hz
are generated by an excitatory network of interconnected pyramidal cells that are
predominant due to the absence of GABAergic transmission. The transient facilitation
in learning during the serial reaction time task (SRTT) reported by Antal et al (Antal et
al., 2008) after application of 10Hz tACS may be attributed to this mechanism.
Aftereffects of tACS are thought to be caused by modulations in voltage- gated ion
channels, more specifically the continual activation of rectified potassium channel

currents and the potentiation of sodium channels (Francis et al., 2003).

1.3.4 Transcranial Random Noise Stimulation (tRNS)

It has already been shown that weak electric fields can effectively modulate neuronal
activity (Jefferys, 1995, Nitsche and Paulus, 2000). We have recently demonstrated that
the application of a randomly oscillating current applied over the M1 for 10mins at an
intensity of 1mA, can induce neuroplastic aftereffects lasting up to 90 minutes
poststimulation (Terney et al., 2008). tRNS aftereffects were also modulated by the
execution of a mental task and the contraction of a target muscle; task performance
during stimulation reduced TMS- evoked MEP amplitudes significantly compared to a
passive condition where the subject is at rest. tRNS application also significantly
improved performance, manifested as a reduction in reaction time, during the rendering
of a cognitive task, a variant of the serial reaction time task (SRTT) used to quantify
measures of implicit motor learning (Nissen and Bullmer, 1987). A similar finding was
reported for studies using tDCS, where task performance during stimulation reversed
tDCS induced aftereffects (Antal et al., 2007). A short duration application of tRNS (4
minutes) was shown to attenuate the BOLD response after performance of a simple
finger- tapping task measured using functional magnetic resonance imaging (fMRI)
(Chaieb et al., 2009). tRNS is a novel addition to the arsenal of transcranial electrical
stimulation methods and so its mode of action is not yet fully characterized. Paired-

pulse TMS measure of excitability reveal that short intracortical inhibition (SICI), long



intracortical inhibition (LICI) and cortical silent period (cSP) are all unaffected by
tRNS. However, MEPs measured using a paradigm measuring intracortical facilitation
(ICF) showed an increase in amplitude poststimulation. This may suggest that tRNS
aftereffects may be modulated via glutamatergic synapses (Ziemann et al., 1998a).
Other potential mechanisms of action include the repeated activation of sodium
channels via rectification due to the exposure of neuronal populations to a blanket field
of high frequency stimulation (Bromm, 1968); depolarisation of the neuronal membrane
causes an influx of sodium ions through voltage- gated sodium channels which when
done repeatedly causes a heightened state of depolarisation in which sodium channels
close and are then reopened by succeeding depolarisations. The net effect is an
excitatory or artificially elevated response which is spread over the neural network.
Studies on organotypic rat neuron cell cultures show that application of repetitive high
frequency stimulation activated an inward sodium current which induced a weak
depolarisation of the cell membrane (Schoen and Fromherz, 2008). The global effect of
tRNS on the cerebral cortex has been observed, but is yet to be understood. There is
evidence to suggest that neurons, when exposed to weak electrical fields, are capable of
synchronizing (Francis et al., 2003). Studies done in vitro may give us useful insight
into how tRNS effects can be propagated in the human cerebral cortex. In addition,
tRNS is subject to the constraints of the classical stimulation montage with respect to
electrode distance and placement (Moliadze et al., 2010b), but is not affected by the
polarity of the positioning of the anodal or cathodal electrodes. During stimulation,
tRNS is also virtually imperceptible and so is a useful tool in studies using patient

populations (Ambrus et al., 2010).

1.4 Factors influencing mechanisms of neuroplastic induction:
Brain derived neurotrophic factor (BDNF) and measures of
cortical excitability

Brain- derived neurotrophic factor (BDNF) has many roles in the mammalian brain
including cell proliferation and NMDA-receptor mediated neuroplasticity, and has been

demonstrated in animal models (Figurov et al., 1996, Lu et al., 2005). Recent studies

10



suggest that the expression of the BDNF gene may influence mechanisms of synaptic
plasticity in both animal and human cortex and that this influences the efficacy of
applied external electric and magnetic stimulation techniques (Cheeran et al., 2008,
Fritsch et al., 2010, Yoshii and Constantine-Paton, 2010). The impact of BDNF on the
induction and augmentation of neuroplastic effects in the mammalian cortex underlines
the importance of optimizing non-invasive stimulation techniques; a common single
nucleotide polymorphism (BDNF Val66Met), found in the normal population, was
shown to impact upon the induction of neuroplastic aftereffects in a variety of protocols
including tDCS and theta burst stimulation (TBS) paradigms. It was observed that the
response of Met allele carriers differed significantly in these protocols compared with
the response of Val66Val individuals. It is also of interest that both the neuroplastic
aftereffects of tDCS and TBS are NMDA-receptor mediated (Liebetanz et al., 2002,
Huang et al., 2007). BDNF may play a key role in how neuronal circuits undergo
neuroplastic processes (Cheeran et al., 2008). These initial findings prompted us to
retrospectively analyze our own data to explore whether this polymorphism is also

important for other neuroplasticity-inducing tools.
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1.5 Aims

The aims of my thesis are to assay and characterise two novel methods of transcranial
electric stimulation with the view to optimizing stimulation parameters to use within a
clinical setting. As I have outlined a number of factors can influence how the human
cortex responds to electrical current, whether they be oscillatory or constant, and I hope
to establish a role for tRNS and tACS as robust and reliable methods of inducing
neuroplastic effects quickly and safely within the human cortex on both
neurophysiological and behavioural levels. The insight that we are able to gain from
utilizing such techniques may allow for the application of transcranial electric
stimulation techniques as useful tools in the elucidation of basic mechanisms of

neuroplastic effects.
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Chapter 2: Original Articles in the Thesis

2.1 Increasing human brain excitability by transcranial high-frequency random

noise stimulation

Terney D, Chaieb L, Moliadze V, Antal A, Paulus W. J Neurosci. 2008; 28(52):14147-
55.

The study concept was devised by Prof. W. Paulus and Prof. A. Antal; L. Chaieb and D.
Terney collected the experimental data, and contributed significantly to the statistical
analysis of the data. The article was written by D. Terney and L. Chaieb under the
supervision of Prof. A. Antal and Prof. W. Paulus.

2.2 Short-duration transcranial random noise stimulation induces blood

oxygenation level dependent response attenuation in the human motor cortex

Chaieb L, Kovacs G, Cziraki C, Greenlee M, Paulus W, Antal A. Exp Brain Res. 2009;
198(4):439-44.

The study concept was devised by Prof. A. Antal; L. Chaieb contributed significantly by
collecting the experimental data and aiding in the data analysis. The manuscript was

written by L. Chaieb with contributions from all authors.

2.3 Evaluating Aftereffects of Transcranial Random Noise Stimulation on Cortical

Excitability
Chaieb L, Antal A, Paulus W. Under submission in Neural Plasticity.

The study concept was devised by Prof. W. Paulus, Prof. A. Antal and L. Chaieb; L.
Chaieb contributed by designing the experimental protocol, collecting and analyzing the
experimental data and writing the manuscript with contributions from Prof. Antal and

Prof. Paulus.
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2.4 Transcranial alternating current stimulation in the low kHz range increases

motor cortex excitability
Chaieb L, Antal A, Paulus W. Restorative Neurology and Neuroscience; In press.

The study concept was devised by Prof. W. Paulus and Prof. A. Antal; L. Chaieb
contributed by designing the experimental protocol, collecting and analyzing the

experimental data and writing the manuscript with contributions from Prof. A. Antal

and Prof. W. Paulus.

2.5 Comparatively weak after-effects of transcranial alternating current

stimulation (tACS) on cortical excitability in humans

Antal, A., Boros, K., Poreisz, C., Chaieb, L., Terney, D. & Paulus, W. Brain
Stimulation 2008; 1:97-105.

The study concept was devised by Prof. W. Paulus and Prof. A. Antal; L. Chaieb
contributed by aiding in the collection of the experimental data, the analysis of the data

and the writing of the manuscript.

2.6 Brain-derived neurotrophic factor (BDNF) gene polymorphisms shape cortical

plasticity in humans

Antal A, Chaieb L, Moliadze V, Monte- Silva K, Poreisz C,
Thirugnanasambandam N, Nitsche M, Shoukier M, Ludwig H, Paulus W. Brain
Stimulation 2010.

The study concept was devised by Prof. A. Antal and Prof. W. Paulus; L. Chaieb
contributed by aiding in the collection the experimental data and the analysis of the

MEP-data.
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Original Articles Connected to the Thesis

2.7 Frequency-dependent electrical stimulation of the visual cortex
Kanai R, Chaieb L, Antal A, Walsh V, Paulus W. Curr Biol. 2008; 18(23):1839-43.

The study concept was devised by Prof. W. Paulus and Dr. Ryota Kanai; L. Chaieb
contributed by teaching the methodological approach, collecting part of the
experimental data, and aiding in the analysis of the data. The article was written by R.

Kanai with contributions from all authors.

2.8 Pergolide increases the efficacy of cathodal direct current stimulation to reduce

the amplitude of laser-evoked potentials in humans

Terney D, Bergmann I, Poreisz C, Chaieb L, Boros K, Nitsche MA, Paulus W, Antal
A. J Pain Symptom Manage. 2008; 36(1):79-91.

The study concept was devised by Prof. A. Antal and Prof. W. Paulus; L. Chaieb

contributed by aiding in the collection of the experimental data.

2.9 Gender-specific modulation of short-term neuroplasticity in the visual cortex

induced by transcranial direct current stimulation
Chaieb L, Antal A, Paulus W. Vis Neurosci. 2008; 25(1):77-81.

The study was devised by Prof. A. Antal based on data previously collected by the
group of Prof. Antal; L. Chaieb performed the analysis of the data and wrote the

manuscript under the supervision of Prof. A. Antal and Prof. W. Paulus.
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2.1 Increasing human brain excitability by transcranial high-

frequency random noise stimulation

Terney D, Chaieb L, Moliadze V, Antal A, Paulus W. J Neurosci. 2008; 28(52):14147-
55.

Transcranial random noise stimulation (tRNS) is a novel addition to the burgeoning
array of transcranial electrical stimulation techniques. Applied over the primary motor
cortex (M1), the high-frequency randomly oscillating current induces long-lasting
neuroplastic changes in the human cortex outlasting the duration of stimulation. When
applied for 10 minutes, excitatory aftereffects, measured using monophasic single-
pulse transcranial magnetic stimulation (TMS) - elicited motor- evoked potentials
(MEPs), last up to 1 hour poststimulation. tRNS initially possesses a broad spectrum for
stimulation, ranging between 0-640Hz. Our investigation focused on the partition of the
stimulation spectrum into low (0-100Hz) and high- frequency (100-640Hz) components
in order to examine the oscillating frequency responsible for the pronounced excitatory
aftereffects. TMS elicited- MEP data acquisition showed that the high- frequency
division of full spectrum tRNS was most effective in inducing neuroplastic aftereffects.
tRNS also modified motor learning during the performance of a variant of the serial
reaction time task (SRTT) and its aftereffects were altered by the performance of a
cognitive and physical task during stimulation when compared to a passive condition.
tRNS mode of action is yet to be fully elucidated, but excitatory effects are thought to
arise for modulation of glutamatergic synapses as revealed by paired- pulse TMS
measures investigating intracortical facilitation (ICF). Other putative mechanisms of
action include the continued re- opening and voltage- gated sodium channels via

rectification and the resultant repeated depolarisation of the neuronal membrane.
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Increasing Human Brain Excitability by Transcranial High-
Frequency Random Noise Stimulation

Daniella Terney, Leila Chaieb, Vera Moliadze, Andrea Antal, and Walter Paulus
Department of Clinical Neurophysiology, Georg-August University, 37075 Gottingen, Germany

For >20 years, noninvasive transcranial stimulation techniques like repetitive transcranial magnetic stimulation (rTMS) and direct
current stimulation (tDCS) have been used to induce neuroplastic-like effects in the human cortex, leading to the activity-dependent
modification of synaptic transmission. Here, we introduce a novel method of electrical stimulation: transcranial random noise stimula-
tion (tRNS), whereby a random electrical oscillation spectrum is applied over the motor cortex. tRNS induces consistent excitability
increases lasting 60 min after stimulation. These effects have been observed in 80 subjects through both physiological measures and
behavioral tasks. Higher frequencies (100 - 640 Hz) appear to be responsible for generating this excitability increase, an effect that may be
attributed to the repeated opening of Na ™ channels. In terms of efficacy tRNS appears to possess at least the same therapeutic potential as
rTMS/tDCS in diseases such as depression, while furthermore avoiding the constraint of current flow direction sensitivity characteristic of tDCS.

Key words: transcranial random noise stimulation (tRNS); primary motor cortex (M1); transcranial magnetic stimulation (TMS); serial

reaction time task (SRTT); human; neuromodulation

Introduction

Neuroplasticity is an ongoing, self-organizing, adaptive process
widespread in cortical areas; it allows the brain to learn and adapt
to new environmental situations. External influences on neuro-
plastic processes may be used for functional improvement of
diseases, in particular for improving cortical functions such as
learning. The most well known method currently used to influ-
ence excitability of the brain by external means is transcranial
magnetic stimulation (TMS) (Barker et al., 1985). It was followed
by various repetitive stimulation paradigms, most recently by
theta burst stimulation (TBS) (Huang et al., 2005). Although TBS
increased the efficacy of 'rTMS by reducing stimulus intensity and
the number of pulses required to achieve similar aftereffects, its
upper safety limits are still unclear due to the potential risk of
rTMS inducing seizures (Wassermann, 1998).

Another approach, weak transcranial direct current stimula-
tion (tDCS) of the brain has so far avoided this risk. tDCS was
investigated intermittently within the last four decades, but en-
tered into neurobiological and clinical plasticity research only
after its efficacy for modulating neuroplasticity could be unam-
biguously quantified by comparing TMS-induced motor-evoked
potentials (MEPs) before and after tDCS (Nitsche and Paulus,
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2000, 2001). When compared with pulsed rTMS, tDCS repre-
sents the other end of the stimulation spectrum by delivering
continuous electric current, which leads to “brain polarization.”
tDCS is able to induce long-lasting changes in cortical excitability
in a reversible, relatively selective, painless, and safe manner.
Generally, motor cortex (M1) excitability is enhanced by anodal and
decreased by cathodal stimulation (Nitsche and Paulus, 2000).
Transcranial random noise stimulation (tRNS) of the human
brain is a new technique (Fig. 1). Only one study so far has used
noisy galvanic stimulation at a very low-frequency (<2 Hz) range
targeting the vestibular nerves of patients with levodopa-
responsive and unresponsive parkinsonism over a 24 h period
(Yamamoto et al., 2005) and successfully improving parkinso-
nian symptoms. In this article, we demonstrate a new method of
enhancing corticospinal excitability as measured by TMS, by ap-
plying weak tRNS for 10 min over the M1. Furthermore, a behav-
ioral task was used to study tRNS-driven changes in performance
during a variant of the serial reaction time task (SRTT) (Nissen
and Bullemer, 1987), which is a standard paradigm to test im-
plicit motor learning. In addition, we show how a cognitive or
motor activity performed during stimulation can reduce the ef-
ficacy of tRNS, as previously described in studies using tDCS
(Antal et al.,, 2007). The repeated potentiation of sodium channels
has been suggested to be a putative mechanism of tRNS action; its
aftereffects may outlast those observed after tDCS stimulation.

Materials and Methods

Subjects

Altogether, 80 healthy volunteers (32 men and 48 women; mean age,
25.74 = 5.13 years; age range, 20—44 years) were informed about all
aspects of the experiments, and all gave informed consent. None of the
subjects suffered from any neurological or psychological disorders, had
metallicimplants/implanted electric devices, or took any medication reg-
ularly, and none of them took any medication in the 2 weeks before their
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Figure 1.

The output signal of DC-Stimulator PLUS, as a frequency distribution of the signal, the time plot of the signal, and a histogram. The signal was generated by a computer. In the

stimulation mode “noise,” there is a random level of current generated for every sample (sampling rate 1280 samples/s). The random numbers are normally distributed; the probability density
function follows a bell-shaped curve. The amplitude of 1 mA pp means that 99% of all generated amplitude values were between +500 pA and —500 wA.

participation in any of the experiments. All subjects were right handed,
according to the Edinburgh handedness inventory (Oldfield, 1971). We
conformed to the Declaration of Helsinki, and the experimental protocol
was approved by the Ethics Committee of the University of Gottingen.

Altogether, 47 healthy subjects (motor cortex: 17 participants; 21-27
years old; mean age = 23.71 £ 2.08; 6 male; low-frequency/high-fre-
quency: 12 participants; 20-28 years old; mean age = 23.83 & 3.28; 7
male; DC-shift-induced excitability changes: 8 participants; 22—38 years
old; mean age = 25 * 5.12; 4 male; premotor cortex: 10 subjects; 22—-39
years old; mean age = 26.5 *= 6.31; 4 male) participated in the single-
pulse TMS study. Ten healthy subjects (22—44 years old; mean age =
27.6 £ 6.67; 3 male) were involved in the paired-pulse TMS experiments,
and four subjects participated in both single- and paired-pulse MEP
experiments. Seventeen volunteers (2231 years old; mean age = 25.29 =
2.89; 8 male) took part in the implicit learning study. Twelve subjects
were involved in the task-related modulation study (22—44 years old;
mean age = 26.75 * 6.08; 4 male). Three subjects participated both in the
single-pulse MEP and in the implicit learning experiment. Two subjects
were involved in both the single-pulse MEP and task-related modulation
experiment.

Random noise stimulation

Stimulation was delivered by a battery-driven electrical stimulator (Ver-
sion eldith DC-Stimulator-Plus, neuroConn) through conductive-
rubber electrodes, placed in two saline-soaked sponges. In the stimula-
tion mode “noise” there is a random level of current generated for every

sample (sampling rate 1280 samples/s). The random numbers are nor-
mally distributed; the probability density function follows a bell-shaped
curve. In the frequency spectrum all coefficients have a similar size
(“white noise”). The noise signal contains all frequencies up to half of the
sampling rate, i.e., a maximum of 640 Hz (Fig. 1). In a second experiment
this frequency spectrum was separated into a low (0.1-100 Hz)- and high
(101-640 Hz)-frequency spectrum. Because of the statistical character-
istics, the signal has no DC offset, provided that the offset is set to zero.

The stimulation electrode was placed over the left motor cortex, which
was determined by single pulse TMS. During the premotor single-pulse
TMS study, the stimulation electrode was placed over the premotor cor-
tex (2.5 cm anterior from the motor cortex). To identify the primary
motor and premotor cortex the same method was used as that imple-
mented in previous TMS and tDCS studies (e.g., Fink et al., 1997; Miin-
chau et al.,, 2002). The reference electrode was placed over the contralat-
eral orbit. The size of the stimulation electrode was 4 X 4 cm and the
reference electrode was 6 X 14 cm. The electrodes were fixed by elastic
bands. tRNS was applied for 10 min with a current strength of 1000 nA.
The maximal current density was 62.5 wA/cm? over the motor cortex,
which is below the safety parameters accepted for tDCS (Nitsche et al.,
2003). The current density was 11.9 uA/cm? at the reference electrode.
For sham stimulation the current was applied for 30 s at the beginning of
the stimulation session, and then turned down. However, the screen on
the stimulator did show the remaining time until the end of the stimula-
tion session, as per the verum stimulation condition. Subjects were
blinded for stimulation conditions in all of the studies.
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Electrophysiological studies: transcranial

magnetic stimulation

To detect current-driven changes of excitability, motor-evoked poten-
tials (MEPs) of the right first dorsal interosseus muscle (FDI) were re-
corded following stimulation of its motor-cortical representation field by
single-pulse TMS. These were induced using a Magstim 200 magnetic
stimulator, with a figure-of-eight standard double magnetic coil (diam-
eter of one winding, 70 mm; peak magnetic field, 2.2 T; average induc-
tance, 16.35 wH). The coil was connected to two monophasic Magstim
200 stimulators via a bistim module during the paired-pulse TMS study.
Surface electromyogram (EMG) was recorded from the right FDI
through a pair of Ag—AgCl surface electrodes in a belly—tendon montage.
Raw signals were amplified, bandpass filtered (2 Hz to 3 kHz; sampling
rate, 5 kHz), digitized with a micro 1401 AD converter (Cambridge Elec-
tronic Design) controlled by Signal Software (Cambridge Electronic De-
sign, version 2.13), and stored on a personal computer for off-line anal-
ysis. Complete relaxation was controlled through auditory and visual
feedback of EMG activity and whenever it was necessary, the subject was
instructed to relax. The coil was held tangentially to the skull, with the
handle pointing backwards and laterally at 45° from the midline, result-
ing in a posterior—anterior direction of current flow in the brain. This
orientation of the induced electrical field is thought to be optimal for
predominantly transsynaptic mode of activation of corticospinal system.
The optimum position was defined as the site where TMS resulted con-
sistently in the largest MEP in the resting muscle. The site was marked
with a skin marker to ensure that the coil was held in the correct position
throughout the experiment.

Experimental design

Subjects were seated in a comfortable reclining chair with a mounted
headrest throughout the experiments. Within each type of experimental
session, the measurements were always performed by the same
investigator.

Single-pulse TMS

Motor cortex stimulation. Seventeen subjects participated in two experi-
mental sessions, on separate days, at least 3 d apart to avoid carryover
effects. The subjects received RN and sham stimulation in a randomized
order. Resting motor threshold (RMT), active motor threshold (AMT),
the intensity to evoke MEP of ~1 mV peak-to-peak amplitude (SIImV),
and a baseline of TMS-evoked MEPs (40 stimuli) were recorded at 0.25
Hz before the stimulation.

Stimulus intensities (in percentage of maximal stimulator output) of
TMS were determined at the beginning of each experiment. RMT was
defined as the minimal output of the stimulator that induced a reliable
MEP (~50 wV in amplitude) in at least three of six consecutive trials
when the FDI muscle was completely relaxed. AMT was defined as the
lowest stimulus intensity at which three of six consecutive stimuli elicited
reliable MEP (~200 wV in amplitude) in the tonically contracting FDI
muscle (Rothwell et al., 1999).

Following stimulation, 40 single test-pulse MEPs were recorded at 0.25
Hz, i.e., ~0, 5, and 10 min after stimulation and then every 10 min up to
60 min.

Additionally, eight subjects underwent the same single-pulse TMS ex-
periment (as described previously) to investigate the length of the after-
effect of the stimulation. Subjects were measured 0, 5, and 10 min after
stimulation, then every 10 min up to 60 min, then twice in the second
hour, then 4, 6, and 24 h after stimulation. Both active and sham stimu-
lation conditions were applied.

In a second sham-controlled experiment, the random noise frequency
was divided into a low (0.1-100 Hz)- and high (101-640 Hz)-frequency
spectrum. Twelve participants underwent the same protocol as previ-
ously described.

To conclusively exclude DC-shift-induced excitability changes, eight
subjects underwent the same protocol as previously described, in which
the standard DC electrode montage was used (active electrode, anodal;
reference electrode, cathodal) and then the electrode montage was re-
versed (cathodal-anodal).

Premotor cortex stimulation. Ten subjects participated in two experi-
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mental sessions on separate days, at least 3 d apart to avoid carryover
effects. The subjects received tRNS and sham stimulation in a random-
ized order. The study protocol was performed as previously described.

Paired-pulse TMS
TMS measurements included RMT, AMT, and SI1mV, short-interval
intracortical inhibition (SICI)/intracortical facilitation (ICF), long-
interval intracortical inhibition (LICI), recruitment curves, and cortical
silent period (CSP).

Ten subjects participated in four experimental sessions [(1) tRNS:
recruitment curves and SICI/ICF; (2) tRNS: LICI and CSP; (3) sham:
recruitment curves and SICI/ICF; and (4) sham: LICI and CSP] on sep-
arate days at least 3 d apart to avoid carryover effects. The subjects re-
ceived RN and sham stimulation in a randomized order. Stimulus inten-
sities (in percentage of maximal stimulator output) of TMS were
determined at the beginning of each experiment. SIImV was determined
with single-pulse TMS first (the amplitude of the test MEP was matched
before and after tRNS). RMT and AMT were defined as previously
mentioned.

SICI/ICF and LICI were measured with two different protocols of
single- and paired-pulse TMS applied in a random order at 0.25 Hz. For
SICI/ICF, two magnetic stimuli were given through the same stimulating
coil, and the effect of the first (conditioning) stimulus on the second
(test) stimulus was investigated (Kujirai et al., 1993). To avoid any floor
or ceiling effect, the intensity of the conditioning stimulus was set to a
relatively low value of 80% of AMT. The test-stimulus intensity was
adjusted to SI1mV. SICI was measured with interstimulus intervals (ISI)
of 2 and 4 ms, and ICF with ISIs of 9, 12, 15, and 25 ms. The control
condition (test pulse alone) was tested 40 times, and each of the
conditioning-test stimuli 20 times. The mean peak-to-peak amplitude of
the conditioned MEP at each ISI was expressed as a percentage of the
mean peak-to-peak size of the unconditioned test pulse. The second
protocol tested LICI with two suprathreshold stimuli applied with ISIs of
50, 100, 150, and 200 ms (Valls-Solé et al., 1992). The intensity of both
stimuli was set to 110% of RMT. Here as well, the intensity was set to this
relatively low value to avoid any floor or ceiling effect. The control con-
dition (first pulse alone) was tested 40 times, whereas each of the paired
stimuli was tested 20 times. LICI was taken as the mean percentage inhi-
bition of conditioned MEP at ISIs of 50, 100, 150, and 200 ms.

Recruitment curves were measured with three different and increasing
stimulus intensities (110%, 130%, and 150% of RMT), each with 10
pulses. A mean was calculated for all intensities. Finally, 10 pulses with
SIImV and 10 pulses with 120% RMT were applied under tonic contrac-
tion of the right first dorsal interosseus muscle. CSPs were separately
determined, in rectified and averaged EMG traces with a prestimulus
period of 100 ms. CSP (in ms) was measured from the TMS stimulus to
the point where the signal reached the amplitude of the mean prestimu-
lus EMG activity again for >5 ms.

Behaviorial studies
SRTT
Subjects were seated in front of a computer screen at eye level behind a
response pad with four buttons numbered 1-4 and were instructed to
push each button with a different finger of the right hand (index finger
for button 1, middle finger for button 2, ring finger for button 3, and little
finger for button 4). An asterisk appeared in one of four positions that
were horizontally spaced on a computer screen and permanently marked
by dots. The subjects were instructed to press the key corresponding to
the position of the asterisk as fast as possible. After a button was pushed,
the go signal disappeared. The next go signal was displayed 500 ms later.
The test consisted of eight blocks of 120 trials. In blocks 1 and 6, the
sequence of asterisks followed a pseudorandom order in that asterisks
were presented equally frequently in each position and never in the same
position in two subsequent trials. In blocks 2-5, 7, and 8, the same 12-
trial sequence of asterisk positions repeated itself 10 times (abadbc-
dacbdc). Subjects were not informed about the repeating sequence.

In six subjects, the first three blocks of the previously used test were
repeated 1 (block 9: pseudorandom; blocks 10—11: repeated sequences)
and 2 h (block 12: pseudorandom; blocks 13—14: repeated sequences)
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after stimulation. Differences in performance between blocks 9-10 and
1213 also represent a measure of implicit learning. In the SRTT study,
the current was delivered during the blocks 2—5, which lasted ~7 min.
The order of verum and sham stimulation was randomized. The current
was always ramped up or down over the first and last 2 s of stimulation.

Task-related modulation of tRNS

The three experimental sessions were conducted in a repeated-
measurement design using a randomized order, with a break of at least
3 d between each session. First, the left motor-cortical representational
field of the right FDI was identified using TMS. After determining the
resting and active motor thresholds, a baseline of TMS-evoked MEPs (25
stimuli) was recorded at 0.25 Hz. Afterward, one stimulation electrode
was fixed at the representational field of the right FDI, and the other was
fixed at the contralateral forehead above the orbita.

During tRNS, subjects were passively sitting during the stimulation
(experiment 1), had their attention directed toward a cognitive test (ex-
periment 2) or were instructed to push a ball in their right hand (exper-
iment 3). After termination of RNS, 25 MEPs were recorded every fifth
minute up to 30 min and then every 15 min up to 2 h.

During the stimulation in experiment 2, the subjects were required to
fill out a cognitive test that was presented on a computer monitor. The
subjects had to push a suitable button with their right index finger to give
the correct answer. The test was presented in German and downloaded
from a commercial intelligence test homepage. The questions were on a
variety of subjects. In experiment 3, the subjects were instructed to push
a ball (8 cm diameter) in their right hand. The ball was connected to a
display where the actual values related to pressure were quantified. Be-
fore the stimulation session, the subjects were asked to push the ball as
hard as possible. During the tRNS session, subjects had to push the ball to
half-maximal contraction as previously shown.

Safety

Neuron-specific enolase determination

To assess the safety of tRNS, we measured serum neuron-specific enolase
(NSE), a sensitive marker of neuronal damage, evident in many neuro-
logical disorders, e.g., in epilepsy (Steinhoff et al., 1999). Elevated NSE
concentration is a specific marker in intractable temporal lobe epilepsy.
A blood sample for NSE-measurement was taken in six healthy subjects
before and 10 min after stimulation. Furthermore, in one subject, who
was stimulated for 8 consecutive days, this measurement was done on
every day.

EEG recording
The EEG was recorded using a three-channel montage. One electrode
was placed over Oz and two laterally above the motor region (C3 and C4)
in accordance with the international 10/20 system. The impedance was
kept at <5 k(). Linked mastoids (RLm) were used as a reference. The
ground electrode was positioned on the forehead. Data were collected
with a sampling rate of 1000 Hz using BrainAmp system (Brain Prod-
ucts) and were analyzed off-line (Brain Vision Analyzer, Brain Products).

The EEG experiments were conducted in a repeated-measurement
design (tRNS and sham) using a randomized order, with a minimum
break of 1 d between each stimulation session. Two minutes EEG was
recorded at rest before and three times after stimulation (immediately
and 7 and 14 min after the end of the stimulation). EEG epochs (2 min)
were segmented for 30 s and filtered by using 0.1 Hz (24 dB/octave) low
cutoff and a 70 Hz (24 dB/octave) high cutoff and 50 Hz notch filters. In
addition to semiautomatic artifact detection (200 wV amplitude crite-
rion), all epochs were visually inspected, and those containing eye blinks
or muscle movement artifacts were excluded. After artifact rejection, all
of the epochs were segmented into 2 s, and fast Fourier transformation
(FFT) was calculated for all electrodes (0.5 Hz resolution, and 10% Ham-
ming window). The FFT segments were averaged for each 30 s. The mean
activity in voltage was calculated and exported from each frequency
bands (theta band 4.5-7 Hz, alpha band 8 —12 Hz, beta band 12.5-30 Hz,
and gamma band 31-49 Hz) for statistical analysis.

For sham stimulation, the current was turned on for 30 s at the begin-
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ning of the stimulation. Subjects were blinded for stimulation conditions
in all of the studies.

Data analyses

Electrophysiological studies

Single-pulse TMS. Repeated measurements of ANOVAs [condition
(tRNS vs sham) X time (before; 0, 5, 10, 20, 30, 40, 50, 60 min after
stimulation; (n = 8: before; 0, 5, 10, 20, 30, 40, 50, 60, 90 min and 2, 4, 6,
24 h after stimulation)] were used to compare the different conditions.
Effects were considered significant if p < 0.05. In the case of a significant
interaction of time and stimulation condition, a Tukey’s post hoc test was
performed. Student’s ¢ test was used to compare the motor thresholds
(RMT, AMT, and SIImV) between experimental sessions. All data are
given as means = SEM.

Paired-pulse TMS. For each measurement (SIlmV, RMT, AMT, SICI,
ICF, LICI, and CSP), we performed separate ANOV As for repeated mea-
surements by using the mean values from each subject as the dependent
variable. In addition to the factor “stimulation type” (tRNS vs sham), the
ANOVA model included the factor “ISI” (2, 4, 7, 9, 12, 15, and 25 ms)
when SICI and ICF was analyzed, the factor “intensity” (100%, 130%,
and 150% of RMT) for recruitment curves, or the factor “intensity”
(120% RMT and SI1mV) for CSP. A p value of <0.05 was considered
significant for all statistical analyses. In the case of a significant interac-
tion between ISI/intensity and stimulation condition, a Tukey post hoc
test was performed. Student’s ¢ test was used to compare the motor
thresholds (RMT, AMT, and SIImV) between experimental sessions.
Data are expressed as mean = SEM.

Behavioral studies

SRTT analysis. Concerning the implicit learning paradigm, statistical
analysis was performed with repetitive-measures ANOVA (independent
variables current condition and block) for reaction time (RT), error rate
(ER), and variability. As the RT and ER differences between blocks 5 and
6 are thought to represent an exclusive measure of implicit learning,
interactive Student’s t tests were performed to compare the respective
differences between tRNS and sham conditions. In each trial, RT was
measured from the appearance of the “go” signal until the first button
was pushed by the subject. For each block of trials of a given experimental
condition, mean RT was calculated for each subject separately. Further-
more, as a measure of the variability of the RTs, we have calculated the
coefficient of variation (the ratio of the SD to the mean X 100). An ER
was calculated to assess the number of incorrect responses for each block
and each subject in each stimulation condition.

Task-related modulation of tRNS. Repeated-measures ANOVA [exper-
iment (passive vs cognitive/motor) X time (before and 5, 10, 15, 20, 25,
and 30 min after stimulation, then every 15 min up to 2 h)] was used to
compare different task conditions during tRNS. Effects were considered
significant if p < 0.05. In case of the significant interaction of time and
stimulation condition, a Tukey post hoc test was performed. Student’s ¢
test was used to compare the motor thresholds (RMT, AMT, and SI1mV)
between experimental sessions. All data are given as means + SEM.

Safety

NSE determination. Two-tailed ¢ tests (paired samples, critical p value

0.05) were performed to compare NSE values before and after tRNS.
EEG recording. To compare the effect of stimulation on the EEG spec-

trum, a repeated-measures ANOVA (independent variable: tRNS vs

sham X time points after stimulation; dependent variable: FFT power in

a given frequency band) was calculated.

Results

All of the subjects tolerated the stimulation; none of the experi-
mental sessions were interrupted due to side effects of the stim-
ulation. Only two of 80 subjects reported a slight burning sensa-
tion under the electrodes during the stimulation.
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Table 1. Results of the statistical analyses in the case of the single- and paired-pulse TMS studies over the
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significant condition X time interaction

primary motor cortex (Fig.1a) = 0.69, p = 0.70).
Measurement Factor df Fie® p The possibility of a hidden DC shift in
Single-pulse TMS the stimulation spectrum as a cause of the
Student's ¢ test RMT 10 0.90 039  excitability increase was excluded by the
AMT 10 168 042  results of a control experiment conducted
SITmV 10 042 069 by reversing the connection of the elec-
ANOVA Condition 1 7.24 0.01 trodes to the stimulator. In the case of
Time 28 4.01 <0.01 measuring DC-shift-induced excitability
. Condition X time 28 3.53 <001 changes, repeated measurements of
Pa"ed'PUISS TM™S ANOVA revealed no significant effect of
Student’s t test RMT 9 0.42 0.68 condition (F(l = 0.29, p= 060) The
AMT 9 0.90 0.39 s o —
effect of time was significant (Fg,,,) =
SITmV 9 0.01 1.00 2.13, p = 0.04). Th . ’.f ¢
ANOVA Condition 1 080 039 =1 P = DU%). dhere was no signilican
Intensity ) 19.03 <001 condition X time interaction (Fg 12 =
RECR Condition X intensity 2 038 069 0.24,p =0.98).
Condition 1 0.38 0.54 Paired-pulse TMS
ISI 1 47.94 <0.01 I ired-pulse TMS stud h
sicl Condition  ISI 1 0.13 073 D our pawred-pulse TV study, we have
Condition 1 0.58 04¢ Observed an increase in ICF after tRNS
Isi 3 0.88 046 over MI. Repeated measurements of
ICF Condition X ISI 3 556 <0.01 ANOVA revealed no significant effect of
Condition 1 0.23 0.64  condition (F, ¢, = 0.58, p = 0.46) or ISI
ISI 4 4.04 001 (F,y = 0.88, p = 0.46). However, the
ua Condition X ISl 4 037 083 interaction between condition and ISI was
Condition 1 0.63 044 significant (F3 ;) = 5.56, p = 0.004). Ac-
Intensity ! 1.05 033 cording to the post hoc analysis, signifi-
csp Condition X intensity 1 0.81 0.38

cantly increased MEPs were observed at

RECR, Recruitment curves. Bold indicates significant values. °F for ANOVA and ¢ for Student’s ¢ test.

Electrophysiological studies: MEPs

Single-pulse TMS

When 10 min tRNS was applied over the primary motor cortex,
the induced excitability increases rose up to 20—-50%, as revealed
by TMS. They last for 60 min after stimulation. Repeated mea-
surements of ANOVA revealed a significant main effect of con-
dition (F(, ,5) = 7.24, p = 0.01) and time (Fg,,,) = 4.01, p <
0.001) in the case of motor cortex stimulation. The interaction
between condition and time was also significant (Fg 5,4y = 3.53,
p < 0.001) (Table 1). According to the post hoc analysis, signifi-
cantly increased MEPs were observed at the 5 and 10—60 min
time points compared with the time point before (p < 0.05)
{RNS (Fig. 2).

RMT, AMT, and SIImV baseline values were compared be-
tween RN and sham stimulation conditions using Student’s ¢ test.
There was no significant difference between tRNS and sham
stimulation in any of the measurements (Table 1).

Furthermore, we have separated the stimulation spectrum
into low (0.1-100 Hz)- and high (101-640 Hz)-frequency
ranges. High-frequency stimulation was more effective with re-
gard to changing the level of cortical excitability. Repeated mea-
surements of ANOVA revealed a significant effect of condition
(F(121) = 4.2, p = 0.05) when the high-frequency spectrum stim-
ulation was used, compared with the sham condition. However,
there was no significant effect of condition, when the low-
frequency spectrum was applied (F; ,o) = 2.22, p = 0.15). There
was no significant condition X time interaction (F; 1,7, = 1.62,
p=0.13and F; 140 = 0.78, p = 0.61, respectively) (Fig. 3).

We did not observe any changes in corticospinal excitability
when the premotor cortex was stimulated, implying that the ef-
fect of tRNS over the M1 is indeed focal. Repeated measurements
of ANOVA revealed no significant effect on condition (F(, ;) =
0.01, p = 0.99) nor time (Fg ;4 = 0.78, p = 0.61). There was no

ICF of 12 and 15 ms after tRNS compared
with the sham condition ( p < 0.05).
tRNS administration had no effect on SICI, LICI, CSP, or
motor-evoked recruitment curves as revealed by repeated mea-
surements of ANOVA (Table 1).

Behavioral studies
SRTT
With regard to the functional effect of tRNS, it significantly im-
proved performance in the acquisition and early consolidation
phase of motor learning. This was primarily represented by the
differences between blocks 5 and 6 between tRNS and sham con-
ditions, which are exclusive measurements of implicit learning.
Compared with the sham stimulation condition, RTs in the SRTT
shortened during tRNS of the primary motor cortex; and subjects
became faster during the course of the experiment.

Repeated-measures ANOVA revealed a significant effect on
blocks (F(; 5 = 37.59, p < 0.001). This was caused by an inter-
action of tRNS versus sham stimulation for block 5 and block 6,
due to a greater difference in the case of tRNS (+ = —2.87, df = 16,
p = 0.01) as revealed by Student’s ¢ tests. There was no significant
effect on stimulation. However, the stimulation X blocks inter-
action was marginally significant (F; ,,,) = 1.95, p = 0.06). Fig-
ure 4 shows the differences between RN and sham stimulation.
The paradigm was repeated in six subjects after 1 and 2 h after
stimulation. At these time points the RTs were not significantly
different between the tRNS and sham stimulation conditions (see
Fig. 4). However, the RTs of the sham and tRNS trials were not
the same as those observed after the familiar blocks immediately
after stimulation, but are the same after 1 h; the control RTs
decreased substantially in the 1 h period for the familiar block,
which may represent consolidation of learning, whereas this was
not the case for the tRNS group. Nevertheless, only six subjects
were analyzed after 1 h.

For the ER, the ANOVAs showed a significant main effect on



14152 - J. Neurosci., December 24, 2008 - 28(52):14147-14155

blocks (F; ;15 = 2.54, p = 0.02). Despite
this, the results of all other tests remained
insignificant. Student’s t tests revealed no
significant difference between blocks 5 and
6. For RT variability, the ANOVAs showed
a significant main effect on blocks (F; ;5
= 29,12, p < 0.0001) without significant
interaction between condition and blocks.

Task-related modulation of tRNS
Excitability increase induced by tRNS was
modified by paying attention to a task in-
volving mental activity and by contraction
of the target muscle during the stimula-
tion. Following tRNS, the amplitude of the
MEPs was increased in the passive condi-
tion, slightly decreased in the cognitive
condition and markedly reduced in the
motor condition. When the amplitude of
the MEPs was compared with regard to the
passive condition and cognitive task be-
fore and after stimulation, repeated-
measures ANOVA revealed a main effect
of experiment (F(; ;,, = 5.45, p = 0.04),
but time (F(;,,3, = 0.50, p = 0.91) was
not significant. The interaction between
the experiment and time was significant
(F12,132) = 2.36, p = 0.009). The post hoc
test revealed that, after tRNS in the passive
condition, significantly increased MEP
amplitudes were observed up to 20 min,
and at the 1 and 2 h time points when com-
pared with the cognitive task condition
(p < 0.01). When the amplitude of the
MEPs was compared with the passive con-
dition and motor task, repeated measures
of ANOVA revealed a main effect of exper-
iment (F,,,, = 10.05, p = 0.009), but
time (F(;, 3, = 0.74, p = 0.71) was not
significant. The interaction between the
experiment and time was significant
(F12132) = 3.96, p < 0.001). The post hoc
test revealed that, after tRNS in the passive
condition, significantly increased MEP am-
plitudes were observed up to 25 min (p <
0.01) compared with the motor condition.

Safety

The concentration of serum NSE was un-
changed after tRNS. Student’s ¢ test
showed no significant difference between
the before and after stimulation NSE con-
centrations of six healthy subjects (¢ =
0.09, p = 0.93, mean value before stimula-
tion: 6.96 * 1.84 ug/L, after stimulation:
6.91 = 1.7 ug/L). One subject was stimu-
lated for 10 min every day for 8 consecu-
tive days. The NSE values did not change
significantly over the period from the first
to last day of stimulation (¢t = —0.2, p =
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Figure2. Effectof 10 min RN stimulation on motor-evoked potentials. Time course of motor cortex excitability changes lasting
for 60 min after stimulation, shown after 10 min RN stimulation over M1 at 1 mA compared with sham stimulation. The figure
shows mean amplitudes and their SEMs up to 60 min (including all subjects, n = 17) and between 90 min and 24 h (including 8
subjects). Asterisks indicate significant differences between MEP amplitudes after 5 and 10 — 60 min after stimulation and those
atbaseline.
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Figure3. Effectof 10min oflow (0.1-100 Hz)- and high (101— 640 Hz)-frequency RN stimulation on motor-evoked potentials.
Time course of motor cortex excitability changes lasting for 60 min after stimulation, shown after 10 min of high-frequency RN
stimulation over M1 at 1 mA compared with low-frequency and sham stimulation. The figure shows mean amplitudes and their
SEMs up to 60 min (including all subjects, n = 12).

did not find any significant difference regarding any of the fre-

0.87, mean value before stimulation: 9.57 = 2.2 ug/L, after stim-  quency bands. Repeated-measures ANOVA revealed no signifi-

ulation: 9.53 = 3.0 ug/L).

cant interactions between current conditions, time, or channels

Furthermore, we recorded EEGs before and after tRNS and ~ for any of the different frequencies applied (see supplemental
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SICI, LICI, CSP, or motor-evoked recruit-
ment curves [for an overview of methods
used to study the modulation of human
motor cortex excitability in local circuits,
see Paulus et al. (2008) and Ziemann et al.
(2008)]. Pharmacological studies show
that among others, ICF is most likely to be
mediated by the glutamatergic system (Zi-
emann et al., 1998), possibly by the activa-
tion of glutamatergic synapses by tRNS.
However, no clear evidence was found
concerning the cortical origin of ICF, in a
recent study in which epidural recording
was applied in a conscious subject (Di Laz-
zaro et al., 2006). The results of this study
showed that, despite a significant increase
in MEP at ISIs of 10 and 15 ms, there is no
evident change in the descending volley.
Thus at ISIs of 10 and 15 ms, a small con-

ditioning stimulus can produce clear facil-
itation of MEPs even though it leads to no

420 420
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360 360

340 340
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detectable change in descending corticospi-
nal activity.

The average MEP decrease observed af-
ter mental effort and motor activation are
in agreement with previous studies using
tDCS (Antal et al., 2007) and paired asso-
ciative stimulation (PAS) (Stefan et al.,
2004). Similarly, a recent study observed
that contraction of the FDI muscle during
TBS abolished the effects of stimulation on
the MEPs (Huang et al., 2008). These re-
sults suggest that externally induced neu-
ronal plasticity is highly dependent on the
state of the subject during stimulation.

It appears that the tRNS-driven cortical
excitability change facilitates the learning
process. Previous studies suggest that an
excitability enhancement coincides with
| facilitating the learning process by induc-

280 280
9 10 11 12

Blocks

Figure 4.

Table 2, available at www.jneurosci.org as supplemental mate-
rial). Additionally, we did not see any abnormal EEG activity after
tRNS. Therefore, we can conclude that limited exposure to tRNS
of the cortex using the parameters we applied here is safe.

Discussion

In this study, we demonstrate that weak tRNS over M1 enhances
corticospinal excitability both during and after stimulation in the
healthy human brain. Furthermore, our results suggest that the
high-frequency subdivision of the whole tRNS spectrum between
100 and 640 Hz is functionally responsible for inducing excitabil-
ity in the M1. In terms of commonly used noninvasive excitability
parameters, we found an increased ICF after tRNS over M1 using
the paired-pulse paradigm. tRNS application had no effect on

tRNS of the primary motor cortex improves implicit motor learning in itts early phase. Reaction times decrease faster
in the tRNS condition when compared with the sham stimulation condition (top). Moreover, the RT difference comparing blocks
5and 6, which indicates implicit sequence learning, is bigger for the tRNS condition, when compared with sham condition. The
asterisk indicates a significant difference regarding reaction time differences between blocks 5 and 6 between RN and sham
stimulation. In Tand 2 h after stimulation, this significant difference was no longer detectable (bottom panels).

ing the strengthening of synapses and in-
ducing long-term potentiation via modi-
fying NMDA-receptor efficacy (Rioult-
Pedotti et al., 2000). Regarding studies in
the human, this is in line with previous
observations of increased activation of the
M1 during motor learning tasks (Grafton
et al., 1992; Honda et al., 1998), showing
that effects of motor training can be im-
proved by cortical excitability enhance-
ments. Additionally, our results describing an increase in corti-
cospinal excitability and facilitating learning with regard to the
SRTT more closely resemble those reported by previous studies
after anodal tDCS (Nitsche and Paulus, 2000, 2001); even more
s0, since we applied well proven tDCS parameters such as elec-
trode position, intensity, and stimulation duration.

There is, however, a key difference between tDCS and tRNS.
tDCS modifies the transmembrane neuronal potential directly
and thus modulates the firing rate of individual neurons (Bind-
man et al., 1964). In contrast, the stimulation spectrum of tRNS
does not possess a DC component. In addition, the physiological
control experiment conducted by reversing the electrode posi-
tion did not influence the characteristic excitability-enhancing

Blocks
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aftereffect, in contrast to the inhibition that we see with cathodal
tDCS (Nitsche and Paulus, 2000). Several physiological mecha-
nisms may underlie the tRNS effects. tRNS, like alternating cur-
rent stimulation (tACS) (Antal et al., 2008), can possibly interfere
with ongoing oscillations and neuronal activity in the brain and
thus result in a cortical excitability increase. However, tACS with
intensities of >400 wA (Antal et al., 2008) induced a flickering
sensation via retinal stimulation, and as a result [at least in the
frequency range that we applied (1-45 Hz)], we were reluctant to
increase the intensity further, at least with the standard reference
montage at the forehead close to the retina. Also, the tACS type of
monophasic sinusoidal stimulation is more likely to be epilepto-
genic than that of a random noise waveform. For this reason, we
started by using a random noise frequency spectrum with a range
of 0.1- 640 Hz; the latter frequency is known to represent the high
end of physiologically measured human electric brain oscillations
(Gobbelé et al., 2000).

We did not make current density calculations of how effec-
tively the high-frequency component of the stimulus is transmit-
ted to the brain. There is, however, sufficient evidence to suggest
that the current used here can reach the brain. The bone is the
structure with highest resistance, and has to be considered pri-
marily when stimulating the head electrically (Wagner et al.,
2008). In fact, high bone resistance was the reason why TMS
replaced pulsed electrical stimulation in 1985 (Barker et al., 1985)
and thereby could avert painful stimulation. It was found that the
bone conductivity on the three orthogonal directions was con-
stant up to 10 kHz (Reddy and Saha, 1984) even above the range
of the frequencies used in our study. Distinctly higher frequencies
of 50 kHz could still pass through the skull as measured by elec-
trical impedance tomography (Abascal et al., 2008). The dielec-
tric properties of bone was shown to be constant between fre-
quencies of 10 and 100,000 Hz (Gabriel et al., 1996).

A previous study by Yamamoto et al. (2005) used a distinctly
lower frequency range (<2 Hz) in patients with Parkinson’s dis-
ease (PD). Their method, however, differed from ours in elec-
trode position, stimulation amplitude, duration, and techniques
of evaluation. Improved autonomic and motor functions were
detected after 24 h of continuous noisy vestibular electrical stim-
ulation over the bilateral mastoids. The authors hypothesized
that in PD patients the input noise ameliorated the impaired
neuronal transmission, and the noise itself enhanced weak neu-
ronal signal detection in the sensory system; the phenomenon of
stochastic resonance, as shown in several experimental studies
(e.g., Moss et al., 2004). Indeed, it has been suggested that noisy
electrical fluctuations can boost synaptic signals.

Stochastic resonance may play a role in tRNS, however at
much higher frequency ranges. For some years now, oscillations
within a frequency range of 80-200 Hz (ripples) have been asso-
ciated with plasticity processes (Grenier et al., 2001) and learning
(Ponomarenko et al., 2008). Another putative mechanism of
tRNS may be activation of sodium channels via rectification by
high-frequency stimulation (Bromm, 1968). The postulated
tRNS effect begins with the depolarization of a neuronal mem-
brane which causes Na ¥ channels to open. This allows an influx
of Na™ ions to flow down the concentration gradient and in-
creases membrane depolarization. If the Na™* entry is insuffi-
cient, there is no regenerative depolarization and thus no action
potential, just the “local response.” The repolarization occurs
passively over a longer period of time compared with the dura-
tion of Na " ion entry. If stimulation is repeated, the Na * chan-
nels can reopen and induce a second Na " ion influx, which de-
polarizes the membrane further, heightening the effect of the
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preceding depolarization. The Na * channels then close, and after
repolarization can be reopened by succeeding depolarizations.
Indeed, recently it was shown that repetitive extracellular high-
frequency stimulation in cultured rat neurons activated an in-
ward sodium current, which gave rise to a weak depolarization of
the cell membrane (Schoen and Fromherz, 2008). Although the
time integral of the stimulating current used in a voltage clamp
study was zero, the average membrane potential was shifted in the
direction of depolarization. The resulting depolarization was un-
derstood to be the result of the nonlinearity of the sodium cur-
rent—voltage input during subthreshold excitation. Since we used
a symmetric high-frequency stimulation, this nonlinearity could
be the reason for the excitatory effects we have seen with tRNS.
Interestingly, the effect of tRNS increased with time after stimu-
lation. Effects induced by “repetitive activation of Na ™ channels
by weak capacitive currents” studied by Schoen and Fromherz
(2008) also increase with stimulation time, however within a
much shorter time range (<1 s). On the other hand, continuous
opening of Na™ channels would lead to membrane depolariza-
tion, from which we can assume from previous tDCS studies that
a time range of >3 min may lead to LTP-like mechanisms. How-
ever, the neuronal membrane is a more intricate structure and
possesses numerous voltage-gated ion channels and is subject to
simultaneous influxes of ionic currents (Ca’?", K*, etc). Indeed,
because the membrane is encumbered with multiple voltage-
gated channels, that are “nonlinear,” the aforementioned in-
duced changes in membrane fluctuation can be amplified. In
summary, a pure DC stimulus can open Na ™ channels just once,
whereas repeated pulses (tRNS) can induce multiple ionic in-
fluxes, and achieve substantially heightened effects. The interval
at which the pulses are repeated must be short and relates to the
time constant of the nerve membrane.

Thus, finally, the neuroplastic effects of tRNS could be analo-
gous to anodal tDCS aftereffects, but with clear advantages. tRNS
can circumvent problems that can arise by stimulating a folded
cortex with anodal stimulation, since on one side of the gyrus wall
current orientation induces excitation, while on the opposite side
of the gyrus, it will inevitably induce inhibition. When using
tRNS only excitatory aftereffects are observable. Also “tangen-
tial” stimulation of nerve cells now appears to be possible with
tRNS. Within a “tangential” DC electric field applied to a sym-
metrical dendritic arbor, currents on both sides would cancel
each other at the axon hill. In the case of a rectifying depolariza-
tion using a fast oscillating field, the cell would be depolarized
regardless of current flow orientation. Safety concerns are prob-
ably lessened than in the case of tDCS. Several anecdotal, but
so-far-unpublished, reports have described small skin burns after
tDCS. In general, nonpolarizing currents seem to be safer than
polarizing currents as seen in deep brain stimulation. Here we
have not observed any tRNS-induced changes with EEG record-
ings (see supplemental Table 2, available at www.jneurosci.org as
supplemental material). tRNS using 1 mA was unnoticed in 78 of
80 subjects, compared with a slight skin tingling sensation with
tDCS. Thus it appears to have the best blinding potential for
controlled studies of currently available methods.

In summary, tRNS allows an unnoticeable and thus painless,
selective, focal, noninvasive, and reversible excitability increase of
the cortex. Apart from being more economically viable than
rTMS its main advantage seems to be the direction insensitivity of
the stimulation. It seems to provide a qualitatively new way of
producing and interfering with brain plasticity.
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2.2 Short-duration transcranial random noise stimulation
induces blood oxygenation level dependent response

attenuation in the human motor cortex

Chaieb L, Kovacs G, Cziraki C, Greenlee M, Paulus W, Antal A. Exp Brain Res. 2009;
198(4):439-44.

Transcranial random noise stimulation (tRNS) has been shown to increase levels of
cortical excitability for up to 1 hour poststimulation after a 10 minute application over
the primary motor cortex (M1) (Terney et al., 2008). In this study we have chosen to
investigate a shorter stimulation duration (4minutes at 1mA) in combination with the
performance of a simple finger- tapping task using functional magnetic resonance
imaging (fMRI). Results indicated that tRNS over the left hemispheric sensorimotor
cortex resulted in a decrease in the blood oxygenated level dependent (BOLD) response
in the hand area. This suggests that the performance of a task under the influence of
stimulation may result in changeable aftereffects, and that the duration of stimulation
may play a role in the observed aftereffects; longer stimulation durations for tRNS may
result to a different neuroplastic- inducing mechanism than that of shorter durations.
The study also illustrates that need to further optimize stimulation parameters to achieve

potent aftereffects poststimulation.
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Abstract Manipulation of cortical excitability can be
experimentally achieved by the application of transcranial
random noise stimulation (tRNS). TRNS is a novel method
of non-invasive electrical brain stimulation whereby a ran-
dom electrical oscillation spectrum is applied over the cor-
tex. A previous study recently reported that application of
weak 10-min tRNS over primary motor cortex (M1)
enhances corticospinal excitability both during and after
stimulation in the healthy human brain. Here, blood oxy-
genation level dependent (BOLD) MRI was used to moni-
tor modulations in human sensorimotor activity after the
application of 4-min tRNS. Activation maps for a right
hand index—thumb finger opposition task were obtained for
nine subjects after sham and 1-mA tRNS in separate ses-
sions. TRNS of the left-hemispheric sensorimotor cortex
resulted in a decrease in the mean number of activated pix-
els by 17%, in the hand area. Our results indicate that tRNS
applied with different durations and/or in combination with
a task might result in different outcomes. Application of
tRNS to the human cortex allows an unnoticeable and thus
painless, selective, non-invasive and reversible activity
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change within the cortex, its main advantage being the
direction insensitivity of the stimulation. TRNS also pro-
vides a qualitatively new way of producing and interfering
with brain plasticity, although, further research is required
to optimise stimulation parameters and efficacy.

Keywords Transcranial random noise stimulation -
Motor cortex - fMRI finger tapping - Cortical inhibition

Introduction

Interacting with the neural activity of the primary motor
cortex (M1) may allow us to investigate mechanisms of
neuroplasticity in cortical networks and ultimately develop
potential therapeutic approaches to neurological disorders
with altered cortical excitability. In a previous study using
motor-evoked potential (MEP) recordings and psychophys-
ical measurements we have shown that a 10-min applica-
tion of transcranial random noise stimulation (tRNS) can
enhance cortical excitability for up to 90 min (Terney et al.
2008). TRNS is a novel technique, and an opportunity to
extend the spectrum of already well-established external
stimulation methods like transcranial direct current stimula-
tion (tDCS) and repetitive transcranial magnetic stimula-
tion (rTMS). Applied over the M1, it was shown to induce
facilitation of MEPs, an effect outlasting the 10-min stimu-
lation duration, with aftereffects lasting up to 90-min post-
stimulation (Terney et al. 2008). TRNS possesses many
advantages over currently used techniques. For example, as
it is an oscillatory current and therefore does not have the
polarity constraints of tDCS, or the perceptible skin sensa-
tions, when being applied. Stimulation conditions can also
be randomised, as it possesses no sensory or auditory cues
when used, as opposed to the inability to administer rTMS
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in a ‘sham’ setting, which makes tRNS a good candidate
for therapeutic intervention within a clinical setting (for a
review see Fregni and Pascual-Leone 2007).

Earlier experiments investigating external electrical
stimulation techniques have lead to tDCS becoming a well-
established method of inducing enduring changes in
corticospinal excitability. Research shows that anodal applica-
tion of tDCS over the M1 causes an increase in cortical
excitability, whilst cathodal tDCS has the reverse effect
(Nitsche and Paulus 2000, 2001). In this study, we adopted
the stimulation parameters of tDCS and applied them to
stimulation protocols using tRNS. A previous study by
Baudewig et al. (2001) demonstrated for the first time that
blood oxygenation level dependent (BOLD) fMRI is capa-
ble of revealing transient changes in neuronal excitability,
after a short-duration application of tDCS over the sensori-
motor cortex. In this study, cathodal tDCS resulted in a
57% decrease of activated voxels in the supplementary
motor area, but no change in the hand area of the M1. Here
we aim to provide evidence that tRNS also has the ability to
modulate levels of cortical excitability using a similar para-
digm.

In this study, the applied stimulating currents were
designed to have the 1/f-type power spectrum characteristic
of noise measured in the nervous system. In another study,
noisy vestibular galvanic stimulation also benefited day-
time trunk activity dynamics and improved cognitive per-
formance in patients with levodopa responsive Parkinson’s
disease and levodopa unresponsive Parkinsonism (Yamamoto
et al. 2005). The rationale behind this method is the benefi-
cial role played by input noise in sensitizing neuronal sys-
tems, making it possible to detect weak subthreshold
signals. This technique can be used as a sensory prosthesis
through a mechanism known as stochastic resonance
(Wiesenfeld and Moss 1995). The fine tuning of noise in
the nervous system may in turn lead to a change in the state
of synchrony in oscillating neural networks, having far-
reaching effects on the mechanisms of central processing. In
turn, this may provide an additional means of cortical stimu-
lation, which is not subject to polarity and once optimised,
may induce enduring therapeutically relevant aftereffects.

In this study, we aimed to observe and record the effects
of weak tRNS on cortical excitability using fMRI and a
simple finger-tapping technique.

Materials and methods
Subjects
Nine healthy subjects participated in the study (3 females,

age range 21-32 years). All subjects gave their informed
consent prior to participating in the experiments. The
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experiments were approved by the Ethics Committee of the
University of Gottingen, and all experiments conformed to
the Declaration of Helsinki. All subjects were right-handed
according to the Edinburgh Handedness Inventory (Oldfield
1971). None of the subjects suffered from any neurological
condition nor took any regular medication and had no
metallic implants or pacemakers.

Transcranial random noise stimulation

Electrical stimulation was delivered by a battery-driven
constant-current stimulator (Version DC-Stimulator-Plus,
NeuroConn GmbH, Ilmenau, Germany) through conduc-
tive-rubber electrodes, encased in two saline-soaked
sponges. In the ‘noise’ stimulation mode, a random level of
current is generated for every sample (sampling rate 1,280
sps). The randomised frequency is normally distributed; the
probability density function follows a bell-shaped curve.
Within the frequency spectrum all coefficients have a simi-
lar size (white noise). The noise signal contains all frequen-
cies up to half of the sampling rate, i.e. a maximum of
640 Hz. Because of the statistical characteristics the signal
has no DC offset, provided the offset is set to zero.

One electrode was placed over the left sensorimotor area
(the middle of the electrode was at C3 according to the 10—
20 EEG system). The other electrode was placed over the
contralateral orbit. The size of the electrode over the senso-
rimotor cortex was 4 x 4 cm, and the electrode placed over
contralateral orbit was 6 x 14 cm. The electrodes were
fixed by elastic bands. tRNS was applied for 4 min with a
current strength of 1 mA. The maximal current density was
62.5 pA/cm2 over the sensorimotor cortex, which is below
the safety parameters accepted for tDCS (Nitsche et al.
2003). The current density for the reference electrode was
12 pA/cm?®. Subjects were blinded for stimulation condi-
tions throughout the experiment.

fMRI and finger-tapping task

Imaging was performed using a 3-Tesla MR head scanner
(Siemens Allegra, Erlangen, Germany). For the functional
series we continuously acquired 285 images with 29 inter-
leaved axial slices using a standard T2* weighted echo-pla-
nar imaging (EPI) sequence (TR = 1700 ms, TE = 30 ms,
flip angle =90°, 64 x 64 matrixes, in-plane resolution
3 x 3 mm, slice thickness 3 mm). After the functional
scans, high-resolution sagittal T1-weighted images were
acquired using a magnetization prepared rapid gradient
echo sequence (MP-RAGE; TR =2250 ms, TE =2.6 ms,
I-mm isotropic voxel size) to obtain a 3D structural scan.
The parameters of the MP-RAGE sequence were adapted
from the Alzheimer’s disease Neuroimaging Initiative project
(ADNI; http://www.loni.ucla.edu/ADNI/). This sequence
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After tRNS

Fig. 1 Activation maps showing the main effects of the two different stimulation conditions for MOVEMENT (n = 9) pooled together for the indi-
vidual subject groups. The activation maps were thresholded at P < 0.0001 (Bonferroni-corrected). Please note the electrode position over the M1

has been optimized to differentiate between white and grey
matter.

The tRNS montage was in place prior to each subject
entering the scanner. The subject was then required to
begin the prescribed finger-tapping task when a cue was
displayed on the screen in front of the subject whilst inside
the scanner. The subject was asked to tap the first forefinger
and thumb of the right hand at 1 Hz. The subject continued
to finger tap until a stop cue was displayed. Prior to execu-
tion of the finger-tapping task, the subjects received tRNS
for 4 min at 1 mA, or sham stimulation in a randomised
order. The subject was then placed in the scanner to begin
the task. The sequence of stimulation (real versus sham)
was counterbalanced between subjects. Subjects were
required to perform the finger-tapping task twice, with a
break of at least 40 min between the conditions. Subjects
were unaware as to the stimulation condition being given.

Visual stimuli (green dot with regard to tapping, red dot
with regard to resting) were presented with Presentation 9.9
(Neurobehavioral Systems Inc., Albany, Canada) on a stan-
dard PC and back projected via an LCD video projector
(JVC, DLA-G20, Yokohama, Japan) onto a translucent cir-
cular screen (approximately 30° diameter), placed inside
the scanner bore at 63 cm from the observer. The projector
was running at 72 Hz with a resolution of 800 x 600 and a

colour resolution of 3 x 8 bit (RBG). The requested fre-
quency of the tapping was about 1 Hz. Seventeen seconds
of finger tapping were intermixed with seventeen seconds
of rest (Fig.1). During one scan, this sequence was
repeated 5 times resulting in a total of 170 s scan-time. Sub-
jects were familiarized with the task prior to scanning.

Data analyses

Group analysis and visualization were achieved using
BrainVoyager QX 1.9 (Brain Innovation, Maastricht, The
Netherlands). For each of the experimental conditions we
modelled a period of 17s, beginning at the onset of
MOVEMENT and REST. Preprocessing included 3D
motion correction, slice scan time correction, linear trend
removal and spatial smoothing with a Gaussian kernel (full
width at half maximum 4 x 4 x 4 mm). Subsequently,
functional datasets were co-registered to the anatomical
dataset and transformed into Talairach space. A fixed-effect
group analysis was performed using the multi-study, multi-
subject approach of the general linear model. Group
differences in response to MOVEMENT were assessed by
contrasting sham and RNS conditions. The obtained
P values were corrected for multiple comparisons using
Bonferroni correction (P < 0.05).
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Fig. 2 Activation maps resulting from the contrast of sham and ve-
rum stimulation. Difference in activations occurred on the central knob
of the left M1. The colour bar at the right corner indicates the P value

Furthermore, the degree of activation was quantified in
terms of number of activated voxels per different stimula-
tion conditions contrasted to the REST condition, and was
derived from a region-of-interest (ROI) analysis which
focused on the left sensorimotor (x=—40, y=-20,
z=60), premotor (x =—59, y =0, z=34) and supplemen-
tary motor cortex (SMA) (x = -3,y = -9, z=—60) in each
single subject (Bonferroni correction, P < 0.0001). Statisti-
cal evaluations of stimulation condition differences were
based on repeated measures of non-parametric Wilcoxon
matched pair test [(sham vs. verum stimulation) x cluster
size MOVEMENT].

Additionally, from the signal intensity of the sensorimo-
tor cortex, time courses were extracted for the two different
stimulation conditions. Signal changes were calculated as
percentage changes in comparison to baseline values, i.e.
the three time points directly preceding the onset of
MOVEMENT.

Results

All the subjects tolerated the stimulation well; none
reported side-effects during or after the stimulation. None
of the subjects were sensitive to the current at either elec-
trode. The functional maps did not suffer from electrode
position-induced distortions.

Group analysis revealed activation in the SMA and con-
tralateral sensorimotor and premotor cortices in response to
the finger-opposition task. The corresponding main effects
for the two stimulation conditions are shown in Fig. 2. For
each condition, there was significant activation in the left
sensorimotor, premotor area and SMA, even though a
difference in the extent and the strength of activation is vis-
ible. The extracted signal intensity time courses from the
sensorimotor hand-region of interest showed a 10%
decrease after tRNS compared to sham stimulation. The
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p(Bonf) < 0.050

for each pixel showing significant activation (Bonferroni-corrected,
P <0.05). Orange to yellow colouring indicates stronger activation
after sham stimulation

The effect of tRNS over the sensorimotor cortex on finger tapping
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Fig. 3 Boxplots (boxes were constructed using the mean and SEMs,
whiskers represent the SDs, n = 9) of the activation volumes resulting
from the MOVEMENT after the different stimulation conditions com-
pared to the REST in the sensorimotor, premotor and SMA

assessment of differences between stimulation conditions
(Fig. 3) revealed that after tRNS there was a decrease in
cluster size compared to the sham condition (P < 0.05) at
the same threshold. This decrease corresponded to a 17%
change with regard to the sensorimotor cortex when the
mean numbers of activated voxels were compared between
the two different conditions. Correspondingly, the non-
parametric statistical analyses of activation volumes in the
sensorimotor cortex of all subjects, revealed a significant
influence of the stimulation condition (T=5, Z=2.07,
p <0.05). The statistical comparisons demonstrated that
after tRNS the MOVEMENT condition showed less activa-
tion than after sham stimulation (Fig. 3). This tendency was
not significant with regard to the SMA (T'=4, Z=0.94,
P>0.05) and the premotor cortex (7=3.8, Z=0.8,
P > 0.05).
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Discussion

Here we are able to report that short-duration application of
tRNS over the human cortex induces a transient reduction
in BOLD response in the sensorimotor cortex of healthy
subjects as revealed by a simple finger-tapping task. In our
earlier study, we have observed that 10-min tRNS induces
consistent excitability increases lasting 90-min poststimula-
tion. These effects have been observed in 80 subjects
through both physiological measures (MEPs) and behav-
ioural tasks (serial reaction time task). If we consider this
4-min stimulation effect as an inhibitory response, the result
is at least at first glance, surprising. However, it is possible
that different stimulation parameters induce varying
changes in levels of cortical excitability. Another study
using rTMS by Maeda et al. (2000) reported obtaining two
varying responses with the same number of pulses in an
rTMS paradigm: an increase in the amplitude of MEPs was
observed after 1,600 pulses of 10 Hz rTMS at 90% resting
motor threshold, but the same effect was not observed by
applying 1,600 pulses at 1 Hz. In our study, the attenuating
aftereffect on the BOLD responses of a short-duration
application of tRNS was observed in all the participants and
therefore can be considered robust. However, to further
examine the aftereffects of 4-min tRNS, and to make a
more direct comparison between the observed short- and
long-duration tRNS effects, behavioural data (for example a
serial reaction time task, or simple memory task) should be
implemented. For example, Terney et al. 2008 used a simi-
lar approach when evaluating the aftereffects of tRNS, but
for a longer stimulation duration, observing a facilitation of
MEPs and transient improvement in an implicit learning
task.

A putative mechanism of the observed effect might be
related to the homeostatic response of the brain to the con-
secutive tRNS—motor activation paradigm. It was reported
in previous studies that the prior state of cortical activity
modified by tDCS influences subsequent practicing of a
visuomotor coordination task (e.g. Antal etal. 2008).
Indeed, regulatory mechanisms must exist to stabilize the
neuronal activity that encompasses both inhibitory and
excitatory mechanisms within a dynamic range (Sejnowski
1977). According to the Bienenstock—Cooper—-Munro
(BCM) rule, a low overall cortical activity level is sug-
gested to enhance the synaptic strength of active neuronal
connections, while a high level of activity should diminish
it (Bienenstock et al. 1982). According to this rule, if we
consider tRNS as an excitatory stimulation, we should
expect that a similarly excitability enhancing sensorimotor
activity induces the inhibition that results in a decrease in
BOLD response.

The neuronal/molecular mechanisms of tRNS are not yet
known. Stochastic resonance may play a role in inducing

aftereffects, however, at much higher frequency ranges
(Grenier et al. 2001). Nevertheless, biological models of
stochastic resonance may give an insight into the function-
ality of the effects that tRNS exerts on central processing
mechanisms. There is currently much research devoted to
the role of neural synchrony in cognition and perception
(for a review see Ward et al. 2006), explaining how a small
amount of noise injected into a biological system can
enhance the detectability of weak signals. If this is the case,
then manipulations of neural oscillations can have far-
reaching consequences in attentional processing and con-
sciousness. Further experimental data demonstrate that the
addition of Gaussian noise to a pulse train stimulus
improves signal representation and may normalise neural
response patterning in the CNS (Matsuoka et al. 2000).
According to these results, increasing neuronal synchroni-
sation and an improved signal detection may result in
decreased BOLD-signal (less noise in the system).

However, we have to consider that another possible
mechanism of tRNS may be at the level of voltage-gated
channels (Bromm 1968; Schoen and Fromherz 2008).
According to this hypothesis, tRNS would induce the depo-
larisation of the neuronal membrane which causes Na*
channels to open. If the Na* entry is insufficient, there is no
regenerative depolarisation and thus no action potential,
just the “local response”. Indeed, previous studies suggest
that the BOLD response reflects rather synaptic than
spiking activity (Logothetis et al. 2001; Viswanathan and
Freeman 2007). Consequently, our results may reflect the
change in synaptic activity after tRNS; an issue requiring
further studies.

In an earlier study by Baudewig et al. (2001) a 5-min
duration of cathodal tDCS at 1 mA produced a significant
inhibitory effect on neuronal excitability in the sensorimo-
tor cortex, using a similar finger-tapping task. They also
noted that the brain regions that directly encode for the
active performance of the task; the neural finger representa-
tions within the sensorimotor hand area, produced identical
BOLD MRI responses independently from the application
of preceding tDCS. They then concluded that the observed
reduction in cortical activity affects other regions; SMA and
ipsilateral M1. This indicates that an application of electri-
cal stimulation to the cortex can induce effects somewhat
distant from the focally stimulated area. However, a recent
study demonstrated that anodal tDCS has only a direct
stimulation effect as evaluated by fMRI on the underlying
cortex (Kwon et al. 2008).

Nevertheless, tRNS is fundamentally different from
tDCS; it possesses no constraint with regard to current ori-
entation. Its unique waveform may influence cortical oscil-
lations and can act at the neuronal membrane. Application
of tRNS as measured by fMRI enables the close detection
of global and remote stimulatory aftereffects that cannot be
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detected by conventional means of measuring motor corti-
cal excitability, like monophasic TMS. It also allows for the
construct of a more accurate active cortical map. This is
inline with the aim of treating essential tremor in Parkin-
son’s disease, and could be potentially beneficial in predict-
ing more accurate or therapeutic stimulation loci. The
effects of random noise on neuronal excitability and
whether it can be therapeutically utilised as a form of brain
stimulation, by mechanisms that either activate inhibitory
feedback connections or jamming electrical signals within
the cortical network, have yet to be outlined (Lozano and
Eltahawy 2004). Nevertheless, once we are able to eluci-
date how tRNS and other varying methods of external elec-
trical stimulation are effective in the mammalian cortex, we
may be able to tune these properties into useful therapeutic
tools. Many approaches have been taken with the aim of
creating potent non-invasive and invasive therapies for the
plethora of CNS disturbances (for a review see Benabid
et al. 2005). Some have been more successful than others;
Bikson et al. (2003) have demonstrated the focal suppres-
sion of epileptiform activity by electrical stimulation in the
rat hippocampus in vitro.

Conclusion

We have reported that a short-duration application of tRNS
can induce a transient decrease in BOLD activity in the
human primary sensorimotor cortex, using a classical
finger-tapping task. However, we have yet to understand
the mechanisms by which tRNS exerts its effects and
whether remote areas of the cortex are affected by its oscil-
latory nature. Although its mechanism is yet unelucidated,
tRNS may prove to be a useful new tool in understanding
how neuroplasticity within cortical networks is governed.
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2.3 Evaluating Aftereffects of Transcranial Random Noise

Stimulation on Cortical Excitability

Chaieb L, Antal A, Paulus W. Under submission in Neural Plasticity

Further to the previous studies investigating the aftereffects of transcranial random
noise stimulation (tRNS), we have chosen to evaluate the aftereffects of high- frequency
tRNS (HFtRNS) (the component of the oscillating spectrum responsible for the reported
excitatory aftereffects in the M1) (Terney et al., 2008, Chaieb et al., 2009), at varying
stimulation durations and to observe the duration of the longer- term aftereffects. We
investigated the ‘dose- dependent’ effect of stimulation at 4,5 and 6 minute stimulation
applications to determine whether there was a ‘switching on’ of the excitatory
aftereffect after a discreet exposure to tRNS. Baseline levels of cortical excitability were
measured using monophasic single- pulse TMS, and for all timepoints poststimulation.
Significant effects of stimulation duration were found at 5 and 6 minute intervals, but 4
minutes stimulation produced no long- lasting effects. In addition, a 10 minute
stimulation duration of HFtRNS produced significant aftereffects lasting 90 minutes
poststimulation. We have concluded that tRNS- induced neuroplastic aftereffects may
require a minimal stimulation duration in order to activate mechanisms of sustainable
LTP- like effects. This study demonstrates the need to optimize tRNS, like other
transcranial electric techniques, for a controlled and effective application.
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Aftereffects of tRNS on cortical excitability

Abstract

A 10minute application of high- frequency (100-640Hz) transcranial random noise
stimulation (tRNS) over the primary motor cortex (M1) increases baseline levels of We have
extended previous work demonstrating this effect by decreasing the stimulation duration to 4,
5, and 6 minutes to assess whether a shorter duration of tRNS can also induce a change in
cortical excitability. Single- pulse monophasic transcranial magnetic stimulation (TMS) was
used to measure baseline levels of cortical excitability before and after tRNS. A 5 and-
6minute tRNS application induced a significant facilitation. 4minute tRNS produced no
significant aftereffects on corticospinal excitability. Plastic aftereffects after tRNS on
corticospinal excitability require a minimal stimulation duration of 5 minutes. However, the
duration of the aftereffect of 5 min tRNS is very short compared to previous studies using
tRNS. Developing different transcranial stimulation techniques may be fundamental in
understanding how excitatory and inhibitory networks in the human brain can be modulated

and how each technique can be optimised for a controlled and effective application.
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Introduction

Intermittent theta burst stimulation (iTBS) (1), high frequency repetitive transcranial
magnetic stimulation (rTMS) (2), anodal transcranial direct current stimulation (tDCS) (3),
paired- associative stimulation (PAS) (4) and now high- frequency random noise stimulation
(tRNS) (5) are all techniques implemented in order to induce sustained elevations of cortical
excitability, when applied over the primary motor cortex (M1).

These methods of transiently modulating neuroplastic- like effects in the human cortex
are generally short- lived, and dependent upon the stimulus duration and intensity. In the case
of theta burst stimulation and anodal transcranial direct current stimulation aftereffects are
well characterised, and here we aim to evaluate the longer aftereffects observed post
stimulation with high- frequency transcranial random noise (tRNS).

There is growing interest in understanding the effect of applying transcranial stimulation
techniques in intervals of short- duration applications to optimise or prolong aftereffects; this
has already been shown with tDCS (6). A study published by our own group reports that both
a 10 minute, 1mA application of full spectrum (tRNS) or high- frequency transcranial random
noise (HF tRNS) over the primary motor cortex (M1) can induce elevations in cortical
excitability outlasting the duration of stimulation (5). However, it is yet unknown exactly how
long these observable aftereffects are able to endure, whether they are duration dependent and
if shorter stimulation durations are still able to modulate transcranial magnetic stimulation
(TMS)- induced motor- evoked- potentials (MEPSs), a global measure of corticospinal
excitability (7). Our aims were to establish whether short duration stimulation applications
were able to induce measurable aftereffects, and if so, how long they were able to endure
poststimulation. Here we would like to briefly communicate how we have assessed the

aftereffects of short- duration stimulation applications of the reported application of tRNS.



Aftereffects of tRNS on cortical excitability

Materials and Methods

Subjects

Twenty two healthy subjects (18 male, age-range: 20-30 years) participated in the
study. All participants were informed of all aspects of the experiments and gave written
consent. None of the participants suffered from any neurological or psychological disorders,
nor had any metal implants or implanted devices; took any relevant medication regularly or
prior to their participation. All aspects of the protocol conformed to the Declaration of

Helsinki and were approved by the Ethics Committee of the University of Gottingen.

Transcranial random noise stimulation of motor cortex

tRNS was delivered by a battery-driven electrical stimulator (Version DC-Stimulator-
Plus, NeuroConn GmbH, limenau, Germany) through conductive-rubber electrodes, placed in
two saline-soaked sponges. In the stimulation mode “noise” there is a random level of current
generated for every sample (sampling rate 1280 sps). The random numbers are normally
distributed; the probability density function follows a bell-shaped curve. In the frequency
spectrum all coefficients have a similar size (“white noise”). The noise signal contains all
frequencies up to half of the sampling rate, i.e. a maximum of 640 Hz (101 Hz — 640 Hz) Due
to the statistical characteristics the signal has no DC offset, provided that the offset is set to
zero.

The stimulation electrode was placed over the left motor cortex, which was determined
prior to stimulation by single pulse TMS. The reference electrode was placed over the
contralateral orbit. The size of the stimulation electrode was 4x4 cm and the reference
electrode was 6x14 cm, and was fixated to the head by elastic bands. High- frequency tRNS
was applied for 10 minutes with a current strength of 1000 pA. The maximal current density

was 62.5pA/cm? over the motor cortex, which is below the safety parameters accepted for
4
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tDCS (8). The current density was 12 uA/cm? at the electrode placed over the contralateral
orbit. For sham stimulation the current was turned up for 30 sec at the beginning of the
stimulation, and then subsequently turned off. However, the screen on the stimulator did show
the remaining time until the end of the stimulation, as in the verum stimulation condition.

Subjects were blinded as to active and sham stimulation conditions.

Measuring corticospinal excitability

To detect current-driven changes of excitability, motor evoked potentials (MEPs) of
the right first dorsal interosseus muscle (FDI) were recorded following stimulation of its
motor-cortical representation field by single-pulse TMS. These were induced using a Magstim
200 magnetic stimulator (Magstim Company, Whiteland, Wales, UK), with a figure-of-eight
standard double magnetic coil (diameter of one winding, 70 mm; peak magnetic field, 2.2 T;
average inductance, 16.35 puH). Surface electromyogram (EMG) was recorded from the right
FDI through a pair of Ag-AgCl surface electrodes in a belly-tendon montage. Raw signals
were amplified, band-pass filtered (2 Hz-3kHz; sampling rate, 5kHz), digitized with a micro
1401 AD converter (Cambridge Electronic Design, Cambridge, UK) controlled by Signal
Software (Cambridge Electronic Design, version 2.13), and stored on a personal computer for
offline analysis. Complete relaxation was controlled through auditory and visual feedback of
EMG activity and whenever it was necessary, the subject was instructed to relax. The coil was
held tangentially to the skull, with the handle pointing backwards and laterally at 45° from the
midline, resulting in a posterior-anterior direction of current flow in the brain. This orientation
of the induced electrical field is thought to be optimal for predominantly transsynaptic mode
of activation of pyramidal tract neurons synapsing onto the corticospinal system. The

optimum position was defined as the site where TMS resulted consistently in the largest MEP
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in the resting muscle. The site was marked with a skin marker to ensure that the coil was held

in the correct position throughout the experiment.

Experimental procedure

Subjects were seated in a comfortable reclining chair with a mounted headrest
throughout the experiments. Both experimental conditions were conducted by the same
investigator, who was not blinded with regard to stimulation session.

4, 5 and 6minutes Full Spectrum tRNS: Ten (4 min) and twelve (5 and-6 min)
subjects participated in two experimental sessions, on separate days, at least 3 days apart to
avoid carry over effects. The same subject group participated in the 5 and 6min stimulation
experiments, whilst there was an overlap between the subjects in the group used for the 4min
experimental session. The subjects received tRN and sham stimulation in a randomised order.
Resting motor threshold (RMT), active motor threshold (AMT), the intensity to evoke MEP
of ~ 1mV peak-to-peak amplitude (SI1mV) and a baseline of TMS-evoked MEPs (40 stimuli)
were recorded at 0.25Hz prior to stimulation. Stimulus intensities (in percentage of maximal
stimulator output) of TMS were determined at the beginning of each experiment. RMT was
defined as the minimal output of the stimulator that induced a reliable MEP (~50uV in
amplitude) in at least three of six consecutive trials when the FDI muscle was completely
relaxed. AMT was defined as the lowest stimulus intensity at which three of six consecutive
stimuli elicited reliable MEP (~~200 pV in amplitude) in the tonically contracting FDI muscle
(Rothwell et al., 1999). Immediately following stimulation, 40 single test-pulse MEPs were
recorded using monophasic single- pulse TMS at 0.25Hz, at Omin, 5min, 10min post-

stimulation and then every 10 minutes up to 60min.

Calculations and statistics
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MEP amplitude (peak-to-peak SI1lmV) was automatically calculated by the
NuCursor programme (loN, UCL, London, UK) and the mean value was determined for each
timepoint after data had been visually inspected offline, and any MEPs with EMG artefacts
were rejected. Repeated measures ANOVAs (CONDITION (4 or 5, 6 min tRNS vs. sham) x
TIME (before; 0, 5, 10, 20, 30, 40, 50, 60mins, post- stimulation) were used to compare the
different stimulation conditions. Effects were considered significant if p<0.05; Bonferroni test
was used to see significant diferences between different stimulation condition at a given time
point. Student’s t-test was used to compare the baseline MEPs among stimulation conditions.
All data are given as means + SEM. MEP amplitudes were normalised to baseline; all figures

(1-6) show normalised MEP amplitude values.

Results

All of the subjects tolerated the stimulation; none of the experimental sessions were
interrupted due to side effects of the stimulation. The subjects reported no side effects after
the stimulation.

4minutes tRNS: 4min tRNS did not induce an excitability increase, as previously
observed after 10min tRNS. Indeed, after 4min tRNS there was marked tendency toward
inhibition when compared to sham stimulation; however, this short-lived attenuation of
cortical excitability was not significant. Repeated measures ANOVA revealed no significant
effect of CONDITION (F(1,9)=0.4, p=0.54) and TIME (F(8,72)=0.97, p=0.5) (Fig.1). The
interaction between CONDITION and TIME was also not significant (F(8,72)=1.2, p=0.31).

5 and 6minutes tRNS: 5 and 6min tRNS induced an excitability increase, as
previously observed after 10min tRNS (5), however, the increase was significant at 5-10min
poststimulation. Repeated measures ANOVA revealed significant effect of CONDITION

(F(2,22)=5.86; p=0.009) and TIME (F(8,88)=3.26, p=0.026) (Fig.2). The interaction between
;



Aftereffects of tRNS on cortical excitability

CONDITION and TIME was not significant (F(16,176)=1.34, p=0.1). The Bonferroni test
revealed significant excitability increases at 5 min (p=0.0005), after 6min tRNS and at 10 min
(p=0.001) after 5min tRN stimulation (Fig.3).

RMT, AMT and SIImV baseline values were compared between tRNS and sham
conditions using Student’s t-test. There was no significant difference between tRNS and sham
stimulation in any of the measurements (p>0.4). Intraindividual differences between

participants are also shown, for each stimulation condition (Figs.4,5,6 and 7).

Discussion

The primary aim of this study was to investigate the stimulation duration threshold at
which sustainable neuroplastic effects can be measured, using shorter stimulation applications
of full spectrum tRNS, which enabled us to compare the inducible aftereffects of the initial
study reporting the facilitatory effects on MEPs of 10mins full spectrum tRNS (5). Full
spectrum tRNS was applied in order to compare MEP data with findings from another study
reporting an attenuation of the BOLD response after a 4min application of tRNS (9). We have
shown that there indeed exists a boundary whereby a minimum stimulation duration is
required to obtain enduring aftereffects. Here we report that after 5Smins tRNS a significant
elevation in MEP amplitudes was observed at 10mins poststimulation. After 6mins tRNS, a
clear trend toward facilitation was observed at 5-10mins and a non-significant increase until
30mins poststimulation. Interestingly, a 4minute tRNS application, also over the M1, did not
induce an increase in corticospinal excitability; however, we have reported a blood
oxygenated level dependent change after 4 min tRNS in a previous study (9). This may be
attributed to differences within the subject population and also the different evaluation
methods used.

The observed aftereffects of high frequency tRNS in the present study are similar to

those reported after transcranial stimulation with anodal tDCS (3); Anodal tDCS however, has
8
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one constraint: it is polarity dependent, a factor that does not govern cortical stimulation with
tRNS. However, the intensities used to induce after-effects and standard delivery of the
stimulation are very similar; even the duration of stimulation in relation to observed after-
effects are not so far apart between these two approaches (10,5).

tRNS induced plasticity may be modulated by the continual activation and
rectification of voltage- gated sodium channels (11). Evidence from cultured rat hippocampal
neurons suggests that activated inward sodium currents can give rise to weak depolarisations
of the cell membrane; the same nonlinearity observed after repetitive high- frequency
stimulation, and activation of sodium channels, in hippocampal cells mirror the waveform of
the tRNS effect and could account for the sustained excitability enhancing effects of the
stimulation (12).

In summary, a relatively short duration (5and 6min) tRNS showed a significant
tendency toward facilitation, however, this effect was not as marked as those effects elicited
after 10 min tRNS. Contrary to this effect, a 4min tRNS application did not induce an
excitability increase. These results suggest that a minimal stimulation duration is critical when
aiming to modulate tRNS induced aftereffects. This is also evident in earlier studies
examining the inducible aftereffects of tDCS. Nitsche and Paulus (3) reported that a 13minute
anodal tDCS application was necessary to produce a sustained excitability increase of
90minutes poststimulation. In contrast 9minute cathodal tDCS induced an excitability
diminution lasting up to 60minutes poststimulation (3). We can see that although tRNS is a
novel method of inducing sustained elevations of cortical excitability, its aftereffects are

comparable with those of more well- established transcranial stimulation techniques.
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Figure Legends

Figure 1.

Normalised MEP amplitudes after a 4minute, 1mA application of full spectrum tRNS over the
human primary motor cortex. There was no significant increase in MEP amplitudes after a
moderately short- duration tRNS application. Data are mean peak-to-peak MEP amplitudes

over timepoints. Error bars indicate SEM.

Figure 2.

Normalised MEP amplitudes after a 5minute, ImA application of full spectrum tRNS over the
human primary motor cortex. There was a significant increase in MEP amplitudes after a
short- duration tRNS application at 10mins poststimulation. Data are mean peak-to-peak MEP
amplitudes over timepoints. Error bars indicate SEM. Asterisks denote significant timepoints

(p<0.05).

Figure 3.

Normalised MEP amplitudes after a 6minute, 1mA application of full spectrum tRNS over the
human primary motor cortex. There was a significant increase in MEP amplitudes after a
short- duration tRNS application at 5mins poststimulation. Data are mean peak-to-peak MEP
amplitudes over timepoints. Error bars indicate SEM. Asterisks denote significant timepoints

(p<0.05).

Figures 4,5,6 and 7.
Intraindividual differences in corticospinal excitability after tRNS are depicted for 4, 5, 6 min
tRNS and sham tRNS at 1mA over time. Each case illustrates the changes in excitability of an

individual participant. Data are mean peak-to-peak MEP amplitudes.
13
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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2.4 Transcranial alternating current stimulation in the low

kHz range increases motor cortex excitability

Chaieb L, Antal A, Paulus W. Restorative Neurology and Neuroscience; In press.

Transcranial alternating current stimulation (tACS) allows for the fast induction of
excitatory effects during and after stimulation. Here we applied an alternating current in
the low kHz range whilst measuring levels of cortical excitability using monophasic
single- pulse TMS. We investigated the effects of 1, 2 and 5kHz frequencies of tACS in
11 healthy volunteers who were stimulated for 10 minutes at ImA. TMS was applied
during tACS stimulation and MEPs were measured from the cortical representation of
the right first dorsal interosseous (FDI). In addition, an inactive sham stimulation
session was performed with an interval of 4 days during each session. All frequencies
increased levels of corticospinal excitability, as measured by the increase in TMS-
elicited MEP amplitudes, for 30-60 minutes poststimulation. MEP amplitudes were also
consistently and significantly increased throughout tACS stimulation. However, 2 and
5kHz tACS appeared to be more efficacious in inducing sustained changes in
corticospinal excitability compared to the 1kHz and sham conditions. Potential
mechanisms of action may centre around the alteration of cortical excitability

potentiated via neuronal membrane modulation.
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Abstract

Purpose: External transcranial electric and magnetic stimulation techniques allow for the fast
induction of sustained and measurable changes in cortical excitability. Here we aim to
develop a paradigm using transcranial alternating current (tACS) in a frequency range higher
than 1kHz, which potentially interferes with membrane excitation, to shape neuroplastic

processes in the human primary motor cortex (M1).

Methods: Transcranial alternating current stimulation was applied at 1, 2 and 5 kHz over the
left primary motor cortex with a reference electrode over the contralateral orbit in 11 healthy
volunteers for a duration of 10 min at an intensity of ImA. Monophasic single- pulse
transcranial magnetic stimulation (TMS) was used to measure changes in corticospinal
excitability, both during and after tACS in the low kHz range, in the right hand muscle. As a

control inactive sham stimulation was performed.

Results: All frequencies of tACS increased the amplitudes of motor- evoked potentials
(MEPs) up to 30-60 minutes post stimulation, compared to the baseline. Two and 5 kHz
stimulations were more efficacious in inducing sustained changes in cortical excitability than

1 kHz stimulation, compared to sham stimulation.

Conclusions: Since tACS in the low kHz range appears too fast to interfere with network
oscillations, this technique opens a new possibility to directly interfere with cortical
excitability, probably via neuronal membrane activation. It may also potentially replace more
conventional repetitive transcranial magnetic stimulation (rTMS) techniques for some

applications in a clinical setting.

Keywords: primary motor cortex (M1), transcranial magnetic stimulation (TMS),

neuroplasticity, transcranial alternating stimulation (tACS), high frequency stimulation (HFS)
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Introduction

The last decades have established repetitive transcranial magnetic stimulation (rTMS)
as an effective tool for modulating and interrupting cortical processing, in addition to treating
neurological disturbances like major depression (O'Reardon et al, 2007). Alternative methods
such as transcranial direct current stimulation (tDCS) (Nitsche and Paulus, 2000) have also
emerged as an indispensable tool to modify cortical plasticity in the human cortex by shifting
the resting potential of neuronal membranes (for an overview see Nitsche et al, 2008). When
compared with rTMS (Ziemann, 2004) electrical stimulation methods and paradigms have the

advantage of being more cost effective, although so far less well investigated.

The emergence of applying oscillating currents to the cerebral cortex not only showed
the possibility to induce phosphenes (Kanai et al, 2008) or to interfere with motor
performance (Pogosyan et al, 2009); it also allowed the induction of plastic aftereffects (Antal
et al, 2008). At present, electrical stimulation methods using alternating currents are currently
being explored for a variety of conditions. An attenuation in the proliferation of tumor cells in
cell lines, mouse models and patient groups was documented, after being exposed to an
electric field of 200kHz alternating current for 18hours/day, in both mice models and within a
clinical trial (Kirson et al, 2007). A recent study has reported evidence of a reversal of
cognitive impairment in the mouse model of Alzheimer’s disease after exposure to a 918MHz

electromagnetic field (Arendash et al, 2009).

Here we investigate the effects of tACS in a low kHz range, clearly outside the range
of physiological network oscillations. We have already found that similar neuroplastic
aftereffects as seen here are more likely to occur with frequencies between 100 Hz and 640
Hz when compared with frequencies below 100 Hz, by using transcranial random noise

stimulation (tRNS) (Terney et al, 2008). In the present study we demonstrate that application
3



of tACS in the range of 1-5 kHz over the primary motor cortex (M1) can induce significant

changes in cortical excitability which outlasts the duration of stimulation.

Materials and methods
Subjects

11 healthy participants volunteered for the study (5 male, mean age 26.08 +/- 5.2 years). All
participants were informed as to all aspects of the experimental procedure and all gave written
consent. None of the subjects suffered from any neurological disorders, had implanted
electrical devices / metallic implants, nor took any relevant medication. One subject was left
handed, while all other participants were right handed according to the Edinburgh Handedness
Inventory (Oldfield, 1971). All departmental procedures conform to the Declaration of
Helsinki, and all experimental protocols were approved by the Ethics Committee of the

University of Gottingen.
tACS in the low kHz range )

tACS was applied over the M1, using a DS5 isolated bipolar constant current stimulator
(Digitimer, Welwyn Garden City, UK) connected via a chinch cable to the input of a wave
form generator (Peak Tech, Ahrensburg, Germany). Stimulation was delivered via rubber
electrodes; one attached to the scalp over the motor cortical representation of the M1, while
the other was placed over the contralateral orbit of the right eye. Both electrodes were kept in
place with adhesive paste (10/20 conductive EEG paste, Kappamedical, USA.) Stimulation
electrodes were 6x8 cm (48 cm?). Participants were required to keep both the EMG and
rubber stimulation electrodes attached to the hand and head montage throughout the
experiment. tACS was applied at 1, 2 and 5 KHz for a duration of 10 minutes over the left

M1, at an intensity of 1mA. For placebo stimulation, no current was applied.



Transcranial magnetic stimulation: measuring corticospinal excitability

To detect current-driven changes of excitability, motor evoked potentials (MEPs) of the right
first dorsal interosseous (FDI) were recorded following stimulation of its motor-cortical
representation field by single-pulse TMS. These were induced using a Magstim 200 magnetic
stimulator (Magstim Company, Whiteland, Wales, UK), with a figure-of-eight standard
double magnetic coil (diameter of one winding, 70 mm; peak magnetic field, 2.2 T; average
inductance, 16.35 pH). Surface electromyogram (EMG) was recorded from the right FDI
through a pair of Ag-AgCl surface electrodes in a belly-tendon montage. Raw signals were
amplified, band-pass filtered (2 Hz-3kHz; sampling rate, 5kHz), digitized with a micro 1401
AD converter (Cambridge Electronic Design, Cambridge, UK) controlled by Signal Software
(Cambridge Electronic Design, version 2.13), and stored on a personal computer for offline
analysis. Complete relaxation was controlled through auditory and visual feedback of EMG
activity and whenever it was necessary, the subject was instructed to relax. The coil was held
tangentially to the skull, with the handle pointing backwards and laterally at 45° from the
midline, resulting in a posterior-anterior direction of current flow in the brain. This orientation
of the induced electrical field is thought to be optimal for predominantly transsynaptic mode
of activation of pyramidal tract neurons synapsing onto the corticospinal system. The
optimum position was defined as the site where TMS resulted consistently in the largest MEP
in the resting muscle. The site was marked with a skin marker to ensure that the coil was held

in the correct position throughout the experiment.

Experimental design



Subjects were seated in a comfortable reclining chair with a mounted headrest throughout the
experiments. The measurements were always performed by the same investigator. Coil
position, angle and proximity to the subjects’ scalp were carefully controlled for. Every effort
was made to ensure that laboratory conditions for every session were kept the same. They
participated in four experimental sessions, on separate days, at least 5 days apart. They
received 1, 2 and 5 kHz tACS and sham stimulation in a randomised order. Resting motor
threshold (RMT), active motor threshold (AMT), the intensity to evoke MEP of ~ 1mV peak-
to-peak amplitude (SI1mV) and a baseline of TMS-evoked MEPs (30 stimuli) were recorded
at 0.25 Hz prior to stimulation. Stimulus intensities (in percentage of maximal stimulator
output) of TMS were determined at the beginning of each experiment. RMT was defined as
the minimal output of the stimulator that induced a reliable MEP (50 pV in amplitude) in at
least three of six consecutive trials when the FDI muscle was completely relaxed. AMT was
defined as the lowest stimulus intensity at which three of six consecutive stimuli elicited
reliable MEP (200 pV in amplitude) in the tonically contracting FDI muscle (Rothwell et al,
1999). During stimulation 150 single- pulses were recorded from the left M1 during tACS
(and through the stimulating electrode), and then immediately following stimulation, 30 single
test-pulse MEPs were recorded at 0.25 Hz, i.e. approximately every 5 mins for half an hour
post-stimulation and then at 60 and 90 mins post stimulation. These parameters and
experimental procedures were measured at every session for both active tACS and sham

stimulation.

Calculations and statistics

MEP amplitude (peak-to-peak SI1lmV) was automatically calculated by the NuCursor
programme (IoN, UCL, London, UK) and the mean value was determined for each timepoint
after data had been visually analysed offline, and any MEPs with EMG artefacts were

rejected. As we aimed to determine the effectiveness of a given verum stimulation compared

6



to sham stimulation a comparison among different experiments, with regard to the raw MEP
data, was performed using repeated measures ANOVA (TYPE (1 or 2 or 5 kHz versus sham)
x TIME of MEP recordings). Student’s t-test (paired samples, two tailed) was used to
compare MEPs at single time points before and after stimulation between and within groups.

A p-value < 0.05 was considered statistically significant.

Results

All of the subjects tolerated the stimulation; none of the experimental sessions were
interrupted due to side effects of the stimulation. The subjects reported no side effects during
or after the stimulation. Subjects were asked to give informal feedback as to the stimulation
sensation, and all subjects reported that they were unable to discern whether they had received

active or sham stimulation during the experimental sessions.

RMT, AMT and SI1mV baseline values were compared between tACS and sham
conditions using Student’s-test. There was no significant difference between tACS and sham

stimulation in any of the measurements (p>0.05).

When tACS was applied over the M1 the induced excitability increases rose up to 40-
80 %, as revealed by single pulse TMS. They lasted for 60-90 minutes post-stimulation
(Fig.1.). According to the Student’s t —test there was a significant increase in MEPS
amplitudes during 1 kHz stimulation at the time points 2-8 min (p=0.002-0.007, t=2.39-3.9)

and after stimulation at the time points 20 and 60 min (p=0.03, t=2.4-2.47).

There was a significant increase in MEPs amplitudes during and after 2 kHz
stimulation at all of the time points until 90 min post stimulation (p=0.0000-0.03, t=2.5-9.2).

With regard to 5 kHz stimulation there was a significant increase in MEPs amplitudes during



and after stimulation at all of the time points until 90 min post stimulation (p=0.002-0.05,
t=2.3-4.6). Interestingly, there was a significant amplitude increase during sham stimulation at

4 and 6 min (p=0.01) and after stimulation at 20 min (p=0.03).

When 1 kHz and sham stimulation was compared repeated measurements ANOVA
revealed no significant main effect of TYPE of stimulation (F(1,10)=4.4, p=0.06), however
the factor TIME was significant (F(13,130)=2.2, p=0.01). The interaction between TYPE of
stimulation and TIME was not significant (F(13,130)=1.3, p=0.2). According to the post-hoc
analysis, significantly increased MEPs were observed during stimulation at 2-8 min time

points compared to sham stimulation (p<0.05).

When 2 kHz and sham stimulation was compared repeated measurements ANOVA
revealed significant main effect of TYPE of stimulation (F(1,10)=15.5, p=0.003) and TIME
(F(13,130)=2.3, p=0.009). The interaction between TYPE of stimulation and TIME was not
significant (F(13,130)=1.6, p=0.09). According to the post-hoc analysis, significantly
increased MEPs were observed during stimulation at 2-8 min time points (p<0.05) and at 5-15

and 20 min compared to sham stimulation (p<0.05).

Concerning 5 kHz stimulation repeated measurements ANOVA revealed significant
main effect of TYPE of stimulation (F(1,10)=10.7, p=0.01) and TIME (F(13,130)=1.8,
p=0.04). The interaction between TYPE of stimulation and TIME was not significant
(F(13,130)=1.21, p=0.2). According to the post-hoc analysis, significantly increased MEPS
were observed during stimulation at 2-10 min time points (p<0.05) and after stimulation at 25,

30 and 90 (p<0.05) compared to sham stimulation.

Discussion



We report here that a 10 min application of low kHz tACS over the M1 is able to
induce sustained elevations in cortical excitability that outlast the duration of stimulation,
compared to sham control. 2 and 5 kHz stimulation was significantly more effective than 1
kHz stimulation (2 kHz: p=0.0000-0.03; 5 kHz: p=0.002-0.05, across time course) compared
to the baseline values and to the sham stimulation condition. Single- pulse TMS used during
the stimulation to measure changes in cortical excitability has also shown that elevations in
the amplitudes of elicited MEPs are clearly evident during stimulation, and so may indicate an
entrainment of the targeted neuronal population to the external application of oscillating

currents.

It appears that transcranial techniques using higher frequencies aim to amplify and
emulate recent studies reporting that the application of high frequency oscillating currents to
cell cultures in vitro and animal studies in vivo are effective in entraining neuronal
rhythmicity and propagating synchronicity in neuronal networks (Jinno et al, 2007; Radman et
al, 2007). The application of a ‘blanket’ electric field over populations of neurons is able to
entrain and modulate neuronal output, which in human subjects may manifest as measurable
alterations in cortical excitability (Radman et al, 2007). Many recent studies have sought to
investigate whether neuronal networks can be entrained, synchronized or desynchronized by
the application of such currents, and whether high frequency oscillations are much more
effective in generating synchronization patterns in neuronal assemblies, than those of low
frequency oscillations. Application of oscillating currents outside of the physiological range,
aiming to interfere with ongoing cortical rhythmicity, however may also be subject to
harmonics and/or subharmonics within physiological ranges due to the nature of their
alternating cycle. Nevertheless studies suggest that oscillations in a range of several 100 Hz
may still interfere with interneuronal rhythms (Ylinen et al, 1995) whereas frequencies in the

kHz range are much more likely to interfere with membrane excitability. The underlying



mechanisms resulting in such marked increases in cortical excitability are not yet fully
understood but may be related to the jamming of neural transmission and/ or the production
and release of low molecular weight proteic neurotransmitters; studies conducted on patients
receiving HF deep brain stimulation have also postulated similar mechanisms along with the
direct inhibition of spike initiation at the membrane due to activation of inhibitory terminals
and retrograde activation of upstream neuronal structures (for a review see Benabid et al,
2005). However, frequencies applied during HF deep brain stimulation are much lower
(around 130Hz) than those used in the current study, and so this may also indicate a differing
mechanism of action (Benabid et al, 1996). Applications of external currents which cause
membrane activation are also accompanied by changes in neurotransmitter release and ion
channel potentiation, which in turn lead to changes in protein synthesis (Gartside, 1968; Islam
et al, 1995). It may well be that the temporary modification of the synapse once exposed to a
rapidly alternating electrical field, alters the associated biochemical mechanisms, such as
accumulation of calcium in the presynaptic nerve terminals, and leads to short- term synaptic

plasticity effects (Citri and Malenka, 2008).

Another study by Kirson et al, reports that exposure of cell lines to tACS at higher
frequencies such as 100 kHz (for mouse melanoma), 200 kHz (for rat glioma) and 150 kHz
(for human breast carcinoma) decreased the rate of cell proliferation in targeted tumours; an
effect that is associated with two distinct mechanisms: the disruption of mitotic spindle
microtubule formation, and the elimination of dividing cells during cleavage. Both of these
events are determined by the orientation of the mitosis axis and the AC field vector (Kirson et
al, 2004; Kirson et al, 2007). A more recent study has reported evidence of the regression of
amyloid-f3 deposition in models of transgenic Alzheimer’s disease mice, leading to a reversal
in cognitive impairment as measured by a cognitive interference task also after exposure to a

918 MHz electromagnetic field (EMF) (Arendash et al, 2009). Studies investigating the effect

10



of mobile phone emissions on cortical excitability and cerebral blood flow have contrasting
findings. Haarala et al, 2003 reported that exposure to an active mobile phone produced an
immediate decrease in cerebral blood flow bilaterally in the auditory cortex relative to an
unexposed area in a study using PET. Subjects were required to perform a visual working
memory task during sham and active scanning sessions. No significant results were attributed
to the EMF emitted by the active mobile phone. However, Ferreri et al, 2006 demonstrated
that the EMF of an active mobile phone modified intracortical excitability during exposure,
with short intracortical inhibition (SICI) being reduced and intracortical facilitation (ICF)
enhanced in the hemisphere directly exposed, compared to the contralateral non- exposed

hemisphere, or to the sham condition.

The advantages in utilizing oscillating currents, especially those of a high frequency, is
that potentially neuronal populations can no longer be entrained to the rhythm of an external
electric field; with higher frequencies above 1 kHz, membranes can be targeted more
selectively. Even though this has so far been observed preferentially in vitro at much lower
alternating current frequencies and with a uniform field, there is growing evidence that
external transcranial techniques may also be able to achieve such pronounced effects (Bikson
et al, 2006). Furthermore, compared to tDCS, tACS in general, has the advantage of not being
affected by polarity constraints (Antal et al, 2008; Terney et al, 2008). However, transfer of
current flow or impact of closely associated brain regions with afferents into the M1 on the
aftereffects of stimulation primary somatosensory cortex or supplementary motor area for
example, cannot be ruled out. Other studies examining this effect using tDCS or tRNS have
also reported this as a factor in aiming to understand how transcranial stimulation techniques
have divergent effects in remote areas of the cortex (Chaieb et al, 2009; Lang et al, 2005). Use
of paired- pulse TMS measures to investigate the acute intracortical effects of tACS within

this kHz range would enable us to better understand the ways in which tACS differs from
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better characterized transcranial stimulation methods like tDCS. As tACS in the low kHz
range does not influence measures of global corticospinal excitability, like RMT or AMT, this
suggests that the mechanism of tACS may be to modulate synaptic activity, as motor
thresholds reflect neuronal membrane excitability and are modulated by voltage- gated
sodium channel blockers (Ziemann et al, 1996). Within a clinical perspective, external
stimulation techniques like tRNS and tACS that are often applied with no noticeable skin
sensations (Ambrus et al, 2010), offer the possibility for controlled blinding studies within
patient groups, targeting neurological and psychiatric disorders such as depression and stroke
(Nitsche et al, 2009; Nowak et al, 2009), disorders currently often targeted by more
conventional stimulation techniques like rTMS (Ridding and Rothwell, 2007). tACS
aftereffects also compare favorably with those observed poststimulation with tDCS; increases
in M1 excitability are able to endure longer after a short stimulation duration. This could
potentially provide a preferential therapeutic option, particularly when seeking to target
symptoms of neurological disorders or aiding in rehabilitation post trauma. However, the
effects of continuous application and long- term use of high frequency transcranial techniques
like tACS and tDCS still have yet to be investigated with regards to safety. Animal studies
along with recent consensus reports suggest that techniques like TMS are safe and
therapeutically relevant but more research is required, especially with regard to use as

treatment for neurological and neuropsychiatric disorders (Liebetanz, 2009; Rossi et al, 2009).

Conclusion

In summary, our preliminary study has sought to evaluate the durable aftereffects of
relatively short- duration low kHz tACS over the M1. Stimulation in the low kHz range
allows for the generation of similar sustained cortical excitability increases, as previously seen

with rTMS or tDCS paradigms. However, they possess a different physiological mode of
12



action. rTMS and tDCS will remain the method of choice for inducing inhibitory effects. But
for the induction of enduring excitatory aftereffects low kHz tACS offers a new possibility for

transcranial electrical stimulation techniques.
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Figure legends

Figure 1: Effect of 10 min application of tACS on the M1, during stimulation and time
course poststimulation. Effects of 1, 2 and 5kHz on cortical excitability of M1, as measured
by mean MEP amplitude. MEP values are normalised to baseline. Timecourse over 90mins is

shown. +/- error bars indicate SEM.

Figure 2A: Intraindividual responses to Sham tACS on M1 excitability poststimulation.
Intraindividual responses to tACS on M1 excitability as measured by mean MEP amplitude.

Timecourse over 90mins is shown.

Figure 2B: Intraindividual responses to 1kHz tACS on M1 excitability poststimulation.
Intraindividual responses to tACS on M1 excitability as measured by mean MEP amplitude.

Timecourse over 90mins is shown.

Figure 2C: Intraindividual responses to 2kHz tACS on M1 excitability poststimulation.
Intraindividual responses to tACS on M1 excitability as measured by mean MEP amplitude.

Timecourse over 90mins is shown.

Figure 2D: Intraindividual responses to 5kHz tACS on M1 excitability poststimulation.
Intraindividual responses to tACS on M1 excitability as measured by mean MEP amplitude.

Timecourse over 90mins is shown.
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Figure 1: Effect of 10 min application of tACS on the M1, during stimulation and time course

poststimulation.
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Figure 2A: Intraindividual responses to Sham tACS on M1 excitability poststimulation.
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Figure 2B: Intraindividual responses to 1kHz tACS on M1 excitability poststimulation.

MEP amplitude (uV)

4,0

357

307

257

207

157t

10

057

0,0

Baseline Dur4 Dur8 5 15 25 60
Dur?2 Dur6 0 10 20 30 90

Time (mins)

22




Figure 2C: Intraindividual responses to 2kHz tACS on M1 excitability poststimulation.
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Figure 2D: Intraindividual responses to 5kHz tACS on M1 excitability poststimulation.
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2.5 Comparatively weak after-effects of transcranial
alternating current stimulation (tACS) on cortical excitability

In humans

Antal, A., Boros, K., Poreisz, C., Chaieb, L., Terney, D. & Paulus, W. Brain
Stimulation 2008; 1:97-105.

The first study detailing the effects of tACS and sinusoidal DC stimulation (tSDCS) on
the human primary motor cortex; TMS, electroencephalogram (EEG) and a variant of
the serial reaction time task (SRTT) were used to evaluate the effects of tACS in healthy
human volunteers. Frequencies of 1, 10, 15, 30 and 45Hz were applied for 2-10 minutes
over the M1, depending upon the experimental paradigm used, to detect changes in
cortical excitability with monophasic single- pulse TMS. No significant changes in
excitability were observed using TMS and EEG measures; however, under a 10Hz
tACS application, a transient improvement in motor learning was detected during
performance of the SRTT. Results suggest that tACS at a lower intensity than 1mA
produced effects that were too weak to be detected using TMS and EEG. However, the
transient improvement during the SRTT demonstrates that tACS is interacting with
ongoing brain rhythmicity. Stimulation parameters therefore need to be optimized and
fully characterised before tACS can be used as an effective method of inducing

sustained and measureable changes in cortical excitability.
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Objective

Interference with brain rhythms by noninvasive transcranial stimulation that uses weak transcranial
alternating current may reveal itself to be a new tool for investigating cortical mechanisms currently
unresolved. Here, we aim to extend transcranial direct current stimulation (tDCS) techniques to
transcranial alternating current stimulation (tACS).

Background
Parameters such as electrode size and position were taken from those used in previous tDCS studies.

Methods

Motor evoked potentials (MEPs) revealed by transcranial magnetic stimulation (TMS), electroenceph-
alogram (EEG)-power, and reaction times measured in a motor implicit learning task, were analyzed to
detect changes in cortical excitability after 2-10 minutes of AC stimulation and sinusoidal DC
stimulation (tSDCS) by using 1, 10, 15, 30, and 45 Hz and sham stimulation over the primary motor
cortex in 50 healthy subjects (eight-16 subjects in each study).

Results

A significantly improved implicit motor learning was observed after 10 Hz AC stimulation only. No
significant changes were observed in any of the analyzed frequency bands of EEG and with regard to the
MEP amplitudes after AC or tSDCS stimulation. Similarly, if the anodal or cathodal DC stimulation was
superimposed on 5, 10, and 15 Hz AC stimulation, the MEP amplitudes did not change significantly.

Conclusions
Transcranial application of weak AC current may appear to be a tool for basic and clinical research in
diseases with altered EEG activity. However, its effect seems to be weaker than tDCS stimulation, at
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least in the present context of stimulus intensity and duration. Further studies are required to extend
cautiously the safety range and uncover its influence on neuronal circuitries.

© 2008 Elsevier Inc. All rights reserved.

Keywords transcranial alternating current stimulation; transcranial magnetic stimulation; electroen-

cephalogram; motor cortex; serial reaction time task

Neuroplasticity is an ongoing, self-organizing, adapting
process that is widespread in cortical areas; it allows the
brain to learn and adapt to new environmental situations.
External influences on neuroplastic processes may be used
for functional improvement of diseases, in particular for
improving cortical functions such as learning or for study-
ing brain function per se. Several methods exist to influence
excitability of the brain by external means. The most well-
known is transcranial magnetic stimulation (TMS) intro-
duced about 20 years ago." It followed transcranial electrical
pulsed stimulation, which because of its painful stimula-
tion characteristic never proceeded to a routine application
method.? Another electrical approach, weak direct current
stimulation of the brain (transcranial direct current stimu-
lation [tDCS]), was investigated intermittently within the
last four decades, but entered into neurobiologic and clin-
ical plasticity research®* only after its efficacy was unam-
biguously demonstrated by quantifying its effects during
and after stimulation by single-pulse TMS over the motor
cortex.” TDCS is able to induce long-lasting changes in
cortical excitability in different brain regions in a reversi-
ble, relatively selective, painless, and safe manner. Gener-
ally, motor cortex excitability is enhanced by anodal and
decreased by cathodal stimulation, as seen in studies that
used single-pulse TMS. Even though in humans the effects
of tDCS were first demonstrated on the motor system, it
also influences visual, somatosensory, and cognitive
functions.®’

Transcranial alternating current stimulation (tACS) of
the brain is a new technique. It aims to interfere with
ongoing oscillations in the brain. This technique may
have important implications for neuropsychiatric disor-
ders, for example, it has been concluded that measures of
gamma synchrony offer a valuable window into the core
integrative disturbance in schizophrenia.® Recently, it was
shown that inducing slow oscillation-like potential fields
by transcranial application of oscillating potentials (0.75 Hz)
during early nocturnal nonrapid eye—movement sleep,
(a period of emerging slow wave sleep) enhances the re-
tention of hippocampus-dependent declarative memory in
healthy humans.” The slowly oscillating potential stimu-
lation induced an immediate increase in slow wave sleep,
endogenous cortical slow oscillations, and slow spindle
activity in the frontal cortex. Brain stimulation with
oscillations at 5 Hz—another frequency band that nor-
mally predominates during rapid eye-movement sleep—
decreased slow oscillations and left declarative memory
unchanged.

The aim of the current study is to further expand the
stimulation spectrum between DC and AC stimulation. For
this, we defined a frequency spectrum between 1 and 45 Hz
transcranial electrical stimulation and analyzed motor-
evoked potentials (MEPs) and electroencephalogram
(EEG) spectrum before and after AC stimulation, both
with and without an anodal and cathodal DC shift. Intra-
cellular and EEG recordings in animals'® have shown that
modulating the excitability of cortical pyramidal cells gen-
erates a powerful and coherent feedback to the thalamus,
resulting in highly coherent oscillations similar to those
measured during natural sleep. These experiments are com-
patible with a role of the cortex in triggering and synchro-
nizing oscillations generated in the thalamus, through
cortico-thalamico-cortico loops, thus providing a possible
cellular mechanism to explain the origin of large-scale co-
herent oscillations in the thalamocortical system. By stim-
ulating the sensorimotor cortex with the use of tACS,
oscillations can be triggered and may also reset ongoing
rhythmic activity of local pacemaker networks conse-
quently synchronizing brain oscillations.

Furthermore, behavioral tasks were used to study AC-
driven changes in performance during a variant of the serial
reaction time task (SRTT),”']3 which is a standard para-
digm to test implicit motor learning. In this task, subjects
perform finger movements repetitively without being aware
of a sequential order. We applied tACS or sham stimulation
to the primary motor cortex during performance of the task.

Methods and materials

Subjects

Fifty subjects (24 men and 26 women) participated in the
studies. None of the subjects took regular or acute medi-
cation. Participants gave informed written consent. The
experiments were approved by the Ethics Committee of the
University of Gottingen, and conformed to the Declaration
of Helsinki. All subjects were right handed, according to
the Edinburgh handedness inventory.'*

Transcranial alternating current stimulation
(tACS)

Ten healthy subjects (22-43 years old, mean age = 26.4 =
8.0, 3 men) participated in the TMS study. Eight healthy
subjects (22-32 years old, mean age = 25.75 * 3.28, 3
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men) were involved in the EEG experiments. Two subjects
participated in both the EEG and MEP experiments.
Sixteen volunteers (22-31 years old, mean age = 224 *+
4.15, 7 men) took part in the implicit learning study.

Transcranial sinusoidal direct current
stimulation (tSDCS)

Ten healthy subjects (23-30 years old, mean age = 28.7 =
7.0, 6 men) were involved in the TMS study and 11 subjects
took part in the EEG experiments (22-43 years old, mean
age = 26.8 = 5.7, 5 men).

tACS and tSDCS

Electrical stimulation was delivered by a battery-driven
constant-current stimulator (NeuroConn GmbH, Ilmenau,
Germany) through conductive-rubber electrodes, enclosed
in two saline-soaked sponges. The stimulation electrode
was placed over the left motor cortex, which was deter-
mined by single-pulse TMS. The reference electrode was
placed over the contralateral orbit. The size of the stimu-
lation electrode was 4 X 4 cm and the reference electrode
was 5 X 10 cm. The electrodes were fixed by elastic bands.
tACS was applied for 5 minutes with a current intensity of
400 pA and tSDCS for 2 or 4 minutes with a current
intensity of 250 pA. Concerning tSDCS, the anodal or
cathodal stimulation was sinusoidally modified. This kind
of stimulation resulted in no change in polarity.

In the SRTT study, the current was delivered during the
Blocks 2 to 5, which lasted approximately 7 minutes and in
eight subjects during the Blocks 2 to 8, which lasted
approximately 10 minutes. The current was always ramped
up or down over the first and last 2 seconds of stimulation.
The maximal current density was 25 pA/cm? in the case of
tACS and 15.625 pA/cm? in the tSDCS experiments over
the motor cortex, which is below the safety parameters ac-
cepted for tDCS."> The current density was 8 or 5 uA/cm?
with regard to the reference electrode. For sham stimula-
tion, the current was turned on for 8 seconds at the begin-
ning of the stimulation to achieve the light itching sensation
under the electrode. However, it was more difficult to estab-
lish a sham condition with tACS because the rapid changes
in current amplitude and direction caused flickering at the
higher frequencies (30 and 45 Hz) and experienced subjects
might notice this sensation.

Subjects were blinded for stimulation conditions in all of
the studies. In the case of tACS, the TMS study was double
blind. However, as we mentioned previously, this statement
with regard to the subjects was true only for the lower
frequencies.

Transcranial magnetic stimulation (TMS)

TMS was performed by using a standard double (“figure-
of-eight”) 70-mm coil connected to monophasic

Magstim200 stimulator (Magstim Company, Whiteland,
Dyfed, UK). The coil was placed tangentially to the scalp,
with the handle pointing posterolaterally at 45-degree angle
from the midline. The optimum position was defined as the
site where TMS resulted consistently in the largest MEP in
the resting muscle. The site was marked with a waterproof
skin marker to ensure that the coil was held in the correct
position throughout the experimental sessions. Surface
electromyography was recorded from the right first dorsal
interosseus (FDI) muscle with the use of Ag-AgCl elec-
trodes in a belly-tendon montage. The signals were ampli-
fied and filtered (with a low-pass filter of 3 kHz, sampling
rate of 5 kHz), digitized with a micro 1401 AD converter
(Cambridge Electronic Design, Cambridge, UK), recorded
by a computer that used SIGNAL software (Cambridge
Electronic Design, version 2.13). Data were analyzed
offline. Complete muscle relaxation was controlled online
via auditory and visual feedback of electromyography
activity.

RMT was defined as the lowest stimulus intensity, which
elicited a peak-to-peak MEP-amplitude of 50 1V, or more in
the resting muscle, in at least 3 of 6 recordings. AMT was the
minimum intensity eliciting a MEP of a superior size
compared with moderate spontaneous muscular background
activity (approximately 15% of the maximum muscle
strength) in at least 3 of 6 trials.'® The intensity of the stimu-
lator output for the single test-pulse MEP was adjusted so that
TMS led to an average MEP amplitude of about 1 mV peak-
to-peak before electrical stimulation. The same stimulus
intensity was used after the tSDC and tACS.

EEG recording

The EEG was recorded by using a 3-channel montage. One
electrode was placed over Oz and 2 laterally above the
motor region (C3 and C4) in accordance with the interna-
tional 10/20 system. The impedance was kept below 5 kQ.
Linked mastoids (RLm) were used as references, the
ground electrode was positioned on the forehead. Data
were collected with a sampling rate of 1000 Hz with the use
of the BrainAmp system (Brain Products GmbH, Munich,
Germany) and were analyzed offline (Brain Vision
Analyzer, Brain Products GmbH).

Experimental design

Subjects were seated in a comfortable reclining chair with a
mounted headrest throughout the experiments. Within each
type of experimental technique, the MEP-EEG measure-
ments were always performed by the same investigator.

TMS study

tACS
Ten subjects participated in 6 experimental sessions on
separate days, 1 day apart to avoid carry over effects. The



100

A. Antal et al

TMS experiments were performed at identical times. The
subjects received 1, 10, 15, 30, and 45 Hz tACS and sham
stimulation in a randomized order. RMT, AMT, the inten-
sity to evoke MEP of approximately 1 mV peak-to-peak
amplitude, single-test pulse MEPs were recorded before
tACS. Stimulus intensities (in percentage of maximal
stimulator output) of TMS were determined at the begin-
ning of each experiment. Thirty single-test pulse MEPs
were recorded 7 times after the stimulation, ie, approxi-
mately O minutes after tACS, 2, 4, 7, 10, 15, and 20 minutes
after the end of AC stimulation.

tSDCS

Ten subjects received anodal and 7 received cathodal
tSDCS with a frequency 5, 10, and 15 Hz for 2 minutes
in a counterbalanced order. Stimulations were performed on
separate days and between each stimulation session was a
15-minute break. Fifty single-test pulse MEPs were re-
corded before and 40 MEPs after tSDCS (averaged in 20
blocks).

EEG study

tACS

The EEG experiments were conducted in a repeated
measurement design using a randomized order, with a
break of minimum 20 minutes between each stimulation
session. A 2-minute EEG was recorded at rest before and 3
times after AC stimulation (immediately, 7, and 14 minutes
after the end of the stimulation). Subjects received 1, 10,
and 45 Hz tACS in a randomized and counterbalanced
order.

tSDCS

The tSDCS was administered at 5, 10, and 15 Hz in a
randomized order, with a 20-minute break between stim-
ulation sessions. A 2-minute EEG was recorded before
stimulation, and then a 4-minute EEG recorded immedi-
ately after stimulation. Subjects received tSDC for a 4-
minute duration at an intensity of 250 pA in both an anodal
and cathodal direction.

SRTT

Subjects were seated in front of a computer screen at eye
level behind a response pad with 4 buttons numbered 1 to 4,
and were instructed to push each button with a different
finger of the right hand (index finger for button 1, middle
finger for button 2, ring finger for button 3, and little finger
for button 4). An asterisk appeared in 1 of 4 positions
horizontally spaced on a computer screen and permanently
marked by dots. The subjects were instructed to press the
key corresponding to the position of the asterisk as fast as
possible. After a button was pushed, the go signal
disappeared. The next go signal was displayed 500 milli-
seconds later. The test consisted of 8 blocks of 120 trials. In

Blocks 1 and 6, the sequence of asterisks followed a
pseudorandom order in which asterisks were presented
equally frequently in each position and never in the same
position in 2 subsequent trials. In Blocks 2 to 5 and 7 and 8,
the same 12-trial sequence of asterisk positions repeated
itself 10 times (abadbcdacbdc). Subjects were not told
about the repeating sequence.

Where improved performance during the whole course
of the task is due to implicit learning as well as to
increasing task routine, differences in performance be-
tween Block 5 and the random Block 6 represent a
measure of implicit learning only, because task routine is
thought to be equivalent in both blocks, and thus any
differences in performance should be due to implicit
sequence learning."’

In 6 subjects, the first 3 blocks of the previously used
test was repeated 1 (Block 9: pseudorandom; Blocks 10 and
11 repeated sequences) and 2 hours (Block 12: pseudoran-
dom; Blocks 13 and 14: repeated sequences) poststimula-
tion. Differences in performance between Blocks 9 and 10
and 12 and 13 represent a measure of implicit learning.

Safety aspects

All the subjects completed a questionnaire the next day
after the completion of the experimental sessions. The
questionnaire contained rating scales for the presence and
severity of headache, difficulties in concentrating, acute
mood changes, visual perceptual changes, fatigue, and
discomforting sensations like pain, tingling, itching, or
burning under the electrodes during and after tACS."'®

Analysis of the data

EEG analysis

EEG epochs (2 minutes) were segmented for 30 seconds
and filtered by using 0.1 Hz (24 dB/octave) low cutoff and a
70 Hz (24 dB/octave) high cutoff and 50 Hz notch filters. In
addition to semiautomatic artifact detection (200 pV
amplitude criterion), all epochs were visually inspected,
and those containing eye blinks or muscle movement
artifacts were excluded. After artifact rejection all of the
epochs were segmented into 2 seconds, and fast fourier
transformation (FFT) was calculated for all electrodes (0.5
Hz resolution, and 10% Hamming-window). The FFT
segments were averaged for each 30 seconds. The mean
activity in voltage was calculated and exported from each
frequency bands (theta band 4.5-7 Hz, alpha band 8-12 Hz,
beta band 12.5-30 Hz, and gamma band 31-49 Hz) for
statistical analysis.

MEP analysis

Peak-to-peak amplitudes (mV) of each MEP were mea-
sured offline, and mean MEP amplitudes were calculated
for each stimulation condition for each time point sepa-
rately. The amplitudes were normalized to baseline.
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SRTT analysis

In each trial, response time (RT) was measured from the
appearance of the go signal until the first button was pushed
by the subject. For each block of trials of a given
experimental condition, mean RT was calculated for each
subject separately. Furthermore, the SD of RTs for each
subject in every block was calculated as an index of
variability of RTs. An error rate (ER) was calculated to
assess the number of incorrect responses for each block and
each subject in each stimulation condition.

Statistical analysis

In all of the EEG and TMS experiments a repeated
measures of analysis of variance (ANOVA) (a given current
condition versus sham X time points of poststimulation;
dependent variable: mean amplitude of MEPs, FFT power
in a given frequency band) was calculated. In case of the
significant interaction of time and stimulation condition, a
post hoc test was performed.

Concerning the implicit learning statistical analyses
were performed with repeated measures of ANOVA (cur-
rent conditions X 8 blocks) for RT, ER, and variability.
Because the RT and ER differences between Blocks 5 and 6
are thought to represent an exclusive measure of implicit
learning, interactive Student 7 tests'® were performed to
compare the respective differences for the alternating
current stimulation condition versus sham condition.

Results

All the subjects tolerated the stimulation; none of the
experimental sessions were interrupted because of side
effects of the stimulation. However, about half of the subjects
noticed light flickering during higher frequency stimulation
(30, 45 Hz) by using an intensity of 0.4 mA. As a result, we
did not further increase the stimulation amplitude for safety
reasons. Only 2 of the subjects reported a light burning
sensation under the electrodes during the stimulation. Six
subjects experienced a mild headache that lasted for a
maximum of 2 hours after the end of tACS, independent
from the frequency of the stimulation. None of the subjects
reported transient side effect according to the 1 to 2 weeks’
follow-up.

MEP

tACS

Repeated measurements of ANOVA (1, 10, 15, 30, 45 Hz
versus sham stimulation condition separately X 7 time
points poststimulation) revealed no significant interactions
between current condition and time in any of the compar-
isons between tACS and sham stimulation. For 1-Hz
stimulation, there was no main effect of stimulation
[F(1,18) = 0.03, P = .86] and time course [F(6,108) =
1.49, P = .19]. The interaction between stimulation und
time was also not significant [F(6,108) = 1.17, P = .32].
For 10-Hz stimulation, there was no main effect of stimula-
tion [F(1,18) = 3.2, P = .09] and time course [F(6,108) =
1.0, P = .42]. The interaction between stimulation and time
was also not significant [F(6,108) = 0.61, P = .72]. For 15-
Hz stimulation, there was no main effect of stimulation
[F(1,18) = 0.004, P = .95] and time course [F(6,108) =
0.62, P = .71]. The interaction between stimulation and
time was also not significant [F(6,108) = 1.77, P = .11].
For 30-Hz stimulation, there was no main effect of stimula-
tion [F(1,18) = 0.14, P = .71] and time course [F(6,108) =
0.05, P = .99]. The interaction between stimulation and
time was also not significant [F(6,108) = 1.03, P = A4].
For 45-Hz stimulation, there was no main effect of stimula-
tion [F(1,18) = 0.01, P = .91] and time course [F(6,108) =
0.71, P = .64]. The interaction between stimulation and
time was also not significant [F(6,108) = 0.4, P = .87].
Table 1 shows the mean MEP values and their standard
error before and after tACS.

tSDCS

Here, anodal or cathodal stimulation was sinusoidally
modified at a given frequency. The ANOVA was calculated
separately for anodal and cathodal stimulation (5-, 10-, and
15-Hz stimulation conditions and 2 time points poststim-
ulation). The analysis revealed no significant interactions
between current condition and time in either the anodal or
cathodal condition (F < 1.2, P > .3). An increase in motor-
cortical excitability, after the combination of anodal and
15-Hz stimulation, of approximately 35% was observed af-
ter stimulation, but was not significant when compared with
the baseline values (P = .08). Table 2 shows the mean MEP
values and their standard error before and after tSDCS.

Table 1 Mean MEP amplitudes (SEM) before and after tACS at 1-, 5-, 10-, 15-, and 30-Hz stimulation
1 Hz 10 Hz 15 Hz 30 Hz 45 Hz Sham

Before 1.02 = 0.11 1.03 = 0.13 1.03 = 0.09 1.03 = 0.08 1.04 = 0.09 1.02 = 0.11
0 min 1.01 += 0.30 0.93 £ 0.31 1.15 = 0.37 1.06 = 0.33 1.15 = 0.46 1.19 *= 0.42
2 min 1.04 * 0.44 0.94 £ 0.31 1.05 * 0.41 1.11 = 0.38 1.11 = 0.47 1.20 = 0.38
4 min 1.16 = 0.37 0.91 = 0.37 1.17 = 0.34 1.16 £ 0.33 1.30 = 0.51 1.20 = 0.31
8 min 1.14 = 0.35 0.92 *£ 0.43 0.98 £ 0.27 1.15 = 0.29 1.19 = 0.45 1.20 = 0.36
10 min 1.20 * 0.45 0.99 £ 0.36 1.13 £ 0.37 1.14 * 0.29 1.06 = 0.51 1.31 * 0.46
15 min 1.32 = 0.53 1.08 = 0.40 1.13 £ 0.27 1.20 = 0.20 1.09 = 0.41 1.16 = 0.41
20 min 1.27 *+ 0.52 0.99 * 0.27 1.21 = 0.20 1.11 £ 0.33 1.06 = 0.43 1.04 = 0.22

A decrease of the MEP amplitude after 10-Hz stimulation was observed, but was not significant.
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Table 2 Mean MEP amplitudes (SEM) before and after tSDCS at 5-, 10- and 15-Hz stimulation

Anodal (mean MEPs and SEM) Cathodal (mean MEPs and SEM)

Before 2 min after 4 min after Before 2 min after 4 min after
5 Hz 1.12 = 0.1 1.12 = 0.2 1.16 £ 0.2 0.92 = 0.06 1.08 = 0.14 0.8 = 0.15
10 Hz 1.04 = 0.08 1.27 = 0.1 1.13 £ 0.1 0.97 = 0.06 0.92 = 0.11 0.94 = 0.16
15 Hz 1.2 £ 0.03 1.6 £ 0.2 1.37 = 0.11 0.89 £ 0.1 1.08 = 0.2 0.9 £ 0.2

An increase of the MEP amplitude after anodal 15 Hz stimulation was observed, but was not significant.

EEG

tACS

The ANOVA (1-, 10-, and 45-Hz stimulation conditions X
16 time points — including baseline X 3 channels) was
calculated separately for each frequency band. It revealed
no significant interactions among current conditions, time,
and channels at any of the different frequencies applied.
The results of the statistical analysis are summarized in
Table 3.

tSDCS

The ANOVA was calculated for anodal and cathodal
directions and for each frequency band separately. The
analyses (5-, 10-, and 15-Hz stimulation conditions X 16
time points — including baseline X 3 channels) revealed no
significant interactions between current conditions and time
at any of the different frequencies applied (F < 0.5, P > 4).
The results of the statistical analysis are summarized in
Table 4.

SRTT

RTs of the SRTT shortened during tACS of the primary
motor cortex; repeated measures ANOVA (1-, 10-, 45-Hz,
and sham stimulation conditions X 8 blocks) revealed a
significant effect on blocks [F(7,105) = 33.11; P < .001].
This was caused by an interaction of alternating current
versus sham stimulation for Block 5 and Block 6, caused by
a greater difference in the alternating current stimulation in
the case of 10-Hz stimulation (r = —3.26, df = 15, P = .005)
as revealed by Student ¢ tests. Figure 1 shows the differ-
ences between 10-Hz and sham stimulation. Despite the
significant main effect of blocks in ANOVA, the results
of all other tests remained insignificant. However, a trend
toward reduced RTs in Blocks 2 to 5 and 7 and 8 for
tACS compared with the sham condition was identified.

The paradigm was repeated in 6 subjects after 1 and 2
hours poststimulation. At these time points the RTs were
not different between the 10-Hz and sham stimulation
conditions (Fig 1).

To exclude the possibility that tACS speeds up the
initiation of movements and does not modify implicit
learning, the 10-Hz and sham stimulations were repeated
during Block 2 to 8 in 8 subjects by using different
sequences than before. During the random block (Block 6)
tACS and sham stimulation did not have a differential

effect on RTs (P = .64). However, the ratio of Block 5 and
Block 6, because of a greater difference in the 10-Hz stim-
ulation condition remained significant (+ = —2.41, df = 7,
P = .046).

For ER, the ANOVAs showed a significant main effect
on current (P < .001) and blocks at 1 Hz (P = .012) and at
45 Hz (P = .001), there was no significant condition X
blocks interaction. Student ¢ tests revealed no significant

Table 3  The results of the repeated measures ANOVA of the EEG
experiment with tACS
df F value P value
Theta band
Stim 2 0.037 964
Channel 2 82.709 <.001"
Time 15 1.843 .028"
Stim X Channel 4 0.130 971
Stim X Time 30 1.021 440
Channel X Time 30 1.010 453
Stim X Channel X Time 60 1.198 154
Alpha band
Stim 2 0.002 .998
Channel 2 13.614 <.001"
Time 15 6.343 <.001"
Stim X Channel 4 0.053 .995
Stim X Time 30 0.674 904
Channel X Time 30 1.125 .298
Stim X Channel X Time 60 0.837 .803
Beta band
Stim 2 0.089 916
Channel 2 14.952 <.001"
Time 15 1.102 .353
Stim X Channel 4 0.054 994
Stim X Time 30 0.774 .799
Channel X Time 30 1.017 442
Stim X Channel X Time 60 0.648 .981
Gamma band
Stim 2 0.106 .900
Channel 2 0.097 .908
Time 15 0.723 .761
Stim X Channel 4 0.193 941
Stim X Time 30 0.572 .967
Channel X Time 30 1.590 .025"
Stim X Channel X Time 60 0.771 .896

Independent variables: time course (Time), condition of current stimula-
tion (Stim), and EEG channels (Channel); dependent variable: FFT power in
a given frequency band. The ANOVA revealed no significant interactions
between current conditions, time, and channels at any of the different
frequencies applied. The asterisk indicates significant P-values (P < .05).
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Table 4 The results of the repeated measures ANOVA of the EEG experiment with tSDCS
Anodal Cathodal
df F value P value df F value P value
Theta band
Stim 2 1.085 .351 2 0.194 824
Channel 2 0.511 .602 2 3.149 .05
Time 7 1.191 .309 7 2.821 .007"
Stim X Channel 4 0.901 469 4 0.706 591
Stim X Time 14 0.469 947 14 1.121 .34
Channel X Time 14 0.857 .606 14 0.92 .536
Stim X Channel X Time 28 1.143 .283 28 1.157 .268
Alpha band
Stim 2 0.011 .989 2 0.861 433
Channel 2 1.026 .365 2 0.926 401
Time 7 1.062 .388 7 1.734 .102
Stim X Channel 4 0.492 742 4 0.952 RAA
Stim X Time 14 0.464 .949 14 0.717 .755
Channel X Time 14 1.456 124 14 0.579 .881
Stim X Channel X Time 28 1.169 .255 28 1.348 113
Beta band
Stim 2 0.092 912 2 1.076 .353
Channel 2 2.292 .109 2 1.784 .176
Time 7 2.94 .005 7 0.713 .66
Stim X Channel 4 0.987 422 4 0.201 .936
Stim X Time 14 0.404 972 14 0.888 572
Channel X Time 14 1.016 436 14 1.426 .136
Stim X Channel X Time 28 0.901 614 28 1.038 413
Gamma band
Stim 2 0.135 874 2 0.51 .605
Channel 2 0.258 172 2 1.559 .218
Time 7 2.286 .028 7 0.735 .641
Stim X Channel 4 0.444 776 4 0.37 .828
Stim X Time 14 0.377 .98 14 0.806 .661
Channel X Time 14 0.659 .813 14 3.19 .001"
Stim X Channel X Time 28 0.762 .804 28 0.689 .884

Independent variables: time course (Time), condition of current stimulation (Stim) and EEG channels (Channel); dependent variable: FFT power in a given
frequency band. The ANOVA revealed no significant interactions between current conditions, time, and channels at any of the different frequencies applied.

The asterisk indicates significant P-values (P < .05).

difference between Block 5 and Block 6. For variability, the
ANOVAs showed a significant main effect of condition
(P < .001) and blocks (P < .001) without significant inter-
action between condition and blocks at all frequencies. Stu-
dent ¢ tests revealed no significant difference between
Blocks 5 and 6.

Comment

The main result of the current study is that 10-Hz tACS
over the motor cortex by using 7-minute stimulation
duration was able to improve implicit motor learning.
However, 10 Hz AC stimulation did not modify the EEG
power and the MEP amplitudes significantly, when com-
pared with sham stimulation.

In our study, only 10 Hz of tACS significantly improved
performance in the acquisition and early consolidation
phase of implicit motor learning. Compared with the

noncurrent stimulation condition, reaction times in the
SRTT decreased significantly and became faster during
the course of the experiment. This result is similar to the
effect of anodal stimulation over the M1 reported by a
previous study.?’ Previous studies suggest that an excitabil-
ity enhancement seems to be a necessary condition for
learning by inducing strengthening of synapses/long-term-
potentiation by modifying NMDA-receptor efficacy.'*>
Regarding studies in the human, this is in line with obser-
vations of increased activation of the motor cortex during
motor learning tasks,”>* and also with pharmacologic re-
sults showing that results of motor training can be improved
by cortical excitability enhancements.” It appears that a
10-Hz tACS-driven cortical excitability change could facil-
itate the learning process.

The nonsignificant MEP changes were probably caused
by the low number of subjects, larger sample sizes would
have been necessary to prove the significant effect of
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Figure 1  10-Hz tACS of the primary motor cortex improves im-
plicit motor learning in its early phase. Reaction times decrease
faster in the 10 Hz stimulation condition when compared with
the sham-stimulation condition. Moreover, the RT difference com-
paring Blocks 5 and 6, which indicates implicit sequence learning,
is larger for the 10-Hz stimulation condition, when compared with
the nonstimulation condition. The asterisk indicates a significant
difference regarding reaction time differences between Blocks 5
and 6, and between 10-Hz and sham stimulation. In 1 and2 hours
poststimulation, this significant difference was not detectable any
more.

stimulation if there is any. However, we also noticed that
the SDs of the MEP amplitudes were higher when com-
pared with those measured by previous studies that used
tDCS.** Similar to our results, it was also published that
there was no significant change in corticospinal excitability
after 10-Hz rTMS.2° Nevetheless, in our study 10 Hz of
tACS had a facilitatory effect on motor performance. The
only difference between the 2 tACS studies was the dura-
tion of the stimulation: in the TMS study, a shorter stimu-
lation duration was applied than that used in the implicit
learning study. Therefore, it may be possible that the effect
of 10 Hz tACS is stimulation duration-dependent: a shorter
stimulation duration may not be strong enough to modify
cortical excitability, whereas a longer stimulation duration
may have facilitatory effects.

We used a relatively small stimulation electrode size in
order to enhance the focality of stimulation®’ and larger ref-
erence electrode to avoid the stimulation of the frontopolar
cortex and retina. However, half of the subjects still noticed
a flickering in their visual field, mainly during high-
frequency stimulation. This means that at 30 and 45 Hz
stimulation conditions in our study was not precisely “dou-
ble-blind” per se because the subjects could feel the differ-
ence between sham and verum stimulation. This problem
with sham stimulation was not encountered with tDCS.'®
Further increase of the reference electrode size might
help but technically is not possible therefore, in the future,
systematically exploring the effect of electrical stimulation
with the use of new electrode positions (eg, M1—occipital

cortex or extracephalic reference) is necessary. If intensities
are comparable between tDCS and tACS 0.4 mA might be
at the lower border for inducing after effects.’ Thus, it re-
mains to be seen if higher intensities or longer stimulation
durations are better for inducing after effects, notwithstand-
ing the assumption that higher stimulation intensities could
be potentially more dangerous with respect to seizure in-
duction. Along this suspicion, a similar new method, called
focal electrically administered therapy (FEAT), uses also
AC current. FEAT can be boosted to induce focal seizures,
then referred to as “focal electrically administered seizure
therapy” (FEAST).?® This form of AC stimulation is in-
tended to be used for a more focal form of electroconvul-
sive therapy in the future.

In conclusion, the transcranial application of weak AC
current may appear to be a promising tool for clinical
neuroplasticity research, for it allows a painless, selective,
focal, noninvasive, and reversible excitability modulation
of the cortex. Important research still has to be performed,
mainly in uncovering the mode of function and in finding a
way to prolong the effects of weak current application
further, as has already been successfully done in DC
research.
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2.6 Brain-derived neurotrophic factor (BDNF) gene

polymorphisms shape cortical plasticity in humans

Antal A, Chaieb L, Moliadze V, Monte- Silva K, Poreisz C, Thirugnanasambandam N,
Nitsche M, Shoukier M, Ludwig H, Paulus W. Brain Stimulation 2010;

Recent studies suggest that the expression of the brain- derived neurotrophic factor
(BDNF) gene may influence mechanisms of synaptic plasticity in the human cortex and
that they, in turn, may influence the efficacy of applied external electric and magnetic
stimulation techniques (Cheeran et al., 2008, Yoshii and Constantine-Paton, 2010). Here
we have retrospectively explored the interaction of the BDNF polymorphism with the
currently used methods of external electric and magnetic stimulation: tDCS, tRNS,
tACS and a patterned form of rTMS (repetitive TMS) termed iTBS (intermittent theta
burst stimulation). The data of 15 healthy subjects who possessed the Val66Met allele,
46 subjects with the homozygous Val66Val allele, and 3 with the Met66Met
polymorphism was analysed for either enhanced or reduced neuroplastic aftereffects.
For iTBS, plastic aftereffects could only be induced in carriers of the Val66Val allele;
for anodal and cathodal tDCS carriers of the Val66Met allele showed enhanced
plasticity, whereas there was no significant difference in the response of the groups to
tRNS. His study demonstrates that the BDNF polymorphism does indeed shape
mechanisms of plasticity in the human brain and suggests that future studies should take
into account the interaction between stimulation and genetic background when

optimizing stimulation parameters for therapeutic purposes.
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Brain-derived neurotrophic factor (BDNF) gene
polymorphisms shape cortical plasticity in humans
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Background

The brain-derived neurotrophic factor (BDNF) gene is involved in mechanisms of synaptic plasticity in
the adult brain. It has been demonstrated that BDNF also plays a significant role in shaping externally
induced human brain plasticity. Plasticity induced in the human motor cortex by intermittent theta-
burst stimulation (iTBS) was impaired in individuals expressing the Val66Met polymorphism.

Methods

To explore whether this polymorphism is also important for other neuroplasticity-inducing tools in
humans with modes of action differing from that of iTBS, namely, transcranial direct current (tDCS)
and random noise stimulation (tRNS), we retrospectively analyzed the data of 64 subjects studied in
our laboratory with regard to BDNF genotype.

Results

Fifteen subjects with the Val66Met allele, 46 subjects with the Val66Val allele, and 3 Met66Met carriers
were identified. The response of the Val66Met allele carriers to stimulation differed in two protocols
compared with the response of Val66Val individuals. For iTBS (15 subjects, 5 heterozygotes), plas-
ticity could be only induced in the Val66Val allele carriers. However, for facilitatory tDCS (24 subjects,
10 heterozygotes), as well as for inhibitory tDCS, (19 subjects, 8 heterozygotes), carriers of the Val66-
Met allele displayed enhanced plasticity, whereas for transcranial random noise stimulation (29
subjects, 8 heterozygotes), the difference between groups was not so pronounced.

Conclusions
BDNF polymorphism has a definite impact on plasticity in humans, which might differ according to the
mechanism of plasticity induction. This impact of BDNF on plasticity should be taken into account for
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future studies, as well as having wider ranging implications for the treatment of neuropsychiatric disor-
ders with transcranial stimulation tools, as it may predetermine their efficacy for the treatment of

disease and rehabilitation.
© 2010 Elsevier Inc. All rights reserved.

Keywords transcranial random noise stimulation; transcranial direct current stimulation; transcranial

magnetic stimulation; neuroplasticity; BDNF

Brain-derived neurotrophic factor (BDNF) regulates cell
survival, proliferation, and synaptic growth in the central
nervous system. In the adult brain, it has been shown
to modulate N-methyl-D-aspartate (NMDA) receptor-
dependent long-term potentiation (LTP)' and long-term
depression (LTD).? Specifically, mature (m)BDNF has
been found to play a role in all stages of LTP,” whereas
the precursor peptide (pro-BDNF) is associated with LTD.
BDNF is present with a frequent polymorphism resulting
from a nonconservative amino acid substitution (valine
[Val] to methionine [Met]) at codon 66 (30% Val66Met
in the caucasian population). It has recently been shown
that this polymorphism dramatically alters the intracellular
trafficking and packaging of pro-BDNF in rats and, thus the
regulated secretion of the mature peptide.* In humans, the
BDNF Val66Met polymorphism is known to have func-
tional consequences in healthy subjects, including reduced
recall capacity with regard to episodic memory.*”

Recently, the noninvasive induction of neuroplastic
processes by transcranial stimulation techniques has been
frequently implemented for the functional improvement of
diseases and for enhancing cortical functions. The most
well-known method currently used to influence motor
cortex (M1) excitability of the brain is repetitive transcranial
magnetic stimulation (rTMS)6; extended to the more effi-
cient variant termed “theta burst stimulation” (TBS), which
is a patterned rTMS paradigm.” Memantine can block the
facilitatory after effect of intermittent TBS (iTBS) suggest-
ing that the effects of iTBS rely on NMDA-receptor poten-
tiation.® A different approach to inducing global/nonfocal
plasticity is based on a modulatory technique: transcranial
direct current stimulation (tDCS). The tDCS represents
the other end of the spectrum; by delivering subthreshold
stimuli in the form of a continuous electric current, it polar-
izes neuronal membranes and alters the spontaneous activity
of neurons. The tDCS induces long-lasting changes in
cortical excitability in a reversible manner. M1 excitability
is enhanced by anodal and decreased by cathodal stimula-
tion.”!" The after effects of DC stimulation on motor
evoked potentials (MEPs) are abolished for both anodal
and cathodal polarities using NMDA receptor antagonists,
such as dextromethorphan. Mechanisms of action may
involve changes in the synaptic efficacy of excitatory
projections synapsing onto corticospinal neurons (for
a recent reviewlz). However, there is no effect of dextrome-
thorphan during tDCS, suggesting that the polarization of
neurons is the key feature during this period. The Na™*

channel antagonist carbamazepine blocks the effect of
anodal tDCS on MEPs both during and after stimulation,
and this is in line with the idea that anodal tDCS depolarizes
neurons by increasing Na " ion influx. Nevertheless, carba-
mazepine had no effect on MEP amplitudes after cathodal
tDCS, indicating that K* channel-dependent hyperpolariza-
tion of the membrane may play a vital role.

Transcranial random noise stimulation (tRNS) of the
human brain is a novel technique.'® During tRNS, a random
electrical oscillating spectrum is applied over the M1. The
tRNS induces excitability increases lasting up to 60
minutes poststimulation. The tRNS-induced plasticity is
understood to be modulated by the continual activation
and rectification of voltage-gated sodium channels.'* Other
proposed mechanisms of action include a modifying of the
signal-to-noise ratio in the central nervous system.

A recent study'” found that the responses of Met allele
carriers were generally showing a decreased response to
three different stimulation protocols: TBS, homeostatic
plasticity in the tDCS/1 Hz rTMS model,'® paired associa-
tive stimulation (PAS),'” compared with the response of
Val66Val individuals.

In the current study, we have followed up these
observations in a larger subject population using a retro-
spective genotyping cross correlated with findings of
previous studies conducted with our laboratory, exploring
the impact of BDNF polymorphisms on MI1 plasticity
induced by anodal/cathodal tDCS and tRNS, which are
modulatory stimulation approaches on the one hand, and
iTBS, an activity-inducing protocol, on the other. The
data suggest that depending on the specific plasticity induc-
tion protocol, BDNF polymorphisms produce clearly
discernable quantitatively and qualitatively different
results. This suggests that there exists a putative link
between the expression of particular polymorphisms in
the human central nervous tissue, and the observable after
effects of transcranial electrical stimulation methods.

Materials and methods

Subjects

Altogether, the data of 64 healthy volunteers participating
in 87 experimental sessions (36 men; age range: 19-42
years) were included in this retrospective analysis study
after giving written informed consent. Demographical data
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Table 1 Demographics of volunteers included in experiments

Demographic iTBS Anodal tDCS Cathodal tDCS tRNS

Genotype Val/Val Val/Met Val/Val Val/Met Val/Val Val/Met Val/Val Val/Met
No. of subjects 10 5 14 10 11 8 21 8

Age range (y) 21-32 20-29 20-28 23-31 20-31 23-31 20-39 21-31
Female/male 7/3 3/2 7/7 4/6 5/6 3/5 11/10 5/3
are presented in Table 1. None of the subjects had any tRNS

neurologic/psychologic  disorders, none had metallic
implants or implanted electric devices, or took any medica-
tions regularly. All subjects were right handed.'® We
conform to the Declaration of Helsinki (last modified in
2004), and the experimental protocol was approved by
the Ethics Committee of the University of Gottingen.
Unfortunately, because of the retrospective nature of the
study, not all the participants gave blood, especially those
who had already participated in previously published studies
conducted by our laboratories. Some of the subjects were
already unavailable or refused to participate in the genotyp-
ing study. Furthermore, not all the subjects participated in
all the stimulation conditions. Therefore, the number of
subjects in the different experimental sessions is diverse.

BDNF genotyping

Whole blood was taken into EDTA tubes and DNA was
extracted using standard procedures. Primer sequences and
polymerase chain reaction (PCR) conditions are available
on request. The PCR was checked for success on an
agarose/2 x TBE gels. Restriction fragment length poly-
morphism (RFLP) analysis was performed by digesting the
PCR product with the restriction enzyme Hsp92Il. RFLP
conditions are available on request. Restriction products
were electrophoresed on a 2% agarose gel and visualized
using a transilluminator and ethidium bromide staining.
After digestion, the Val allele (G) gave two fragments, 57
and 217 bp, whereas the Met allele (A) gave three, 57,
77, and 140 bp. The 64 participants were genotyped as
follows: 46 participants were found to be homozygous for
the Val allele (Val66Val), 15 were Val66Met heterozygotes,
and 3 were homozygous for the Met allele. The Met homo-
zygotes were not included in the study, as only two partic-
ipated in one of the studies.

Electrical and magnetic stimulation: tRNS, tDCS,
and iTBS

Electrical stimulation was delivered by a battery-driven
electrical stimulator (DC-Stimulator-Plus, NeuroConn
GmbH, Ilmenau, Germany) through conductive-rubber
electrodes, placed in two saline-soaked sponges. The
stimulation electrode was placed over the left M1, which
was determined by single-pulse TMS. The reference
electrode was placed over the contralateral orbit. The
stimulation intenisty was 1 mA.

Twenty-nine subjects participated in this study (8 hetero-
zygotes). In the stimulation mode “noise,” there is a random
level of current generated for every sample.'? The random
numbers are normally distributed; the probability density
function follows a bell-shaped curve. In the frequency spec-
trum, all coefficients have a similar size. The noise signal
contains all frequencies up to half of the sampling rate,
namely, a maximum of 640 Hz. The size of the stimulation
electrode was 4 x 4 cm and the reference electrode was 6 x
14 cm. The tRNS was applied for 10 minutes.

tDCS

Twenty-four subjects participated in this study (24 anodal
stimulations were performed, including 10 heterozygotes
and 19 cathodal stimulations, including 8 heterozygotes).
Here, the electrode size was 5 x 7 cm. Stimulation was
performed for 7-9 and 13 minutes (for anodal and cathodal
stimulation, respectively).”"!

iTBS

Fifteen subjects participated in this study (5 heterozygotes).
iTBS was applied using a Magstim Super Rapid (Magstim
Company, Whiteland, Wales, UK) with a standard, figure-
of-eight coil and MagPro stimulator (Medtronic, Denmark)
with an outer half-coil radius of 75 mm, with a posterior-
anterior-posterior current flow in the coil. Stimulus inten-
sity was 80% of active motor threshold (AMT). AMT was
defined as the lowest stimulus intensity at which three of
six consecutive stimuli elicited reliable MEP (~200 pV in
amplitude) in the tonically contracting the right first dorsal
interosseus (FDI) or the abductor digiti minimi (ADM)
muscle.'” The pattern of rTMS consisted of bursts contain-
ing three pulses at 50 Hz repeated at 200-millisecond inter-
vals (i.e., at 5 Hz). A 2-second train of TBS was repeated
every 10 seconds for a total of 190 seconds (600 pulses).’

Experimental design

Subjects were seated in a comfortable reclining chair with
a mounted headrest throughout the experiments. Within
each type of experimental session, the measurements were
always performed by the same experienced investigator.
The experiments were performed during daytime (8:00-
18:00) hours. The blood sampling was performed on
nonexperimental days, and the time between the last
experimental session and the taking of blood samples was
between 1 day and 2 months. To detect current-driven
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changes in excitability, MEPs of the right ADM or FDI
were recorded after stimulation of its motor-cortical
representation using single-pulse TMS. These were induced
using a Magstim 200 or using MagPro stimulator magnetic
stimulator (previously described), with a figure-of-eight
standard magnetic coil (diameter of one winding, 70 mm).
Surface electromyography (EMG) was recorded from the
right FDI and ADM muscle through a pair of Ag-AgCl
electrodes in a belly-tendon montage. Raw signals were
amplified, band-pass filtered (2 Hz-3 kHz; sampling rate 5
kHz), digitized with a micro 1401 AD converter (Cam-
bridge Electronic Design, Cambridge, UK) controlled by
Signal Software (version 2.13). Complete relaxation was
controlled through visual feedback of EMG activity. The
coil was held tangentially to the skull, with the handle
pointing backward and laterally at 45° from the midline,
resulting in a posterior-anterior current flow direction in the
brain. The optimum position was defined as the site where
TMS resulted consistently in the largest MEP in the resting
muscle.

The intensity required to evoke a MEP of approximately
1 mV peak-to-peak amplitude (SI 1 mV) and a baseline of
TMS-evoked MEPs (40 stimuli) were recorded at 0.25 Hz
before stimulation. After plasticity-inducing stimulation, 40
single test-pulse MEPs were recorded at 0.25 Hz, that is,
approximately 0 minute and then every 5 minutes up to 30
minutes poststimulation and finally at 60 minutes.

Data analyses

Repeated measures analysis of variances (ANOVAs) with
the between subject factor GENOTYPE, the within subject
factor TIME (0, 5, 10, 15, 20, 25, 30, and 60 minutes
poststimulation), and the dependent variable MEP amplitude
were used to compare the effect of induced neuroplasticity
and different stimulation methods among individuals. Base-
line-normalized data were used. Effects were considered
significant if P < .05. Reported P values associated with the
F statistics are adjusted via the Greenhouse-Geisser correc-
tion (df values are rounded). Post hoc Student #-test (indepen-
dent) was performed whenever the genotype or the
interaction was significant. In addition, a Student #-test was
used to compare baseline with poststimulation MEP ampli-
tudes within one condition and considering only one geno-
type. The results were not Bonferroni corrected for
multiple testing. All data are given as means =SEM.

Results
iTBS
In this experiment we tested whether the Val/Met poly-

morphism in the BDNF gene affected the response to iTBS.
The normalized MEP data from 15 individuals are plotted

in Figure 1. The ANOVA of the normalized data revealed
a significant main effect of GENOTYPE (F; ;3 = 10.08;
P < .001) and TIME (F45, = 2.88; P = .03; Epsilon =
0.57). The GENOTYPE x TIME interaction was not signi-
ficant (F45, = 0.95; P = .44; Epsilon = 0.57). There was
a significant increase in MEPs after iTBS in the Val66Val
individuals during the first 25 minutes (2.67 x 4.75,
P < .03 at all timepoints), but not in the Val66Met group.

tDCS

Here, we tested whether the Val/Met polymorphism
affected the response to anodal/cathodal tDCS. With regard
to anodal stimulation two-way ANOVA of the normalized
data revealed no significant main effect of GENOTYPE
(F122 = 247; P = .13) and TIME (F5,, = 2.12; P = .08;
Epsilon = 0.56); however, the GENOTYPE x TIME inter-
action was significant (Fs ;. = 2.38; P = .05; Epsilon =
0.56) (Figure 2). The excitability difference was significant
at 25 (P = .04) and 60 (P = .02) minutes poststimulation.

A Changes in cortical excitability induced by iTBS

normalised MEPs
-
.

0,9
0,8
0,7
0,6
0 min 10 min 20 min 30 min
5 min 15 min 25 min 60 min @ valival
. ‘W val/met
time
B Individual MEP amplitudes after iTBS

24

Normalised MEPs

e Omin 5S5min 10min 15min 20 min 25 min 30 min 60 min
time
Figure 1 A, Effect of BDNF Val66Met polymorphism on

cortical excitability in response to iTBS. There was a significant
increase in MEPs after iTBS in the Val66Val individuals, but
not in the Val66Met group. Data are mean (=SEM) peak-to-
peak amplitudes of MEP. B, Individual MEPs after iTBS.
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There was a significant increase in MEPs after anodal tDCS
in both groups but the excitability enhancement was more
pronounced in the Val66Met group (Val/Val group: during
the first 20 minutes 2.39 x 4.65, P < .03; Val/Met group:
during the first 60 minutes 2.67 x 4.79, P < .01 at all
timepoints).

With regard to cathodal stimulation, two-way ANOVA
of the normalized data revealed no significant main effect
of GENOTYPE (F, 7 = 1.3; P = .2); however, the TIME
was significant (F4 70 = 5.5; P = .005; Epsilon = 0.59).
The GENOTYPE x TIME interaction was not significant
(F470 = 1.5; P = .22 Epsilon = 0.59). There was a signif-
icant decrease in MEPs after cathodal tDCS in both groups.
However, when the poststimulation MEP amplitudes were
compared with baseline MEPs, the induced cortical inhibi-
tion was more pronounced in the Val66Met group than in
the Val66Val group (Val/Val group: during the first 20

Changes in cortical excitability induced by anodal tDCS
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Figure 2  Effect of BDNF Val66Met polymorphism on cortical
excitability in response to cathodal and anodal tDCS. There was
a significant increase in MEPs after anodal tDCS in both groups
and excitability enhancement was more pronounced in the Val66-
Met group. With regard to the cathodal effect, there was a signifi-
cant decrease in MEPs after cathodal tDCS in both groups
showing a tendency to being stronger in the Val66Met group.

Data are mean (£SEM) peak-to-peak amplitudes of MEP.

minutes 2.38 x 7.72, P < .03; Val/Met group: during the
first 30 minutes 3.38 x 9.91, P < .003).

tRNS

In this study, we tested whether the Val/Met polymorphism
in the BDNF gene affected responses to tRNS. The data
from 29 individuals are plotted in Figure 3. ANOVA of
the normalized data revealed no significant main effect of
GENOTYPE (F 57 = 0.02; P = .88), and TIME (F3g3 =
0.8; P = .48; Epsilon = 0.441). The GENOTYPE
TIME interaction was not significant (F3g3 = 0.6; P
.59; Epsilon = 0.441). There was a significant increase in
MEPs after tRNS in both groups (Val/Val group: during
all timepoints 2.89 x 5.43, P < .003; Val/Met group: except
the 25 minutes at all timepoints 2.50 x 3.42, P < .02).

I x

Discussion

Each laboratory studying neuroplasticity induced by trans-
cranial stimulation methods is aware of “responders” and
“nonresponders,” frequently attributed to their ability to
completely relax. Indeed, the state of preinnervation plays
a central role in inducing plastic after effects.”® Recently
new light has been shed on a healthy individual’s response
to external stimulation by drawing attention to the individ-
ual’s genetic state. The current data from our retrospective
genotyping study confirm and extend existing results'’
demonstrating that the response of healthy subjects to
cortical plasticity-inducing protocols used in M1 is associ-
ated with polymorphisms in the BDNF genotype and that it
might be appropriate to choose the type of stimulation (e.g.,
stimulation — TBS/PAS versus modulation — tDCS/tRNS)
according to the individual’s genetic state.

Changes in cortical excitability induced by tRNS
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Figure 3  Effect of BDNF Val66Met polymorphism on cortical
excitability in response to RNS. There was a significant increase
in MEPs after tRNS in both groups. Data are mean (=SEM)
peak-to-peak amplitudes of MEP.
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With regard to TBS, continuous TBS (cTBS) induces
inhibitory and iTBS induces facilitatory plasticity in non-
genotyped healthy controls.” In genotyped Val66Val indi-
viduals,15 iTBS facilitates MEPs for 30 minutes; however,
the after effects of iTBS are reduced or absent in subjects
carrying the Met allele of the BDNF gene. Our results
confirm these data. This genetically driven difference in
the efficacy of rTMS to induce plasticity seems to be rele-
vant for therapeutic application. A recent study investigated
the role of the BDNF polymorphism in response to rTMS in
a group of 36 patients affected by mood disorders.”’ rTMS
treatment significantly improved depression symptom-
atology and the response was significantly greater in
Val66Val homozygotes when compared with Mer allele
carriers. It is likely that Mer carriers are less susceptible
to the effects of iTBS/fTMS than the Val66Val individuals.
This might arise because Val66Met individuals lack any
response to rTMS/iTBS and/or they have a higher threshold
with regard to the stimulation intensity/duration relation
and the induced after effects.

The foremost new finding presented in this study
addresses the opposing effects of tDCS in the Val66Met
individuals when compared with iTBS. Indeed, we
observed that the effects of DC stimulation were more
pronounced in Met66Val individuals than in Val66Val
subjects. Only one previous study has examined the rela-
tionship between BDNF genotyping and the characteristic
after effects of tDCS." In this study, a metaplastic condi-
tioning protocol was used, in which 10- minute cathodal
tDCS was followed by 900 subthreshold TMS pulses at 1
Hz.'® In this study, cathodal tDCS produced the same
amount of LTD-like suppression of corticospinal activity
in all subjects. In addition, we did not observe any differ-
ence between homo- and heterozygotes immediately post-
stimulation, but did 20-50 minutes later. Similar to anodal
tDCS, we have observed facilitation post-tRNS (which is
the normal phenomenon described in a nongenotyped pop-
ulation'?) in both groups. However, this tRNS after effect
appears less robust concerning genetic BNDF variants
(compared with the anodal effect), which may be accounted
for by differing mechanisms of activation. The tDCS
modifies the transmembrane neuronal potential directly,
thus modulating the firing rate of individual neurons.*” In
contrast, tRNS may possibly interfere with ongoing oscilla-
tions and neuronal activity in the brain through the activa-
tion of sodium channels by high-frequency stimulation.'*
These two methods have more a “modulatory” effect as
opposed to the “stimulatory” effects of PAS and rTMS/
TBS. PAS comprises slow-rate repetitive low-frequency
median nerve stimulation combined with TMS over the
contralateral M1. Concerning PAS, in Val66met subjects,
the stimulation produced no significant increase in MEP
amplitude.'” Similarly, with regard to iTBS/cTBS, there
were no MEP increase (iTBS) and decrease (cTBS)
poststimulation in the Val66Met individuals. This demon-
strates that “modulatory” methods and “stimulatory”

(or subthreshold/suprathreshold stimulation) methods act
on different neural circuits; they possess different pre-
and postsynaptic effects, which are differentially responsive
because of the BDNF polymorphism, and may have a signif-
icant effect on BDNF release. BDNF has been shown to
elicit pronounced effects on quantal neurotransmitter
release at the synapse through presynaptic mechanisms.*
BDNF modifies the strength of neuronal connections by
“fine-tuning” synaptic activity and improving signal-
to-noise ratio through direct actions at presynaptic termi-
nals. With regard to the possible mechanism of the
pronounced tDCS after effects in Val66Met individuals,
this potentially means less “noise reduction” in the Met
allele carriers.

In addition to these mechanisms, we could also consider
that the different types of stimulation act differentially on
pro-BDNF release depending on their primary molecular
“hot spot,” and therefore the extracellular equilibrium of
pro-BDNF-mBDNF might be also altered.**

Previous studies have suggested that BDNF polymor-
phisms have both anatomic and functional/behavioral
consequences in healthy human populations. Egan et al.*
reported that when compared with Val66Val subjects, Met
carriers have smaller hippocampal volumes and reduced
grey matter in the frontal cortex. Furthermore, in behavioral
studies, Met66Met homozygotes have impaired episodic
memory, whereas Val66Met heterozygotes had impaired
recognition accuracy of visual scenes in a declarative
memory task. Hariri et al.*> reported that Met carriers
exhibit relatively diminished hippocampal engagement
and impairment of performance in comparison to Val
homozygotes during both encoding and retrieval processes
in a declarative memory task. In a functional/behavioral
study single-pulse TMS has been used to demonstrate
that the BDNF genotype is associated with dynamic
changes in excitability of the M1, that occur after practicing
a motor task.”® The authors found that in healthy subjects
with a Val66Met polymorphism, training-dependent
increase in the amplitude of MEPs was reduced. However,
it was also found that the BDNF Val66Met polymorphism
is not associated with variation in working memory in
healthy adolescents.”’ This study examined a large sample
(n = 785) of adolescent twin-pairs and siblings. A range of
measures (event-related potential, general performance, and
reaction time) obtained from a delayed-response working-
memory task showed no correlation between genotype
and working memory performance in the given task.

Although many studies report well-characterized inter-
actions of BDNF and transcranial electrical stimulation on
memory function and retrieval, there are tentative studies
demonstrating the role of BDNF and motor behavior. In
a recent study by Ploughman et al.,”® rats showed signifi-
cant recovery of skilled reaching, observed in a staircase
task, after sustaining focal ischemia. Levels of BDNF
known to increase are exercise and exposure to an enriched
environment in both animal and human models.***° Studies
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in animal models suggest that there exists a link between
the ability to recover motor function during rehabilitation
after a physical trauma that can be potentially transferable
to human models of rehabilitation postinjury. Another
recent study reports that BDNF promotes synaptic stability
through the modulation neuronal firing patterns, which
suggests that BDNF may play an integral role in the rear-
rangement of synaptic circuitry post injury and during
rehabilitation.™

Many previous studies have pointed out the variability of
individual responses to rTMS/tDCS protocols. A number of
factors have already been described that may contribute to
intraindividual variation, such as the subject’s age,’’
gender,” circadian rhythmicity,” the menstrual cycle,**
or the prior history of brain activation.’>*® Indeed, the state
of preinnervation plays a central role in inducing plastic
after effects.”® According to other reports including our
current work, it is a well-established notion that polymor-
phisms in the BDNF gene can directly influence synaptic
plasticity in the adult human brain. Therefore, it would
be useful to include this variable as a potential cofactor
in the analysis of the behavioral/physiologic data. In addi-
tion, it raises the question as to whether this polymorphism
is responsible for the inefficacy of rTMS/tDCS treatment in
some neurologic populations. Certainly, in addition to the
Val66Met single nucleotide polymorphism, we have to
consider that other variants of the polymorphism (not just
the alleles) may also be responsible for the differences
that we can see in the responses to stimulation after
effects.’” Not only BDNF variants, but the interplay
between other genes within the same loci may have
a pronounced effect on the stability and size of MEP ampli-
tudes, which in turn, may exert effects on the anticipated
after effects poststimulation. At present, approximately
100 candidate genes influencing human brain functions
and cognition have been reported.®® In addition, the
involvement of neurotransmitter receptors'® might also be
associated with a given allele, and therefore varying proto-
cols might be differentially affected by polymorphism-
dependent neuronal plasticity. Furthermore, it is not yet
known whether BDNF receptors (TrkB and p75) are ubig-
uitously expressed throughout the cortex, as they are in
body tissues.

The limitation of our study is that it is a retrospective
analysis, and therefore the number, age, and gender
distribution of the homo- and heterozygote groups were
not matched. However, the subjects were within the same
age-range and the ratio of females/males was not signifi-
cantly different between the two populations. Therefore,
the current results should be considered as preliminary and
need to be replicated and validated in a dedicated prospec-
tive study. Although our findings support the role of BDNF
as a major modulator of cortical plasticity in humans,
further work needs to be performed to fully understand
the direct influence of BDNF and its variants on mecha-
nisms of neuronal plasticity. Currently, there exists only

a single study demonstrating the effects TMS on the expres-
sion of c-Fos and BDNF, and although this study also
supports the causative link between BDNF and electrical
stimulation,™ more specific work on animal models needs
to be performed to further define this relationship.
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2.7 Frequency-dependent electrical stimulation of the visual

cortex

Kanai R, Chaieb L, Antal A, Walsh V, Paulus W. Curr Biol. 2008;18(23):1839-43.

In this study tACS was applied over the occipital cortex to ascertain whether the
oscillating current could interfere with the ongoing cortical rhythmicity. It was observed
that the effects of delivering tACS at 1mA in light and dark conditions modulated the
perception of phosphenes, and that tACS delivered over the visual cortex in the beta
range during the light condition, was most effective in inducing the perception of
“flickering lights’. However, when the frequency range of the stimulation was shifted to
the alpha range during the dark condition, the intensity of the ‘flickering light’ sensation
increased. This study indicates that tACS has the potential to entrain ongoing cortical

rhythms to an externally applied electrical current.
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Summary

Noninvasive cortical stimulation techniques, such as trans-
cranial magnetic stimulation (TMS) [1, 2] and transcranial
direct current stimulation (tDCS) [3-6], have proved to be
powerful tools for establishing causal relationships between
brain regions and their functions [1, 2]. In the present study,
we demonstrate that a new technique called transcranial
alternating current stimulation (tACS) [7] can interact with
ongoing rhythmic activities in the visual cortex in a fre-
quency-specific fashion and induce visual experiences
(phosphenes). We delivered an oscillatory current over the
occipital cortex with tACS. In order to observe interactions
with ongoing cortical rhythms, we compared the effects of
delivering tACS under conditions of light (“Light” condition)
or darkness (“Dark” condition). Stimulation over the occipi-
tal cortex induced perception of continuously flickering light
most effectively when the beta frequency range was applied
in an illuminated room, whereas the most effective stimula-
tion frequency shifted to the alpha frequency range during
testing in darkness. Stimulation with theta or gamma fre-
quencies did not produce any visual phenomena. The shift
of the effective stimulation frequency indicates that the fre-
quency dependency is caused by interactions with ongoing
oscillatory activity in the stimulated cortex. Our results sug-
gest that tACS can be used as a noninvasive tool for estab-
lishing a causal link between rhythmic cortical activities
and their functions.

Results and Discussion

Various frequencies of rhythmic activities are observed in the
brain across many species [8]. Oscillatory synchrony plays
an essential role in visual attention and perception by dynam-
ically modifying neuronal interactions between brain regions
[9-11]. In humans, brain activity measured with electroenceph-
alography (EEG) on the scalp and intracranially recorded local
field potentials exhibit typical oscillatory activities at various
frequencies. We therefore sought to use frequency-specific
brain stimulation to entrain oscillatory activity in the visual cor-
tex. We predicted that weak alternating current applied over

*Correspondence: kanair@gmail.com

the scalp would be able to entrain specific EEG frequency
bands and induce phenomena specifically related to the
functions of a stimulated region and its oscillatory activities.
Indeed, a recent study has shown that transcranial application
of oscillatory potentials at a low frequency (0.75 Hz) during
slow-wave sleep can enhance the consolidation of declarative
memory [12].

It is known from tDCS studies that polarization of cortical
neurons with transcranially applied electric currents modu-
lates excitability of visual areas under the stimulation electrode
[13, 14]. Thus, we expected that tACS would also be able to
stimulate those areas with the same electrode montages and
chose those areas as our target stimulation sites for phos-
phene induction with tACS. The question of particular interest
here is whether phosphene induction would show any physio-
logically meaningful dependency on stimulation frequency.
Thus we used a broad range of parameters, including the theta
(4-8 Hz), alpha (8-14 Hz), beta (14-22 Hz), and gamma (> 30 Hz)
ranges. Because EEG displays distinct patterns of dominant
frequency as a function of the presence or absence of visual
input, we conducted the experiments both in the light and in
the dark. Alpha activity recorded over early visual areas is
dominant during eyes-closed or in-the-dark resting condi-
tions, whereas in eyes-open, in the light, alpha is suppressed
and is replaced by brain activity at higher frequencies, such
as the beta range [15-18]. Therefore, differences in the effec-
tive tACS stimulation frequencies between the two lighting
conditions would be indicative of an interaction between
ongoing and induced oscillatory activity. In order to character-
ize the frequency dependency of tACS over the visual cortex,
we measured both subjective and objective measures of cor-
tical excitability by phosphene ratings and threshold measure-
ments, respectively.

To stimulate early visual areas, a small stimulation electrode
was placed 4 cm above the inion and a large reference elec-
trode was placed over the vertex (see Supplemental Experi-
mental Procedures, available online). A larger electrode was
used for the reference, in order to minimize the current density
under the reference electrode [19].

Eight healthy observers (four male, four female) participated
in an experiment in which they were asked to rate the presence
or absence and the strength of a tACS-induced phosphene at
frequencies ranging from 4 Hz to 40 Hz. The experiment was
conducted as follows: First, we familiarized the observers
with the appearance of phosphenes in the light by applying
16 Hz tACS at a current strength of 1000 pA (the maximum cur-
rent density at the stimulation electrode corresponded to
83 pA/cm?). This stimulation was used as the comparator for
both phosphene induction in both Light and Dark conditions,
with various combinations of stimulation intensity and fre-
quency (see Supplemental Experimental Procedures).

Observers were unaware of the stimulation frequency on any
trial, and frequency was randomized within current intensities.
For each frequency, observers were tested both in the light
and in the dark (each about 5 s), consecutively, and were
asked to give a rating for the phosphenes in each condition.
We alternated the Light and the Dark conditions to avoid
buildup of adaptation to darkness across trials [20], given
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Figure 1. Phosphene Ratings of tACS over Early Visual Cortex

(A) Mean ratings for phosphene strength in the Light condition. Each line
corresponds to the rating results for different stimulation intensities (see
inset). The error bars correspond to one standard error of the mean (SEM).
(B) Mean ratings for phosphene strength in the Dark condition.

that slow adaptation to darkness is known to change sensitiv-
ity to TMS-induced phosphenes [21]. After their report of the
presence and strength of phosphenes, observers were also
asked to describe the phosphene(s) qualitatively.

Phosphene Rating

In the Light condition, phosphenes were most prominent with
tACS in a frequency range of 14 Hz to 20 Hz (Figure 1A), which
corresponds to the intermediate beta frequency of the EEG.
The perception of phosphenes was also restricted to the
beta range when tACS was applied at a weaker intensity
(e.g., 250 pA and 500 pA).

When tACS was applied at a high intensity (1000 pA) within
the beta range, flickering phosphenes were continuously per-
ceived. When tACS was delivered in darkness, the strongest
phosphenes were reported during stimulation at alpha fre-
quencies (10 Hz-12 Hz). The beta frequency stimulation, which
was most effective in the Light condition, did not produce
phosphenes as strong as those seen in the Light condition. In-
stead, stimulations at alpha frequencies produced stronger
phosphenes in the Dark condition (mean rating of 0.92
0.20 SEM) than in the Light condition (0.23 + 0.07 SEM) (T(7) =
3.24, p < 0.01). This shift of the optimal stimulation frequency
suggests that the effectiveness of tACS is related to the exist-
ing physiological state rather than to the stimulation properties
per se. The alpha range is the most dominant frequency in EEG
in the absence of visual input [15-18]; thus, it seems that tACS
most effectively induces the perception of phosphenes when it

is delivered at the known dominant frequency of the area being
stimulated.

A three-way repeated-measures ANOVA showed a main
effect of stimulation intensity (F(2,14) = 34.4, p < 0.001), stimu-
lation frequency (F(11,77) = 15.2, p < 0.001), and lighting con-
dition (F(1,7) = 21.5, p < 0.01). There was a significant interac-
tion between stimulation frequency and lighting condition
(F(11,77) = 13.2, p < 0.001), supporting the shift of the peak
between the Light and Dark conditions. Other interactions
were not significant.

During their observations of phosphenes, observers fre-
quently reported qualitatively different phosphenes in the
Dark condition. Whereas the phosphenes in the Light condi-
tion were perceived as flickering rapidly, phosphenes in the
Dark condition were reported to be more diffuse and slowly
oscillating. Also, for frequencies at which phosphenes were
reported in both Light and Dark conditions, observers reported
different positions and orientations of the phosphenes
depending on the lighting condition. These observations sug-
gest that the tACS might interact with the visual cortex in a
qualitatively different manner depending on the presence or
absence of visual stimulation.

Phosphene Thresholds

In a second set of experiments, we measured the threshold
stimulation intensity required for induction of a phosphene
with a probability of 50%. Four naive observers (two females
and two males) participated in this study. As in the phos-
phene-rating experiment, two lighting conditions (Light and
Dark) and twelve stimulation frequencies (4 Hz-40 Hz) were
examined. A threshold was estimated for each of the 48 test
conditions with the use of a modified-binary-search adaptive
staircase [22].

The results are shown in Figure 2. Consistent with the phos-
phene-rating experiment, thresholds were lowest in the beta
frequency range during testing in the Light condition. During
testing in the Dark condition, the most sensitive frequency
shifted from the beta range to the alpha range: the most effec-
tive frequency was 20 Hz in the Light condition, whereas it
shifted to10 Hz in the Dark condition.

These results are consistent with the results of the phos-
phene-rating experiment. For stimulation conditions in which
observers reported a strong phosphene, the thresholds were
low. However, there was a small discrepancy in these two
measurements. In the threshold-measurement experiment,
the most effective frequency in the Light condition was
20 Hz, whereas it was slightly lower (16 Hz-18 Hz) in the phos-
phene-rating experiment. The most effective frequency in the
threshold-measurement experiment in the Dark condition
peaked at 10 Hz, whereas the peak for the phosphene-rating
experiment was 12 Hz.

Thus far, we have shown in two experiments that the most
effective stimulation frequency changes depending on the
lighting condition. In the Light condition, the most effective
tACS frequency corresponded to the beta range in the EEG,
whereas it shifted to the alpha range in the Dark condition.
This shift corresponds to the known shift of the dominant
EEG frequency [15-18] and supports the idea that tACS inter-
acts with the ongoing oscillatory activities measured in EEG.

Appearances of Phosphenes

In order to gain insight into the perception of phosphenes, we
conducted a separate experiment in which observers were
asked to draw the positions and the shapes of phosphenes.



Alternating Current Stimulation of Visual Cortex

>

Oz stimulation (Light)

-
(%]
[=}
[=]

12501

=
(=)
o
[=]

~
o
(=]

o
[=}
=]

Phosphene Threshold (uA)
g
fant

o B Y

10 15 20 25 30 35 40 45
tACS frequency (hz)

o

(=]
wm

B
Oz stimulation (Dark)

<1500 ===
3
T 1250}
o
G
@ 1000}
£
< 7500
c
2 500}
[= %
8
=0 g «a B v

O %o 5 20 25 30 35 40 45

tACS frequency (hz)

Figure 2. Thresholds for Phosphene Induction

(A) Mean phosphene thresholds in the Light condition. The error bars corre-
spond to one standard error of the mean (SEM).
(B) Mean phosphene thresholds in the Dark condition.

In particular, the position of the phosphene is informative
regarding the cortical regions stimulated by alternating cur-
rent, because the retinotopic organization of early visual areas
is well understood [23, 24]. We obtained drawings of phos-
phenes induced by occipital stimulation in Light and Dark con-
ditions. To maximize the clarity of phosphenes, we used a stim-
ulation frequency of 18 Hz for the Light condition and 10 Hz for
the Dark condition.

The drawings of phosphene regions were obtained from six
naive observers (Figure 3). All observers reported phosphenes
in the periphery of the visual field. The point of phosphenes
nearest to fixation was about 15°-20° away. Unlike phos-
phenes induced by TMS over V1 [25], the phosphenes induced
by occipital stimulation were not restricted to the lower visual
field; they appeared in both the upper and lower visual fields. In
the Dark condition, the phosphene regions generally increased
in size.

The fact that phosphenes were reported in the far peripheral
vision suggests that tACS stimulated the anterior part of the
visual cortex on the medial wall, where the peripheral parts
of the visual field are represented. This suggests that current
flowed mostly in the cerebrospinal fluid between the two hemi-
spheres and entered the cortex from the anterior part of the
visual cortex. Given that the conductivity of cerebrospinal fluid
(CSF; 1.25~1.79 S/m,) is roughly 3-5 times as high as that of
the cortical tissues (white matter 0.25 S/m ~0.48 S/m; gray
matter 0.28 S/m ~ 0.7 S/m) [26-28], it is plausible that current
flows in the CSF along the medial wall until it is blocked by
the posterior part of the corpus callosum (splenium). The
idea that current flows primarily along the CSF will be a useful
guide in targeting other cortical areas with tACS. However, this
needs to be further confirmed with functional brain imaging
and neuronal modeling.

In the literature on intracranial electrical stimulation of the
visual cortex, most studies have used repetitive pulses with
various frequencies and pulse durations [29-32]. In the visual
cortex, it has been shown that perceived brightness of phos-
phenes increases monotonically as the frequency of pulses
increases up to 200 Hz [33]. In the motor cortex, the threshold
for evoking a motor response decreased with the frequency of
pulsed stimulation up to 90 Hz and then increased for higher
frequencies [34]. Thus, experiments with intracranial pulsed
stimulation generally show a monotonic increase in efficacy
within the frequency range used in our study (i.e., < 40Hz),
whereas our stimulation method showed nonmonotonic fre-
quency dependency.

Although it is difficult to estimate current density at the sur-
face of the visual cortex in our tACS experiments, it is clear that
the intensity required for stimulation of the cortical surface via
tACS is considerably lower than that required for pulsed stim-
ulation of the cortical surface. For example, in Dobelle and
Mladejovsky’s study [31], the thresholds for 50 Hz pulse stim-
ulation on the pial surface were estimated to be on the order of
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Figure 3. Drawings of Phosphenes
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The stimulation frequency was 18 Hz for the Light condition and 10 Hz for the Dark condition. The stimulation intensity was 1000 pA. The phosphenes are
represented as the gray regions. Each column corresponds to one observer. The upper panels show the drawings of the phosphenes in the Light condition,
and the lower panels show the drawings of the phosphenes in the Dark condition.
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1000~ 5000 pA in the visual cortex. Given the volume conduc-
tion of the scalp and skull, as well as the distance between
stimulation electrode and stimulated cortical surface, in our
study, the current that reached the surface of the cortex
must be much smaller than that of the studies with pulsed
stimulation on the pial surface.

In earlier studies of transcranial electric stimulation (TES),
brief, high-voltage electric shocks were used to stimulate the
cortex [35-37]. In those studies, much stronger current inten-
sity was required for induction of the perception of phos-
phenes (800 V, with a peak current of 50 A), as compared to
our present study (5-15 V, with a peak current of 1.0-1.5 A).
This suggests that the visual cortex is more sensitive to elec-
trical stimulations at the frequencies observed in EEG; these
frequencies are presumably supported by the visual cortex
as a system for a given state (e.g., dark versus light).

The first study with tACS [7] attempted to stimulate the
motor cortex. However, the results were somewhat disap-
pointing; no effects of tACS were detected in various mea-
sures, such as changes in the MEP amplitude and EEG power.
The key differences in the present study are the larger stimula-
tion intensity and the larger number of frequencies. In [7], the
stimulation intensity was limited to 400 pA. However, this is
about the level of the threshold intensity for the optimal stimu-
lation frequency in our current study (see Figure 2). Therefore,
itis likely that positive effects will be observed in other cortical
areas when higher stimulation intensity is applied.

Ongoing rhythmic activities in the brain have been known
about for many years. Recent studies began finding roles for
such activities in attention and sensory awareness [18]. For
example, it has recently been shown that fluctuation of ongo-
ing alpha oscillation is related to excitability of the cortex and
accounts for trial-by-trial variability of perception to a constant
stimulus [38]. Our present technique offers the possibility of
directly modifying ongoing activities in given frequency bands
to influence behavioral responses by entraining or disrupting
such activities.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures and
can be found with this paper online at http://www.current-biology.com/
supplemental/S0960-9822(08)01396-1.
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2.8 Pergolide increases the efficacy of cathodal direct current
stimulation to reduce the amplitude of laser-evoked potentials

In humans

Terney D, Bergmann I, Poreisz C, Chaieb L, Boros K, Nitsche MA, Paulus W, Antal
A. J Pain Symptom Manage. 2008; 36(1):79-91.

Transcranial direct current stimulation (tDCS) has been shown to be effective in
inducing sustained excitability changes in the human cortex. In this study we aimed to
target the enhancement of D2 receptor potentiation by pergolide, shown to consolidate
tDCS induced decreases in excitability, to investigate the effect of tDCS on laser-
induced pain perception. The amplitude of the N2 component, an indicator of pain
perception in EEG- power, was significantly reduced following combined treatment
with cathodal tDCS and pergolide. Pergolide also prolonged this anti- nociceptive effect
for 24 hours poststimulation. This study demonstrates the potential application of tDCS

within a clinical setting for the treatment of pain syndromes.
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Abstract

Transcranial direct current stimulation (tDCS) was recently reintroduced as a tool for
inducing relatively long-lasting changes in cortical excitability in focal brain regions.
Anodal stimulation over the primary motor cortex enhances cortical excitability, whereas
cathodal stimulation decreases it. Prior studies have shown that enhancement of D2
receptor activity by pergolide consolidates tDCS-generated excitability diminution for up to
24 hours and that cathodal stimulation of the primary motor cortex diminishes
experimentally induced pain sensation and reduces the N2—P2 amplitude of laser-evoked
potentials immediately poststimulation. In the present study, we investigated the effect of
pergolide and cathodal tDCS over the primary motor cortex on laser-evoked potentials and
acute pain perception induced with a Tm:YAG laser in a double-blind, randomized,
placebo-controlled, crossover study. The amplitude changes of laser-evoked potentials and
subjective pain rating scores of 12 healthy subjects were analyzed prior to and following
15 minutes cathodal tDCS combined with pergolide or placebo intake at five different
time points. Our results indicate that the amplitude of the N2 component was
significantly reduced following cathodal tDCS for up to two hours. Additionally, pergolide
prolonged the effect of the cathodal tDCS for up to 24 hours, and a significantly lowered
pain sensation was observed for up to 40 minutes. Our study is a further step toward
clinical application of cathodal tDCS over the primary motor cortex using
pharmacological intervention to prolong the excitability-diminishing effect on pain
perception for up to 24 hours poststimulation. Furthermore, it demonstrates the potential
Jor repetitive daily stimulation therapy for pain patients. ] Pain Symptom Manage
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Introduction

In recentyears, invasive stimulation of the pri-
mary motor cortex (M1) for the treatment of
certain kinds of pain has attracted much inter-
est. The first widely accepted clinical method
for alleviating pain using cortical stimulation
was epidural electrical motor cortex stimula-
tion."* Recently, the most frequently investi-
gated noninvasive method so far is repetitive
transcranial magnetic stimulation (rTMS).
Studies of transcranial magnetic stimulation in
experimental and acute pain sensations have
produced encouraging outcomes.>* In spite
of the beneficial effects of rTMS, a new method,
transcranial direct current stimulation (tDCS)
has been favored in recent editorials.>®

Major advantages of tDCS as a tool for in-
ducing long-lasting changes of cortical excit-
ability and activity in focal brain regions is
that it acts reversibly, painlessly, and safely.”
Primarily, it causes polarity-dependent shifts of
the resting membrane potentials and conse-
quently changes the firing rates of neurons un-
der the electrodes, neuronal projections and
subsequent connected cortical areas.!'”'?
Generally, anodal stimulation over the Ml
has been found to enhance cortical excitabil-
ity, whereas cathodal stimulation decreases
it.”® Although in humans the modulatory ef-
fect of tDCS had first been demonstrated on
the motor system, it influences visual, somato-
sensory and prefrontal functions as well."*~°
In a recent study, it was shown that enhance-
ment of D2, and to a much lesser degree, of
D1 receptor activity by pergolide consolidated
cathodal tDCS-generated excitability diminu-
tion for up to 24 hours.'”

Our first sham-controlled studies demon-
strated that cathodal stimulation of the Ml
diminishes experimentally induced pain
sensation, and in parallel reduces the N2—P2
amplitude of laser-evoked potentials (LEPs)
immediately after the end of stimulation.'®
The aim of the present study was to investigate

the effect of combined cathodal stimulation
and pergolide treatment on LEPs and related
pain perception in a double-blind, random-
ized, placebo-controlled, crossover study, with
the clear intention of proving the already
known inhibitory prolonging effect of pergo-
lide'” on pain perception. Here, amplitude
changes of the N1, N2, and P2 of LEPs and
subjective pain rating scores of 12 healthy sub-
jects were analyzed prior to and following 15
minutes of cathodal tDCS, and following per-
golide or placebo treatment at five different
time points (before, 0 min, 40 min, two hours,
24 hours).

Methods

Subjects

Fifteen healthy volunteers (aged between 20
and 31 years) were informed about all aspects
of the experiments and all gave informed con-
sent. Two participants chose not to continue
the experiment after the first trials, and one
subject was excluded as LEPs could not be
identified reliably; 12 of the subjects (five
male, seven female) were included in the
study. All of the subjects underwent pergolide
and placebo medication treatment. Addition-
ally, seven subjects (three male, four female)
participated in a control session in which no
tDCS and drug treatment were introduced.
We conform to the Declaration of Helsinki
and the experimental protocol was approved
by the Ethics Committee of the University of
Gottingen. None of the subjects suffered
from any neurological and psychological dis-
orders, and none had metallic implants/
implanted electric devices, nor took any
medication regularly.

Pharmacological Interventions

Pergolide 0.025 mg combined with 10 mg
domperidone to avoid side effects (e.g., vomit-
ing induced by the medication) or equivalent



Vol. 36 No. 1 July 2008

Effect of Pergolide and Cathodal tDCS on Pain 81

placebo (glucose) was taken by the subjects
orally two hours prior to the start of the exper-
iments. By this means, the drug induces a sta-
ble plasma level' and produces prominent
effects in the central nervous systenl.l7’20’21
To avoid cumulative drug effects, each experi-
mental session was separated by at least one
week. Subjects and the investigator conducting
the experiment were blinded as to the respec-
tive pharmacological condition.

tDCS

tDCS was delivered by a battery-driven con-
stant current stimulator (Eldith NeuroConn
GmbH, Ilmenau, Germany) using a pair of
rubber electrodes in a 5 x 7 cm water-soaked
synthetic sponge. The cathode was placed
over the representational field of the right ab-
ductor digiti minimi as identified by transcra-
nial magnetic stimulation (Dantec S.A,,
Skovlunde, Denmark), whereas the other elec-
trode (reference) was situated contralaterally
above the right eyebrow. The electrodes were
oriented approximately parallel to the central
sulcus and the eyebrow. This montage has
been proven to be the most effective for mod-
ulating motor cortex excitability.” The cath-
odal stimulation refers to the polarity of the
electrode above the M1. The current was ap-
plied for 15 minutes with an intensity of
1.0 mA.

Laser Stimulation

A Tm:YAG laser system (WaveLight Laser
Technologie AG, Erlangen, Germany) was
used for the pain stimulation. The thulium la-
ser emits near-infrared radiation (wavelength
2,000 nm, pulse duration 1 millisecond, laser
beam diameter 7 mm) with a penetration
depth of 360 um into the human skin and al-
lows a precise restriction of the emitted heat
energy to the termination area of primary no-
ciceptive afferents without affecting the subcu-
taneous tissue®>* The distal handpiece of the
laser was positioned 30 cm from the radial part
of the dorsal surface of the hand. Skin temper-
ature of the stimulated area was checked prior
to every switch between hands, and corrected
with a heating lamp if it fell below 35°C. We
stimulated slightly different spots in a square
(b x5 cm) for each measurement to reduce
receptor fatigue or sensitization by skin over-
heating.23 In both experiments, the right

hand was stimulated first in half of the cases
and the left hand was stimulated first in the
other half. This approach, used as increased
response toward novel stimuli, has been
described in evoked potential studies of other
sensory modalities.**” 2’

At the beginning of each condition the pain
threshold of both hands was determined by ap-
plying laser stimuli from 200 m] in 50 m] steps.
During EEG recording, we delivered 40 laser
pulses to each hand before and after tDCS
with 1.5—1.6 times of threshold intensity. The
interstimulus interval of the stimulation
ranged from eight to 15 seconds. During
each condition, the intensity of the laser stim-
ulation was kept constant as determined prior
to tDCS, enabling a clear comparison between
results.

Psychophysical Evaluation

We used the numeric analog score to assess
the subjective intensity of pain. The subjects
were instructed to pay attention to the laser
stimuli and to rate the perceived pain verbally
(warm: 1, painful: from 2 (smallest) to 10
(most intense pain)) about 2—3 seconds after
each stimulation.”® The ears of the subjects
were plugged during the measurements to
avoid auditory artifacts produced by the laser
stimulation.

Electrophysiological Recordings

The electroencephalogram was recorded
using a five-channel montage as described by
Treede et al.*” This montage has been used
in numerous experimental and clinical LEP
studies as it enables the easy identification of
late LEP components. Electroencephalogram
was recorded with gold disc electrodes from
the Fz, Cz, Pz, T3, T4 (vs. linked mastoids) ac-
cording to the international 10/20 system. The
ground electrode was positioned on the fore-
head. The impedance was kept below b5
kOhm. Data were collected with a sampling
rate of 1,000 Hz by the BrainAmp system
(Brain Products GmbH, Munich, Germany)
and were analyzed offline. A 0.5 Hz low cutoff
and a 30 Hz high cutoff filter were used. After
semiautomatic artifact detection (150 uV am-
plitude criterion), all epochs were visually
inspected as well, and those containing eye
blinks or muscle movement artifacts were ex-
cluded. All recordings consisted of at least 35
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artifact-free epochs. Baseline correction was
performed on the basis of the 100 millisecond
prestimulus interval. Using semiautomatic
peak detection, we investigated different LEP
components. The earliest componentis a nega-
tivity N1 (peaking around 140—170 millisec-
onds), using T3 and T4 channels vs. Fz. The
N1 component is followed by the late N2—P2
complex (N2: peaking around 160—220 milli-
seconds, P2: peaking around 300—360 millisec-
onds) in the midline (Fz, Cz, Pz) leads, using
linked mastoid reference.

Experimental Procedures

The experiments were conducted in a re-
peated measurement design using a random-
ized order, with a break of at least one week
between each session. Pergolide 0.025 mg or
equivalent placebo (glucose) was taken by the
subjects orally two hours before the start of the
experiments. The subjects were seated in a re-
clining chair. First, the left motor-cortical repre-
sentational field of the right abductor digiti
minimi was identified using transcranial mag-
netic stimulation. At the beginning of each con-
dition, the pain threshold of both hands was
determined by applying laser stimuli from
200 m] in 50 m] steps. During electroencepha-
logram recording, we delivered 40 laser pulses
to each hand before tDCS with 1.5—1.6 times
of threshold intensity. Afterward, cathodal
tDCS was performed for 15 minutes, followed
by 40 laser pulses to each hand immediately
after the stimulation, 40 minutes, two hours,
and 24 hours later (Fig. 1).

Because our previous study has shown that
sham stimulation has no significant effect on
pain sensation,'® no sham stimulation was used
as an additional condition. However, we aimed
to examine the normal habituation process.
Seven subjects, chosen among the ones partici-
pating in the previous experiment, underwent
the same protocol described previously, in which
no tDCS and drug condition were introduced.

Data Analysis

Because the size of the amplitudes differed
across subjects, normalization of the data was
necessary. We divided the “after” tDCS-
conditions by the value of the “before” condi-
tion. As a consequence of the bilateral
representation of pain®*" and the lack of sig-
nificant differences (P> 0.05) between the

LEP amplitudes of the two sides, the data were
not analyzed separately. Averaged numeric ana-
log score values for N1, N2, and P2 amplitudes
from each set of 40 trials were individually aver-
aged and entered into a repeated-measures
analysis of variance (ANOVA) (2 medications
CONDITION [pergolide, placebo] x 4 TIME
[after 0 min/before, after 40 min/before, after
2 hours/before, after 24 hours/before]). To
compare the control results with the under
medication conditions, all results of the seven
subjects (3 CONDITION [pergolide, placebo,
control] x 4 TIME) were also individually aver-
aged and entered into a repeated-measures
ANOVA. In addition, a one-way ANOVA was
performed separately for each condition to
show the effectiveness of direct current (DC)
stimulation. We considered a psychophysical
or an electrophysiological change if the
CONDITION x TIME interaction was signifi-
cant or if the one-way ANOVA revealed signifi-
cant difference between time points. Post-hoc
analysis was done using a Fischer LSD test.

Results
Psychophysics

The intensity of the laser stimulation was
21.32 m]/mm2 for pergolide medication
(range, 19.5—23.4 m]/mmg), 21.177 mJ/mm2
for placebo medication (range, 19.5—23.4 m]/
mm?), and 21.82 mJ/mm?® (range, 19.5—22.1
m]/mmz) for the control measurements (with-
out tDCS and medication).

Concerning the pain perception scale, the
ANOVA revealed no main effect of CONDI-
TION [F(1,23) =2.38, P=0.136], but the ef-
fect of TIME was significant [£(3,69) =10.89,
P<0.005]. The CONDITION x TIME interac-
tion was not significant [F(3,69) =0.50, P=
0.680]. If we compared the control results with
the medication conditions, there was no main
effect of CONDITION [F(2,26) =1.56, P=
0.229], but the effect of TIME [F(3,39) = 7.47,
P < 0.005] was significant (Fig. 2). There was no
significant difference in the CONDITION x
TIME interaction [F(6,78) = 0.80, P=0.570].

One-way ANOVA revealed significant effect of
TIME in the case of pergolide medication
[F(4,92) = 6.06, P< 0.005]. The posthoc analy-
sis showed a significant difference between the
before and after conditions (P< 0.05). In the
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drug intake
pergolide/placebo
(domperidon/placebo)

2.5 hours
before tDCS

-

M1 identification by TMS

-

LEP
before

-

cathodal tDCS
15 minutes

-

LEP
afterl

0 minute
following after tDCS

-

LEP
after2

40 minutes
following after tDCS

-

LEP
after3

2 hours
following after tDCS

-

LEP
afterd

24 hours
following after tDCS

Fig. 1. Experimental procedure: Pergolide or an equivalent placebo drug was taken by all subjects orally two
hours before the start of the experiments (2.5 hours before tDCS). First, the left motor-cortical representa-
tional field of the right abductor digiti minimi was identified using TMS. During electroencephalogram re-
cording, we delivered 40 laser pulses to each hand before tDCS. Afterward, cathodal tDCS was performed
for 15 minutes, followed by 40 laser pulses to each hand immediately after the stimulation, 40 minutes,

two hours, and 24 hours later.

case of placebo medication, the effect of TIME
was significant [/(4,92) =4.564, P=0.002] and
a significant difference was revealed between
the after and all the other time points
(P<0.05).In the case of the control experiment,

one-way ANOVA revealed no significant effect of
TIME [F(4,52) = 0.94, P=0.446].

The means and standard deviations of nu-
meric analog score values for both hands and
for all conditions are shown in Table 1.
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Fig. 2. The differences between numeric analog score results at four time points (standardized data by calculat-
ing the after 1—4/before ratio), for the two medication conditions (pergolide, placebo) and control experiment
for both hands with laser stimulation. The standardized numeric analog score results show either an increase in
pain sensation or a decline, relative to one. Following cathodal tDCS, the pain sensation was lowered up to
40 minutes. The asterisks indicate significant differences between the different time points.

Electrophysiology

The laser stimulation induced a pricking
pain and a biphasic N2—P2 component was
clearly identified in all LEP measures of all
12 subjects (Fig. 3).

N1 Component. In the case of the N1 compo-
nent, there was no main effect of CONDITION
[F(1,23) =0.4387, P=0.515] or TIME [F(3,69) =
0.14, P=0.937] at the T3 electrode position.
There was no significant CONDITION x TIME
interaction [F(3,69) = 0.28, P=0.840]. At the
T4 electrode position, there was no main effect
of CONDITION [F(1,23) =0.116, P=0.325] or
TIME [F(3,69) = 0.24, P=0.654]. There was no

[F(3,69) =0.38, P=0.213]. In the control
experiment, there was no main effect of
CONDITION, or TIME. There was no signifi-
cant difference in the CONDITION x TIME
interaction (P> 0.005).

N2 Component. In the case of the N2 compo-
nent, there was no main effect of CONDITION
[F(1,23) =0.12, P=0.737], but the effect of
TIME was significant [F(3,69) = 7.44, P < 0.005]
at the Fz electrode position. There was no signif-
icant difference in the CONDITION x TIME
interaction [F(3,69) =1.369, P=0.259]. At the
Cz electrode position, there was no main effect
of CONDITION [F(1,23) =0.91, P=0.349],

significant CONDITION x TIME interaction but the effect of TIME was significant
Table 1
Averaged Numeric Analog Score Values and Standard Deviations from Each Set of 40 Trials

Condition Side Before Afterl After2 After3 After4

Pergolide + tDCS, n=12 Left 491 +£2.02 4.3741.98 4.06 +2.04 4.25+2.27 4.89 £2.09
Right 5.05+1.77 4.30 +£2.03 3.66 £+ 2.09 4.50 +2.32 4.65+1.79

Placebo + tDCS, n=12 Left 4.05+1.34 4.14 +1.41 3.55 +1.37 4.14+1.72 4.36 +1.48
Right 4.39 +£1.39 3.98 +£1.66 3.46 +£1.34 441 £1.91 4.27+1.32

Control, n="17 Left 3.69+1.76 3.31 £1.56 3.43 £ 2.15 3.61+1.79 4.02 £1.40
Right 3.28+1.15 3.19+1.32 3.59 +1.88 3.35+£1.90 3.49+1.55

Averaged numeric analog score values from each set of 40 trials for the left and right sides separately and all conditions before and after tDCS.
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Fig. 3. Grand averages of LEPs obtained by both hand laser stimulation for the Cz recording electrode. The solid
line shows LEPs for placebo medication combined with tDCS and the intermittent line for pergolide medication
combined with tDCS at five different time points (before, after tDCS 0 min, after tDCS 40 min, after tDCS two
hours, after tDCS 24 hours). Note that 24 hours following tDCS a greater amplitude reduction of the N2 compo-
nent and N2P2 peak-to-peak amplitude for pergolide medication is observed when compared to placebo medi-
cation. The asterisk indicates a significant difference between the pergolide and placebo conditions.
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[F(3,69) =5.65, P=0.001]. We also found
a significant CONDITION x TIME interaction
[F(3,69) =3.67, P=0.016]. According to the
post hoc analysis, pergolide medication, signif-
icantly decreased the amplitudes of the N2
component, compared to the placebo medica-
tion, at the 24-hour time point (P=0.006).
However, there were no significant differences
between the other time points when compared
with the pergolide and placebo medication
(P> 0.05). At the Pz electrode position, there
was no main effect of CONDITION [F(1,23) =
1.93, P=0.178], but the effect of TIME was sig-
nificant [F(3,69) = 6.82, P< 0.005]. There was
no significant CONDITION x TIME interac-
tion [F(3,69) =2.16, P=0.101].

To compare the control results to the under
medication conditions, the results of the seven
subjects were also individually averaged and
entered into a repeated-measures ANOVA for
all electrode positions. Although the effect of
TIME was significant at all electrode positions
(P<0.05), neither the effect of CONDITION
nor the CONDITION x TIME interaction
were significant (P> 0.05).

One-way ANOVA revealed significant effect
of TIME in the case of pergolide medication
[F(3,69) = 3.65, P=0.017]. The post hoc analy-
sis showed a significant difference between the
before and after conditions (P=0.002). In the
case of placebo medication, the effect of TIME
was significant [/(3,69) = 6.60, P< 0.005] and
a significant difference was revealed between
the before and after, and after and after, condi-
tions (P < 0.05). In the case of the control exper-
iment, one-way ANOVA revealed no significant

effect of TIME [F(3,39) = 1.57, P=0.211].

P2 Component. Although the effect of TIME
was significant (P < 0.05) in the case of the P2

component, there was no main effect of CON-
DITION, nor a significant CONDITION x
TIME interaction at all electrode positions
(P> 0.05). If we compared the control results
with the under medication conditions, the ef-
fect of TIME was significant at all electrode po-
sitions, but neither the effect of CONDITION,
nor the CONDITION x TIME interaction were
significant (P> 0.05).

The means and standard deviations for the
right and left hand separately, and under all
conditions, are shown in Tables 2 and 3.

Discussion

tDCS modifies the excitability of the stimu-
lated cortical area in a polarity-dependent
waly7’8 and simultaneously causes perceptual
changes.”"** In the present study, we explored
the effects of this noninvasive brain stimula-
tion technique on subjective acute pain
perception and its electrophysiological corre-
lates. Our results confirm that 15 minutes of
cathodal tDCS over the primary motor cortex
significantly reduced the amplitude of the N2
component, and the changes of the electro-
physiological parameter remained stable for
up to two hours after stimulation when com-
pared to the control experiment (Fig. 4).
Furthermore, the subjective pain sensation was
lowered after cathodal tDCS for up to 40 min-
utes (Fig. 2).

Recording LEPs is a widely accepted method
for examining the neuronal correlates of pain
perception temporally and spatially in human
subjects.”*** The earliest cortical LEP compo-
nent is a negativity (N1, peaking around
140—170 milliseconds). According to its scalp
topography (maximum near T3 and T4), it is

Mean Values and Standard Deviations of the LEP Parameters for the Right Hand

Afterl tDCS

After2 tDCS After3 tDCS After4 tDCS

Condition Component Before tDCS (0 min) (40 min) (2 hours) (24 hours)
Pergolide + tDCS, n=12 N2 (uV) —11.42+6.40 —10.09 £5.55 —7.23+449 -7.32+5.97 —9.33 £5.33
P2 (nV) 14.87 £ 5.54 12.82 +£6.12 10.9+6.14 11.68 +7.58 13.55 +5.90
Placebo + tDCS, n=12 N2 (nv) —11.04 +5.82 —9.36 £ 6.59 —6.78+4.23 -7.38+3.66 —11.39+5.32
P2 (nv) 15.14 +6.96 12.27 £ 7.11 9.07 +5.44 11.53 £5.23 14.76 +5.49
Control, n="7 N2 (nv) —18.12+752 —11.83+7.92 —10.31+6.44 —8.67+542 —1245+7.75
P2 (nv) 12.94 + 3.51 10.06 + 3.21 8.79 +£5.25 9.57+3.83 11.32 +2.05

The table shows the mean values and standard deviations of the LEP parameters for all conditions at the Cz electrode positions obtained from all

subjects for right hand before and after cathodal tDCS.
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Table 3
Mean Values and Standard Deviations of the LEP Parameters for the Left Hand
Afterl tDCS After2 tDCS After3 tDCS After4 tDCS

Condition Component Before tDCS (0 min) (40 min) (2 hours) (24 hours)
Pergolide + tDCS, n=12 N2 (uv) —11.73 +4.66 —9.98 £5.52 —7.45+5.71 —5.83+7.01 —8.5+5.19

P2 (uv) 15.22 +6.27 12.48 +6.87 10.38 £ 6.40 10.75 + 6.39 14.22 +7.03
Placebo + tDCS, n=12 N2 (uv) —11.57+6.96 —9.16 £5.81 —5.56 £4.15 —6.37 £ 4.52 —11.52 £ 6.30

P2 (nv) 15.55 + 8.60 11.83 £ 6.61 9.41 +6.89 11.61 £+ 8.02 15.58 +7.02
Control, n="17 N2 (uv) —13.22 +6.70 —10.68 +7.76 —8.48 £4.95 —9.15+5.93 —11.89+5.84

P2 (uv) 11.95 +3.52 8.67 +3.91 9.46 + 3.85 9.61 +£4.46 12.45 + 2.46

The table shows the mean values and standard deviations of the LEP parameters for all conditions at the Cz electrode positions obtained from all

subjects for left hand before and after cathodal tDCS.

probably generated near the secondary so-
matosensory cortex in the fronto-parietal oper-
culum.”* We did not find any significant
change concerning the N1 amplitudes. Proba-
bly, this area could not be stimulated directly
or the intensity of stimulation used was not suf-
ficient to reflect any significant change.

The N1 component is followed by the late
negative—positive complex (N2—P2) that can
be most accurately recorded in the midline
(Fz, Cz, Pz) leads. According to source local-
izing studies, the N2 component (peaking

around 160—220 milliseconds) is generated
both bilaterally in the operculoinsular region
and partly in the anterior cingulate cortex
(ACC).? This component contributes to sen-
sory-discriminatory aspects of pain. The P2
component (peaking around 300—360 milli-
seconds) arises mainly from the ACC and
reflects endogenous, attentional-cognitive,”
and affective factors.”*** The role of ACC in
coding pain intensity is still under debate;
however, there is increasing evidence to sug-
gest that activity in some parts of the ACC
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Fig. 4. The differences between mean N2 amplitude values at four time points (standardized data by calculating
the after 1—4/before ratio), for the two medication conditions (pergolide, placebo) and control experiment for
both hands laser stimulation at the Cz electrode. The standardized peak amplitudes show either an increase in the
amplitude of the N2 component or a decline, relative to a value of one. Our results confirm that cathodal tDCS
significantly reduced the amplitude of the N2 component when compared to the control experiment. The per-
golide medication prolonged this effect for up to 24 hours. The symbols indicate significant differences between
the pergolide and placebo medications (0) or differences between time points (¥).
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significantly correlates with increasing pain
sensation.”

In a recent study, the effect of tDCS has
been investigated by PET."? Concerning pain-
related regions, cathodal tDCS significantly di-
minished regional cerebral blood flow in the
right ACC and the right thalamus. As the
ACC is widely interconnected with primary
and premotor areas,36 it is likely that the stim-
ulation of the M1 could result in a secondary
inhibition of the ACC, and as a consequence,
in N2 amplitude reduction. The antinocicep-
tive effect as revealed by the psychophysical
experiment could reflect the diminished
involvement of the ACC in pain processing.
DC stimulation of the left motor cortex re-
sulted in several critical changes at the contra-
lateral side.'® Relative increases in regional
cerebral blood flow after cathodal tDCS com-
pared to sham tDCS were found in the right
M1, frontal pole, primary sensorimotor cortex,
and parietal occipital cortex. Regional CBF in-
crease in homologous contralateral M1 was
also found after rTMS to left M1.>”%® Our re-
sults suggest that the stimulation of the left
motor cortex has an influence on LEP compo-
nents and pain perception of both sides. How-
ever, arecent study from Le Pera et al.? showed
that the physiological activation of the motor
cortex is able to reduce pain perception and
LEP amplitude only when the motor area con-
tralateral to painful stimuli is activated.

Relevant clinical studies show that repeatedly
administering anodal tDCS over the M1 dimin-
ished pain sensation in patients with traumatic
spinal cord injury40 and induced significantly
greater pain reduction compared with sham
stimulation in patients with fibromyalgia.*'
However, comparing these results to our data,
Fregni et al.*>*' found pain reduction after an-
odal tDCS. The divergent results can be ex-
plained by the difference between acute and
chronic pain processing. Pathological changes
due to chronic pain are characterized by
many functional and structural changes in the
brain**** and these cortical reorganizations
probably lead to changes in cortical excitability.

In our study, the oral administration of per-
golide prolonged the effect of cathodal tDCS
for up to 24 hours on LEPs. The possible
mechanisms of DC-induced after-effect were
investigated by several previous studies. Phar-
macological intervention suggests that the

after-effect is N-methyl-p-aspartate (NMDA)-
receptor dependent.** *® Dextromethorphan
(NMDA-receptor and intracellular sigma 1 re-
ceptor blocker) intake prevented both anodal
and cathodal tDCS-induced after-effects, dem-
onstrating that dextromethorphan critically
interferes with the functionality of tDCS,
irrespective of the polarity of DC stimulation.**
It is known that long-lasting NMDA-receptor
dependent cortical excitability and activity
shifts are involved in neuroplastic modifica-
tion. Dopaminergic mechanisms stabilize
these processes, as shown by animal experi-
ments.*” 4 Dopamine (DA) resident in the
synapses could strongly influence the induc-
tion of long-term potentiation and/or long-
term depression through specific changes in
the initial levels of cAMP and Ca2+, which are
key regulators of LTPs in the hippocampus,
striatum, and prefrontal cortex.’*™? One study
showed that long-term potentiation dependent
processes such as practice-dependent plasticity
are enhanced by DA.”* DA acting on D1 recep-
tors increases NMDA currents.” In a recent
study, the dopaminergic influence on NMDA
receptor-dependent neuroplasticity was investi-
gated using tDCS. The enhancement of D2,
and to alesser degree, of D1 receptors by pergo-
lide consolidated tDCS-generated excitability
diminution up until the morning poststimula-
tion."” Our results are in agreement with this
study.

An antinociceptive effect of pergolide is im-
plausible in the case of a single oral dose of
0.025 mg. Pronociceptive or antinociceptive ef-
fects of pergolide have not yet been published.
However, the administration of levodopa, an
indirect DA agonist, has been reported to re-
duce pain ratings in painful diabetic neuropa-
thy in humans.”® The DA reuptake inhibitor
bupropion also has analgesic effects.’” Con-
trary to these results, the systematic administra-
tion of DA D2 receptor antagonist in humans
has also been shown to reduce pain ratings
in clinical trials.”®"?

The reduction of pain perception and the
amplitudes of N2 and P2 components could
also be due to a normal habituation observed
by several studies.’”®" Therefore, we have re-
peated the measurements in the absence of
tDCS and medication. Although during the
control experiment a normal habituation pro-
cess was observed (the N2 and P2 amplitudes
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were reduced insignificantly), our results dem-
onstrated that medication conditions with
tDCS induced a significant amplitude reduc-
tion of the N2 peak. In addition to this, the
psychophysical evaluation did not reveal signif-
icant changes in subjective pain perception
during the control experiment.

To summarize, we observed that following
cathodal tDCS, the N2 amplitude of the LEP
components were significantly decreased
when compared to the control experiment,
and simultaneously, pain sensation was re-
duced. The changes in LEPs remained stable
for up to two hours after 15 minutes of cath-
odal stimulation and pergolide prolonged
the effect of the cathodal tDCS, causing a de-
crease in the amplitude of the N2 component
for up to 24 hours. Our findings were based on
experimentally induced pain using LEPs in
a population of healthy subjects. The limita-
tion of our investigation is that results from
a study using healthy subjects cannot be di-
rectly transferable to clinical settings. However,
on the way toward a clinical application of
either rTMS or tDCS, to our knowledge, this
is the first study observing plasticity-prolonging
effects of drugs affecting the CNS on a clini-
cally relevant behavioral range. Two principle
effects may be relevant in further clinical
studies: prolongation of excitability enhancing
effects for diseases such as stroke and
Parkinson’s disease by, for example, amphet-
amine®®®® or d-cycloserine;”* and prolonga-
tion of inhibitory after-effects, as shown here,
on pain, epilepsy, or other diseases associated
with cortical hyperexcitability.
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2.9 Gender-specific modulation of short-term neuroplasticity
in the visual cortex induced by transcranial direct current

stimulation

Chaieb L, Antal A, Paulus W. Vis Neurosci. 2008; 25(1):77-81.

There is a well defined correlation between the effects of transcranial electric
stimulation techniques and gender (Kuo et al., 2006). Here we retrospectively analysed
data collected from previous investigation of the visual cortex: phosphene thresholds
(PTs), visual evoked potentials (VEPS) and contrast sensitivity measurements (CSs) to
explore whether there was any correlation between these indicators of visual cortex
excitability and gender. Results suggest that cathodal tDCS- induced aftereffects were
non- significant between genders, but anodal tDCS in females showed significantly
enhanced excitability. This study indicates that sex differences do indeed exist between
the genders where external stimulation is concerned. Primary influences may include

the expression of different gonadal hormones in males and females.
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Abstract

Transcranial direct current stimulation (tDCS) is a non-invasive method of modulating levels of cortical excitability.
In this study, data gathered over a number of previously conducted experiments before and after tDCS, has been
re-analyzed to investigate correlations between sex differences with respect to neuroplastic effects. Visual evoked
potentials (VEPs), phosphene thresholds (PTs), and contrast sensitivity measurements (CSs) are used as indicators
of the excitability of the primary visual cortex. The data revealed that cathodally induced excitability effects 10 min
post stimulation with tDCS, showed no significant difference between genders. However, stimulation in the anodal
direction revealed sex-specific effects: in women, anodal stimulation heightened cortical excitability significantly
when compared to the age-matched male subject group. There was no significant difference between male and
female subjects immediately after stimulation. These results indicate that sex differences exist within the visual
cortex of humans, and may be subject to the influences of modulatory neurotransmitters or gonadal hormones

which mirror short-term neuroplastic effects.

Keywords: Visual cortex, Neuroplasticity, tDCS, Gender-effects

Introduction

In the human brain, the visual and motor cortices continue to be
popular models for the investigation of induced structural plastic-
ity in the adult brain, as their effects can be measured by visual
(VEPs and PTs) responses or motor evoked potentials (MEPs),
respectively (Nitsche & Paulus, 2000; Boroojerdi et al., 2002;
Antal et al., 2004). There is growing evidence to suggest that
neuroplastic changes are influenced by gender-specific pressures.
Kuo et al. (2006) recently reported sex differences in the primary
motor cortex after short-duration tDCS; female subjects showed
prolonged after-effects of cathodal stimulation, while male sub-
jects showed stronger anodally-induced after effects. Previous
animal and human studies of neuroplasticity and sex differences
centered on cognitive functions (Kimura, 2002; Juraska, 1998)
where male and female populations are assessed for hormonal
influences on cognitive functions (spatial navigation facial pro-
cessing emotion and memory; (see Cahill, 2006 for review)),
which are believed to underlie these differences in cognitive
responses between the sexes.

Address correspondence and reprint requests to: Leila Chaieb, Depart-
ment of Clinical Neurophysiology, Georg-August University, Robert-
Koch-Str. 40, 37075 Géttingen, Germany. E-mail: leilachaieb@med.
uni-goettingen.de
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Administration of polarizing currents to the rat cerebral cortex
revealed the ability to induce prolonged changes in cortical excit-
ability (Bindmann et al., 1964). In humans, changes in cortical
excitability, induced by tDCS have been shown to precede more
enduring plastic changes that are reversible and can be pharmaco-
logically modulated (Lang et al., 2005; Nitsche et al., 20035,
2006). Stimulation with tDCS applied to the motor cortex is
polarity-dependent; anodal stimulation results in cortical excita-
tion, while cathodal tDCS produces inhibition of activated cortical
networks (Nitsche & Paulus, 2000).

The visual cortex possesses the ability to undergo induced and
spontaneous neuroplastic changes that have been demonstrated to
lead to both short-term and, to potentiate, more permanent alter-
ations at the synapse (Sherman & Spear, 1982). tDCS over the
primary visual cortex in an anodal direction reduces PTs, while
stimulation in the cathodal direction reverses this effect (Antal
et al., 2003). Also cathodal stimulation has an inhibitory effect on
the N70 component of VEPs and anodal tDCS induces the reverse
response. CS measurements also reflect cathodal effects (Antal
et al., 2001). The duration of tDCS after-effects are able to outlast
the stimulation period if administered for some minutes (Nitsche
& Paulus, 2001) over the primary motor cortex; tDCS after-effects
are not so enduring when applied to the primary visual cortex
(Antal et al., 2004). Visual and motor cortices vary with regards to
factors influencing neuroplasticity and the excitatory/inhibitory
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circuitries, gonadal sex hormones and neurotrophins which act
upon them (Lund, 2002; Keller, 1993). Differences in cortical
connections and neuronal membrane properties, including receptor
expression, between the primary motor and visual cortices may
also account for the contrasting responses to the application of
tDCS.

In order to examine how neuroplasticity in the visual cortex is
influenced, if at all by gender, data gathered from previous exper-
iments involving tDCS modulation of PTs, VEPs, and CSs, were
reviewed (Antal et al., 2001, 2003, 2004). Interactions between
gender and tDCS stimulation were analyzed, in an attempt to
reveal potential gender-bias in induced short-term neuroplastic
effects.

Materials and methods

Participants

Data collected from previous experiments conducted with 46
healthy subjects, was re-analyzed to ascertain whether neuroplas-
ticity is influenced by interactions with gender. Of the 46 subjects,
22 were male (average age 27.2 years, SD: + 5.4), and 24 were
female (average age 23.6 years, SD: £ 2.4). None of the partici-
pants were involved in more than one of the original studies.
Participants were interviewed prior to the start of the experiment,
about their state of health, and satisfied all the necessary condi-
tions; no history of neurological or psychological disorders, me-
tallic implants, drug abuse, or alcoholism. No subjects were taking
regular medication at the time and during the experiment. All of
the participants gave written and informed consent and all exper-
iments were conducted in accordance with the Declaration of
Helsinki, and with the approval of the ethics committee of the
University of Goettingen, Germany.

tDCS was administered to all subjects for a 7 or 10 min period
(Table 1), in both an anodal and cathodal direction, using a
battery-driven constant current stimulator (Schneider Electronic,
Gleichen, Germany). A pair of standard rubber electrodes (5 X
7 cm?) encased in saline-soaked synthetic sponges, were placed
over the Oz (active electrode) and Cz (reference electrode) posi-

Table 1. Stimulation paradigms and measurements®
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tions. The applied current had an intensity of 1.0 mA. Stimulation
sessions were separated by one week to avoid interference be-
tween stimulations.

Measurement of visual cortical excitability

Three parameters were measured; PT, CS, and VEPs, as compa-
rable indicators of visual cortical excitability (for technical details
and protocols see Antal et al., 2001, 2003, 2004). Participants’ PTs,
VEPs, and CS were measured prior to, immediately after, and
10 min after cathodal and anodal tDCS stimulation. See Table 1 for
a summary of measurements and subject characteristics.

Statistics

All data was standardized prior to analysis in order to gain a result
relating to absolute change in cortical excitability (% change) when
compared to baseline activity prior to, immediately after, and 10 min
post tDCS stimulation. Values over 100% are an increase in cortical
excitability and represent an increase in visual sensitivity for CSs
and an increase in amplitudes for VEPs, but a decrease in the
threshold for the perception of phosphene (PTs).

Repeated measures ANOVA was performed on the calculated
data dependent variable: % change, within effects: STIMULATION
(anodal, cathodal), TIME (0 and 10 min after), categorical factor:
GENDER (male, female). Student’s r-test (independent by GEN-
DER) was used to explore significant differences between female
and male subjects concerning anodal and cathodal post-stimulation
values immediately after stimulation and 10 min post stimulation
separately. Statistical significance was assumed at p = 0.05.

Results

Immediately after the anodal tDCS, both sexes appeared to be
within the same range, however, at 10 min post-stimulation mea-
surements, the female group still showed a strong facilitatory
response, while the male group showed a marked inhibitory re-
sponse. The means of male and female subjects have been tabu-
lated, including stimulation direction, and duration (see Table 2).

Age Number of tDCS Duration of
Measurement Sex SD + participants stimulation polarity stimulation
Visual Evoked Potential (VEP) M 26.5 10 Anodal and Cathodal 10 min
2.7
F 24.0 5 Anodal and Cathodal 10 min
2.0
Stationary phosphene (PT) M 29.6 4 Anodal and Cathodal 10 min
7.8
F 23.2 12 Anodal and Cathodal 10 min
2.4
Contrast measurement (CS) M 26.8 8 Anodal and Cathodal 7 min
6.9
F 23.8 7 Anodal and Cathodal 7 min
2.8

#Summary of stimulation paradigms and measurements obtained from participants, including sex and age characteristics. Cathodal and
anodal stimulation was applied to all subjects, and varied only in duration. For the VEP (10 male, 5 female) and stationary phosphene
measurements (4 male, 13 female), stimulation in both polarities lasted 10 min, whilst for the contrast measurements (8 male, 9 female)

stimulation lasted only 7 min, and again in both polarities.
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Fig. 1. Change in visual perception (%) indicates all measurements (CS, PT, and VEPs), which are standardized and averaged. Anodal
stimulation indicates an overall facilitation of all parameters in the female group. Cathodal stimulation shows no significant difference
in effect between male and female subjects. The male group anodal tDCS results suggest an inhibition of all measurement parameters,
increassing in effect after 10 min post-stimulation. Asterisks indicate results with a significant difference (p = 0.05) between genders.

100% on the x-axis is baseline; Error bars indicate SE.

The repeated measures ANOVA revealed a significant main
effect of STIMULATION (F(1,44) = 28.8, p < 0.0005), the
interaction of GENDER and STIMULATION (F(1,44) = 5.1,
p < 0.05), and the interaction of STIMULATION and TIME
(F(1,44) = 4.4, p < 0.05) (see Table 3).

The r-test did not reveal a significant difference between female
and male subjects immediately after stimulation (cathodal stimu-
lation: t = —0.68, p = 0.49, df = 44; anodal stimulation ¢ = 0.01,
p = 0.98, df = 44). Similarly, after 10 min post-stimulation for
cathodal tDCS, there was no significant difference between the
response of the male and female groups (r =1, 2, p = 0.24, df =
44), however, for anodal stimulation, a significant difference was
observed (t = 2.54, p = 0.01, df = 44): female subjects were
showing a higher facilitation than male subjects.

A one-way ANOVA was performed on the age variable, as this
may have an influence on tDCS effects; there was no significant
difference found between the two sexes, so age cannot be consid-
ered a factor in the differential response seen in tDCS-induced
neuroplasticity.

Discussion

Our analysis showed that tDCS induced neuroplasticity in the
human brain is partially influenced by gender-effects. No signifi-

Table 2. Means of % change in cortical excitability with regard
to the different tasks and stimulation direction®

Males Females

Stimulation direction Mean Mean
CS

Anodal 0 101.7 100.6

Cathodal 0 95.3 94.0

Anodal 10 102.6 101.3

Cathodal 10 99.7 100.3
PTs

Anodal 0 109.5 109.2

Cathodal 0 95.3 84.7

Anodal 10 110.5 116.6

Cathodal 10 96.2 94.0
VEPs

Anodal 0 93.1 109.6

Cathodal 0 71.8 76.2

Anodal 10 85.9 104.9

Cathodal 10 88.6 85.0

“Means of % change in cortical excitability with regard to the different
tasks and stimulation direction. Means for both measurements immediately
and 10 min post-stimulation, for males and females are listed. Note that
with respect to PTs an inverse calculation was used (See Materials and
methods).
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Table 3. Results of repeated measures ANOVA for both anodal
and cathodal stimulation directions, for 0 and 10 min
post-stimulation®

F P

Gender 1.44 0.23
Stimulation 28.8 0.000
Gender X Stimulation 5.17 0.028
Time 1.36 0.25
Gender X Time 1.66 0.20
Stimulation X Time 4.61 0.04
Gender X Stimulation X Time 0.28 0.6

“Results of repeated measures ANOVA for both anodal and cathodal
stimulation directions, for 0 and 10 min post-stimulation, for all parameters
constituting “change in visual perception.”

cant correlation between cathodal tDCS immediately after or
10 min post-stimulation was found; post-stimulation effects of
anodal polarity were significantly different in the male versus
female test groups. The female subjects immediately after and
10 min post-stimulation showed a facilitation of the stimulated
cortical network. Males, however, showed an inhibition at the
10 min post-stimulation measurement. The tDCS induced inhibi-
tion or facilitation is a transient stage of induced short-term
neuroplasticity closely related to changes in the state of the neu-
ronal membrane. Ardolino et al. (2005) describe the potential
mechanisms of tDCS in their paper examining the non-synaptic
after-effects of DC stimulation on peripheral motor axons and
neurons in the central nervous system. The migration of transmem-
brane proteins or changes in ion concentration across the mem-
brane, in response to a continuous electrical field, may be responsible
for the short-term neuroplastic effects; suggesting a possible mech-
anism of tDCS action on the human cortex. Further evidence can
be derived from pharmacological studies also using tDCS. Nitsche
et al. (2003b) demonstrated that the application of sodium and
calcium ion channel blockers are able to attenuate both the imme-
diate and longer term after-effects of anodal stimulation, while
NMDA receptor blockers (glutamate) inhibit the development of
long-term effects of tDCS, regardless of stimulation polarity (Lie-
betanz et al., 2002). These findings indicate that the short-term
neuroplastic effects arise from alterations in neuronal membrane
function and longer-term effects are mediated at the level of the
synapse.

A similar study (Kuo et al., 2006) recently showed a reverse
effect with respect to gender-bias, on MEPs measured from the
primary motor cortex in males and females. The primary motor
cortex relays information from the central nervous system to the
periphery. However, the primary visual cortex is activated by input
mechanisms, taking cues from the external environment, and
relaying them to other cortical areas in order to be processed. Their
cortical projections and efferents originate in and from differing
neuroanatomical structures, and as a result, may possess contrast-
ing neurotransmitter receptors. The origins of each of the param-
eters of visual perception are also differing and complex; VEPs are
a measure of the cortical response to thalamic inputs, PTs indicate
cortical background (V1-V2-V3) activity, while CSs mainly arise
from the simultaneous activity of intracortical inhibitory processes
at the spatial level of cortical receptive fields. By cross-analyzing
each parameter, we were able to gain an overall effect of tDCS on
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visual perception, and use this to compare responses between the
sexes. Therefore gender differences are related to a comparison
between all parameters of visual perception between male and
female groups.

This study suggests that there may exist, alternating pathways
of neuroplasticity between the sexes in the visual cortex. The
influences of gonadal sex hormones, neurotrophins, and the pres-
ence of neurotransmitter receptors on neural membranes may all
be influential in the modulation of neuroplasticity, and may be
expressed differently within each gender.

Inghilleri et al. (2004), using a repetitive transcranial magnetic
stimulation (rTMS) paradigm, found that estrogens are able to
influence cortical excitability; low estrogen levels have a damping
effect on sodium channels which reduces the recruitment of excit-
atory interneurons, thus reducing cortical excitability, whereas at
higher levels estrogens increase cortical excitability. In addition to
this, Smith et al. (2002a, 2002b) reported that progesterone has a
reverse effect, and increases inhibition in neuronal networks by
modulating GABAergic transmission; having earlier conducted
one of the earliest studies to demonstrate menstrual cycle effects
on cortical excitability (Smith et al., 1999). Studies in vitro have
mirrored findings from in vivo investigations; Smith et al. (2002a,
2002b) examined fluctuations in gonadal hormone levels in or-
ganotypic hippocampal slices, in addition to using a kindling
paradigm, and found that slices from intact males showed a greater
level of baseline excitability than those of the female rats. They
concluded that higher levels of testosterone may have an excitatory
effect on hippocampal responses. In a recent review, Cooke and
Woolley (2005) discuss the effect of gonadal steroids, androgen,
and estrogen, on the morphology of dendrites forming synaptic
connections. The pyramidal cells of the CAl rat hippocampus
undergo morphological changes in phase with the estrous cycle,
suggesting that neuroplasticity on a synaptic level is influenced by
fluctuations in steroid hormones. Earlier studies by Rudick and
Woolley (2001) showed evidence of NMDA and GABA , estrogen
mediated input to CAl pyramidal cells, restoring the excitatory
and inhibitory balance and increasing pyramidal cell responses to
synaptic input.

If gonadal hormones are, on a molecular level, modulating
synaptic connections, then the excitatory and inhibitory intra-
cortical circuitry are also being modified. A study by Hausmann
et al. (2006) investigated the effects of estradiol and progesterone
on transcallosal inhibition. They concluded that these steroid hor-
mones modulated the iSPs in accordance with each phase of the
menstrual cycle, and that they were able to alter functional cerebral
organization via activation of glutamatergic or GABAergic neu-
rons. Maguire et al. (2005) demonstrated cycling expression of
GABA 4 receptor subunits in hippocampal neurons mediating tonic
inhibition during the ovarian cycle, altering seizure susceptibility
and anxiety in mice.

Another intriguing aspect of gonadal hormones’ involvement in
neuromodulation is the rare incidences of migraine in males, in
comparison to the statistical prevalence in females. A case review
by Brandes (2006) discussed how the influence of estrogen on
migraine is three-fold greater amongst women than men, and how
the prevalence changes with reproductive status. The author also
reports that menstrual migraine is pharmacologically resistant and
without aura, whereas male migraineurs often experience aura
even without headache.

In addition to differences in hormonal expression between the
sexes, there appears to be evidence of differences in cortical
structure. Recent studies have shown that in the rat visual cortex
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there exist dimorphic differences governed by gender. Nunez et al.
(2002) showed that ovarian steroids expressed after postnatal day
20 reduce the number of neurons in the binocular region of the
primary visual cortex of the female rat. Pakkenberg and Gundersen
(1997) showed in an earlier study performed on human cadavers
that on average females possess 16% fewer neocortical neurons
than males, even though neuronal cortical density remains the
same.

Understanding how the induction of short-term neuroplasticity
in the mammalian cortex is achieved belies the understanding of
neuronal excitability differences between males and females. The
variation in background hormone levels and in cortical structure
between males and females may account for the different observed
responses to tDCS application. These findings, along with many
other studies describing the influences of sex on plasticity, suggest
that gender differences should be accounted for when evaluating
changes in neuroplasticity, both short and long-term. However,
more focused studies are required to elucidate the explicit mech-
anisms of gender-effects on neuroplasticity.

Conclusion

The current findings suggest that there exists gender-bias in the
primary visual cortex which manifests itself in the altered excit-
ability levels between the sexes resulting in a non-synaptic mech-
anism of neuromodulation in membrane function.
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Chapter 3: Discussion and Concluding Remarks

The application of transcranial electric stimulation techniques, as we currently utilize
them is a relatively new field of interest; however it is still a burgeoning one. The
studies featured in the thesis intend to add to the already extensive knowledge of
techniques used to induce enduring changes in the human cortex and to achieve long-
lasting LTP- or LTD- like effects. For example, tDCS has been shown to produce
excitability increases or diminutions depending on its polarity, intensity and duration
(Nitsche and Paulus, 2000, 2001, Nitsche et al., 2003). These effects have been well-
characterised by the combined use of pharmacological agents and the performance of
behavioural tasks during and after stimulation (Liebetanz et al., 2002, Antal et al.,
2007).

While tDCS, rTMS and its patterned variant iTBS have been more extensively used,
oscillating currents may provide a better insight into how cortical networks are
synchronized and how, in turn, remote areas of the cortex communicate to form
coherent patterns which contribute to the consolidation of learning and memory. The
cortex is dynamic and so neuronal modulations and the potentiation of receptors and
neurotransmitter cascades are all markers of induced LTP- like effects after application
of tDCS or rTMS. For example tRNS and tACS may possess the ability to functionally
connect rhythmic cortical networks in such a way that enables the long-range
synchronization of neural populations. While we have postulated as to the mechanisms
governing the mechanism of action of tRNS and tACS, we have yet to evaluate the

mode of action both at the synaptic and network levels.

The aims of my Ph.D. thesis were to examine the response of the living human motor
cortex to external transcranially applied currents; tRNS and tACS, and to evaluate
whether these novel stimulation methods or techniques may be transposed or optimized
to be used as potential therapeutic measures for the symptoms of pharmacologically

intractable neurological disorders. Here | can report that we have demonstrated that a
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number of novel stimulation methods have robust and reproducible aftereffects when
applied for a short duration, at a low stimulation intensity. The outcomes of my thesis

work are as follows:

1.- We have successfully demonstrated that high- frequency oscillating currents
(tRNS and tACS (including low range high- frequency stimulation within the kilohertz
range) can induce neuroplastic aftereffects outlasting the duration of stimulation, when
applied at low intensities to the human primary motor cortex.

2. - We have also applied these novel stimulation techniques to behavioural
paradigms and examined their effects using fMRI. Results suggest that tRNS is able to
modulate neuroplastic and cognitive processes in that intact human brain during the
performance of both simple (finger- tapping task) and a more complex behavioural
paradigm (SRTT). We have also demonstrated that the efficacy of high- frequency

oscillating currents (tRNS) is dependent upon stimulation duration.

3. - We have successfully shown that application of transcranial sinusoidal
currents in the low kHz range is able to induce robust changes in cortical excitability as
measured using TMS. Recent evidence also suggests that this type of stimulation may
have potentially beneficial therapeutic effects in patients with Parkinson’s disease and
associated symptoms (unpublished data). tACS has also been shown to have
quantitative and long lasting-effects both in the motor and visual cortices. The efficacy
of novel transcranial stimulation techniques may also be subject to genetic variations
within the population, as we have demonstrated in our retrospective study of BDNF
genotypes. These effects are also modulated by gender, as sex hormones have also been

shown to play a role in responsiveness towards applied electrical currents.

Behavioural data goes a long way in providing evidence that tRNS and especially, tACS
can alter neural communication by virtue of the implementing of the cognitive and
motoric task: the variant of the SRTT. Task- related modulations of the aftereffects of
tRNS and tACS also demonstrate that the cortex is responsive and reacts dynamically to
external currents inducing transient but meaningful alterations in excitability. It would

be of utmost interest to ascertain whether tRNS or high- frequency tACS is able to
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induce any modulations in cortical excitability in the pathological brain state, for
example, Parkinson’s disease. It is notoriously difficult to induce any lasting effects
within the cortex that has been plastically altered and that possesses a neurochemical
deficit. However, with such novel techniques, it is becoming increasingly likely that
high- frequency oscillating currents will be the method of choice when investigating the
effects of an application of a blanket electrical field applied to both cell cultures and the
living cortex (Radman et al., 2007), as one can not only examine alterations in
structures at the membrane and synaptic levels, but also the interactions within dynamic

neuronal populations themselves.

Like most other transcranial techniques, tRNS and tACS are intensity and duration
dependent, and so longer stimulation durations may recruit differing mechanisms that
contribute to the observed excitatory aftereffects. Studies using varying durations of
tDCS have already shown that these effects are markers of different stages of plasticity
induction (Nitsche et al., 2003). Intra- DC effects, using short stimulation durations,
have differing mechanisms of plasticity induction than those of longer stimulation
durations. It is also relevant to discuss the wide variety of plasticities when considering
the modes of action of novel stimulation techniques. For example, short-term plasticity
in comparison to long-term LTP-like plastic effects is distinct due to a number of
different factors; for example, short-term potentiation does not indicate a change in
synaptic strength or weight. This is also the case when describing homeostatic plasticity
and the Bienenstock-Cooper-Munro rule (Bienenstock et al., 1982), which may become
more relevant when the mechanisms of oscillating currents are better characterised both
in vitro and in the living cortex; the notion of applying currents that have both local and
remote effects and that can potentially synchronise neuronal populations will have many

evolutions of plasticity induction.

In addition to the aim of investigating basic mechanisms of neuroplasticity and
neuroplastic induction, with regard to tRNS and tACS, this thesis also aims to underline
the influence of genetic background on the induction of neuroplastic aftereffects using
various stimulation techniques. Recent studies have highlighted the role of genetic

variation within the population and it how it impacts upon how well both healthy and
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patient populations respond to the application of electrical and magnetic stimulation
(Cheeran et al., 2009, Foltynie et al., 2009). The role of brain- derived neurotrophic
factor (BDNF) may play a vital role in how transcranial stimulation techniques can be
optimized for individual therapies. Further to this, the insight into why some groups of a
particular genetic background are better responders or show less plasticity induction
than others, goes some way into helping to find out the basic mechanisms of

neuroplastic effects, and how they are achieved.

Other studies highlighted show how versatile transcranial electrical stimulation methods
are, and how they enable us to gain useful insights into structure- function relationships
within the human brain. For example, the frequency-dependent modulation of
phosphene perception and the combined application of tDCS and pergolide illustrate
that transcranial techniques can successfully modulate both focally stimulated areas of

the cortex and yet still have remote effects.

Concluding Remarks

In summary the studies included within this thesis aim to demonstrate the identification
of two novel methods of transcranial electric stimulation (tRNS and tACS) and to
describe their distinctions as well as highlight their similarities to other more widely
used techniques. The basic neurophysiology measures show that tRNS and tACS have
positive effects on the cortex, while further studies aimed to optimize stimulation
parameters and evaluate aftereffects. Studies focusing on high- frequency stimulation
highlight the potential of next generation stimulation techniques, showing that although
they possess the capability to induce sustainable aftereffects, they can be applied
painlessly and safely. Finally, a retrospective data analysis on the visual cortex
demonstrates the effect of gender and how it is an important factor that not only
predisposes male and females to neurological and cognitive disturbances later in life,
but how sex differences can create different responses to stimulation within a healthy

human population.
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What these studies hope to provide is an improved knowledge of how novel techniques
are identified and characterised and how they can be optimized to induce long- lasting
neuroplastic aftereffects which, in turn, enable us to gain a better understanding of the
mechanisms of neuroplasticity in the human cortex and the possibility to further utilize
these techniques within a clinical setting.
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