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Chapter 1

Introduction

It is one of the most important capacities of the human brain to reorganize itself
structurally and/or functionally in order to cope with the tremendous inputs from the
surrounding world. This capacity, termed as neuroplasticity, has been intensively
studied in modern neuroscience research, not only because it is considered the
mechanism underlying several cognitive processes, but also because of its potential
therapeutic application on neuropsychiatric disorders. The investigation of
neuroplasticity was initially only possible on animal preparations. The recent
development of advanced technologies now enables the non-invasive exploration of
neuroplasticity directly on live brains, including humans. For example, transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) both
serve as tools to induce cortical plasticity safely in humans, and therefore offer great
opportunity for the better understanding of this phenomenon via direct induction or
manipulation.

The present work contains three major parts: first, the basic concepts and factors
which influence the induction and maintenance of human cortical plasticity are
discussed. Here we explored a gender difference of neuroplasticity induced by tDCS
in humans. The results demonstrate more facilitatory and less inhibitory
neuroplasticity in males as compared to females. This might explain the different
incidence of certain neurological diseases between females and males. The second
part represents the modulation of cortical plasticity with pharmacological
interventions. Dopamine (DA) and acetylcholine (ACh) represent two major
neuromodulators of multiple brain functions. Several lines of evidence have
suggested their involvement and multiple modes of action in neuroplasticity
induction and modulation. Here the influence of DA and ACh on distinct forms of
neuroplasticity, namely global and specific synaptic plasticity induced by tDCS and
paired associative stimulation (PAS) respectively, are investigated in humans. We
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find that both DA and ACh enhance focal and suppress global excitability-enhancing
plasticity. Thus it supports the hypothesis that DA and ACh focus specific synaptic
inputs in neural networks in order to raise signal-to-noise ratio and thereby enhance
information processing. The third part of the thesis focuses on the interaction
between neuroplasticity modulation and learning processes. Homeostatic
mechanisms are proposed to prevent neural networks from over-enhanced cortical
excitability induced by positive-feedback Hebbian plasticity. Homeostatic plasticity
can be achieved by global processes that regulate overall levels of neuronal and
network activity within the range which is optimal for learning and memory. To
study the regulation of homeostatic plasticity and its impact on cognitive functions,
we first demonstrate the homeostatic plasticity generated by the combination of
tDCS and PAS, with the former modulating global excitability and the latter
inducing focal plasticity which has been suggested to represent the
neurophysiological basis of learning. To explore whether the specific homeostatic
mechanisms demonstrated in this study apply to learning processes, we further
performed an experiment in which we combined tDCS with a motor learning task.
The results of this experiment show that the specific impact of tDCS on motor
learning is not in accordance with the homeostatic phenomenon observed
neurophysiologically, indicating that cognitive functions are regulated in more
complicated manners than simple homeostatic mechanisms.

The aim of this thesis is to elucidate the mechanisms for the induction and
modulation of neuroplasticity in humans by external brain stimulation and
pharmacological intervention as well as the implications in a functional and
cognitive respect. This chapter will give a brief introduction to the background.
Chapter 2 represents the main component of the thesis, and consists of published or
submitted manuscripts of which the specific objectives will be briefly introduced
beforehand. Finally, the last chapter gives a summary of the present work and
conclusions with a prospective outlook and future directions of research.

1.1.Plasticity in central nervous system

1.1.1 Overview

Plasticity is an intrinsic property of the nervous system allowing short-term to
long-lasting remodeling of neurosynaptic maps to adapt itself to the changing
environment, and to optimize the functioning of brain networks. On the
microscopic level, it is described as the dynamic modulation of synaptic
strength including structural modifications of an increase in the size or number



CHAPTER 1. INTRODUCTION

of synapses as well as functional alteration of synaptic transmission in response
to the coincident activity of pre- and post-synaptic elements. Long-term
potentiation and depression (LTP and LTD) represent a durable increase or
decrease of synaptic plasticity involving several molecular regulating processes
such as the expression of glutamatergic receptors (Malenka and Bear, 2004),
and have been studied extensively across various species. In particular,
associative forms of LTP and LTD have been the focus of plasticity research
(Cooke and Bliss, 2006). The long-term modification of synaptic plasticity
characterized by longevity, input specificity and associativity was linked to
undermine the mechanisms of learning dynamics and memory storage (Martin
et al., 2000) according to the rules of Hebbian plasticity stating that learning
and memory are based on modifications of synaptic strength among neurons
that are simultaneously active due to task repetition. Moreover, these
mechanisms are important for the adaptive reorganization of cortical networks
of the brain following physiological or pathological changes (Buonomano and
Merzenich, 1998).

1.1.2  Motor cortex plasticity

Although synaptic plasticity has first been demonstrated in the hippocampus,
the induction of both short-term and long-term plasticity in the form of changes
in synaptic strengths is also well documented in the motor cortex (Hess and
Donoghue, 1994; Rioult-Pedotti et al., 2000; Sanes and Donoghue, 2000). The
horizontal inter-neuron connections within the primary motor cortex (M1) are
suggested as the candidate substrate for M1 plasticity since these collateral
connections functionally associate M1 neurons to form neuronal assemblies
which construct dynamic motor maps and have a capacity for long-lasting
synaptic modification (for review see (Sanes and Donoghue, 2000). M1
plasticity has been shown not only in animal experiments, but also in humans
as revealed by neuroimaging and electrophysiology techniques (Hallett, 2001;
Pascual-Leone et al., 2005). Plasticity in M1 has been shown to be functionally
important. It guarantees a dynamic reorganization of the brain, e.g. following
brain damage to compensate the function losses of brain networks (Nudo et al.,
1996). Motor cortical representations can reorganize rapidly in response to
different pathological forms of damage, and this capacity has drawn great
attention and interest especially in restorative neurology (Butefisch, 2006;
Duffau, 2006). The dynamic remodeling and synaptic modification of M1
circuits also play an essential role during motor learning and memory
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consolidation (Sanes and Donoghue, 2000; Muellbacher et al., 2002; Doyon
and Benali, 2005).

It is the purpose of the present work to improve knowledge of these phenomena
in order to guide cortical plastic potentials for the functional recovery after
brain damage, and to better understand the learning and memory processes
associated with the motor cortex.

1.2 Non-invasive brain stimulation in humans

Although it is attractive to link neuroplasticity to cognition on the macroscopic
level to learn more about the neuronal basis of learning and memory, the direct
demonstration of such long-term plastic changes in humans has not been
possible until recently when functional neuroimaging and non-invasive brain
stimulation techniques were better developed. Functional magnetic resonance
imaging  (fMRI),  positron  emission  tomography  (PET), and
Electrico-/magnetoencephalography (EEG/MEG) enable the elucidation of the
spatial change and temporal resolution of brain activation patterns due to
cortical reorganization or cognitive processing. On the other hand, the
interventional procedures can further increase the understanding of cortical
plasticity via active modulations. In the past decades technical advances in the
field of external brain stimulations, including transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS), have been developed
for this purpose.

1.2.1  Transcranial magnetic stimulation

TMS is a valuable tool in modern neurophysiology research because it can be
applied to monitor various aspects of cortical excitability with different
paradigms, and to induce ‘virtual lesions’ by disturbing the brain function of
certain areas (Pascual-Leone et al., 2000; Terao and Ugawa, 2002; Rossini and
Rossi, 2007). Originally introduced to noninvasively investigate nervous
propagation along the corticospinal tract, spinal roots, and peripheral nerves in
humans, TMS is nowadays extensively used in basic and clinical
neurophysiology (Pascual-Leone, 2002). Principally it generates an electric
current in neuronal tissue without the need for direct physical contact between
the stimulation coil and the brain, thereby activating the representational
cortical area. In the motor cortex, motor evoked potentials of the respective
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muscle, of which the cortical representation area is stimulated, can be recorded
and analyzed by single-pulse TMS (Rothwell, 1993), thus it allows motor
output to be mapped precisely to a given body district following interventions
such as plasticity induction procedures. Moreover, special TMS paradigms
including paired-pulse TMS, input-output (10) curve, and I-waves can be used
to specify and to localize the cortical sub-systems involved in changes of
cortical excitability (Ziemann and Rothwell, 2000; Chen, 2004). It is therefore
suitable for providing information about the pathophysiology of the brain in
various neuropsychiatric diseases as well as on the mechanisms of brain
plasticity. Additionally, neuroplasticity can be elicited either by repetitive TMS
applied with certain frequency (Fitzgerald et al., 2006) or by coupling TMS
with peripheral sensory input, termed as rTMS and paired associative
stimulation (PAS, see section 1.2.3) respectively. Both phasic stimulation
protocols are intensively applied in basic and clinical neurophysiology to
investigate and modulate cortical plasticity.

1.2.2  Transcranial direct current stimulation

The application of weak current to change neuronal excitability was first
introduced in the 1960’s in animals (Bindman et al., 1964). Direct currents
were delivered by intracerebral or epidural electrodes in anesthetized rats, and
induced activity and excitability diminutions or enhancements of the
sensorimotor cortex which can be stable for hours after the stimulation. It was
suggested that the long-lasting excitability changes shared some features with
long term synaptic plasticity (Nitsche et al., 2003b). For example, these effects
were protein synthesis-dependent (Gartside, 1968) and accompanied by
modifications of intracellular cAMP- and calcium-levels (Hattori et al., 1990;
Islam et al., 1995). Later the direct current stimulation was applied
transcranially to human subjects, mainly psychiatry patients, with effective
results such as anodal stimulation diminishing depressive symptoms (Costain et
al., 1964), while cathodal stimulation reduced manic symptoms (Carney, 1969).
However, the positive effect was not reproducible in some studies and such
discrepancy might have been due to the difficulty of the objective evaluation of
the effects during these times, and the various parameters applied in different
labs. The technique was therefore nearly forgotten until recently when the
non-invasive tools including neuroimaging and transcranial stimulations were
rapidly developed allowing the monitoring of brain activity and excitability
changes. The re-evaluation of tDCS showed promising results of inducing acute
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and long-lasting cortical excitability changes. The effects depend on the
direction of the current flow, which is defined generally by the electrode
positions and polarity: anodal stimulation enhances excitability, while cathodal
stimulation decreases it (Nitsche and Paulus, 2000, 2001; Nitsche et al., 2003a).
The plastic changes can be blocked by co-administrating the
N-methyl-D-aspartic acid (NMDA) receptor antagonist (Liebetanz et al., 2002;
Nitsche et al., 2003d), which indicates at the involvement of synaptic
mechanism other than membrane polarization in the after-effects (Purpura and
McMurtry, 1965) underlining the induction of LTP/LTD-like plasticity by tDCS.
Conceivably, tDCS can be used as a method for tonic induction and modulation
of neuroplasticity in humans since it elicits reversible, long-lasting cortical
excitability changes reliably and non-invasively. In addition to the motor cortex
which had been studied more intensively initially, tDCS can also exert effective
modification of somatosensory, visual systems (Matsunaga et al., 2004; Antal et
al., 2006), and modulation of cognition in the prefrontal cortex with a
combination of specific psychophysics protocols (Nitsche et al., 2003c; Antal et
al., 2004; Kincses et al., 2004; Fregni et al., 2005).

1.2.3  Paired associative stimulation

In PAS, repetitive low-frequency peripheral nerve stimulation is combined with
TMS over the contralateral motor cortex. This associative stimulation has been
shown to induce plastic changes of excitability in the human motor cortex
(Stefan et al., 2000). Its principles of design were shaped related to associative
LTP which is induced by correlated input-output stimulation protocols in
animal experiments, a cellular mechanism likely to be relevant for learning and
memory. The direction of PAS-induced plastic changes is determined by the
inter-stimulus interval. Cortical excitability is enhanced when the single-pulse
TMS is preceded by the sensory input into the motor cortex, whereas the
opposite causes excitability diminution (Wolters et al., 2003). Thus PAS shares
some features with spike-timing-dependent synaptic plasticity. This kind of
plasticity is well documented in animal studies as well as computational
modeling, and is considered to play an important role in information processing
and storage within neural networks (Dan and Poo, 2004). The neuroplasticity
induced by PAS is diminished by blocking NMDA receptors (Stefan et al.,
2002), which is also consistent with the involvement of LTP/LTD-like
processes. Compared to the generalized tDCS-induced excitability changes,
PAS induces cortical plasticity via more specific synaptic modifications. This is
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of particular importance as the application of various methods to induce distinct
forms of neuroplasticity will provide better insight into cognition-related
cortical network plasticity.

Taken together, the aforementioned technologies are well-developed to
investigate brain plasticity in humans non-invasively and painlessly. This
serves as the major methodology of the present work, in which neuroplasticity
in the human motor cortex as a model system is investigated with the
application of tDCS and PAS by using TMS-induced MEPs as index of
resultant changes in motor cortical excitability.

1.3 Pharmacological modulation of human cortical
plasticity

A large number of experimental studies have shown that exogenous
manipulation of central neurotransmitter levels can directly affect plastic
changes in the brain and can modulate the effects of experience and training
(Gu, 2002). Dopamine and acetylcholine are applied as clinical
pharmacotherapy in various neuropsychiatry disorders associated with a
maladaptation of brain plasticity, despite the direct evidence in humans
supporting its physiological mechanism is still not completely understood.
Given the involvement of both transmitters in neuroplasticity, it is of great
interest  how  pharmacological intervention  will  influence the
neurophysiologically induced plasticity.

1.3.1 Dopaminergic modulation of neuroplasticity

It is well recognized that DA plays a critical role in normal cognitive process
and neuropsychiatric pathologies of the central nervous system. On the cellular
level, DA has been demonstrated to exert both facilitation and inhibition of
neuronal excitability or synaptic activity (Seamans and Yang, 2004). The
distinct features of DA modulation on the cognitive level are also observed in
both animal and human experiments (Jay, 2003).

Both the improvement and deterioration of cognitive function such as working
memory were reported with application of either agonist or antagonist of DA
receptors (Jay, 2003). Clinically, DAergic therapy on neurological or
psychiatric diseases occasionally encounters limitations such as unexpected
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adverse effect or inconsistent outcome, which is probably associated with the
heterogeneous pattern of DA action described above (Cools, 2006). This
indicates DA might exert multiple functions according to external challenge
and environmental demand as well as internal neural network status on the
macroscopic level, which hampers the step to bridge microscopic findings with
the behavioral phenomena of DAergic modulation. It is suggested that the
systemic, complex excitability modifications generated by DA result in a
focusing effect on neuroplasticity and related cognitive functions (Seamans and
Yang, 2004). This could explain that DA has an antagonistic influence on the
performance depending on the task demands, i.e. flexibility or focusing
maintenance of input representation during information processing. However,
the neurophysiological evidence, especially in humans, for such a focusing
effect is still lacking so far.

1.3.2  Cholinergic modulation of neuroplasticity

The cholinergic system is implicated in functional, behavioural and
pathological states including cognitive function, nicotine addiction, Alzheimer's
disease, Tourette's syndrome, epilepsies and schizophrenia. ACh would be
expected to facilitate the induction of plasticity since general evidence indicates
ACh can produce long-lasting increases in neural responsiveness (Rasmusson,
2000). However, similar to DA, the understanding of cholinergic modulation is
complex because it is the result of a mixture of positive and negative
modulation, implying that there are various modes of cholinergic regulation in
cortical functions (Lucas-Meunier et al., 2003). Enhancing cholinergic level in
the brain is the main target of current pharmacotherapy for neurocognitive
deficits aiming at restoring cognitive function or at least preventing its decline.
It is generally accepted that ACh increases signal-to-noise ration probably via
enhancing the strength of afferent input relative to feedback and activating
intrinsic mechanisms for persistent spiking as well as increasing the
modification of synapses (Hasselmo and Giocomo, 2006). These effects might
enhance specific synaptic plasticity within neural networks thereby contributing
to the learning process and memory encoding. Similar to DA, the direct
demonstration in humans of cholinergic focusing function on the
neurophysiological level is missing.

It is possible to study the neurophysiological mechanisms of DA and ACh
modification in plasticity-related cortical circuitry with the application of
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external brain stimulation such as tDCS and PAS in healthy human subjects
(Nitsche et al., 2006). Moreover, this approach will provide more information
about how these neurotransmitters modulate discrete forms of neuroplasticity
and thus lead to further implication of cognitive processes in human brain.

1.4 Neuroplasticity and motor learning

Learning refers to the process by which a relatively lasting change in potential
behavior occurs as a result of practice or experience. Neurophysiologically it
involves the constant adaptation of the central nervous system to incoming
information in order to optimize behavioural outcome. This requires the
dynamic, plastic reorganization of neural connectivity in cortical networks. M1
IS suggested to play an important role in forming new or adapting existing
motor skills, as exemplified by recent works in experimental animals including
primates and humans (Gandolfo et al., 2000; Sanes and Donoghue, 2000; Li et
al.,, 2001; Ilic and Ziemann, 2005). The remarkable flexibility and
reorganization of motor cortical representations within M1 indicate an
important contribution of plastic changes to motor learning. However,
uncontrolled learning-associated neuroplasticity will drive the brain to a
deleterious state of saturated up- or down-regulation of neural network
connections. To prevent such instability caused by positive-feedback and
correlation-based plasticity, homeostatic regulatory mechanisms were therefore
introduced. Metaplasticity, also referred to as homeostatic plasticity and
initially studied in neuronal network simulations and at the synaptic level,
encompasses regulatory processes that maintain the stability and functionality
of neural networks subject to Hebbian plastic modifications according to their
history of use and the average activity level (Abraham and Bear, 1996;
Turrigiano and Nelson, 2000). Recently this was also demonstrated in human
subjects on the neurophysiological level (Lang et al., 2004; Siebner et al., 2004;
Ziemann et al., 2004; Stefan et al., 2006). It was demonstrated that enhancing
or diminishing motor cortex excitability with tDCS resulted in inversely
directed effects on excitability of rTMS protocols which are ineffective to
induce any excitability modifications if administered alone (Lang et al., 2004;
Siebner et al., 2004). Moreover, preceding learning processes were shown to
reverse LTD-like plasticity induced by inhibitory PAS and prevent LTP-like
plasticity by facilitatory PAS (Ziemann et al., 2004; Stefan et al., 2006). Such
regulating mechanism may keep the synaptic strengths and cortical excitability
within a dynamic range that is optimal for learning process. However,
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experimental evidence for the significance of homeostatic plasticity in learning
is still lacking.

As the focal plasticity induced by PAS is postulated to mimic learning
processes while tDCS could be used to modify the global background neural
excitability, it is thus plausible to elucidate the mechanisms and functional
significance of metaplastic regulation of cortical plasticity associated with
motor learning in healthy human subjects with both external brain stimulation
protocols. Combining tDCS with a motor learning paradigm might in a second
step be able to test the transferability of the neurophysiologically achieved
results to the behavioural level.

In summary, the main theme of this work is to elucidate the basic mechanisms of
neuroplasticity on both neurophysiological and behavioral levels with
well-developed external brain stimulation techniques and pharmacological
interventions. The knowledge we gain here might further help to optimize the
manipulation of cortical plasticity for clinical therapeutic interventions.
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2.1  Sexdifferences in cortical neuroplasticity in humans

It is a well-known fact that brain functions differ gradually between males and
females, as shown by certain aspects of cognitive performance (Kimura, 1999;
Cahill, 2005) and the susceptibility to develop certain neurological diseases.
However, the neuronal foundations underlying these differences are still not well
understood. Our aim was to explore gender differences of neuroplasticity induced by
tDCS in the human motor cortex. The data collected from previously conducted
motor cortex tDCS studies was re-analyzed retrospectively. During a short DC
stimulation, which elicits no after-effects, the female group showed more inhibition.
Similarly, in women the excitability-diminishing after-effects of cathodal tDCS were
significantly prolonged, as compared to the male group. In contrast, no relevant
difference between male and female subjects was revealed for the results of
excitability-enhancing anodal tDCS. This pattern of results suggests a gender effect
of neuroplasticity induction, which could be responsible for the different disease
prevalence such as dystonia or Parkinson’s disease.
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In the present study, we explore sex differences of neuroplasticity
in humans, as revealed by transcranial direct current stimulation,
which induces motor cortical excitability changes both during and
after stimulation. We retrospectively re-analyzed data collected
from previous transcranial direct current stimulation studies. In
women, the excitability-diminishing after-effects of cathodal trans-
cranial direct current stimulation were relevantly prolonged com-
pared with the male group. Similarly, during a short direct current

Keywords: brain stimulation, gender, human, neuroplasticity

stimulation that elicits no after-effects, the female group showed
more inhibition. In contrast, no significant differences between
male and female study participants were found for excitability-
enhancing anodal transcranial direct current stimulation. These
results suggest sex differences, possibly due to the effects of
sex hormones, in the modulation of human cortical plasticity.
NeuroReport 17:1703—1707 © 2006 Lippincott Williams & Wilkins.

Introduction

Neuroplasticity, a continuous process of change in neuronal
activities involving brain functions such as cognition, can be
modulated by gender effects. Sex differences of synaptic
plasticity and cognitive functions in animal studies have
been demonstrated [1-4], and sex hormones were suggested
as modulating such effects [5-7]. In humans, the reports of
gender differences are less numerous and mainly focus on
cognitive performance, such as spatial skills or verbal tasks
in which men or women tend to excel, respectively (for a
review, see [8]). Clinical observations suggest gender
differences of brain physiology as one plausible cause for
the sex-dependent susceptibility to some neurological
diseases such as dystonia or Parkinson’s disease. These
findings indicate possible differences in human brain
function between the sexes with regard to neuroplasticity,
both physiological and pathological, in spite of the
methodological difficulties of directly investigating human
cortical neurophysiology.

Since the discovery that continuous weak direct current
stimulation induces lasting excitability changes in the
human motor cortex [9,10], transcranial direct current
stimulation (tDCS) has been applied in various studies of
induction and modulation of cortical neuroplasticity. While
direct current (DC) stimulation for 4 s elicits brief excitability
enhancements or reductions that do not outlast the
stimulation itself, tDCS applied for some minutes has been
demonstrated to induce long-lasting after-effects for more
than 1 h after the end of stimulation [10,11]. Pharmacological
studies show that antagonizing N-methyl-D-aspartate re-
ceptors abolishes tDCS-induced neuroplasticity [12,13],

indicating that the possible underlying mechanisms share
features with long-term potentiation and long-term depres-
sion. Therefore, tDCS is suitable as a noninvasive tool
to study neuroplastic properties of the human cerebral
cortex.

To explore the gender-specific modulation of neuroplas-
ticity in humans, we re-analyzed the data from previous
experiments in which tDCS was applied in healthy humans
to study motor cortical functions. We reviewed gender-
dependent variations and differences in tDCS-induced,
immediate and long-term effects on cortical plasticity, in
order to shed light on the gender differences in human
neurophysiological characteristics.

Methods

Study participants

We analyzed retrospectively the results from tDCS studies
performed in our laboratory, in which 118 participants
(66 women and 52 men) were included (see Table 1). The
mean (SD) age of the male group was 27.4 (3.9) years, while
that of the female group was 26.2 (2.2) years. In the studies
of the intra-current excitability changes, data from 33 study
participants (16 women and 17 men) were collected and
analyzed. Eighty-five participants (47 women and 38 men)
received tDCS to produce long-lasting after-effects. All of
the participants were healthy, were taking no medication
and had given written informed consent. The investiga-
tions were approved by the Ethics Committee of the Univer-
sity of Goettingen, and conformed to the Declaration of
Helsinki.

0959-4965 © Lippincott Williams & Wilkins
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Table I Details of the different stimulation paradigms and participant char-
acteristics of the experiments

DC DC Number of Age

polarity duration participants (years+SD)

Intra-DC effects Anodal 4s 16 female  2394+2.67
Cathodal 17 male 2541 4-2.87

Long-lasting after-effects ~ Anodal I3min 40 female  25.37+2.5I
33 male 25.75+2.18

Cathodal 9 min 45 female 24124272

29 male 25.85+2.69

In the intra-tDCS group, the DC stimulation lasted for 4s, and all the 33
participants had both anodal and cathodal tDCS. For the long-lasting
tDCS, 62 participants (38 female, 24 male) took part in both anodal and
cathodal stimulation. tDCS, transcranial direct current stimulation; DC,
direct current.

Transcranial direct current stimulation

tDCS was applied with a specially developed, battery-
driven constant current stimulator (Schneider Electronic,
Gleichen, Germany; maximal output: 2mA) and was
transferred with a saline-soaked pair of surface sponge
electrodes (35cm?). One of the electrodes was placed over
the representational area of the right abductor digiti minimi
muscle (ADM) as determined by transcranial magnetic
stimulation (TMS), the other electrode above the right orbit.
In the different experiments, the currents ran continuously
for 4 s (intra-DC effects), or 9 min (cathodal stimulation) and
13 min (anodal stimulation) (long-lasting after-effects) with
an intensity of 1mA.

Measurement of motor cortical excitability

TMS-elicited motor evoked potentials (MEPs) were re-
corded to measure excitability changes in the representa-
tional motor cortical area of the right ADM. Single-pulse
TMS was conducted either by a Magstim 200 magnetic
stimulator (Magstim Company, Whiteland, Dyfed, UK) or a
Magstim rapid-stimulator (Magstim Inc., Dyfed, UK), with
a figure-of-eight magnetic coil (diameter of one wind-
ing=70mm, peak magnetic field=2.2T). All of the intra-
tDCS studies were performed with a Magstim 200, while the
after-effects were obtained with either the Magstim 200 or
the Magstim rapid-stimulators in the original studies. The
coil was held tangentially to the skull, with the handle
pointing backwards and laterally at 45° from the midline.
The optimal position was defined as the site where
stimulation resulted consistently in the largest MEPs.
A surface electromyogram was recorded from the right
ADM with Ag-AgCl electrodes in a belly-tendon montage.
The signals were amplified and filtered with a time constant
of 10 ms and a low-pass filter of 2.5 kHz, then digitized at an
analogue-to-digital rate of 5kHz and further relayed into a
laboratory computer using the Neuroscan software collec-
tion (Neuroscan, Herndon, Virginia, USA).

Experimental procedures

Both experiments (intra-tDCS and long-lasting after-effects)
were conducted in a repeated measurement design. The
participants were seated in a reclining chair. The left motor
cortical representational area of the right ADM was
identified by finding the TMS coil position eliciting the

largest MEPs in the ADM. The intensity of stimulator output
was adjusted for baseline recording so that the average
stimulus produced an MEP of ~1mV. For the intra-current
excitability changes, we recorded a randomized series
(0.1Hz) of 15 MEPs elicited by TMS (i) immediately
before the end of a 4-s-long current stimulation or (ii)
without preceding current stimulation. Both polarities
of DC stimulation were carried out in one session in
randomized order. For the long-lasting after-effects, we
first recorded a baseline of TMS-evoked MEPs (20 stimuli)
at 0.25Hz. The motor cortical DC stimulation electrode
was then fixed above the left motor cortex and the other
was fixed at the contralateral forehead position above the
orbit. DC current was applied as 13-min anodal or 9-min
cathodal stimulation, which had been demonstrated in
previous studies to modify cortical excitability for approxi-
mately 1h after the end of stimulation [10]. Immediately
after tDCS, 20 MEPs were recorded every 5min at 0.25Hz
for 30min, then 60 and 90min after cessation of DC
stimulation.

Statistics

An analysis of variance (ANOVA) model for repeated
measures [independent variables: time course, gender, tDCS
polarity and stimulator type (after-effects only)] was applied
in both intra-tDCS and long-lasting after-effect conditions.
MEP amplitude means were normalized as a quotient of the
without-current (intra-DC condition) or pre-current (long-
lasting after-effect condition) baseline. For the intra-DC
effects, gender comparisons were carried out separately for
anodal and cathodal data using post-hoc Student’s t-test
(independent samples). Paired t-tests were performed to
compare the effect of tDCS between baseline and post-
stimulation values. Student’s t-tests for independent sam-
ples were used to determine the gender effect on MEP
amplitude at each time point. The relationship between age
and MEP changes was assessed by computing Pearson’s
correlation coefficient. All comparisons and correlations
were two-tailed. Statistical significance was assumed at
P<0.05.

Results

One hundred and eighteen individuals (66 women and 52
men) who participated in tDCS studies performed in our
laboratory were included (see Table 1).

For the intra-effects of tDCS (4 s tDCS, which produces no
after-effects), the ANOVA revealed a significant effect of
tDCS polarity (see Table 2). The inhibition of the MEP
amplitude during cathodal stimulation was 0.786 (SE=0.02)
in the female participants and 0.838 (SE=0.01) in the male
participants. Student’s t-tests revealed that the difference
between the groups was significant (P=0.02). MEP ampli-
tudes did not differ between genders for the anodal tDCS-
induced effect (men: 1.3614+0.09; women: 1.34740.09;
P=0.91) (Fig. 1).

For the neuroplastic after-effects of tDCS, the results of the
ANOVAs show significant main effects of time course and
tDCS polarity, and significant interactions of tDCS po-
larity x time course, gender x time course, stimulator
type x time course, gender x stimulator type x time course,
gender x tDCS polarity x time course and gender x stimu-

1704 Vol 17 No 16 6 November 2006

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



SEX DIFFERENCES IN CORTICAL NEUROPLASTICITY

NEUROREPORT

Table2 Results of ANOVAs

df. F P
Intra-tDCS
tDCS (polarity) I 76.451 <0.001"
Gender | 0.300 0.588
Gender x polarity | 0.094 0.761
Long-term after-effects of tDCS
Time course 9 2420 0001"
Gender | 1.437 0.233
TMS stimulator type (stimulator) | 0472 0.493
tDCS polarity | 151938 <0001"
Time x gender 9 2947 0.002°
Time x stimulator 9 3469 <000l
Time x polarity 9 28588 <0001
Time x gender X stimulator 9 2.063 0.030°
Time X gender x polarity 9 2.058 0.030°
Time X stimulator X polarity 9 1.242 0.265
Time x gender X stimulator X polarity 9 1931 0044

Repeated-measures ANOVAs were calculated for the intra-tDCS and the
long-lasting after-effects. Polarity refers to anodal and cathodal stimula-
tion. Asterisks indicate significant results (P <0.05). ANOVAs, analyses of
variance; tDCS, transcranial direct current stimulation; DC, direct
current.

Intra-DC effect
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Fig. 1 Cortical excitability shifts during transcranial direct current
stimulation (tDCS) in male and female groups. As the results show, the
reduction of cathodal tDCS-generated cortical excitability is greater
in female participants. No gender difference is observed in the enhance-
ment of motor evoked potential size with regard to anodal stimulation.
Asterisks indicate significant deviations of the current from the non-
current conditions and differences between male and female groups in
the cathodal tDCS condition. Error bars indicate SEM. M, male; F,
female.

lator type x tDCS polarity (see Table 2). As demonstrated by
the results of the post-hoc t-tests, the reduction of MEP
amplitude after cathodal tDCS was significant for 30 min
after tDCS in the male group and for 60 min in the female
one. Even 90min after tDCS, a non-significant trend for
inhibition was observed in the female group. Inhibition thus
lasted significantly longer in the female group than in the
male group (Fig. 2). The inter-gender difference was
significant at the time points of 0 (P=0.013), 10 (P=0.043),

1.8 - -o- AF ¥~ AM O-CF 2-CM

MEP amplitude/baseline

0 5 10 I5 20 25 30 60 90
Time after tDCS (min)

Fig. 2 Gender differences in transcranial direct current stimulation
(tDCS)-induced long-lasting after-effects on cortical excitability. Pro-
longed inhibition caused by cathodal stimulation in the female group is
shown at 60 and 90 min after termination of direct current, while in the
male group the motor evoked potential sizes returned to baseline at
these time points. Asterisks indicate significant differences between gen-
ders regarding identical current conditions and time points; filled symbols
represent significant deviations from the respective baseline within each
gender/tDCS combination. Error bars indicate SEM. A, anodal stimula-
tion; C, cathodal stimulation; M, male; F, female.

20 (P=0.008), 30 (P=0.003), 60 (P=0.009) and 90
(P=0.004) min after cathodal stimulation (Student’s t-test,
two-tailed). No significant gender difference in excitability
enhancement induced by anodal tDCS was found in either
time point. The increase of MEP amplitude, however,
remained significant for male participants 90min after
tDCS, while it returned to baseline in the female
group at this time point. Concerning the possible effects of
age, no correlation with age was found for the after-
effects of both anodal and cathodal stimulation when the
correlation between MEP ratio and age was analyzed for
each time point (correlation coefficients: —0.224-0.144;
P=0.070-0.984). Therefore, the influence of age can-
not explain the gender differences in tDCS-induced neuro-
plasticity.

Discussion

To the best of our knowledge, the results of this study
present direct evidence for the first time of gender
differences in neuroplasticity in the human motor cortex.
Specifically, excitability-diminishing neuroplasticity was
prolonged and enhanced in female participants, as com-
pared with male participants. This effect was prominent for
long-lasting plasticity, but also observable during short-
lasting tDCS. Interestingly, it was specific for the tDCS-
induced excitability diminution, as the effects of excitability-
enhancing anodal tDCS on MEP amplitudes did not differ
between sexes.

The greater reduction of the MEP amplitude during
cathodal tDCS in the female participants could be related to
the effects of sex hormones such as progesterone, which
contributes to the reduction of cortical excitability in women
with normal menstrual cycles. Using the paired-pulse TMS
paradigm, Smith et al. [14,15] demonstrated a tendency to
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produce less intracortical inhibition and more facilitation
when the circulating estradiol was higher, while the reverse
effect was observed in the luteal phase, with a higher
progesterone level, relative to the mid-follicular phase, and
the similar effects were also observed in the TMS-induced
silent period [16]. Moreover, insufficient levels of progester-
one are related to premenstrual seizure exacerbations, and
the inhibitory effect on cortical excitability can be restored
with treatment of progesterone supplementation [17]. The
underlying mechanisms are suggested to be associated with
tonic inhibition mediated by y-aminobutyric acid type A
receptors [18]. Thus, progesterone may serve as one of the
candidates to modulate the inhibitory neuronal circuits in
the motor cortex. It may be responsible for a stronger
inhibition during cathodal tDCS. By increasing the effect of
cathodal tDCS on membrane polarization during stimula-
tion — which is a pre-requisite for the subsequent evolve-
ment of after-effects — progesterone may have also favored
the induction of neuroplastic excitability diminutions
caused by prolonged cathodal tDCS.

In contrast to the lack of a gender-specific effect on anodal
tDCS-elicited excitability enhancements, Inghilleri et al. [19]
report that high estrogen levels in the late follicular
phase increase the MEP size after fast, excitability-enhan-
cing repetitive TMS, whereas during the period with
lower estrogen levels such enhancement was diminished
when compared with a male group. Some studies
also demonstrated that long-term potentiation is easier to
induce in male than in female rats [20,21]. It is possible that
in the present study these respective gender differences
were masked by non-controlled hormone levels in female
participants. Further, prospective investigations are needed
to elucidate the specific role of ovarian hormones in cortical
neuroplasticity during the hormone cycle.

With regard to other parameters, which might have
influenced the results, ANOVA shows that the type of
TMS stimulator used to record MEPs influences the time
course of recorded neuroplasticity. Owing to the results of
ANOVA, this effect is independent of the gender effect on
neuroplasticity (significant interaction between time course,
tDCS polarity and gender). As it is known that the current
wave form elicited by the two types of TMS stimulator used
in this study (monophasic vs. biphasic) might affect, at least
in part, different neuronal populations [22], this might be a
hint that tDCS induces neuroplasticity in specific neuronal
populations. The investigators performing the experiments
and the individuals participating in the respective experi-
ments, however, co-varied systematically with the type of
TMS stimulator used. Studies should be performed in which
these parameters are controlled to explore this phenomenon
to a greater extent.

Although age differed slightly between the male and
female groups, it fails to explain gender difference in
neuroplasticity as the correlation analysis showed no
significance.

Conclusion

Research on gender differences has long been of great
interest. A surge of studies that highlight the influence of
gender on many areas of cognition and behavior has
appeared over the past decades [23]. The present findings
indicate that inhibitory neuroplastic effects are more
pronounced in the female participants. This may at least

partially explain the predominance of the male patients in
some movement disorders that are associated with abnor-
mal excitability or reduced inhibition of the motor cortex,
such as focal dystonia and epilepsy. While the behavioral
relevance of this sexual dimorphism in human neuroplas-
ticity remains to be determined [24], animal studies have
suggested that sex hormones can morphologically and
physiologically regulate the hippocampus, a brain area
involved in learning and memory formation, and thus
modulate cognitive processes [25].

Apart from this, the results of this study propose a
potential source of variability in cortical plastic changes,
which should be addressed in future studies about the
manipulation of human cortical neuroplasticity.
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18 CHAPTER 2. ORIGINAL ARTICALS AND MANUSCRIPTS

2.2 Boosting focally-induced brain plasticity by
dopamine

Application of levodopa (L-DOPA) has recently been shown to improve motor as
well as semantic learning in healthy subjects and patients with chronic stroke or
Parkinson’s disease (Knecht et al., 2004; Floel et al., 2005b; Floel et al., 2005a). The
neurophysiological basis for these functional effects however has not been studied
systematically so far. It has been speculated that dopamine focuses NMDA
receptor-dependent cortical excitability enhancements and therefore shapes
information processing (Jay, 2003; O'Donnell, 2003; Seamans and Yang, 2004). We
applied L-DOPA or placebo medication to healthy subjects in combination with
tDCS and PAS. tDCS induces long-lasting, stimulation-polarity-specific neuroplastic
excitability enhancements or reductions, which globally involve the cortical area
under the electrode, while PAS induces synapse-specific focal neuroplastic
excitability changes. Under L-DOPA, the excitability enhancement elicited by
anodal tDCS was reversed into inhibition, whereas the cathodal tDCS-induced
excitability diminution was prolonged and consolidated. Conversely, L-DOPA
facilitated the synapse-specific excitability increase induced by PAS. This pattern of
results supports the notion that dopamine has a focusing effect on synapse-specific
excitability-enhancing neuroplasticity in human cortical networks and it may explain
the task-specific beneficial influence of dopamine on cognitive tasks.
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Abstract

Dopamine simultaneously produces both excitation and inhibition in the human cortex.
In order to shed light on the functional significance of these seemingly opposing
effects, we administered the dopamine precursor levodopa (L-dopa) to healthy
subjects in conjunction with two neuroplasticity-inducing motor cortex stimulation
protocols. Transcranial direct current stimulation (tDCS) induces cortical excitability
enhancement by anodal and depression by cathodal brain polarization, which is not
restricted to specific subgroups of synapses. In contrast, paired associative stimulation
(PAS) induces focal excitability enhancements of somatosensory and motor cortical
neuronal synaptic connections. Here we show that administering L-dopa turns the
unspecific excitability enhancement caused by anodal tDCS into inhibition and
prolongs the cathodal tDCS-induced excitability diminution. Conversely, it stabilises
the PAS-induced synapse-specific excitability increase. Most importantly, it prolongs
all of these after-effects by a factor of about 20. Hereby dopamine focuses synapse-

specific excitability-enhancing neuroplasticity in human cortical networks.



Introduction

The neuromodulator dopamine (DA) influences cognitive, emotional, motivational
and motor processes. These are consequently affected in diseases with disturbed
dopamine function such as Parkinson’s syndrome or schizophrenia (Grace AA et al.,
1998). DAergic modulation on cognitive functions has long been investigated
intensively, and the results at first glance revealed that DA enhancing agents
facilitated working and long-term memory while DA receptor blockers impaired it
(Bartholomeusz CF et al., 2003; Floel A et al., 2005; Kimberg DY et al., 1997;
Knecht S et al., 2004; Luciana M and PF Collins, 1997; Luciana M et al., 1992;
Mehta MA et al., 1999; Mehta MA et al., 2001; Muller U et al., 1998). However, the
DAergic influence on cognition might be not quite as simple as originally thought: It
might depend on dosage, dopaminergic sub-receptor specifity, and task characteristics
(Floresco SB and AG Phillips, 2001; Kulisevsky J, 2000). It is proposed that DA
improves cognitive functions by focusing information processing (Foote SL and JH
Morrison, 1987), i.e. enhancing the signal to noise ratio. Specifically, DA might
suppress moderate neuronal background activity, but enhance task-related high-level
activity (Seamans JK and CR Yang, 2004). Such a focusing mechanism is particularly
necessary for consolidation of cognitive functions related to learning and memory,
which require long-term stabilization of one or a set of limited representations and
suppression of other non-significant inputs in neural networks. Several studies have
suggested the importance of DAergic focusing on cognition in humans
(Bartholomeusz CF et al., 2003; Floel A et al., 2005; Kimberg DY et al., 1997;
Knecht S et al., 2004; Mehta MA et al., 1999; Muller U et al., 1998), but direct
neurophysiological evidence for such a focusing action of DA in humans is still

missing.



Here we compare the impact of DA on focal cortical neuroplasticity versus relatively
non-focal, global cortical neuroplasticity. Focal plasticity was induced by paired
associative stimulation (PAS). Here repetitive peripheral nerve stimulation is paired
with transcranial magnetic stimulation (TMS) of the human motor cortex (Stefan K et
al., 2000). It is postulated that PAS-induced excitability changes specifically facilitate
somatosensory-motor cortical connections. Recently, it has moreover been
demonstrated that the effects of PAS in the human motor cortex are restricted to the
motor cortical representations affected by the stimulation protocol, but do not spread
to neighboured ones (Weise D et al., 2006). Furthermore, the efficacy of PAS to
induce motor cortical excitability alterations specifically depends on the inter-
stimulus interval (Wolters A et al., 2003). Thus, PAS shares some critical features of
associative synaptic LTP and LTD (Stefan K et al., 2002; Stefan K et al., 2000).

For induction of a broader, less spatially restricted neuroplasticity, we applied
transcranial direct current stimulation (tDCS). tDCS leads to a modulation of cortical
network plasticity by application of weak direct currents through the surface of the
scalp. Depending on stimulation duration anodal tDCS enhances and cathodal tDCS
diminishes cortical excitability for about an hour after the end of stimulation (Nitsche
MA et al., 2003; Nitsche MA and W Paulus, 2001). The primary mechanism is a
modulation of resting membrane potential, and the resulting polarity-specific
excitability and changes in cortical activity subsequently induce changes in synaptic
strength - which are however not restricted to specific synaptic subgroups, since
excitability and activity of a broad range of cortical neurons is modulated by tDCS, as
shown in animal experiments (Purpura DP and JG McMurtry, 1965).

Both plasticity-inducing stimulation protocols induce long-lasting, NMDA receptor-
dependent neuroplastic excitability changes (Nitsche MA et al., 2003; Stefan K et al.,

2002). The main difference lies in the specific focal effects of PAS on a restricted
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subgroup of synapses, as opposed to the plasticity induced by tDCS, which is
synaptically driven but not restricted to specific subgroups of synapses. PAS-induced
plasticity is also associative and timing-dependent, compared to the tonic neuronal
polarization by tDCS.

We hypothesized that the impact of L-dopa on both kinds of neuroplasticity might
differ. According to a proposed focusing effect of dopamine, L-dopa might enhance
focal, excitability-enhancing, PAS-induced plasticity, while it might diminish
increases in global cortical network excitability as generated by anodal tDCS.
Conversely, global network excitability diminutions, as induced by cathodal tDCS,
might be strengthened by L-dopa, and thus further increase the signal to noise ratio
(Seamans JK and CR Yang, 2004). This proposed pattern of results would offer a
neurophysiological explanation for the beneficial effect of DA on cognition and
furthermore help to understand the pathophysiology of neuropsychiatric diseases
accompanied by DA malfunction. Alternatively, it might be argued that differences in
the effect of L-dopa on tDCS- and PAS-generated neuroplasticity are due to the fact
that PAS mimics physiologically-occurring events more closely than the gross

transcranial DC stimulation.

Materials and Methods

Subjects

Seven (three men, four women; aged 26 + 4 years, PAS) and 11 (five men, six women,
aged 24 + 4 years, tDCS) neurologically healthy subjects participated in both
experiments. The study was approved by the ethics committee of the University of
Goettingen, and we conform to the Declaration of Helsinki. All subjects gave their

written informed consent.



Transcranial direct current stimulation (tDCS)

tDCS was carried out with a pair of saline-soaked surface sponge electrodes (35 cm2)
with one of the electrodes placed over the representational area of the right abductor
digiti minimi muscle (ADM) as determined by TMS and the other electrode above the
right orbit as reference. The currents ran continuously for 13 (anodal tDCS) or 9
(cathodal tDCS) minutes with an intensity of 1 mA. In previous studies, these
stimulation durations have been shown to induce after-effects of tDCS lasting for

about one hour (Nitsche MA et al., 2003; Nitsche MA and W Paulus, 2001).

Paired associative stimulation (PAS)

Peripheral nerve stimulation was applied on the right ulnar nerve at the level of the
wrist. Single-pulse TMS was delivered over the representing area of the right ADM
and preceded by an ulnar nerve stimulus with an interval of 25ms with stimulation
intensity of 300% of the perceptual threshold. Ninety pairs were applied at 0.05 Hz
over 30 min, which has been shown to induce a long-lasting excitability enhancement

in the motor cortex (Stefan K et al., 2000).

Pharmacological Interventions

100 mg L-dopa (combined with 20 mg domperidon) or equivalent placebo (PLC)
drugs were taken by the subjects one hour before the start of the experimental session.
By this means, the verum drug induces a stable plasma level and produces prominent
effects in the central nervous system (Floel A et al., 2005). Each experimental session
was carried out in a randomized order and was separated by at least one week to avoid

cumulative drug effects.

Experimental procedures
The experiments were conducted in a repeated measurement design. Subjects were

seated comfortably in a reclining chair. First the optimal position of the magnetic coil
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for eliciting MEPs in the resting ADM was assessed over the left motor cortex and 20
MEPs were recorded for the first baseline. Sixty minutes after intake of the
medication, a second baseline was determined to control for a possible influence of
the drug on cortical excitability and adjusted if necessary.

In both tDCS and PAS experiments, 20 MEPs were recorded every five minutes for
half an hour, and then every 30 minutes until two hours after the end of each
intervention. For the L-dopa conditions, TMS recordings were performed at four
additional time points: same day evening (se), next morning (nm), next noon (nn), and

next evening (ne).

Data analysis and statistics

MEP amplitude means were calculated for each time bin, including both baseline
values. The post-intervention MEPs were normalized and are given as ratios of the
baseline determined immediately before intervention.

Repeated measurement ANOVAs for the time bins up to 120 min after tDCS
(experiment 1) or PAS (experiment 2) were calculated with the independent variables
time course, current stimulation (anodal and cathodal tDCS, for experiment 1), drug
condition, and the dependent variable MEP amplitude. Student’s t-tests (paired
samples, two-tailed, P < 0.05) were performed to determine whether the MEP
amplitudes before and after the interventional brain stimulations differed in each
intervention condition, and if those differences depended on the drug conditions.
Additional post-hoc-tests were performed to explore if L-dopa modified baseline

MEPs.

Results



Baseline MEP amplitudes before intervention did not differ significantly before or

after drug intake in all conditions (P </= 0.38, Student’s t-tests, paired, two-tailed).

Effects of L-dopa on tDCS-induced excitability shifts of motor cortex (experiment 1)

The ANOVA revealed significant main effects of the drug, tDCS and time course, and
significant interactions of tDCS x drug, drug x time course, tDCS x time course, and
tDCS x drug x time course (Table 1). In the PLC conditions, the anodal tDCS-
induced excitability increase remained significant until 30 min after stimulation, and
the cathodal tDCS-induced inhibition lasted until 90 min after stimulation. As
revealed by post hoc t-tests (paired, two-tailed, P < 0.05), anodal tDCS under L-dopa
resulted in a significant excitability reduction compared to baseline MEPs and the
PLC condition, and the effect continued to be significant until the evening one day
after tDCS (Fig. 1). Cathodal tDCS decreased motor cortex excitability under both
PLC and L-dopa medication. However while this excitability decrease lasted until the
morning after tDCS under L-dopa, it had already returned to baseline values 120 min

after tDCS under PLC medication.

Effects of L-dopa on PAS-induced excitability shifts of motor cortex (experiment 2)

As shown by the ANOVA, the effects of PAS and time course are significant. The
excitatory shift of MEP amplitudes returned to baseline 20 min after PAS in the PLC
condition, as revealed by Student’s t-tests (paired, two-tailed, P < 0.05), while L-dopa
enhanced and prolonged the excitatory effects of PAS until the evening. The
differences in MEP amplitude changes between L-dopa and PLC medication
conditions were significant at time points of 5, 20, 25, 90, and 120 min after PAS (Fig.

2).

Discussion



The results of the current experiments, which test the impact L-dopa on different
kinds of neuroplasticity induced in the human motor cortex, are important in three
aspects: 1) DA facilitates the efficacy of focal excitatory inputs to cortical networks,
as provided by PAS, 2) It concomitantly inverses global cortical network excitatory
plasticity modulation and stabilizes global excitability depression. As such, any tDCS-
induced excitation was abolished under L-dopa; in particular anodal tDCS no longer
increased but instead reduced motor cortex excitability. 3) Both PAS and tDCS-
induced neuroplastic after-effects were dramatically prolonged by L-dopa by a factor
of about 20.

The techniques used here thus allow for the first time to separate two different
dopaminergic mechanisms in the human cortex and to determine its time course. The
results are in accordance with the DA focusing hypothesis. However, it cannot be
ruled out that the PAS protocol mimics physiologically-occurring events more closely
than the gross tDSC stimulation and that this difference between the stimulation
protocols has contributed to the results.

Similar to foregoing studies, PAS, which is supposed to induce neuroplasticity
specifically in specific motor cortical synapses, resulted in a motor cortex excitability
enhancement lasting for about 15 min after the end of stimulation in the PLC
medication condition. L-dopa increased and consolidated this focal motor cortex
excitability enhancement until the evening of the stimulation day. This enhancing and
stabilizing effect of DA on focal excitability-enhancing neuroplasticity is consistent
with the findings obtained in animal studies, in which DA facilitates associative LTP
in vivo (Gurden H et al., 2000; Jay TM et al., 1996). These results also extend the
findings of other groups, who recently showed that PAS-induced plasticity was absent
in patients with Parkinson’s disease when off medication, but that it was restored by

L-dopa (Ueki Y et al., 2006). Here it is shown that DA is not only necessary to induce
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this kind of neuroplasticity, but that it also strengthens and consolidates it. D1
receptors might be candidates for these effects, because they are critically involved in
the induction and stabilisation of LTP in animal experiments and important for
learning and memory formation in humans (Floel A et al., 2005; Muller U et al.,
1998).

Global cortical plasticity alterations are distinctly suppressed by DA by reversing
excitation into inhibition and by prolongation of inhibitory after-effects. The
prolonged inhibition elicited by cathodal tDCS under L-dopa is in line with the result
from a previous tDCS study in which the predominant D2 agonist pergolide was
administered (Nitsche MA et al., 2006) and this might be due to a D2 receptor-
dependent stabilizing effect on inhibitory neuroplasticity (Otani S et al., 1998;
Seamans JK and CR Yang, 2004). The reversal of the anodal tDCS-generated
neuroplastic excitability enhancement into inhibition is, although in accordance with
the focusing hypothesis, more difficult to explain. It could be D2 receptor-dependent
due to the activity-reducing effect of this receptor. On the other hand, a D1-mediated
inhibition could not be ruled out (Williams GV and SA Castner, 2006). Further
studies are required to offer evidence for the speculated mechanism mentioned above.
The third important aspect of this study is that these effects of DA are not restricted to
the neuroplasticity induction phase, but work over a much longer time course. This
longer time course might be important to consolidate focal neuroplastic excitability
enhancements and global excitability diminutions. The dual consolidating effect could
improve learning as well as memory formation and stabilization, because it might
guarantee a prolonged activity of learning-related neuronal connections, while
potentially distractive activity is minimized. Through this specific effect, DA is a

candidate to work as a cognitive enhancer.



Taken together, the most compelling result of this study is that, depending on the
focality, and maybe similarity to physiologically induced plasticity of neuroplastic
excitability enhancements, DA exerts a prolonged inhibitory or facilitatory effect on
neuroplasticity in the human motor cortex. This effect of DA might be one important
neurophysiological foundation for its beneficial behavioural effects. It has been
demonstrated that learning involves specific enhancements of synaptic strength
induced by activity-dependent coincident firing of pre- and postsynaptic neurons
involved in the learning process (Buonomano DV and MM Merzenich, 1998; Rioult-
Pedotti MS et al.,, 2000). On the contrary, uncontrolled network excitability
enhancements not restricted to learning-related synapses would facilitate not only
task-specific synaptic connections, but also alternative ones, thus compromising the
selective stabilisation of learning-related neuronal connections and consequently
impairing memory formation. A focal excitability increase of neuronal networks,
enhancing the excitability and synaptic strength of learning-related neuronal
connections, but inhibiting the excitability of others, would therefore be a promising
way to improve learning and memory formation. Exactly this seems to be what DA is
doing, as shown so far primarily in animal experiments (Sawaguchi T et al., 1990)
and computational models (Dreher JC et al., 2002; Durstewitz D et al., 1999) - and
now also in humans. Thus this view of the neuroplasticity-modifying effect of DA

might explain how it improves learning and memory formation.
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Table 1. Results of the ANOVAs

In both experiments, the ANOVAs encompass the time course up to 120 min after
tDCS or PAS, because the remaining time-points were only measured for the L-dopa
conditions.

Parameters d.f. F-value P-value
Experiment 1 tDCS 1 40.953 <0.001
Drug 1 18.059 0.002
Time course 10 2.682 0.006
tDCS x Drug 1 36.017 <0.001
tDCS x Time course 10 5.914 <0.001
Drug x Time Course 10 2.129 0.029
tDCS x Drug x Time course | 10 3.910 <0.001
Experiment 2 Drug 1 11.537 0.015
Time course 10 6.022 <0.001
Drug x Time Course 10 1.503 0.161
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Figures

Figure 1. DAergic modulation of tDCS-induced global neuroplasticity

L-dopa reverses the anodal tDCS-elicited neuroplastic excitability enhancement, as
recorded by TMS-elicited MEP amplitudes into inhibition. This inhibitory effect
lasted until the evening after stimulation. A prolonged inhibition was also observed in
the cathodal tDCS condition under L-dopa. Filled symbols indicate significant
deviations from baseline with regard to each drug condition. Hash symbols indicate
significant differences in anodal tDCS-induced excitability changes between PLC and
L-dopa conditions, asterisks represent significant differences in inhibition caused by
cathodal stimulation between the PLC and L-dopa medication conditions. (Student’s
t-test, two-tailed, repeated measures, P < 0.05). a: anodal; c: cathodal. Error bars
indicate S.E.M.
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Figure 2. DA enhances and consolidates focal PAS-induced neuroplasticity

The PAS-induced excitability enhancement was prolonged under DA until the
evening of PAS, while MEP amplitudes returned to baseline 15 minutes after PAS in
the PLC medication condition. Hash symbols represent significant differences
between PLC and L-dopa medication conditions; filled symbols indicate significant
deviations from baseline with regard to each drug condition. (Student’s t-test, two-
tailed, repeated measures, P < 0.05). a: anodal; c: cathodal. Error bars indicate S.E.M.
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36 CHAPTER 2. ORIGINAL ARTICALS AND MANUSCRIPTS

2.3 Focusing effect of acetylcholine on neuroplasticity in
the human motor cortex

The physiological effects of ACh serve to enhance the influence of feed-forward
afferent input to the cortex while decreasing background activity by suppressing
excitatory feedback connections within cortical circuits (Hasselmo and Bower, 1992;
Hasselmo and Barkai, 1995; Sarter et al.,, 2005). However, the cholinergic
facilitation of LTP could not be universally replicated on the behavioral level, which
implies a dual effect of ACh on the regulation of cognitive functions (Hasselmo,
2006). We explored the effects of ACh on global and synapse-specific cortical
plasticity induced by tDCS and PAS respectively in order to elucidate the
neurophysiological mechanism for the cholinergic facilitation of cognitive functions.
Co-administration of the acetylcholinesterase-inhibitor rivastigmine with these brain
stimulation techniques was demonstrated to act in the human motor cortex by
reducing background noise and enhancing input-specific cortical plasticity. The
findings suggest a cholinergic focusing effect that optimizes information processing
and memory encoding in human cognition.
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Abstract

Cholinergic neuromodulation is pivotal for arousal, attention, and cognitive processes.
Loss or dysregulation of cholinergic inputs leads to cognitive impairments like those
manifested in Alzheimer’s disease. Such dysfunction can be at least partially restored
by an increase of acetylcholine (ACh). In animal studies, ACh selectively facilitates
long-term excitability changes induced by feed-forward afferent input. Consequently,
it has long been thought possible that ACh enhances the signal-to-noise ratio of input
processing. However, the neurophysiological foundation for its ability to enhance
cognition in humans is not well documented. In this study we explore the effects of
rivastigmine, a cholinesterase inhibitor, on global and synapse-specific forms of
cortical plasticity induced by transcranial direct current stimulation (tDCS) and paired
associative stimulation (PAS) on seven to 12 healthy subjects, respectively.
Rivastigmine essentially blocked the induction of the global excitability enhancement

elicited by anodal tDCS, but stabilized cathodal tDCS-induced inhibitory after-effects.



On the other hand, the synapse-specific excitability enhancement produced by PAS
was facilitated by rivastigmine. These findings suggest that there is a cholinergic
focusing effect that optimizes the detection of relevant signals during information

processing in humans.

Introduction

Extensive evidence concerning cholinergic modulation of several cognitive functions
supports an important role of acetylcholine (ACh) in arousal, attention, learning and
memory formation (Gold, 2003; Sarter et al., 2003). In Alzheimer’s disease,
enhancing cerebral ACh level has been shown to improve impaired learning and
memory functions caused by cholinergic dysfunction. With regard to its specific
functional properties, neurophysiological data from animal studies reveal dual
neuromodulatory effects of ACh on cortical excitability and synaptic plasticity
(Rasmusson, 2000; Gu, 2002). Cholinergic blockade has been shown to reduce long-
term potentiation (LTP), while cholinergic agonists enhance LTP in the hippocampus,
piriform cortex, and neocortex (Blitzer et al., 1990; Hasselmo and Barkai, 1995). In
humans, use-dependent plasticity of the human motor cortex is facilitated by an
acetylcholinesterase inhibitor (AChEI) and blocked by a cholinergic antagonist
(Sawaki et al., 2002; Meintzschel and Ziemann, 2005). However, it is also reported
that ACh suppresses excitatory glutamatergic synaptic transmission via presynaptic
inhibition at intrinsic, recurrent synapses but not afferent fibre synapses (Hasselmo
and Bower, 1992; Hasselmo et al., 1995; Vogt and Regehr, 2001). This suggests a
differential, activity-dependent cholinergic modification of neural networks in which
ACh facilitates the detection of incoming afferent inputs while it decreases intrinsic

feedback excitability, thereby focusing the encoding of relevant, associated



information processing. Moreover, local application of scopolamine, a muscarinic
receptor antagonist, selectively impairs cognitive performance during encoding
(Blokland et al., 1992; Winters and Bussey, 2005) but not retrieval (Rogers and
Kesner, 2003), indicating a phase-specific action of ACh.

To test the focusing action of ACh on neuroplasticity in humans, two protocols of
brain stimulation were introduced in the present study. In the paired associative
stimulation (PAS) protocol, repetitive peripheral nerve stimulation is paired with
transcranial magnetic stimulation (TMS) of the human motor cortex (Stefan et al.,
2000). It is postulated that PAS-induced excitability changes share the features of
associative synaptic LTP and LTD, depending on the sequence of the near-
synchronous pair of stimuli from different stimulation modalities in the motor cortex
(Stefan et al., 2000; Wolters et al., 2003), which parallels the spike-timing-dependent
rule for Hebbian LTP and LTD induction in animal studies (Dan and Poo, 2004). PAS
should thus specifically induce neuroplasticity in somatosensory-motor cortical
synapses. Transcranial direct current stimulation (tDCS) encompasses the global
modulation of cortical network plasticity by application of weak direct currents
through the surface of the scalp. Anodal tDCS enhances cortical excitability, while
cathodal tDCS diminishes it for up to an hour after the end of stimulation (Nitsche
and Paulus, 2000, 2001; Nitsche et al., 2003a). The primary mechanism is a
modulation of resting membrane potential, and the resulting polarity-specific
excitability changes subsequently induce changes of synaptic strength, which are
however not restricted to specific synaptic connections (Purpura and McMurtry,
1965). Both plasticity-inducing protocols accomplish long-lasting, NMDA receptor-
dependent excitability changes (Liebetanz et al., 2002; Stefan et al., 2002; Nitsche et
al., 2003b). The main difference lies in the synapse-specific focal effects of PAS:

while the plasticity induced by tDCS is relatively non-focal and not synapse-specific
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since it is thought to change cortical excitability under the whole area covered by the
relatively large stimulation electrode, the plasticity induced by PAS is restricted to the
inter-coritcal connections between somatosensory and motor cortex. According to the
focusing hypothesis of ACh, it should selectively enhance specific synaptic
modifications induced by PAS, while depressing global ones accomplished by tDCS,

in order to enhance the signal-to-noise ratio in human cortical networks.

Procedures and Methods

Subjects

Seven to 12 healthy subjects (tDCS experiment: six men, six women, aged (mean +
SD) 24 * 3 years; PAS experiment: three women, four men; aged 27 + 4 years)
without medication participated in each experiment. Both studies were approved by
the ethics committee of the University of Goettingen, and we conform to the
Declaration of Helsinki. All subjects had given written informed consent.
Transcranial direct current stimulation

tDCS was carried out with a pair of saline-soaked surface sponge electrodes (35 cm?)
with one of the electrodes placed over the representational area of the right abductor
digiti minimi muscle (ADM) as determined by TMS and the other electrode above the
right orbit as reference. The currents ran continuously for 13 (anodal tDCS) or 9
(cathodal tDCS) minutes with an intensity of 1 mA. In previous studies, these
stimulation durations have been shown to induce after-effects of tDCS lasting for

about one hour (Nitsche and Paulus, 2001; Nitsche et al., 2003a).

Paired associative stimulation
Peripheral nerve stimulation was applied on the right ulnar nerve at the level of the

wrist with a Digitimer D185 stimulator (Digitimer Ltd., Welwyn Garden City, UK).



Single-pulse TMS was delivered over the representing area of the right ADM. Each
TMS pulse, at an intensity eliciting a muscle evoked potential of about 1 mV peak-to-
peak amplitude, was preceded by an ulnar nerve stimulus with an interval of 25ms
using a standard stimulation block (cathodal proximal) at a stimulation width of 200
us and stimulation intensity of 300% of the perceptual threshold, defined as the lowest
intensity of the stimuli which are perceivable by the subject. Ninety pairs were
applied at 0.05 Hz over 30 min, which has been shown to induce a long-lasting

excitability enhancement in the motor cortex (Stefan et al., 2000).

Pharmacological Interventions

Rivastigmine (3mg) or equivalent placebo (PLC) drugs were taken by the subjects
two hours before the start of the intervention (Kennedy et al., 1999). This dose was
chosen to minimize drug-induced side-effects, but to enhance the cholinergic level of
the central nervous system effectively. The experimental sessions were carried out in
a randomized order and were separated by at least one week to avoid cumulative drug

or stimulation effects.

Measurement of motor cortical excitability

TMS-elicited muscle-evoked potentials (MEPs) were recorded to measure excitability
changes of the representational motor cortical area of the right ADM. Single-pulse
TMS was conducted by a Magstim 200 magnetic stimulator (Magstim Company,
Whiteland, Dyfed, UK) with a figure-of-eight magnetic coil (diameter of one winding
=70 mm, peak magnetic field = 2.2 Tesla). The coil was held tangentially to the skull,
with the handle pointing backwards and laterally at an angle of 45° from midline. The
optimal position was defined as the site where stimulation resulted consistently in the
largest MEPs. Surface EMG was recorded from the right ADM with Ag-AgCl

electrodes in a belly-tendon montage. The signals were amplified and filtered with a



time constant of 10 ms and a low-pass filter of 2.5 kHz, then digitized at an analogue-
to-digital rate of 5 kHz and further relayed into a laboratory computer using the Signal
software and CED 1401 hardware (Cambridge Electronic Design, Cambridge, UK).
The intensity was adjusted to elicit baseline MEPs of, on average, 1 mV peak-to-peak
amplitude and was kept constant for the post-stimulation assessment unless adjusted

(see below).

Experimental procedures

The experiments were conducted in a repeated measurement design. Subjects were
seated comfortably in a reclining chair. First the optimal position of the magnetic coil
for eliciting MEPs in the resting ADM was assessed over the left motor cortex and 20
MEPs were recorded for the first baseline. Two hours after intake of the medication, a
second baseline was determined to control for a possible influence of the drug on
cortical excitability and adjusted if necessary.

In Experiment 1 with tDCS, one of the DC electrodes, to which in the following the
terms cathodal or anodal tDCS refer, was fixed at the cortical representational area of
ADM as defined during the first baseline recording, and the other one was fixed at the
contralateral forehead area above the right orbit. Direct currents were applied on 12
subjects for 9 (cathodal) or 13 min (anodal). After cessation of tDCS, 20 MEPs were
recorded at 0.25Hz every five minutes for half an hour, and then every 30 minutes
until two hours after the end of DC stimulation, since tDCS-induced after-effects
without medication will not last longer than this period of time. For the rivastigmine
conditions, TMS recordings were performed at four additional time points: same day

evening (se), next morning (nm), next noon (nn), and next evening (ne).



In Experiment 2 with PAS, the interventional PAS protocol as described above was
employed (3) on seven subjects. TMS recording procedures were the same as

described above.

Data analysis and statistics

MEP amplitude means were calculated first individually, then inter-individually for
each time bin including both baseline values. The post-intervention MEPs were
normalized and are given as ratios of the baseline determined immediately before
intervention (tDCS/PAS).

Repeated measurement ANOVAs for the time bins up to 120 min after tDCS
(experiment 1) or PAS (experiment 2) were calculated with the independent variables
time course, current stimulation (anodal and cathodal tDCS, experiment 1 only), drug
condition (rivastigmine vs. placebo), and the dependent variable MEP amplitude. If
appropriate, post-hoc student’s t-tests (paired samples, two-tailed, P < 0.05) were
performed to determine whether the MEP amplitudes before and after the
interventional brain stimulations differed in each intervention condition, and if those
differences depended on the drug conditions. Additional post-hoc tests (Student’s t-
tests, P < 0.05) were performed to explore whether rivastigmine modified baseline

MEPs.

Results

Baseline MEP amplitudes did not differ significantly before and after drug intake in
all conditions. Absolute baseline MEP amplitudes were not different in all medication

and stimulation subgroups (Student’s t-tests, paired, two-tailed, P > 0.05).

Effects of rivastigmine on tDCS-induced motor cortex excitability shifts (experiment 1)



The ANOVA revealed a significant main effect of tDCS and significant interactions
of tDCS x time course, and tDCS x drug x time course (Table 1). In the PLC
conditions, the anodal tDCS-induced excitability increase stayed significant until 30
min after tDCS, and the cathodal tDCS-induced inhibition lasted until 60 min after
DC stimulation. As revealed by the post hoc t-tests (paired, two-tailed, P < 0.05),
rivastigmine initially abolished the induction of both the anodal tDCS-elicited
excitability enhancement and the cathodal tDCS-elicited excitability diminution.
However, a delayed, consolidated inhibition induced by cathodal tDCS was observed
in the rivastigmine condition, as compared to PLC conditions (Fig. 1). The decrease
of excitability generated by cathodal tDCS under rivastigmine remained significant
for two hours after tDCS, while it returned to baseline level after 60 min in the PLC

condition (Fig. 1).

Effects of rivastigmine on PAS-induced motor cortex excitability shifts (experiment 2)
As shown by the ANOVA, the main effects of drug and time course as well as the
interaction of drug and time course are significant. The excitatory shift of MEP
amplitudes returned to baseline 20 min after PAS in the PLC medication condition, as
revealed by Student’s t-tests (paired, two-tailed, P < 0.05), while rivastigmine
enhanced and prolonged the excitatory effects of PAS. The difference of MEP

amplitude changes between rivastigmine and PLC was significant for later time points

(Fig. 2).

Discussion

The present study demonstrates that ACh enhances the synapse-specific cortical
excitability increase induced by PAS, while it prevents global excitatory after-effects

produced by anodal tDCS. ACh also delayed the induction of the cathodal tDCS-



elicited excitability decrease and prolonged its overall duration. Since MEP
amplitudes were not modified by rivastigmine in the dosage applied alone, we have
no evidence for a direct cholinergic influence of the drug on cortico-spinal excitability.
The results support the hypothesis of a focusing effect of ACh on neuroplasticity of
cortical networks. ACh not only facilitates synapse-specific neuroplasticity but also
suppresses synergistically global excitability changes. By both mechanisms ACh is
well suited to improve the signal-to-noise ratio and to refine information processing in

neural networks.

ACh diminishes tDCS-driven neuroplasticity

At first glance the inhibitory effect of rivastigmine on facilitatory neuroplasticity
induced by anodal tDCS seems contradictory to the results obtained from animal
studies, in which LTP was facilitated by cholinergic stimulation (Brocher et al., 1992;
Abe et al., 1994; Hasselmo and Barkai, 1995; Patil et al., 1998). The major conceptual
difference between these studies and our tDCS experiment is the kind of plasticity
specific for synaptic sub-populations, induced either with paired or high-frequency
suprathreshold electrical stimulation in slice preparation - as compared to the tDCS-
elicited neuroplasticity resulting from membrane polarization as well as global
synaptic modification and thus probably not being restricted to certain subgroups of
synapses. The diminution of the anodal tDCS-induced excitability enhancement might
be due to an ACh-induced decrease of general excitation within global neuronal
networks, probably modulated via the cholinergic presynaptic inhibition of excitatory
feedback potentials or excitatory transmission at recurrent connections. Moreover,
evidence reveals that the suppression of synaptic transmission is selective for recently
modified synapses (Linster et al., 2003) but does not apply to silent synapses

(Fernandez de Sevilla et al., 2002). Thus it is probable that synapses which are



globally modified by tDCS in the present study are more susceptible to cholinergic
suppression of synaptic transmission during plasticity induction. A similar effect is
also demonstrated by a recent study using a dynamic clamp system to mimic in vivo-
like background activities in motor cortical slices, in which cholinergic facilitation of
LTP was attenuated in the presence of random background noise (Desai and Walcott,
2006).

On the other hand, ACh consolidated inhibitory after-effects generated by cathodal
tDCS, although it abolished its initial induction phase. Such a biphasic effect could be
explained by a negative cholinergic regulation within different temporary profiles; as
the reduction of inhibitory neuronal groups initially blocked the cathodal tDCS effect,
while the later consolidation of excitability decrease could be contributed by the

cholinergic inhibition of excitatory networks.

ACh facilitates PAS-induced cortical excitability enhancement

The PAS experiment demonstrates a positive cholinergic modulation of PAS-elicited
synaptic-specific plasticity. It was suggested that PAS represents associative LTP in
the human motor cortex (Stefan et al., 2000; Stefan et al., 2002). Thus the results of
our study are in accordance with the respective animal experiments (Blitzer et al.,
1990; Hasselmo and Barkai, 1995). Moreover, they are concordant with the results of
recent behavioural studies in the human motor cortex exploring the effect of ACh
modulation on use-dependent plasticity, which was blocked by the ACh antagonist
scopolamine (Sawaki et al., 2002) and enhanced by an acetylcholinersterase inhibitor
(Meintzschel and Ziemann, 2005). Therefore, our results offer a neurophysiological
mechnism how ACh might improve behavoiral plasticity.

Since ACh has been shown to facilitate cortical sensory plasticity by enhancing

sensory input processing (Rasmusson and Dykes, 1988; Tremblay et al., 1990; Patil et

10



al., 1998) and suppressing irrelevant input (Hasselmo and Barkai, 1995), one might
furthermore speculate that rivastigmine specifically improved the efficacy of PAS by
enhancing the signal-to-noise ratio, thus facilitating information processing within

neural networks.

Summary of cholinergic modulation in human cortical plasticity

The results of the present study suggest that ACh has fairly specific effects on cortical
plasticity. It modulates external associative input and global plasticity differently,
thereby leading to an increased signal-to-noise ratio. This focusing effect of ACh
might also explain the positive cholinergic modulation of learning.

Its functional significance might be the more efficient information processing and
memory encoding by differential cholinergic modulation. The dual effects of ACh,
namely enhancing feedforward afferent input to the cortex while suppressing
excitatory feedback from recently modified, recurrent connections, improve the
encoding of new memory by preventing interference from synapses modified by prior
learning (Atri et al., 2004). However, this hypothesis should be tested in future
experiments.

Taken together, the present study is in accordance with cortical cholinergic functions
enhancing the contrast of relevant stimuli against background noise or distracters and
hereby improving signal processing during information encoding. Therefore it further
strengthens the rational basis for the application of cholinesterase inhibitors to

improve cognitive functions in patients with Alzheimer’s disease or vascular dementia.
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Table 1. Results of the ANOVAs

In both experiments, the ANOVAs encompass the time course up to 120 min after
tDCS or PAS, because the remaining time-points were only measured for the
rivastigmine conditions. ‘Drug’ represents rivastigmine and placebo, while ‘tDCS’
indicates anodal and cathodal polarity.

Parameters d.f. F-value P-value
Experiment 1 | tDCS 1 40.585 <0.001
Drug 1 3.650 0.082
Time cours 10 1.700 0.099
tDCS x Drug 1 3.417 0.092
tDCS x Time course 10 1.868 0.066
Drug x Time Course 10 0.290 0.976
tDCS x Drug x Time course | 10 4.206 <0.001
Experiment 2 | Drug 1 22.383 0.005
Time course 10 7.096 <0.001
Drug x Time Course 10 6.062 <0.001
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Figure 1. Cholinergic modulation of global cortical plasticity induced by tDCS
Rivastigmine abolished the induction of anodal tDCS-elicited excitability increases,
as recorded by TMS-evoked MEP amplitudes. Additionally, rivastigmine initially
diminished the excitability reduction induced by cathodal tDCS under rivastigmine.
However, the respective excitability diminution was later consolidated. Filled
symbols indicate significant deviations from baseline with regard to each drug
condition. Hash symbols indicate significant differences in anodal tDCS-induced
excitability changes between PLC and rivastigmine conditions, asterisks represent
significant differences in inhibition caused by cathodal stimulation between the PLC
and rivastigmine medication conditions (Student’s t-test, two-tailed, repeated
measures, P < 0.05). a: anodal; c: cathodal; riva: rivastigmine. Error bars indicate
S.EM.
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Figure 2. PAS-induced synapse-specific excitability enhancement is facilitated by
ACh

The PAS-induced excitability enhancement was increased and prolonged under
rivastigmine until 30 minutes post PAS, while MEP amplitudes returned to baseline
15 minutes after PAS in the PLC medication condition. Hash symbols represent
significant differences between PLC and rivastigmine conditions; filled symbols
indicate significant deviations from baseline with regard to each drug condition.
(Student’s t-test, two-tailed, repeated measures, P < 0.05). riva: rivastigmine. Error
bars indicate s.E.Mm.
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CHAPTER 2. ORIGINAL ARTICALS AND MANUSCRIPTS 55

2.4  Timing-dependent modulation of associative
plasticity by general network excitability in the
human motor cortex

Homeostatic mechanisms have been suggested to maintain the stability of cortical
neural networks, which is crucial for the modulation of neuroplasticity (Abraham
and Tate, 1997; Abbott and Nelson, 2000). Specifically it is suggested that the
amount and direction of associative plasticity is determined by the amount of the
history of background activity. Here PAS which induces focal plastic changes serves
as an analogue of learning-related modulations of cortical plasticity. By contrast, a
generalized modification of the global neural excitability can be achieved by tDCS.
When applied before PAS, anodal tDCS further increased the excitability-enhancing
efficacy of the PAS protocol, while cathodal tDCS diminished the PAS-induced
excitability enhancement and reversed it to inhibition. On the other hand,
homeostatic neuroplasticity was achieved by the simultaneous application of both
protocols. PAS elicited inhibitory plasticity when background excitability was
increased by anodal tDCS, while the generally reduced background excitability
caused by cathodal tDCS strengthened the facilitatory PAS-induced plasticity. We
conclude that background network excitability influence associative plasticity.
However, the relationship might be more complex than previously thought: Whereas
enhanced or diminished background activity established before the induction of
associative plasticity has an anti-homeostatic effect, the results accomplished by
simultaneous modulation of both parameters are in accordance with homeostatic
rules. These results might provide further insight into the possible
neurophysiological mechanisms involved in learning and memory formation.
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Associative neuroplasticity, which encompasses the modification of synaptic strength by coactivation of two synaptic inputs, has been
linked to learning processes. Because unlimited plasticity destabilizes neuronal networks, homeostatic rules were proposed and exper-
imentally proven that control for the amount and direction of plasticity dependent on background network activity. Accordingly, low
background activity would enhance facilitatory plasticity, whereas high background activity would inhibit it.

However, the impact of background excitability on associative plasticity has not been studied so far in humans. Facilitatory associative
plasticity was induced by paired associative stimulation (PAS) in the human motor cortex, whereas background activity was enhanced or
diminished by transcranial direct current stimulation (tDCS). When applied before PAS, excitability-enhancing tDCS also boosted the
efficacy of PAS, whereas excitability-diminishing tDCS turned it into inhibition. Thus, previous background activity does not influence
associative plasticity homeostatically. When tDCS and PAS were applied simultaneously, now in accordance with homeostatic rules of
neuroplasticity, reduced background activity resulted in a prolonged excitability enhancement by PAS, whereas enhanced background
activity turned it into inhibition. We conclude that background network activity can influence associative plasticity homeostatically.
However, only simultaneous modulation of both parameters is in accordance with homeostatic concepts. These findings might be of

importance for the development of plasticity-inducing stimulation protocols supporting information processing in humans.

Key words: homeostatic plasticity; paired associative stimulation; tDCS; TMS; motor cortex; human

Introduction

Understanding the neurophysiological basis of learning is an im-
portant endeavor of cognitive neuroscience research. Mecha-
nisms, like long-term potentiation, may be involved (Rioult-
Pedottietal., 1998, 2000; Ziemann et al., 2004; Stefan et al., 2006).
Because unlimited neuroplasticity would destabilize neuronal
networks, homeostatic mechanisms have been proposed to con-
trol for balanced network modifications. Homeostatic plasticity
rules share the common feature that the history or actual state of
global network activity influences the direction of neuroplastic
changes induced by specific stimuli (Bienenstock et al., 1982;
Abraham and Tate, 1997). Specifically, the effect of an actual
stimulus is inversely correlated with the amount of background
activity.

Homeostatic mechanisms are relevant in animal slice prepa-
rations and cultured neuronal networks (Li et al., 1998; Turri-
giano et al., 1998) and at the system level in humans. In the
human motor cortex, it has been shown that excitability-
enhancing fast repetitive transcranial magnetic stimulation
(rTMS) increased the efficacy of a later excitability-diminishing
slow r'TMS protocol (Iyer et al., 2003). Moreover, enhancing or
diminishing motor cortex excitability with transcranial direct
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current stimulation (tDCS) resulted in inversely directed effects
on excitability of identical rTMS protocols (Lang et al., 2004;
Siebner et al., 2004). Because rTMS and tDCS induce widespread
and not synapse-specific motor cortex excitability alterations, the
results of these studies reflect a homeostatic regulation of back-
ground or general motor cortex excitability. However, the rules
of homeostatic plasticity were originally dedicated to focal plastic
changes of the strength of a limited amount of synapses relative to
background activity, and these focal changes may resemble learn-
ing mechanisms more closely than global changes of excitability.

Paired associative stimulation (PAS) is an interesting tool to
induce synapse-specific and thus learning-like neuroplastic mod-
ifications. It induces plasticity by simultaneous activation of in-
tracortical neurons activated by motor cortex TMS and another
population of neurons activated by somatosensory peripheral
stimulation. With this selectivity, it may reflect the neurophysio-
logical foundations of learning processes. A close relationship
between motor learning and the amount of PAS-induced
excitability-enhancing plasticity was demonstrated recently
(Ziemann et al., 2004; Stefan et al., 2006).

We aimed to explore the impact of motor cortex background
activity on associative plasticity. First (experiment 1), we identi-
fied PAS protocols resulting in short- or long-lasting excitability
enhancements. We then evaluated the impact of a background
activity enhancement by anodal tDCS or diminution by cathodal
tDCS on subsequently (experiment 2) or simultaneously (exper-
iment 3) applied PAS. Furthermore, we evaluated the effects of
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simultaneous tDCS and PAS for PAS protocol-eliciting longer-
lasting excitability enhancements (experiment 4), to study the
dependency of homeostatic plasticity on the salience of plasticity-
inducing protocols. Because of the rules of homeostatic plasticity,
excitability-diminishing cathodal tDCS should enhance, whereas
excitability-enhancing anodal tDCS should reduce, the efficacy of
PAS. By comparing different temporal combinations of the pro-
tocols, we aimed to explore the temporal characteristics of ho-
meostatic plasticity. Applying salient and nonsalient PAS proto-
cols for inducing long-lasting excitability changes, we tested the
hypothesis that the quality of associative plasticity might deter-
mine whether homeostatic mechanisms apply.

Materials and Methods

Subjects. Six to 12 healthy subjects participated in each experiment. For
experiments 1-3, 12 subjects were recruited (eight females; age, 25 + 2.5
SD). Six subjects participated in experiments 4 and 5 (five females; ex-
periment 4: age, 25 *= 3.9 SD; experiment 5: age, 28 * 1.9 SD). All
subjects gave written informed consent. This study was approved by the
ethics committee of the University of Goettingen, and we conform to the
Declaration of Helsinki.

Measurement of motor cortical excitability. To monitor tDCS- and PAS-
driven changes of motor cortex excitability, muscle-evoked potentials
(MEPs) of the right abductor digiti minimi muscle (ADM) were re-
corded after stimulation of their motor cortical representational fields by
single-pulse TMS. These were induced using a Magstim 200 magnetic
stimulator (Magstim Company, Dyfed, UK) and a figure-of-eight mag-
netic coil (diameter of one winding, 70 mm; peak magnetic field, 2.2
tesla). The coil was held tangentially to the skull, with the handle pointing
backwards and laterally at 45° from midline. The optimum coil position
was defined as the site where stimulation resulted consistently in the
largest MEP. The surface EMG was recorded from the right ADM by use
of Ag—AgCl electrodes in a belly-tendon montage. The signals were am-
plified and filtered with a time constant of 10 ms and a low-pass filter of
2.5 kHz. Signals were then digitized at an analog-to-digital rate of 5 kHz
and relayed into a laboratory computer using the Signal 1.62 software
(Cambridge Electronics Design , Cambridge, UK) and conventional av-
eraging software. The intensity of the stimulator output was adjusted for
baseline recording so that the average stimulus led to an MEP of ~1 mV.

Direct current stimulation of the motor cortex. Direct currents were
transferred by a pair of saline-soaked surface sponge electrodes and de-
livered by a specially developed, battery-driven, constant-current stimu-
lator (Schneider Electronic, Gleichen, Germany) with a maximum out-
put of 10 mA. In each experiment, the motor-cortical electrode was fixed
over the cortical representational field of the right ADM as identified by
TMS and the other electrode contralaterally above the right orbit. The
currents flowed continuously for 7 min before or during PAS in experi-
ments 2, 3, and 5 to induce excitability shifts lasting for some minutes. In
experiment 4, anodal or cathodal tDCS was administered for 15 min. In
former experiments, this stimulation duration generates after-effects
lasting for ~5-10 min (7 min tDCS) or 1 h (15 min tDCS) after the end
of stimulation (Nitsche and Paulus, 2001; Nitsche et al., 2003a). Motor
cortex electrode size was 35 cm? and current strength was 1 mA (current
density, ~0.03 mA/cm?).

PAS. PAS was conducted according to the paradigm first described by
Stefan etal. (2000). Only excitability-enhancing PAS protocols were used
in this experiment. Peripheral nerve stimulation was performed on the
right ulnar nerve at the wrist with an intensity 300% above sensory
threshold with a Digitimer (Welwyn Garden City, UK) D185 stimulator.
A single TMS pulse was delivered over the left motor cortical represen-
tation of the right ADM 25 ms after peripheral stimulation. TMS inten-
sity was determined to elicit an MEP amplitude size of ~1 mV. PAS was
performed every 20 s for 7, 15, or 30 min in the different experiments.

Experimental procedures general experimental course. Each experiment
was conducted in a repeated-measurement design. The order of the sin-
gle sessions within an experimental protocol was randomized between
subjects. A break of =1 week was obligatory between single experimental
sessions to avoid interference effects.
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Subjects were seated in a reclining chair. After fixing the surface EMG
electrodes above the right ADM, its left motor cortical representational
field was identified by use of TMS (coil position that leads to the largest
MEPs of ADM). Then, the TMS intensity resulting in MEP amplitudes of
~1 mV was established. For peripheral ulnar nerve stimulation, the op-
timum electrode position was identified and the electrode was fixed at
this position with adhesive tape. Stimulation intensity was increased
stepwise from a clear subthreshold level until the subjects felt a physical
sensation. The lowest stimulation intensity that elicited a reliable sensa-
tion was defined as the threshold. Next, a baseline TMS measure was
conducted to document pre-PAS motor cortex excitability. Twenty
TMSs were recorded (frequency, 0.25 Hz). Afterward, PAS/tDCS was
performed. After PAS, TMS measures of excitability (baseline-intensity,
15 stimuli per time bin at 0.25 Hz) were performed every 5 min for 30
min and then every 30 min for up to 90 min after stimulation. TMS
intensity was held constant throughout the experiment.

Adjustment of PAS duration (experiment 1). This experiment was con-
ducted to identify suitable PAS durations that would induce reliable
short- or long-lasting excitability enhancements of the motor cortex.
Because the original stimulation protocol (Stefan et al., 2000) lasts for 30
min and induces excitability changes stable for >1 h, it is not well suited
to be combined with tDCS. We therefore reduced PAS duration system-
atically from 30 min, as described in the original protocol, to 15 and 7
min. After-effects were monitored up to 90 min after the end of PAS.

Modification of short-lasting PAS-induced excitability changes by previ-
ous administration of tDCS (experiment 2). This experiment was con-
ducted for the 7 min PAS condition, which was shown to induce rela-
tively short-lived, but still significant, excitability enhancements in
experiment 1. Anodal and cathodal tDCS were also administered for 7
min to induce short-lasting after-effects. Four experimental sessions
were conducted for each subject: anodal tDCS followed by PAS or with-
out PAS and cathodal tDCS followed by PAS or without PAS. DCS elec-
trodes were fixed on the subject’s head after identification of the left
motor cortical ADM representation and baseline TMS measures, as de-
scribed above. The PAS was administered immediately after the end of
tDCS and removal of the respective electrodes. The after-effects of stim-
ulation were measured as described above for 90 min after the end of
intervention.

Modification of short-lasting PAS-induced excitability changes by simul-
taneous administration of tDCS (experiment 3). The design of this exper-
iment was identical to experiment 2, with the exception that anodal or
cathodal tDCS was performed not before but during PAS in this condi-
tion. Consequently, TMS measures had to be performed through the
tDCS electrodes, thus these were fixed after determination of the cortical
ADM representation onto the head of the subjects and kept there for the
whole course of the experiment. After-effects were measured for 90 min
after intervention.

Modification of long-lasting PAS-induced excitability changes by simul-
taneous administration of tDCS (experiment 4). The protocol was identi-
cal to that of experiment 3, except for the fact that here 15 min PAS
(which induces excitability enhancements stable for a longer duration
than 7 min PAS) and 15 min anodal tDCS were combined. PAS was
conducted with and without tDCS in different sessions separated by =1
week. After-effects were monitored for 90 min after stimulation as de-
scribed above and additionally on the evening of the stimulation day, as
well as three times the day after stimulation (morning, noon, evening) for
the combined PAS/tDCS protocol. TMS coil position, tDCS electrode
position, and ADM recording electrode position were marked with a
waterproof pen to guarantee constant electrode positions throughout the
experiment.

Modification of tDCS-induced excitability changes by simultaneous TMS
(experiment 5). In this control experiment, we tested whether simulta-
neous administration of tDCS and single-pulse TMS (20 s interstimulus
interval) results in excitability changes comparable to those of tDCS with
simultaneous PAS. The experimental protocol resembles experiment 3,
anodal tDCS combined with PAS (and the respective tDCS-only mea-
sure), with the exception that the peripheral stimulus was omitted. After-
effects were measured for up to 90 min after stimulation.

Calculations and statistics. MEP amplitude means were calculated for
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Table 1. Results of the ANOVAs conducted for the different experiments Results
Experiments df Fvalue pvalue Adjustment of PAS duration
) (experiment 1)

PASP(:;W (experiment) ) 27.487 <0g01*  Theresults of the ANOVA display signifi-
Time course 9 59721 <0001*  cantmain effects of time and PAS protocol
PAS X time course 18 7783 <0.001*  because of the fact that PAS induced sig-

tDCS only nificant enhancements of MEP ampli-
tDCS 1 294.420 <0.001*  tudes in all stimulation conditions and
Time course 9 0.885 0.568 that these enhancements diminished over
tDCS X time course 9 43.447 <0007 time (Table 1, Fig. 1). The significant in-

Short:lasting PAS and tDCS (experiments 2, 3) teraction of PAS protocol and time course
Stimulation 6 37.868 <000" eflects the fact that prolonged PAS in-
Time course 9 24187 <0.001* . .
Stimulation X time course 54 14.043 <0.001% du.c.ed stronger and longer-lasting excit-

Long-lasting PAS and tDCS (experiment 4) ability enhancements than shorter proto-
Stimulation 1 38.826 0002¢  cols. Whereas 7 min PAS induced an
Time course 9 8726 <0001* initial increase in the MEP amplitude of
Stimulation X time course 9 8.814 <0.001*  130% of baseline measures, which was di-

Single pulse TMS and tDCS (experiment 5) minished to a 10% increase after a few
Stimulation 1 0912 0383 minutes and went back to baseline 25 min
Time course 9 19.994 <0.001*  after the end of stimulation, 15 and 30 min
Stimulation X time course 9 0.990 0.462

PAS resulted in an MEP amplitude en-

The asterisks mark significant main effects and interactions.

PAS, duration of stimulation (min]
7

114 - 15

-4 20

MEP amplitude vs baseline

Time course (min)

Figure1. Dose-dependent effects of facilitatory PAS on motor cortex excitability. PAS dura-
tion was 7,15, or 30 min. The time course of baseline-standardized MEP amplitudes elicited by
single-pulse TMS after PAS is depicted. Each protocol resulted in significant excitability en-
hancement compared with baseline (significant deviations from baseline, filled symbols)
(paired two-tailed t tests; level of significance, 0.05). However, the 7 min PAS resulted in smaller
and shorter-lasting excitability enhancements than 15 and 30 min PASs (significant differences
between 7 and 15 min PASs, asterisks; between 7 and 30 min PASs, pound symbols) (paired
two-tailed ¢ tests; level of significance, 0.05). Moreover, the 30 min PAS resulted in slightly
larger excitability enhancements than the 15 min PAS (significant differences between 15 and
30 min PAS, asterisks) (paired two-tailed ¢ tests; level of significance, 0.05). The error bars
indicate SEM. The dashed line indicates the baseline MEP amplitude.

each time bin covering the preintervention baseline (20 stimuli) and
postintervention time points (15 stimuli). Postintervention MEP ampli-
tude means were normalized to preintervention baselines. For experi-
ment 1, a repeated-measures ANOVA was calculated; the independent
variables were the PAS duration and time course, and the dependent
variable was the MEP amplitude. Student’s t tests (paired samples; two-
tailed; level of significance <0.05) were performed to determine whether
the MEP amplitudes before and after PAS differed for each time bin and
whether those differences depended on PAS duration.

Similarly, with regard to experiments 2, 3, 4, and 5, repeated-measure
ANOVAs (independent variables, time course and stimulation condi-
tion; dependent variable, MEP amplitude) were calculated, then Stu-
dent’s t tests (paired samples; two-tailed; level of significance <0.05)
were performed to determine whether the MEP amplitudes before and
after intervention differed for each time bin and whether those differ-
ences depended on the type of intervention. Additionally, baseline MEP-
amplitudes were controlled within each experiment for differences be-
tween interventions by Student’s ¢ tests (paired samples; two-tailed; level
of significance <0.05).

hancement of ~150% relative to baseline,

which was significant up to 90 min after
stimulation (Fig. 1). Baseline MEPs were identical in all condi-
tions. Thus, the efficacy of PAS in inducing motor cortex excit-
ability enhancements follows a dose-response relationship.
Longer-lasting PAS induced increased effects compared with
shorter protocols. For the PAS protocol, which includes 30 min
stimulation, the results are comparable with those of former
studies (Stefan et al., 2000).

Modification of short-lasting PAS-induced excitability
changes by previous or simultaneous administration of tDCS
(experiments 2 and 3)

For the tDCS-only condition, the ANOVA reveals a significant
main effect of tDCS and a significant interaction of tDCS X time
course (Table 1). This was caused by polarity-specific MEP in-
creases or reductions observable for ~60 min after the end of
tDCS. Anodal tDCS increased, whereas cathodal tDCS dimin-
ished motor cortex excitability (Fig. 2). As shown by the results of
the ANOVA conducted for all stimulation conditions, the main
effects of stimulation and time course and the respective interac-
tion between these factors were significant (Table 1). When
excitability-enhancing anodal tDCS was applied before PAS, the
resulting excitability enhancement was stronger and longer last-
ing compared with the application of PAS or tDCS alone.
Cathodal tDCS administered before PAS, however, resulted in a
slight diminution of the MEP amplitude after PAS and thus an-
tagonized the effect of PAS alone (Fig. 3a). However, simulta-
neous application of PAS and tDCS resulted in an excitability
diminution in the case of anodal tDCS, whereas simultaneous
cathodal tDCS and PAS induced a prolonged excitability en-
hancement (Fig. 3b). Baseline MEPs were identical in all condi-
tions. Seven minute anodal or cathodal tDCS alone resulted in
motor cortex excitability enhancements and reductions similar
in magnitude to former studies of our group (Nitsche and Paulus,
2001; Nitsche et al., 2003a). However, the respective effects were
longer-lasting, most probably resulting from group specifics, be-
cause substantial interindividual variability of the proneness of
subjects to react to tDCS was documented before (Nitsche and
Paulus, 2001; Nitsche et al., 2003a, 2004a,b).
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Figure 2.  Effect of tDCS alone on motor cortex excitability. Anodal or cathodal tDCS was
administered for 7 min. The time course of baseline-standardized MEP amplitudes elicited by
single-pulse TMS after tDCS is depicted. Anodal tDCS enhanced, whereas cathodal tDCS dimin-
ished, MEP amplitudes for 60 min relative to baseline. Filled symbols indicate significant differ-
ences between baselines and post-tDCS MEPs (paired two-tailed ¢ tests; level of significance,
0.05). Error bars indicate SEM. The dashed line indicates the baseline MEP amplitude.
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Figure 3.  Effect of combined tDCS and PAS on motor cortex excitability. The time course of
baseline-standardized MEP amplitudes elicited by single-pulse TMS after PAS combined with
tDCS (20 PASs; 7 min tDCS) is depicted. A, When tDCS was applied before PAS, combined anodal
tDCS and PAS resulted in an excitability enhancement exceeding in magnitude and duration
than the excitability change elicited by anodal tDCS or PAS alone, whereas cathodal tDCS com-
bined with PAS resulted in a minor excitability reduction that, however, was smaller than the
excitability diminution achieved by cathodal tDCS alone. B, When PAS and tDCS were adminis-
tered simultaneously, anodal tDCS and PAS resulted in a prolonged excitability diminution,
whereas cathodal tDCS applied together with PAS enhanced excitability. Filled symbols indicate
significant deviations of the postintervention MEP amplitudes relative to baseline MEPs, and
asterisks indicate significant differences to tDCS of the same polarity given alone and pound
symbols to PAS alone (paired two-tailed ¢ tests; level of significance, 0.05). Error bars indicate
SEM. The dashed line indicates the baseline MEP amplitude.

Modification of long-lasting PAS-induced excitability
changes by simultaneous administration of tDCS

(experiment 4)

The results of the respective ANOVA display significant main
effects of time course and stimulation as well as a significant
interaction between these factors (Table 1). This is because of a
significant excitability enhancement induced by 15 min PAS,
which, however, is turned into inhibition if combined with si-
multaneous anodal tDCS (Fig. 4). Interestingly, this diminution
of MEP amplitudes remains until the noon after the stimulation
day and thus for ~24 h after stimulation. Because prolonged
tDCS and PAS resulted in identically directed homeostatic plas-
ticity changes, compared with the shorter-lasting protocols, the
stability of the neuroplastic excitability changes seems not to be
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Figure 4.  Prolonged tDCS/PAS enhances the duration of homeostatic plasticity. The time
course of baseline-standardized MEP amplitudes elicited by single-pulse TMS after PAS com-
bined with tDCS (45 PASs; 15 min anodal tDCS) is depicted. Simultaneously administered anodal
tDCS converts the excitability-enhancing effect of PAS into inhibition. This effect is directed
identically to the shorter stimulation protocol, but the excitability diminution is significantly
prolonged up to midday after the day of stimulation. Filled symbols indicate significant differ-
ences relative to baseline MEPs. Error bars indicate SEM. The dashed line indicates the baseline
MEP amplitude. se, Same evening; nm, next morning; nn, next noon; ne, next evening.
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Figure 5.  TMS alone does not induce homeostatic alterations of anodal tDCS-elicited plas-
ticity. The time course of baseline-standardized MEP amplitudes elicited by single-pulse TMS
after anodal tDCS only for 7 min and anodal tDCS combined with TMSs (every 20 s, thus resem-
bling the TMS frequency of the respective PAS protocol) is depicted. Both protocols resulted in
identical excitability enhancements. Filled symbols indicate significant differences relative to
baseline MEPs. Error bars indicate SEM. The dashed line indicates the baseline MEP amplitude.

critical. Baseline MEP amplitudes did not differ between both
stimulation conditions.

Modification of tDCS-induced excitability changes by
simultaneous TMS (experiment 5)
Here, the ANOVA reveals a significant main effect of time course,
but the main effect of stimulation as well as the interaction be-
tween both variables turned out to be not significant (Table 1).
This is because of an identical MEP amplitude enhancement ac-
complished by anodal tDCS (7 min) alone and the combination
of tDCS with TMS (single pulse every 20 s), which is significant
for up to 10 min after the end of stimulation (Fig. 5). Baseline
MEP amplitudes are identical for both stimulation conditions.
Thus, TMS alone does not suffice to induce homeostatic plas-
ticity when administered simultaneously with tDCS. We con-
clude that the homeostatic effect observed after simultaneous
tDCS/PAS is indeed caused by an influence of tDCS on associa-
tive synapse-specific plasticity, as induced by PAS.

Discussion

Homeostatic plasticity (i.e., the dependency of the amount and
direction of the obtainable plasticity from the history of activity
of a neuronal network) is increasingly recognized as regulatory
mechanism for keeping neuronal modifications within a reason-
able physiological range. Here, we demonstrate an acute homeo-
static effect of global network level of activity on synapse-specific
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plasticity, which only occurs if both plasticity-inducing protocols
are applied simultaneously.

PAS, which induces a motor cortex excitability enhancement
when applied alone, resulted in an excitability diminution when
combined simultaneously with excitability-enhancing tDCS. If
excitability-reducing tDCS was coadministered, it increased and
prolonged the PAS-induced excitability enhancement. Control
experiments revealed that (1) this effect indeed depends on the
interaction of tDCS and PAS, because administering solely the
TMS stimulus of the PAS protocol did not influence tDCS-
induced plasticity, and (2) this homeostatic effect is not restricted
to plasticity protocols inducing short-lasting plasticity, because
prolonged tDCS and PAS protocols resulted in identically di-
rected effects. Conversely, tDCS applied before PAS did modify
the PAS-induced excitability changes synergistically. Thus, the
effect of background activity/excitability on associative plasticity
critically depends on their temporal relationship: whereas
previous background activity modulates associative plasticity
synergistically, simultaneous modification of background and as-
sociative, synapse-specific plasticity modifies the latter antago-
nistically and thus in a homeostatic manner.

Traditionally, homeostatic plasticity is thought to act within
an extended time scale. In animal experiments, enhanced or re-
duced basal neuronal network activity held constant for days or
weeks influences the effects of acute plasticity-inducing protocols
homeostatically (Burrone and Murthy, 2003; Turrigiano and
Nelson, 2004). However, homeostatic mechanisms can work on a
much shorter time scale in animals (van Welie et al., 2004) and
humans (Iyer et al., 2003; Lang et al. 2004; Siebner et al., 2004). In
humans, preconditioning of the motor cortex with excitability-
modifying external stimulation (rTMS or tDCS) determines the
direction of neuroplastic excitability changes induced by a suc-
ceeding stimulation protocol homeostatically. In contrast to
these studies, in which stimulation protocols were applied that
involve the whole cortical area stimulated, the current experi-
ments probed the effect of a global network plasticity change on
synaptically restricted associative plasticity. Our results differ
clearly from those of the former studies: preconditioning of as-
sociative plasticity with global excitability-enhancing tDCS
boosted the efficacy of the subsequent PAS protocol to produce
excitatory neuroplasticity, whereas excitability-diminishing
tDCS reduced it. However, simultaneous global network modi-
fication and associative plasticity induction reversed these effects
(i.e., induced homeostatic plasticity).

The differential effects of preconditioning versus simulta-
neous network modification on associative plasticity give rise to
two main questions: why does this kind of homeostatic plasticity
follow a different time rule than homeostatic mechanisms in-
duced by other stimulation protocols, and what is the underlying
physiological mechanism? In recent studies in humans, consecu-
tively administered neuroplasticity-inducing stimulation proto-
cols induced homeostatic effects (Iyer et al., 2003; Lang et al.,
2004; Siebner et al., 2004). In two of these studies, the precondi-
tioning stimulation protocol was identical to the current one (i.e.,
tDCS). The main difference lies in the conditioning protocol,
which was rTMS in the former studies but PAS in the current one.
PAS induces timing-dependent, synapse-specific neuroplasticity.
r'TMS, in contrast, induces neuroplasticity, which may not be
restricted to specific synaptic connections. In doing so, rTMS
might induce patterns of neuroplasticity similar to that of tDCS.
Thus, subsequent neuroplasticity-inducing protocols that have
similar effects on global network plasticity may work antagonis-
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tically to keep global network function within a physiological
range.

However, synapse-specific and thus spatially restricted neuro-
plasticity, as induced by PAS, might not suffice to induce coun-
teracting homeostatic mechanisms. It thus might profit from
previous global excitability-enhancing neuroplasticity and be di-
minished by antecedent global excitability-diminishing neuro-
plasticity. However, simultaneous administration of tDCS and
PAS did induce homeostatic plasticity. Such a homeostatic mech-
anism makes sense for optimizing information processing, be-
cause it would strengthen synapse-specific plasticity in a silent
network while suppressing it during high-level general network
activity. So what is the physiological difference between succeed-
ing and simultaneous tDCS/PAS protocols causing these dissoci-
ating effects? Although knowledge about the mechanisms re-
sponsible for the induction of neuroplasticity by tDCS and PAS is
limited, it is known that ion channels are involved in the induc-
tion of plasticity and NMDA receptors in the stabilization of the
after-effects of both plasticity-inducing stimulation protocols
(Liebetanz et al., 2002; Stefan et al., 2002; Nitsche et al., 2003b).
Because it has been shown that intraneuronal calcium concentra-
tion regulates homeostatic plasticity (Misonou et al., 2004), this
could be a candidate mechanism. However, alternative processes
cannot be ruled out by the results of our experiments. Thus, the
specific mechanisms of action have to be explored in future
studies.

Associative plasticity is thought to be a neurophysiological
correlate of learning and memory formation in humans and an-
imals (Rioult-Pedotti et al., 1998, 2000; Ziemann et al., 2004;
Stefan et al., 2006). Recently, motor cortex tDCS has been dem-
onstrated to improve motor and visuomotor coordination learn-
ing in humans (Nitsche et al., 2003¢; Antal et al., 2004). Given the
results of our study, an optimum effect on boosting learning-
related associative plasticity should be achieved by excitability-
enhancing anodal tDCS administered before the actual learning
process or excitability-reducing cathodal tDCS during learning.
However, if applied during learning only anodal but not cathodal
tDCS improved learning substantially in both of the above-
mentioned studies. Furthermore, if applied before the behavioral
task, anodal and cathodal tDCS did not modify performance in
one of the paradigms and had only minor effects in the other
(unpublished results of our group). These results are in clear
opposition to the effects of tDCS on PAS. One explanation might
be that PAS indeed resembles one important synaptic derivate of
learning processes, but the frequency of application of associative
stimuli is much too low to realistically represent neuronal activity
during complex learning processes, as tested in the above-
mentioned studies. In this way, PAS might represent an activity
insufficient on its own to serve as a salient signal against increased
actual background activity and thus might be toned down. This
argument does not rule out that PAS resembles neuronal deri-
vates of learning and memory formation in principle. The studies
of Ziemann et al. (2004) and Stefan et al. (2006) have demon-
strated elegantly its involvement, but the results of our study put
into question whether the specific low-frequency PAS protocol
applied here is sufficient to mimic learning processes. Alterna-
tively, it might be argued that homeostatic effects of tDCS on
motor learning and PAS-induced plasticity dissociate on a time
scale: in another study of our group (Lang et al., 2003), it was
shown that anodal tDCS administered during motor learning
selectively impaired recall of the learned sequence. This result
might argue for a delayed homeostatic effect of background ex-
citability enhancement on memory consolidation. Additional
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studies are needed to clarify the specific relationship of PAS and
learning to a greater extent.

In a recent study, Baumgartner et al. (2007) have demon-
strated a relevant impact of emotional state and arousal on the
size of MEP amplitudes. We think that we can exclude a relevant
influence of these parameters or the results of our study for the
following reasons. First, in a recent study, tDCS of the dorsolat-
eral prefrontal cortex, which modifies mood in depressed sub-
jects, did not influence emotional state and arousal in healthy
subjects (our unpublished observations). Second, modulation of
general arousal or emotional state during the course of the exper-
iment would result in similar MEP enhancements independent of
the stimulation protocol used. On the contrary, our results
strongly depend on the specific stimulation protocol. Moreover,
because we used a randomized repeated-measurement design,
any change of arousal or emotional state caused by, for example,
the first participation of one subject in this kind of experiment
would be randomly assigned to the specific experimental condi-
tions, and thus its systematic contribution to the results is im-
probable. However, the results of the study of Baumgartner et al.
(2007) point to the general fact that it is important to control for
emotional state and arousal during the conduction of experi-
ments using MEPs as dependent variables.

Together, the results of our study present a new homeostatic
plasticity mechanism, which only applies when associative plas-
ticity is induced during enhanced or reduced background activ-
ity. This kind of homeostatic plasticity thus clearly differs from
other metaplastic mechanisms described so far and sheds light on
the fact that multiple homeostatic mechanisms might exist that
differ because of the kinds of plasticity induced as well as because
of the time course of plasticity induction. Future studies should
focus on the underlying mechanisms of these different kinds of
metaplasticity and explore their functional relevance.
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2.5 No Major influence of homeostatic plasticity in
complex motor learning in humans

The present study was conducted to investigate if and how homeostatic plasticity
regulates real learning process. For serial reaction time task (SRTT), an implicit
motor learning paradigm, it has been demonstrated that motor learning can be
enhanced by simultaneous application of excitability-enhancing anodal tDCS during
learning process (Nitsche et al., 2003c). Here we aimed to test the functional
significance of homeostatic plasticity on cognitive functions since learning
processes should be improved by keeping the cortical plastic changes within an
optimal range in accordance with the homeoplastic regulations (Abraham, 1999).
Due to the homeostatic paradigm that the history of activation should
homeostatically affect actual plasticity, tDCS was applied before the task started. We
also combined the partial NMDA receptor agonist D-Cycloserine as an additional
modulating factor to test whether it further enhances the influence of homeostatic
plasticity on the learning process, since it was argued that pharmacological
enhancement of task-related active NMDA-receptors in otherwise silent networks
could further increase a positive effect of homeostatic plasticity on learning. As the
results showed, the homeostatic mechanisms apply only when anodal tDCS was
combined with D-Cycloserine, namely, it impaired motor learning. This suggests a
minor effect of homeoplastic mecahnisms on cortical excitability on actual learning
process in humans, which might be regulated by a far more complicated mechanism
compared to the simple neurophysiological modulation of cortical plasticity.
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Abstract

Neuroplasticity is the adaptive modification of network connectivity due to environmental
demands and has been identified as a major physiological correlate of learning in animals and
humans. Since unrestricted neuroplastic modifications of network connectivity will result in a
destabilization of the system, metaplastic modification rules have been proposed and
identified for keeping plastic connectivity changes within a useful dynamic range. Hereby, the
modification threshold to achieve neuroplastic synaptic strengthening or weakening is
suggested to depend on the history of activity of the respective neurons. However, the
relevance of metaplasticity for actual learning processes has not been tested so far directly.
Here, we reduced or enhanced motor cortex activity and excitability before performance of
the serial reaction time task (SRTT), a sequential motor learning paradigm, and a simple
reaction time task (RTT) by transcranial direct current stimulation (tDCS). If homeostatic
rules apply, excitability-diminishing cathodal tDCS should improve the subsequent task
performance, especially if combined with the partial NMDA receptor-agonist D-Cycloserine,
which selectively enhances efficacy of active receptors, while excitability-enhancing anodal
tDCS should reduce it. However, only the results for anodal tDCS, when combined with D-
Cycloserine, were in accordance with the rules of homeostatic plasticity. We conclude that
homeostatic plasticity, as tested here, has only a minor influence on motor learning and

performance.



Introduction

Motor skill acquisition involves the strengthening of synaptic connections, probably reflecting
NMDA receptor-dependent long-term potentiation (LTP), which is an important correlate of
motor learning in animals in vivo (Rioult-Pedotti et al., 2000). Recently it was demonstrated
that LTP-like processes are also involved in motor learning in humans (Stefan et al. 2006,
Ziemann et al., 2004). These neuroplastic modifications take place at least in part in the
primary motor cortex (Mullbacher et al. 2002, Nitsche et al. 2003a).

Within the last years it became increasingly clear that neuroplasticity has to be controlled for,
because unrestricted plastic changes will result in massive modifications of neuronal networks,
which will destabilize the system and prevent further dynamic adaptive modifications.
Therefore, metaplastic rules were introduced first in simulated neuronal networks, but also
experimentally revealed in animal and human studies (for an overview see Abbott and Nelson
2000, Abraham and Tate 1997, Turrigiano and Nelson 2000). One prominent regulatory
mechanism, the Bienenstock-Cooper-Munro rule (1982), postulates the dependency of
subsequent neuroplastic excitability enhancements or reductions on the history of activation:
A previous high level of activity will shift ongoing neuroplastic events in the direction of
inhibition, while a history of low activation will favor facilitation, both due to a sliding
synaptic modification threshold. While the exact mechanism of this dynamic control of
neuroplasticity is still subject of debate, its principle applicability has been demonstrated in
human experiments: Priming with excitability-enhancing high-frequency repetitive
transcranial magnetic stimulation (rTMS) of the motor cortex increased the excitability-
reducing effects of a subsequent low-frequency rTMS protocol (lyer et al. 2003). Similarly,
motor cortex excitability and activity diminution by cathodal transcranial direct current
stimulation (tDCS) caused high- and low-frequency rTMS protocols, which were without an
effect on excitability, when given alone, to increase excitability, while excitability-enhancing
anodal tDCS had reverse effects (Lang et al. 2004, Siebner et al. 2004).

However, the functional relevance of metaplasticity for learning processes has not been tested
experimentally so far. Thus the aim of this study was to explore the effect of a modulation of
the history of activation and excitability of the primary motor cortex on subsequent motor
learning. Anodal or cathodal tDCS was administered before performance of a sequential
motor learning task, the serial reaction time task (SRTT, Nissen and Bullemer 1987). tDCS

induces prolonged subthreshold modifications of the resting membrane potential, altering



neuronal activity and excitability. Anodal tDCS enhances, and cathodal stimulation reduces
activity (Nitsche and Paulus 2000, 2001, Nitsche et al. 2003b). The after-effects are NMDA
receptor-dependent (Liebetanz et al. 2002, Nitsche et al. 2003c, 2004). Anodal tDCS of the
primary motor cortex had already been shown to improve sequence acquisition, if applied
during SRTT performance, in a foregoing study (Nitsche et al. 2003a), most probably by
bringing learning-related synapses nearer to their modification threshold.

Given that metaplasticity influences motor learning, we hypothesized that anodal tDCS
applied prior learning would decrease performance due to diminished strengthening of
learning-related synapses, while cathodal tDCS should improve it due to a superior
strengthening of the relevant synaptic connections. To unravel also small effects of
homeostatic plasticity on performance, if present, we added a further experimental arm, in
which D-Cycloserine (CYC) was added. CYC is a partial NMDA receptor-agonist, which, if
administered in a low dosage, agonists selectively already active NMDA receptors (Thomas et
al. 1988). Thus when combined with cathodal tDCS, it should selectively enhance the activity
of learning-related synapses, if homeostatic rules apply. Conversely, when combined with
anodal tDCS, it should further reduce the strengthening of learning-related synapses. To prove
for the specificity of the effects for motor learning, we added a control experiment, where
only random sequences were performed in the cognitive task (Simple reaction time task
(RTT).

Materials and Methods

Subjects

80 healthy subjects were studied with written informed consent and ethics committee
approval (24 subjects each for anodal (12 females, age 23.8 years +/- 2.3 SD) or cathodal
tDCS (15 females, age 24.5 years +/- 1.9) in the SRTT experiment, 16 subjects for each tDCS
condition in the RTT(anodal tDCS group: 12 females, age 24.8 years +/- 5.3; cathodal tDCS
group: 10 females, age 23.2 +/- 2.6 years). Studies were performed by neurologists familiar
with emergency situations in a room with life-support equipment. Each subject participated in
one stimulation polarity condition only. Thus, a repeated measures design was performed
separately for each stimulation polarity. All subjects received anodal or cathodal, and placebo
tDCS stimulation with or without medication in different sessions separated by at least one
week to prevent carry-over effects of task learning, stimulation and CYC medication. The
order of the different stimulation conditions was randomized between subjects. Right- and

left-handed subjects were randomized between the groups.
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Transcranial direct current stimulation

Current (one mA) was induced through saline-soaked sponge electrodes (surface 35 cm?).
tDCS was delivered by a specially developed, battery-driven constant-current stimulator
(Schneider Electronic, Gleichen, Germany). Constant current flow was controlled by an
amperemeter. tDCS was delivered immediately before the motor learning experiment for 10
min. The stimulating electrode (to which the terms anodal and cathodal tDCS refer to) was
placed contralaterally to the performing right hand, the reference electrode ipsilaterally. For
stimulation of the primary motor cortex, the stimulating electrode was placed above C3
(international 10-20 system) and the reference electrode above the contralateral orbita. tDCS
was started in a ramp-like fashion by increasing current strength gradually for the first and last
10 seconds of tDCS. For placebo tDCS, current was switched off after 30 seconds of
stimulation. This protocol has been demonstrated to reliably blind subjects with regard to the
stimulation condition (Gandiga et al. 2006).

Pharmacological Interventions

100 mg CYC or equivalent placebo (PLC) drugs were administered to the subjects orally two
hours before the start of each experimental session, Two hours after oral intake, CYC induces
a stable plasma level (van Berckel et al. 1997) and alters the efficacy of anodal tDCS to
enhance motor cortex excitability (Nitsche et al. 2004). To avoid cumulative drug effects,
each experimental session was separated by at least one week. Subjects were blinded to the

respective pharmacological condition.

Serial reaction time task

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 4 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 asterisks as fast as possible. After a button
was pushed, the go signal disappeared. The next go signal was displayed 500 ms later. The
learning test consisted of 8 blocks of 120 trials. In block 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 block 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.

Simple reaction time test

The random sequence control experiment was identical to the SRTT, apart from the fact that
no repetitive sequences, but rather a random order of stimuli, was presented in each block.

Experimental course

2h after CYC or placebo medication intake, subjects were placed on a comfortable chair in
front of a computer monitor and received anodal, cathodal or placebo tDCS for 10 minutes.
Immediately after the end of stimulation, the SRTT or the RTT was conducted as described
above. Motor task performance required between 10 and 15 min in each subject, dependent on
the length of the break between the blocks chosen by the subjects. For the SRTT, a recall test
was performed 2, 4 and 24 h after the learning session, in which first a random sequence and
afterwards 2 blocks of the learned sequence were presented.

Subjects were blinded to drug and tDCS condition and were not informed about a
reverberating sequence in the learning experiment. To avoid drug, stimulation or sequence
interference effects, a one-week break between each session was obligatory. After the last
session, subjects were asked if they had noticed any recurring motor sequence throughout the
experiments.

Data analysis

SRTT

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, incorrect responses and
reaction times of less than 200 ms or more than 3000 ms or those that were above 3 standard
deviations of the individual subject’s mean response time were discarded. Mean reaction
times were standardized to block 1 for each subject in each stimulation condition separately.
Furthermore, the standard deviation of reaction times for each subject in every block was
calculated as an index of variability of reaction times. An error rate (ER) was calculated to
assess the number of incorrect responses for each block and each subject in each stimulation
condition. Statistical analyses were performed via ANOVA (level of significance 0.05,
independent variables tDCS (anodal, cathodal, sham stimulation), drug (CYC or placebo

medication), and block for RT, ER, and variability for absolute and standardized (RT only)
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values. Additionally, RT, ER, and variability value differences between the respective
tDCS/drug-conditions were compared by repeated measures two-tailed Students’ t-tests (level
of significance 0.05) within each block of the task for a given stimulation polarity and drug
condition. Since the RT and ER differences between block 5, and 6 are thought to represent
an exclusive measure of implicit learning, interactive Student’s t-tests (Cohen, 1977) were
performed to compare the respective differences for the anodal/cathodal/CYC stimulation
conditions on the one hand, and the non-current/placebo medication condition on the other
(SRTT only).

To rule out stimulation-independent baseline reaction-time differences between the tDCS-
groups of a given tDCS/drug-condition, the respective absolute reaction times of block one

were compared by Student’s t-tests (p < 0.05).

RTT

For the random sequence control experiment, repeated measures ANOVAs (independent
variables: tDCS (anodal, cathodal, sham stimulation), drug (CYC or placebo medication, and
block) and post hoc t-tests were calculated for absolute RT, ER and variability. Critical p-

values were set to 0.05 for all tests.

Results

SRTT

With regard to absolute reaction time, the ANOVA revealed a significant main effect of block
and significant interactions between block x medication, block x tDCS polarity and block x
tDCS polarity x tDCS vs. sham stimulation (table 1). As depicted in figure 1, this is due to
prolonged RT in the anodal tDCS/CYC condition as compared to the sham
stimulation/placebo medication condition, primarily in the later blocks. Baseline RT did not
differ significantly between the experimental conditions. However, to rule out that slight
baseline differences influenced these results, we performed additional calculations for
baseline-standardized values. Here the main effects of block and tDCS polarity and the
interaction between block x tDCS polarity x tDCS vs. sham stimulation were significant
(table 1). This is due to slower RT in case of anodal tDCS under CYC as compared to the
sham stimulation/placebo medication condition, especially in the later blocks, as well as to
slower RT in the cathodal tDCS condition under CYC as compared to the sham stimulation

placebo medication condition. For cathodal tDCS under CYC, this slowing of RT seems to be



specific for sequence learning, since here the interactive t-test is significant with regard to
block 5 (sequence) and block 6 (random stimuli) (figure 2).

For ER and variability, the ANOVA shows significant main effects of block (ER: F = 11.767,
p < 0.001; variability F = 15.794, p < 0.001), due to a reduced number of errors and less
variability during performance in the later blocks, but no significant effect of tDCS or
medication or interaction of these variables, i.e. RT is increased for block 5, but not block 6,

after cathodal tDCS under CYC as compared to sham tDCS/placebo medication.

RTT

With regard to the random stimuli reaction time task, for RT the ANOVA revealed a main
effect of block, but no main effect of the other variables tested or interactions (table 1). For
the group which received cathodal tDCS, a trend for reduced RT in the cathodal group can be
identified; however, this could not be reproduced for the anodal tDCS groups (figure 3). For
ER, the main effects of block and medication (as well as the interaction between block and
polarity and the 5-way interaction between all variables tested were significant (table 1). This
is due to a reduction of errors — as compared to the respective tDCS and medication placebo-
conditions - under CYC medication and combination of cathodal tDCS with CYC (figure 4).
However, this effect was significant only for some blocks. The ANOVA performed for
variability revealed a significant main effect for block (F = 2.860, p < 0.007), but no other

significances.

Discussion

Homeostatic plasticity is suggested to control for the amount and direction of neuroplastic
cortical network modifications to avoid de-stabilization. The relevance of homeostatic
influences on cortical plasticity in humans was so far only confirmed neurophysiologically.
Here, we explored the importance of homeostatic plasticity for behavior in healthy humans.
The results of our study show only limited homeostatic effects of a preconditioning motor
cortex excitability enhancement or reduction on subsequent performance in a serial reaction
time task or simple reaction time task. These results put the general behavioral relevance of
homeostatic plasticity for motor cortex function, especially learning and memory

consolidation, into question.



Impact of preconditioning excitability modulation on sequential motor learning

The results of our study show that prior excitability-enhancing anodal tDCS slow down
reaction time in the SRTT, when combined with the partial NMDA receptor-agonist CYC. As
the baseline-standardized data show, this effect is especially prominent in the recall conditions.
Similarly, cathodal tDCS prior to motor learning impairs learning and early recall, if
combined with CYC, as shown by the standardized data. Hereby this effect seems to be
specific for the learned sequence.

On first sight, one might assume that this deleterious effect of the combined pharmacological-
tDCS intervention might be attributed to the impact of CYC on motor learning; however, this
is improbable because CYC alone did not influence SRTT performance.

For excitability-enhancing anodal tDCS, it has been shown that adjunctive CYC medication
increased the efficacy of stimulation to enhance motor cortical excitability (Nitsche et al.
2004). Thus it seems reasonable to argue that combined anodal tDCS and CYC medication
enhances cortical excitability to a larger extent than anodal tDCS or CYC alone and thus
reduce motor learning and consolidation due to homeostatic mechanisms, which might not
apply with lower-grade excitability enhancements, as delivered by CYC or anodal tDCS alone
for this task. Alternatively, the task-independent enhancement of network excitability might
have had a de-focusing effect on task-related synaptic strengthening. However, this should
have increased ER in this specific stimulation/medication condition, which was clearly not the
case.

For the pattern of results achieved by excitability-diminishing cathodal tDCS, homeostatic
mechanisms seem not to contribute: If homeostatic mechanisms would apply, the excitability
diminution achieved by cathodal tDCS should have improved performance, especially if
combined with CYC, which should have selectively enhanced the synaptic strengthening of
learning-related neuronal networks further. However, the results do not fit with this
hypothesis. One possible explanation might be that cathodal tDCS did not suppress of the
activation of “wrong reactions” during learning sufficiently, thus that CYC in this case —
given that cathodal tDCS decreases the strengthening of learning-related synapses - would
strengthen not only correct, but also false reactions. Alternatively, one could argue that our
healthy subjects were already performing at an optimum level without medication or
stimulation, and thus any intervention would not be able to improve performance. This seems
unlikely, since in another study of our group, performance could be improved when tDCS was

administered during performance (Nitsche et al. 2003a).



Impact of preconditioning excitability modulation on simple reaction time task performance

The results of the RTT show that tDCS of either polarity as well as CYC and any combination
of these interventions does not modify RT significantly. There is a trend for CYC medication
to reduce RT, especially in the cathodal tDCS group, which however is not replicated for the
other subject group, and thus might be due to chance. Anyway, ER was significantly reduced
in single blocks for anodal tDCS, CYC medication and the combination of cathodal tDCS and
CYC relative to sham stimulation/placebo medication. This might be due to a benefit from a
general network excitability enhancement, as delivered by anodal tDCS and CYC, or by
increasing task-related excitability in a relatively silent cortical network, as delivered by the
combination of cathodal tDCS with CYC, which both might have helped to choose the correct
key press by increasing flexibility in this task. However, these effects were relatively small.

Clearly, tDCS and CYC did not modify performance in a direction compatible with

homeostatic mechanisms.

General remarks

Taken together, the results of this study are not in general accordance with a major impact of
homeostatic plasticity on motor learning and reaction time, as tested in our experiments. The
only result compatible with a homeostatic effect is a diminution of motor learning by
combination of CYC and excitability-enhancing anodal tDCS. However, motor learning was
not improved by homeostatic regulations following cathodal tDCS combined with CYC,
which was hypothesized if homeostatic plasticity was functionally relevant. Also for simple
reaction times, there is no clear hint that homeostatic effects improved performance.
Conversely, here a pharmacologically or tDCS-induced excitability-enhancement was slightly
beneficial.

This pattern of results points to the fact that a simple transferring of neurophysiological
studies about homeostatic influences on LTP-like plasticity to behavioral mechanisms seems
not appropriate. On the neurophysiological level, preconditioning with tDCS determined the
direction of plasticity induced by repetitive transcranial stimulation homeostatically (Lang et
al. 2004, Siebner et al. 2004). In a previous study, we explored the impact of a
preconditioning tDCS on associative plasticity, as induced by paired associative stimulation
(PAS), which might be more closely linked to learning processes. Here, excitability-
enhancing tDCS boosted the efficacy of the subsequent PAS protocol, while excitability-
diminishing tDCS resulted in reversed effects (Nitsche et al., 2007). Clearly the results of that

study are discrepant with those of the present study, and both of them didn’t show uniform



results. Thus it might be argued that the plasticity-inducing protocols used in the
neurophysiological studies do not mimic learning processes closely enough, and that the
regulation of homeostatic mechanisms depends on the characteristics of induced plasticity.
Moreover, the results of the present study show that an excitability modulation prior to
performance of a motor task might be less suited to improve motor learning than tDCS
administered during learning or motor behavior. In a former study, we applied anodal or
cathodal tDCS during the same tasks as in the current study. Here, excitability-enhancing
anodal tDCS improved both, motor learning in the SRTT and simple motor behavior in the
RTT (Nitsche et al. 2003). The reason for this divergent result might be that during tDCS not
only NMDA-receptors, but also calcium channels are modulated, while the after-effects of
tDCS should be accomplished by modifications of NMDA-receptors alone (Nitsche et al.
2003c). Since intracellular calcium concentration is important for LTP induction (Canepari et
al. 2007), enhanced transmembrane calcium conduction, as probably accomplished during
anodal tDCS, might improve learning processes. Therefore, the results of this study are in
favour for administering tDCS during, and not before, learning to optimize performance.
CYC, a partial NMDA receptor-agonist, has been promoted as a putative cognitive enhancer
in recent years. Indeed this drug has been demonstrated to improve cognition in Alzheimer’s
patients in some pilot studies (Tsai et al. 1998, 1999). In our study, however, CYC alone in
healthy subjects was not effective on motor learning, but deteriorated performance when
combined with tDCS. Our results argue against a relevant positive effect of CYC on learning
in healthy humans. There might be a slight positive effect on simple motor behavior though,
as shown by the reduced error count in the RTT under CYC, but this was relatively discrete.
Since CYC as applied in our study was shown to modulate neuroplasticity prominently in
healthy subjects before, it is improbable that this minor effect was caused by an insufficient
dosage of the drug (Nitsche et al. 2004).

Taken together, the results of the actual study put into question a major role of homeostatic
plasticity in improving cognition in healthy human subjects. On the contrary, they are in
favour for a dissociation of neurophysiologically induced metaplasticity and behavioral
consequences. Since it might be that homeostatic mechanisms differ for specific kinds of
neuroplasticity induced, more studies are needed, which should explore this topic

systematically.

10



References

Abbott LF, Nelson SB. Synaptic plasticity: taming the beast. Nat Neurosci. 2000 Nov;3
Suppl:1178-83.

Abraham WC, Tate WP. Metaplasticity: a new vista across the field of synaptic plasticity.
Prog Neurobiol. 1997 Jul;52(4):303-23.

Bienenstock EL, Cooper LN, Munro PW. Theory for the development of neuron selectivity:
orientation specificity and binocular interaction in visual cortex. J Neurosci. 1982 Jan;2(1):32-
48.

Canepari M, Djurisic M, Zecevic D. Dendritic signals from rat hippocampal CA1 pyramidal
neurons during coincident pre- and post-synaptic activity: a combined voltage- and calcium-
imaging study.J Physiol. 2007 Feb 1; [Epub ahead of print]

Cohen, J. (1977). Statistical power analysis for the social sciences (2nd ed.). New York:
Academic Press.

Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a tool for double-
blind sham-controlled clinical studies in brain stimulation. Clin Neurophysiol. 2006
Apr;117(4):845-50.

lyer MB, Schleper N, Wassermann EM. Priming stimulation enhances the depressant effect of
low-frequency repetitive transcranial magnetic stimulation. J Neurosci. 2003 Nov
26;23(34):10867-72.

Lang N, Siebner HR, Ernst D, Nitsche MA, Paulus W, Lemon RN, Rothwell JC.
Preconditioning with transcranial direct current stimulation sensitizes the motor cortex to
rapid-rate transcranial magnetic stimulation and controls the direction of after-effects. Biol
Psychiatry. 2004 Nov 1;56(9):634-9.

Liebetanz, D, Nitsche, MA, Tergau, F, Paulus, W. Pharmacological approach to synaptic and
membrane mechanisms of DC-induced neuroplasticity in man. Brain 2002, 125, 2238-47

Muellbacher, W., Ziemann, U., Wissel, J., Dang, N., Kofler, M., Facchini, S., Boroojerdi, B.,
Poewe, W. & Hallett, M. (2002). Early consolidation in human primary motor cortex.
Nature, 415, 640-4.

11


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=11127835&query_hl=31&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=9247968&query_hl=32&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=7054394&query_hl=34&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17272348&query_hl=3&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16427357&query_hl=4&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=14645480&query_hl=17&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15522246&query_hl=36&itool=pubmed_docsum

Nitsche, M.A. & Paulus, W. (2000). Excitability changes induced in the human motor cortex

by weak transcranial direct current stimulation. J Physiol, 527, 633-639.

Nitsche, M.A. & Paulus, W. (2001). Sustained excitability elevations induced by transcranial
DC motor cortex stimulation in humans. Neurology, 57, 1899-1901.

Nitsche, MA, Fricke, K, Henschke, U, Schlitterlau, A, Liebetanz, D, Lang, N, Henning, S,
Tergau, F, Paulus, W. Pharmacological modulation of cortical excitability shifts induced by
transcranial DC stimulation. J Physiol, 2003c, 553, 293-301.

Nitsche MA, Jaussi W, Liebetanz D, Lang N, Tergau F, Paulus W. Consolidation of

externally induced human motor cortical neuroplasticity by d-cycloserine.
Neuropsychopharmacology, 2004, 29, 1573-8

Nitsche, MA, Nitsche, MS, Klein, CC, Tergau, F, Rothwell, JC, Paulus W. Level of action of
cathodal DC polarisation induced inhibition of the human motor cortex. Clin Neurophysiol
2003b, 114, 600-604

Nitsche MA, Roth A, Kuo M-F, Fischer A-K, Antal A, Liebetanz D, Lang N, Paulus W,
Tergau F. Modulation of associative plasticity by general network excitability in the human
motor cortex. J Neurosci., 2007 Apr 4;27(14):3807-12

Nitsche, MA, Schauenburg, A, Lang, N, Liebetanz, D, Exner, C, Paulus, W, Tergau, F.
Facilitation of implicit motor learning by weak transcranial direct current stimulation of the

primary motor cortex in the human. J Cog Neurosci, 2003a, 15: 619-626
Nissen, M.J. & Bullemer, P. (1987). Attentional requirements of learning: evidence
from performance measures. Cogn Psychol, 19, 1-32.

Rioult-Pedotti MS, Friedman D, Donoghue JP (2000). Learning-induced LTP in neocortex.
Science 290: 533-536.

Siebner HR, Lang N, Rizzo V, Nitsche MA, Paulus W, Lemon RN, Rothwell JC.
Preconditioning of low-frequency repetitive transcranial magnetic stimulation with
transcranial direct current stimulation: evidence for homeostatic plasticity in the human motor
cortex. J Neurosci. 2004 Mar 31;24(13):3379-85.

12


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15056717&query_hl=36&itool=pubmed_docsum

Stefan K, Wycislo M, Gentner R, Schramm A, Naumann M, Reiners K, Classen J. Temporary
occlusion of associative motor cortical plasticity by prior dynamic motor training. Cereb
Cortex. 2006 Mar;16(3):376-85

Tsai GE, Falk WE, Gunther J, Coyle JT. Improved cognition in Alzheimer's disease with
short-term D-cycloserine treatment. Am J Psychiatry. 1999 Mar;156(3):467-9.

Tsai GE, Falk WE, Gunther J. A preliminary study of D-cycloserine treatment in Alzheimer's
disease. J Neuropsychiatry Clin Neurosci. 1998 Spring;10(2):224-6.

Thomas JW, Hood WF, Monahan JB, Contreras PC, O'Donohue TL (1998). Glycine
modulation of the phencyclidine binding site in mammalian brain. Brain Res 442: 396-398.

Turrigiano GG, Nelson SB. Hebb and homeostasis in neuronal plasticity. Curr Opin
Neurobiol. 2000 Jun;10(3):358-64

van Berckel BN, Lipsch C, Timp S, Gispen-de Wied C, Wynne H, van Ree JM, Kahn RS
(1997). Behavioral and neuroendocrine effects of the partial NMDA agonist D-cycloserine in

healthy subjects. Neuropsychopharmacology 16: 317-324.

Ziemann U, llic TV, Pauli C, Meintzschel F, Ruge D. Learning modifies subsequent induction
of long-term potentiation-like and long-term depression-like plasticity in human motor cortex.
J Neurosci. 2004 Feb 18;24(7):1666-72

13


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15930370&query_hl=20&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10080566&query_hl=5&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9608414&query_hl=5&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=10851171&query_hl=33&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=14973238&query_hl=19&itool=pubmed_docsum

Table 1: Results of the ANOVASs performed for the SRTT and RTT experiment

For the SRTT (reaction time, absolute values), the main effect of block and some interactions
are significant. For the baseline-standardized reaction time, additionally the main effect of
tDCS polarity is significant. With regard to the RTT, the main effect of block is significant for
absolute reaction time and error count. For error count, the interactions between block x tDCS
polarity and the 4-way interaction between all independent variables are also significant. The

asterisks mark significances (critical p-value 0.05). df = degrees of freedom, F = F-value, p =

probability.

Experiment 1 (SRTT) absolute reaction time df F p
Block 13 140.106 |<0.001*
tDCS vs sham 1 1.889 0.176
Medication 1 1.372 0.247
tDCS polarity 13 0.340 0.563
Block x tDCS vs sham 1 1.223 0.244
Block x medication 13 1.844 0.023*
Block x tDCS polarity 13 2.294 0.003*
tDCS vs sham x medication 1 0.148 0.702
tDCS vs sham x tDCS polarity 1 0.307 0.582
Medication x tDCS polarity 1 0.724 0.399
Block x tDCS vs sham x medication 13 0.468 0.962
Block x tDCS vs sham x tDCS polarity 13 1.814 0.026*
Block x medication x tDCS polarity 13 0.321 0.995
tDCS vs sham x medication x tDCS polarity 1 0.001 0.973
Block x tDCS vs sham x medication x tDCS polarity 13 0.507 0.945
Experiment 1 (SRTT) standardised reaction time

Block 13 97.854 < 0.001*
tDCS vs sham 1 1.815 0.184
Medication 1 1.919 0.173
tDCS polarity 13 2.841 0.001*
Block x tDCS vs sham 1 0.005 0.944
Block x medication 13 1.271 0.226
Block x tDCS polarity 13 0.718 0.746
tDCS vs sham x medication 1 0.041 0.841
tDCS vs sham x tDCS polarity 1 1.190 0.281
Medication x tDCS polarity 1 0.009 0.923
Block x tDCS vs sham x medication 13 0.733 0.731
Block x tDCS vs sham x tDCS polarity 13 2.097 0.013*
Block x medication x tDCS polarity 13 0.647 0.815
tDCS vs sham x medication x tDCS polarity 1 0.031 0.860
Block x tDCS vs sham x medication x tDCS polarity |13 0.650 0.812
Experiment 2 (RT) absolute reaction time

Block 7 3.45 0.002*
tDCS vs sham 1 0.009 0.926
Medication 1 0.430 0.517

14




tDCS polarity 1 1.519 0.227
Block x tDCS vs sham 7 1.272 0.265
Block x medication 7 0.898 0.509
Block x tDCS polarity 7 0.991 0.438
tDCS vs sham x medication 1 0.100 0.754
tDCS vs sham x tDCS polarity 1 0.438 0.513
Medication x tDCS polarity 1 1.136 0.295
Block x tDCS vs sham x medication 7 0.396 0.904
Block x tDCS vs sham x tDCS polarity 7 0.845 0.551
Block x medication x tDCS polarity 7 1.827 0.084
tDCS vs sham x medication x tDCS polarity 1 0.013 0.908
Block x tDCS vs sham x medication x tDCS polarity |7 1.049 0.398
Experiment 2 (Reaction time) Errors

Block 7 4.477 < 0.001*
tDCS vs sham 1 0.709 0.406
Medication 1 5.545 0.025*
tDCS polarity 1 2.092 0.158
Block x tDCS vs sham 7 1.453 0.186
Block x medication 7 1.480 0.176
Block x tDCS polarity 7 2.100 0.045*
tDCS vs sham x medication 1 3.239 0.082
tDCS vs sham x tDCS polarity 1 0.054 0.818
Medication x tDCS polarity 1 0.085 0.773
Block x tDCS vs sham x medication 7 0.725 0.651
Block x tDCS vs sham x tDCS polarity 7 0.197 0.986
Block x medication x tDCS polarity 7 0.694 0.677
tDCS vs sham x medication x tDCS polarity 1 2.834 0.103
Block x tDCS vs sham x medication x tDCS polarity |7 2.185 0.037*
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Figure 1: absolute reaction time (SRTT)

Depicted are the mean reaction times (ms) for each medication/tDCS combination during
learning (block 1-8) and in the recall conditions performed 2h (blocks 2a-c), 4h (blocks 4a-c)
and 24h (blocks 24a-c) after sequence learning. In block 1, 6, 2a, 4a, and 24a random stimuli,
and in the remaining blocks the sequence is presented. The results show that subjects are
getting faster during learning and recall in each condition, but that the reaction time reduction
is significantly less accentuated in the anodal tDCS/CYC condition as compared to the sham
tDCS/placebo medication condition, especially for later blocks. Asterisks indicate significant
deviations between sham tDCS/placebo medication and the other conditions within the
respective blocks (paired, two-tailed t-tests, p < 0.05). Vertical bars depict standard error of
mean (S.E.).
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Figure 2: baseline-standardised reaction time (SRTT)

Depicted are the baseline-standardised mean reaction times for each medication/tDCS
combination during learning (block 1-8) and in the recall condtions performed 2h (blocks 2b-
c), 4h (blocks 4b-c) and 24h (blocks 24b-c) after learning. The sequence is displayed in block
2-5, 7-8, 2b-c, 4b-c, and 24b-c. In the remaining blocks, random stimuli are presented. The
results show that subjects are getting faster during learning and recall in each condition, but
that - similarly to absolute RT - RT reduction is significantly less accentuated in the anodal
tDCS/CYC condition as compared to the sham tDCS/placebo medication condition, especially
for later blocks. Moreover, also cathodal tDCS compromises learning, when combined with
CYC. This effect is specific for sequence learning, because it is not apparent in the random
sequence 6. Asterisks indicate significant deviations between sham tDCS/placebo medication
and the other conditions within the respective blocks (paired, two-tailed t-tests, p < 0.05). The
hash symbol represents a significant interaction between cathodal tDCS/CYC on the one hand
and sham tDCS/placebo stimulation on the other with regard to the sequence block 5 and the

random block 6 (interactive t-test, p < 0.05). Vertical bars depict standard error of mean (S.E.).
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Figure 3: absolute reaction time (RTT)

Depicted are the mean absolute RTs (ms) for each medication/tDCS combination during
performance of the random sequences. The results show no clear trend for a reduction of RT
during the course of the experiment, but a non-significant trend for diminished RT under CYC
in the cathodal tDCS subjects group. This trend however was not replicated for the anodal

tDCS group. Vertical bars depict standard error of mean (S.E.).
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Figure 4: Error counts (RTT)

Depicted are the mean error counts for each medication/tDCS combination during
performance of the random sequences. The results show no clear trend for a reduction of
errors during the course of the experiment. However, in the anodal tDCS group CYC and
anodal stimulation, but not the combination of both, reduce errors in single blocks, while in
the cathodal tDCS group the combination of tDCS and CYC reduces errors in one block.
These results are in favour for a slight positive effect of CYC on performance (paired, two-

tailed t-tests, p < 0.05). Vertical bars depict standard error of mean (S.E.).
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Chapter 3

Concluding remarks

The studies included in this thesis address issues which are crucial for the
elucidation of the mechanisms underlying neuroplasticity. The distinct evolvement
of cortical plastic changes between women and men suggests gender as an intrinsic
factor predisposing the sex differences of neurological pathophysiology and
cognitive functions associated with neuroplasticity. It also implies the necessity of
cautious manipulation and interpretation of plasticity research in the human brain.
As revealed by pharmacological interventions, the differential plasticity modulation
by DA and ACh, two of the most involved neurotransmitters in the brain’s cognitive
systems, is in accordance with a focusing mechanism. This might explain the
multiple and diverse actions of these neurochemicals in cognitive function within
neural networks. The knowledge gained from these experiments is also important for
the pharmacotherapeutics of these neurotransmitters in order to preserve the
cognitive functions in patients suffering from neuropsychiatric disorders. The last
part of this work dealt with homeostatic plasticity, which stablize neuronal networks.
Here the modification of global cortical plasticity showed no major influence of
homeoplastic regulation in complex motor learning process. It is surprising that the
modulation of motor learning at the behavioural level doesn’t reflect the direct
neurophysiological demonstration of homeoplastic mechanisms by the combination
of focal and global neuroplasticity induction protocols. However it also suggests that
learning-related neuroplasticity in the motor cortex might be regulated by more
tangled modulatory mechanisms in addition to the homeostatic rules, which is of
great interest as an object for further studies.

Taken together, an improved knowledge of the mechanisms of neuroplasticity and
the awareness of the constrains of its use, both of which we learned from this work,
will strengthen the possibility to guide the plastic potential of the brain, and open a
broader field of new therapeutic and research perspectives.
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