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Introduction

From infancy up to adulthood and beyond, the brain reacts adaptively to the
continuously changing environment. This capacity is termed “plasticity” and describes
the ability of the brain to develop, react to environmental demands by producing proper
behavior and repair itself after a disease or injury. Neuroplastic modifications of brain
structure and functions are also thought to be important physiologic mechanisms of
learning skills and remembering events in our life. Two functional changes taking place
at the glutamatergic but also other synapses, namely long term potentiation (LTP) and
long term depression (LTD), are considered as synaptic correlates of learning and
memory processes (Jay, 2003). Pioneering attempts to study and understand the basic
mechanisms of LTP and LTD induction and expression were conducted in slice
preparations and in vivo animal studies. However, over the last decades, non-invasive
brain stimulation (NBS) techniques such as transcranial magnetic stimulation (TMS),
transcranial direct current stimulation (tDCS) and paired associative stimulation (PAS)
(Barker et al., 1985; Nitsche and Paulus, 2000; Stefan et al., 2000) emerged, which allow
the induction and exploration of plasticity which share some properties with plasticity
induced in animal models also in humans. Recently, combining these techniques with
central nervous system (CNS) active drugs and imaging techniques (Ziemann, 2004; Ko
et al., 2013; Saiote et al., 2013) has given us additional opportunities to study
mechanisms and effects of cortical plasticity in the intact human brain.

Neuroplasticity is influenced by substances termed neuromodulators. Among
these neuromodulators, dopamine has received the most attention since the discovery that

L-3,4-dihydroxyphenylalanine (L-DOPA), the synthetic precursor of dopamine, can



alleviate the motor symptoms of Parkinson’s disease (Abbott, 2010), and that
antagonizing dopamine receptor subtypes can relieve positive symptoms of schizophrenia
(Seeman, 1987). In physiological and cognitive studies in animals, a complex,
heterogeneous, sometimes opposing pattern of effects of alteration of dopaminergic
activity emerges, depending on dosage, affected receptor subtypes, and basal brain
activity (Seamans and Yang, 2004). The results of human electrophysiological studies
improved our knowledge about the impact of dopamine on neuroplasticity (Kuo et al.,
2008; Monte-Silva et al., 2009; Nitsche et al., 2009; Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011), however, it is still far from being complete.
Specifically, the impact of dopamine receptor subtypes on neuroplasticity in humans was
not explored systematically so far. Given the presumed relevance of neuroplasticity for
cognition and behavior in health and disease, improving this knowledge might enhance
our understanding of respective processes.

In this project we were interested to explore the dosage-dependent, specific
effects of dopamine receptor subtype activation on functional plasticity of the human
brain. The first chapter will give an introduction into the basic concept of plasticity, its
relation to cognitive processes, and modulation by dopamine, and the techniques of
inducing and evaluating plasticity in humans. The second chapter contains the main
component of the thesis; each subchapter consists of published projects or projects
accepted for publication. Finally, the last chapter will discuss the main findings of the

present work, including limitations, and future directions for research.



Chapter 1: Plasticity in the central nervous system

Plasticity can be defined as any enduring change of cortical properties, either
morphological or functional (Donoghue, 1995). Plasticity can occur at different levels of
the central nervous system, from a single neuron, to synaptic levels and up to
subcortical/cortical networks (Figure 1). An example for macroscopic structural changes
is the increase of finger representations of the motor cortex of monkeys and rats observed
after grasping training (Kleim et al., 1996; Nudo et al., 1996; Kleim et al., 1998). In
humans, parts of the brain involved in skill training and learning were also shown to gain
volume (Kami et al., 1995; Pascual-Leone, 1995). TMS mapping and magnetic resonance
imaging (MRI) revealed an increase in gray matter volume and cortical representations in
some brain areas of professional musicians (Elbert et al., 1995; Sluming et al., 2002;
Gaser and Schlaug, 2003), mathematicians (Aydin et al., 2007) and athletes (Ty¢ et al.,
2005; Park et al., 2009) whereas among dancers a decrease in gray and white matter
volume was evident (Hanggi et al., 2010). Injuries can also lead to structural brain
changes, the loss of afferent input is followed by neuroplastic alterations of cortical
functions, e.g. re-organization of somatosensory cortex representation maps after limb
amputation (Borsook et al., 1998), or of the visual cortex in blind patients (Pascual-Leone
and Torres, 1993; Boven et al., 2000). Additionally, brain lesions are followed by
structural and functional plastic changes (Carmichael, 2003; Schaechter et al., 2006) of
both, the injured and non-injured motor cortex (Nudo et al., 2003).

Most kinds of neuroplastic processes seem to improve adaption to environmental
or internal changes and cause beneficial effects like skill enhancement or recovery from

brain injury (Peterson, 2012). On the other hand, plasticity in the brain can be also



maladaptive, when it leads to behavioral loss or even the development of disease
symptoms (May, 2011). For instance, the age-related decline in the efficiency of
plasticity in humans (Freitas et al., 2011) might explain the accompanying cognitive
decline at least partially. Human plasticity studies also revealed aberrant plasticity
mechanisms in conditions like autism (Oberman et al.,, 2012; Jung et al., 2013),
Alzheimer’s disease (Battaglia et al., 2007; Koch et al., 2011; Koch et al., 2012) and
schizophrenia (Fitzgerald et al., 2004; Frantseva et al., 2008; McClintock et al., 2011).
Thus, naturally occurring plasticity in the human brain has been implied to be of
profound importance for a multitude of normal, but also pathological brain functions.

At the synaptic level, plasticity is accomplished by structural and functional re-
organization of the respective connections via the strengthening or weakening of
synapses (Citri and Malenka, 2007). Structural remodeling includes changes in synapse
morphology (Lamprecht and LeDoux, 2004; Barnes and Finnerty, 2010; Foscarin et al.,
2012), such as the experience-dependent stabilization and destabilization or formation
and elimination of synapses in mice’s barrel cortex (Trachtenberg et al., 2002; Holtmaat
et al., 2006; Knott et al., 2006) and injury-induced axonal sprouting in the motor cortex
of squirrel monkeys (Dancause et al., 2005). The experimental work of the thesis will
focus on another type of plasticity termed “functional plasticity” of the glutamatergic
synapse, the main excitatory synapse in the human brain. It is accomplished by the
increase or decrease of the efficiency of an already existing synapse. With regard to the
duration of the effects, the first 60 minutes of functional plasticity are referred to as
“early” phase and the longer lasting protein-synthesis-dependent part (duration of hours

or up to weeks or months) is called the “late” phase (Malenka and Bear, 2004). Another



important feature of functional plasticity is its direction. For long term synaptic plasticity,
which has received the most attention due to its possible role in memory and learning
processes, long term potentiation (LTP), which refers to enhanced cortical excitability,
and long term depression (LTD), which is a long-lasting reduction of excitability of the
target synaptic connections, can be discerned. LTP and LTD are presumably expressed in
all excitatory brain circuits as well as at the inhibitory GABAergic synapse (Kano, 1995;

Malenka and Bear, 2004; Rueda-Orozco et al., 2009).

Changes during Long term/repeated Functional recovery from Disease related symptoms
development exposure to a stimuli impaimrment or injury and behavioral loss
Adaptative Plasticity Malad aptive Plasticity

Structural modifications Functional modifications

Neurogenesis
Synaptogenesis

Synapse remodelling Long Term Potentiation (LTP)
Synapse removal Long Term Depression (LTD)

Figure 1. Schematic diagram of different types of plasticity which lead to structural and
functional changes at the level of the synapses. (Adapted from Trojan and Pokorny,

Physiological research / Academia Scientiarum Bohemoslovaca, 1999).



Plasticity is thought to be the underlying mechanism of learning and memory. The
Hebbian theory was the first to offer an explanation on how neurons adapt during a
learning process. According to this concept, strengthening of a synapse occurs when two
neurons are active at the same time (Hebb, 1988). The LTP induced at glutamatergic
synapses in the hippocampus of the anaesthetized rabbit via repetitive stimulation at high
frequency of the perforant path leading to strengthening of the synapse between perforant
path and granule cells (target cells) of the dentate gyrus (Bliss and Gardner-Medwin,
1973; Bliss and Lemo, 1973) satisfies the criteria proposed by Hebb making it a viable
model of long term memory storage (Bliss and Collingridge, 1993; Bliss and Cooke,
2011). LTD on the other hand, first demonstrated in rat hippocampal slices in vitro and
in the dentate gyrus of anaesthetized rats (Lynch et al., 1977; Levy and Steward, 1979),
also exhibits properties like occurrence (that is, LTD can be induced experimentally in
the neural circuits that are relevant for a specific cognitive function), necessity (that is
blocking LTD disrupts the respective function), and sufficiency (that is, induction of LTD
produces behavior similar to the function) that suggest it has a role in learning and
memory too (Collingridge et al., 2010). Subsequently, LTP- and LTD-like plasticity was
also induced electrophysiologically in many other cortical areas like the barrel (Fox,
2002), visual (Kirkwood and Bear, 1994; Heynen and Bear, 2001), auditory (Pereda et
al., 1998; Newton and Sur, 2005), the somatosensory and motor cortex (Castro-
Alamancos et al., 1995), suggesting that plasticity is an ubiquitary mechanism of the
CNS. In accordance with electrophysiological studies, experience-induced anatomical
changes in the brain have been shown also in animal (Rioult-Pedotti et al., 1998a;

Trachtenberg et al., 2002; Gruart et al., 2006; Holtmaat et al., 2006; Whitlock et al.,



2006) and human studies (Draganski et al., 2004; May, 2011). Furthermore, a study that
showed that the suppression of LTP after learning can erase a previously learned skill
strengthened the idea that LTP maintenance is necessary for memory maintenance as well
(Bliss et al., 2006).

Therefore, exploring the mechanisms of neuroplasticity in humans is relevant for
improving our comprehension of brain physiology in health and disease, as well as

understanding the neural basis of learning and memory mechanism in humans.

1.1 Mechanisms of functional glutamatergic plasticity

Plasticity of the glutamatergic system is accomplished primarily via calcium-
permeable NMDA (N-methyl D-aspartate) receptors (Malenka and Bear, 2004; Bliss and
Collingridge, 2013). Dependent on the amount of calcium influx into the subsynaptic
neuron, both, LTP, and LTD, can be induced (Lisman, 2001). It has been demonstrated
that a strong calcium increase results in LTP, and a weak elevation of calcium
concentration triggers LTD (Hansel et al., 1996; Yang et al., 1999; Cormier et al., 2001)
(see figure 2).

When the postsynaptic membrane is significantly depolarized via presynaptic
glutamate release, and consecutive opening of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, which have sodium channel properties, the
voltage-dependent block of the NMDA receptor by magnesium is relieved allowing
calcium to enter the postsynaptic dendritic spines, soma or the axon. This rise in

postsynaptic calcium, if sufficiently large, triggers the activation of intracellular



signaling cascades that include several protein Kkinases, most notably the
calcium/calmodulin dependent kinase (CaMKII) (Lynch et al., 1983; Malenka et al.,
1988; Malenka et al., 1999; Malenka, 1999 ; Lisman et al., 2002). Activation of these
kinases results in insertion of AMPA receptors in the postsynaptic plasma membrane,
therefore resulting in larger depolarization of the postsynaptic neuron following a given
presynaptic glutamate release, and thus enhanced efficacy of the respective synaptic
connection (Malenka et al., 1999; Malenka and Bear, 2004). LTD on the other hand is
thought to result from a smaller rise in postsynaptic calcium (Lisman, 1989; Artola and
Singer, 1993; Hansel et al., 1997; Nishiyama et al., 2000). This triggers a different subset
of calcium-dependent intracellular signaling molecules than those required for LTP,
including serine/threonine phosphatases which dephosphorylate critical synaptic
substrates, including the AMPA receptor, which de-activates the latter. The depression of
synaptic strength in case of LTD is additionally due to the removal of synaptic AMPA
receptors via dynamin- and clathrin-dependent endocytosis (Malenka and Bear, 2004).
For intermediate calcium concentrations, the existence of a zone between LTP and LTD,
called the “ no man’s land”, was reported, which does not result in any plasticity (Cho et
al., 2001; Lisman, 2001). Moreover, calcium levels above the threshold for LTP
induction might prevent plasticity probably due to the activation of hyperpolarizing

potassium channels (Misonou et al., 2004).
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Figure 2. Schematic illustration of LTP and LTD at the glutamatergic synapse. The level
of calcium influx into the postsynaptic membrane determines the direction of plasticity.
Strong calcium increase leads to cascades of events resulting in the insertion of AMPA
receptors in the postsynaptic membrane which causes strengthening or potentiation of
synaptic strength (LTP). Weak calcium increase leads to the removal of AMPA receptors
from the postsynaptic membrane causing synaptic weakening or depression (LTD).
(Adapted from Hauser, L. 2013. Derived copy of Biology 102. OpenStax-CNX, July 15,

2013. http://cnx.org/content/col11541/1.1/.).

1.2 Exploring Plasticity in the Human Brain

Our knowledge about plasticity in the human brain is still far from being complete. A
limited set of studies explored LTP at the cellular level. It could be shown in vitro in
hippocampal and temporal cortex tissues of epileptic patients that LTP can be induced

also in the human brain via stimulation techniques which were developed in animal
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experimentation (Chen et al., 1996a; Beck et al., 2000; Cooke and Bliss, 2006). This
approach is however restricted, because respective brain material is rare, and because of
missing spontaneous activity, and disease-related alteration of cortical architecture, the
results might not easily be transferred to the healthy human brain in vivo. During the last
decades, however, technological advances in the field of non-invasive brain stimulation
(NBS) techniques emerged allowing the controlled induction of prolonged cortical
excitability alterations, as well as the monitoring of respective effects in awake human
subjects. These include transcranial magnetic stimulation (TMS), repetitive transcranial
magnetic stimulation (rTMS), transcranial direct current stimulation (tDCS) and paired
associative stimulation (PAS) (Barker et al., 1985; Nitsche and Paulus, 2000; Stefan et
al., 2000; Nitsche and Paulus, 2001; Huang et al., 2005) (Figure 3). In accordance with
the functional relevance of plasticity, these techniques can also alter behavior and
cognitive functions non-invasively in both healthy and patient populations (Fregni et al.,
2006; Salatino et al., 2013; Park et al., 2014). In the present work we will focus on tDCS
and PAS as means for inducing plasticity; and single pulse TMS to measure the increase

and decrease in excitability of neurons in the human motor cortex.

Transcranial Magnetic Transcranial Direct Current
Stimulation (TMS) Stimulation (tDCS)

o— variable delay —.

Paired Associative Stimulation (PAS)

Sensory stimulation
or motor task

single pulse TMS,
rTMS stimulation ™S

pulsed nerve smgle pulse
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Figure 3. Non-invasive Brain Stimulating Techniques: Single pulse transcranial magnetic
stimulation (TMS) can be used for monitoring excitability changes in the motor cortex.
Repetitive transcranial magnetic stimulation (rTMS), transcranial direct current
stimulation (tDCS) and paired associative stimulation (PAS) are mainly used to induce
LTP and LTD-like plasticity in the motor cortex. (Figure adapted and modified from

Bliss and Cooke, Clinics, 2011).

1.2.1 The motor cortex as a model for studying plasticity

Although the primary motor cortex (M1) was for a long time perceived solely as
an effector area for the initiation of movements, plasticity of this region is well
documented (Pascual-Leone et al., 2005), and in accordance with recently published
studies this area is more actively involved in motor learning and memory formation than
previously thought (Rioult-Pedotti et al., 2000; Muellbacher et al., 2002; Nitsche et al.,
2003b). Thus this region is principally well suited to study plasticity and physiological
cognitive/behavioral interactions in the human brain. It is furthermore well suited to serve
as a model system because of the following reasons: First, the anatomical, physiological
and functional properties of the human motor cortex are well established. It consists of
six layers of cells with layer 5 as the descending output layer containing the giant Betz
cells. Cells of the primary motor cortex (M1) are the most excitable and encode for
movement force and control (Pruszynski et al., 2007). The horizontal connections within
the primary motor cortex (M1) are suggested to have a capacity for long-lasting synaptic

modification, such as strengthening of horizontal cortical connections following motor
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skill learning (Kleim et al., 1998; Rioult-Pedotti et al., 1998b; Sanes and Donoghue,
2000). Second, its location at the cerebral surface, which holds true especially for the
hand area, makes it an accessible target for non-invasive brain stimulation techniques.
Finally, excitability, and activity of this area can be easily monitored via TMS/MRI to
explore global corticospinal excitability, and specific transmitter/neuronal systems

(Rothwell, 1993; Ziemann, 2004).

1.2.2 Plasticity induction in the human brain

Prior to the invention of transcranial electrical stimulation (TES) by Morton and
Merton in 1980, most of the techniques developed were applied for therapeutic purposes
only, and not intended for research. TES was the first non-invasive technique suited for
stimulating neurons of the intact human brain (Merton and Morton, 1980). It uses supra-
threshold low frequency high-intensity pulses, and is painful, making its application as an
experimental technique problematic. In 1985, Barker and colleagues introduced a new
non-invasive brain stimulation technique, called Transcranial Magnetic Stimulation
(TMS) (Barker et al., 1985). This technique later gave rise to the development of rTMS,
another technique for inducing plasticity, which is however beyond the scope of this
thesis. In the experiments included in the present thesis, we used paired associative
stimulation (PAS), which combines peripheral nerve stimulation with single pulse TMS,
which induces an associative kind of plasticity (Stefan et al., 2000), and tDCS, which
uses subthreshold electrical stimulation to induce changes of cortical excitability (Nitsche

and Paulus, 2000).
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1.2.2.1 Transcranial direct current stimulation (tDCS)

The fact that tonic application of relatively weak direct currents can induce
neuronal excitability and activity alterations in animals was first demonstrated in the
1960’s. It was observed that applying positive polarizing currents in vitro and in vivo
causes an increase in the frequency of spontaneous neuronal spiking, whereas negative
polarizing currents reduce neuronal firing compared to baseline values (Creutzfeldt et al.,
1962; Bindman LJ, 1964; Purpura and McMurtry, 1965). The effects during stimulation
are due to direct current (DC)-induced subthreshold changes of the resting membrane
potential (Bindman LJ, 1964; Purpura and McMurtry, 1965). Later experiments revealed
that after effects, which can last for many hours after the end of stimulation for a few
minutes, depend on protein synthesis (Gartside, 1968), alter intracellular cAMP
concentration (Hattori et al., 1990), and intracellular calcium concentration and gene
expression mediated by NMDA receptors (Islam et al., 1995a; Islam et al., 1995b).
Therefore, the after-effects depend on plasticity mechanisms similar to those obtained in
LTP and LTD induced by more “classic” stimulation protocols (Islam et al., 1995a). In
2000, Nitsche and Paulus published a study in which they could show that transcranial
direct current stimulation induces similar effects on motor cortex excitability in awake
humans (Nitsche and Paulus, 2000). Analogous to the effect of polarizing currents
observed in animals studies (Bindman LJ, 1964; Purpura and McMurtry, 1965), if applied
for 13 minutes, anodal stimulation with an intensity of 1mA (milliampere) induces a
prolonged increase of cortical excitability, whereas cathodal tDCS for 9 minutes induces
opposite effects (Nitsche and Paulus, 2001; Nitsche et al., 2003a; Nitsche et al., 2008).

Furthermore, similar to the results obtained in animal experiments, the primary effects of

14



tDCS depend on shifts of membrane polarization hence, the voltage-gated calcium
channel blocker flunarizine and Na-channel blocker carbamazipine abolished the effects
of depolarizing anodal stimulation, but had no impact on membrane-hyperpolarizing
cathodal stimulation. Furthermore the NMDA receptor antagonist dextromethorphan and
GABAA receptor agonist lorazepam had no effect during stimulation, in accordance with
a primary effect of tDCS on neuronal membranes, but not synapses (Nitsche et al., 2003c;
Nitsche et al., 2004b). The after effects on the other hand, which usually last for 1 hour,
and thus are in the range of early LTP/LTD, are both NMDA- and calcium channel-
dependent (Liebetanz et al., 2002; Nitsche et al., 2003c; Nitsche et al., 2004a) suggesting
similar mechanisms as shown for glutamatergic LTP and LTD induced in animal models
(Malenka and Bear, 2004). The weak subthreshold direct current applied over the scalp
stimulates underlying cortical neurons tonically but nonspecifically, thus the effect is not
focal (Nitsche and Paulus, 2000). Evidence exists that the plastic changes in the human
motor cortex induced by tDCS are predominantly cortical rather than subcortical (Nitsche
and Paulus, 2000; Nitsche et al., 2005; Miranda et al., 2006; Wagner et al., 2007).

TDCS can also modulate cognitive functions (for a review see, (Kuo and Nitsche,
2012). Anodal tDCS at the motor cortex applied during performance improved motor
sequence learning (Nitsche et al., 2003b) and enhanced motor skill learning (Reis et al.,
2009). Stimulation at the motor cortex and visual cortex of healthy subjects also
improved performance in the learning phase of a visuo-motor coordination task (Antal et
al., 2004). Additionally, temporal lobe stimulation with anodal tDCS reduced false
memories in healthy subjects, while it improved recognition memory and working

memory in Alzheimer’s and Parkinson’s disease patients respectively (Boggio et al.,
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2006; Boggio et al., 2009b; Boggio et al., 2009a). The enhancing effect of anodal tDCS
on learning can be hypothetically explained by the synergistic effects of tDCS-induced,
and learning-generated LTP on task-dependent cortical networks (Stagg and Nitsche,

2011).

1.2.2.2 Paired-associative stimulation (PAS)

PAS is a technique which combines stimulation of somatosensory afferents of a mixed
peripheral nerve with motor cortex TMS (Stefan et al., 2000; Stefan et al., 2002; Wolters
et al., 2003). In the “classic” protocol, a peripheral electrical stimulus with an intensity
set to 300% of the sensory perceptual threshold is applied to a peripheral nerve. This is
combined with a suprathreshold TMS pulse to the contralateral motor cortex with an ISI
of 10 or 25ms at a frequency of 0.05 Hz for 30 minutes (Stefan et al., 2000; Wolters et
al., 2003). Like tDCS, the effect of PAS on the motor cortex are localized intracortically
(Mdller-Dahlhaus et al., 2010), however, PAS induces phasic suprathreshold synaptic
activation. The physiological mechanism behind PAS is based on the principles of spike
timing-dependent plasticity (STDP) initially observed in animal studies (Gustafsson et
al., 1987; Markram et al., 1997; Bi and Poo, 1998; Debanne et al., 1998). Similar as in
STDP, neuroplastic excitability alterations induced by PAS critically depend on the
interstimulus interval (I1SI) between the peripheral nerve stimulus and the TMS pulse. An
interval of 10ms (PAS10) (Wolters et al., 2003) results in an excitability reduction, while
an interval of 25ms (PAS25) increases excitability, longer ISI (100, 525 and 5000 ms)
however, have no effect (Stefan et al., 2000). In PAS10, the afferent inputs elicited by
median nerve stimulation reaches the motor cortex after the TMS pulse, causing an

asynchronous activation of the motor cortex. In accordance, in animal models, an action
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potential (AP) preceding an excitatory post synaptic potential (EPSP) induces calcium-
dependent NMDA receptor inactivation which induces LTD (Zucker, 1999). In PAS25,
the afferent input precedes the TMS pulse causing a synchronous activation of the motor
cortex. Again in accordance, back-propagated APs triggered by large EPSPs or by other
inputs enhance calcium influx through NMDA receptors causing LTP in animal models
(Zucker, 1999). PAS s thought to induce LTP-like or LTD-like plasticity at
glutamatergic synapses. The NMDA receptor blocker dextromethorphan blocks both LTP
and LTD-like plasticity induced by PAS (Stefan et al., 2002; Wolters et al., 2003) while
nimodipine, an L-type voltage-gated calcium channel blocker, prevents the LTD-like
effect of PAS10 (Wolters et al., 2003). This suggests that the mechanism of PAS shows
some similarities with cellular STPD. The proposed plastic effect of PAS are largely
restricted to synapses connecting the sensory and motor cortex (Stefan et al., 2000),

hence compared to tDCS its effect is more specific or focal.

1.2.3 Monitoring plasticity in the human brain

1.2.3.1 Transcranial Magnetic stimulation (TMS)

TMS is based on the principles of electromagnetic induction. The magnetic field
generated by the coil induces a secondary electric current in a postero-anterior direction
in the underlying cortex, which depolarizes cortical neurons, which in turn activates the
respective pyramidal tract neurons, causing a motor evoked potential (MEP) (Di Lazzaro
et al., 1998). MEP latency reflects central nervous system (CNS) conduction time in the
corticospinal tract, whereas the size of the MEP amplitude reflects corticospinal
excitability (Rothwell, 1993). Comparing the changes in MEP amplitudes before and

after intervention thus provides a measure of excitability alterations induced by the
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respective intervention. Other TMS protocols like double pulse or paired pulse TMS
protocols allow the specific exploration of excitatory and inhibitory intracortical systems

(Kujirai et al., 1993; Tokimura et al., 1996; Ziemann et al., 1996).

1.3 Dopaminergic modulation of neuroplasticity

Neuromodulators are transmitters that can alter plasticity but are not essential for
its occurrence (Malenka and Bear, 2004). They induce little or no change in basal
neuronal activity, but potentiate or attenuate responses evoked by other transmitter
substances (Barchas et al., 1978). Dopamine is one of the major neuromodulators in the
brain and exerts its action by binding to specific receptors at the postsynaptic and
presynaptic membrane (Vallone et al., 2000). The five dopamine receptors are grouped
into two subfamilies depending on their signaling, physiological and pharmacological
properties (Kebabian and Calne, 1979; Sokoloff and Schwartz, 1995; Beaulieu and
Gainetdinov, 2011). The D1 and D5 receptors belong to the D1-like, while, D2, D3 and

D4 receptors constitute the D2-like receptor family.

1.3.1 Plasticity studies in animals

In electrophysiological studies in animals, dopamine application results in both,
inhibitory and excitatory responses in neurons of the prefrontal and motor cortices,
although inhibitory responses predominate (Bernardi et al., 1982; Bradshaw et al., 1985;
Sawaguchi et al., 1986; Awenowicz and Porter, 2002). These cellular effects are reflected
by the impact of dopamine on plasticity, showing both facilitatory as well as inhibitory
effects on LTP and LTD (Jay, 2003), in accordance with the assumption that dopamine is

not a driver, but a modulator of synaptic plasticity. In general, the impact of dopamine
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on neuronal excitability/plasticity is complex and depends on receptor subtype, dosage or
level of stimulation, and the kind of plasticity being induced (Jay, 2003; Seamans and
Yang, 2004).

With regard to the contribution of dopaminergic receptor subtypes, is was shown
that D1 receptors have an enhancing effect on NMDA and GABAergic synaptic currents
(Seamans and Yang, 2004), and a positive impact on LTP and LTD. Animal experiments
are in favor for a supportive role of the D1 receptor for LTP induction in the PFC
(Gurden et al., 2000; Huang et al., 2004) striatum (Kerr and Wickens, 2001; Centonze et
al., 2003) and hippocampus (Otmakhova and Lisman, 1996; Bailey et al., 2000).
Activation of the D1 receptors also enhances LTD in the striatum (Calabresi et al., 1992;
Calabresi et al., 2000) however, reversal of LTD into a transient potentiated state in the
hippocampus of the rat was reported in another study (Mockett et al., 2007). In contrast,
the D2 receptor has a reducing effect on NMDA and GABAergic synaptic currents as
revealed by electrophysiological studies in the striatum and prefrontal cortex (PFC)
(Tseng and O'Donnell, 2004). Compared to the D1-mediated impact, D2 receptor
activation resulted in mixed effects, causing LTP enhancement in-vitro/in-vivo in the
hippocampus and in the basolateral amygdala—dentate gyrus pathway (Frey et al., 1989;
Manahan-Vaughan and Kulla, 2003; Abe et al., 2008), LTD enhancement in-vitro at the
prefrontal cortex and striatum (Otani et al., 1998; Spencer and Murphy, 2000; Centonze
et al., 2001; Tang et al., 2001), but also diminishing effects on LTD and LTP were
reported (O'Donnell and Grace, 1994; Chen et al., 1996a). An impact of dopamine on
cognitive functions, which can be assumed to base on the physiological effects of the

substance, was first observed in the pioneering work of Brozoski and colleagues. They
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observed impaired performance of a delayed response task following dopamine depletion
in the PFC of monkeys (Brozoski et al., 1979). Succeeding studies across different animal
species suggest a non-linear dopaminergic dose-response relationship (Murphy et al.,
1996; Arnsten, 1997; Arnsten and Goldman-Rakic, 1998; Mizoguchi et al., 2000). For the
dosage-dependent impact of dopamine receptor subtypes on cognition, a dosage-
dependency of D1 receptor-mediated effects was first studied in recordings of PFC
neurons of animals engaged in a working memory task. The results of respective studies
confirm that activation or inhibition of the D1 receptor has a dosage dependent non-linear
effect on neuronal firing, and performance (Williams and Goldman-Rakic, 1995; Cai and
Arnsten, 1997; Zahrt et al., 1997; Seamans et al., 1998; Goldman-Rakic et al., 2000;
Floresco and Phillips, 2001; Sawaguchi, 2001; Lidow et al., 2003; Vijayraghavan et al.,
2007; Kroener et al., 2009). Specifically, in these studies too much or too little D1
receptor stimulation impaired performance, and reduced firing rates, whereas optimal
stimulation enhanced firing rates and improved cognitive performance (Williams and
Goldman-Rakic, 1995; Murphy et al., 1996; Seamans and Yang, 2004). An inverted U-
shaped effect of D2-like receptors stimulation is not well explored in cognitive studies in
animals. However, a behavioral study in rats revealed such an effect on yawning (Collins

et al., 2005).

1.3.2 Plasticity studies in humans

Plasticity research in the human brain aimed to disentangle the role of dopamine
has been initiated some years ago. Two electrophysiological studies explored the dosage-

dependency of global dopamine activation on functional glutamatergic plasticity. Here an
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inverted U-shaped impact of non-specific dopaminergic stimulation was demonstrated.
Low and high doses of L-dopa abolished or impaired plasticity, whereas under medium
dosage plasticity was preserved except for the anodal tDCS LTP-like after-effect which
was reversed into inhibition (Monte-Silva et al., 2010; Thirugnanasambandam et al.,
2011). With regard to the contribution of dopaminergic receptor subtypes to these effects,
electrophysiological studies concerning the impact of D1-like receptor stimulation are
rare due to the lack of selective agonists and antagonists available for human use. In
motor cortex plasticity studies, using an indirect approach by relatively enhancing D1
receptor activation by D2 receptor block abolished LTP and LTD-like plasticity, but
adding L-DOPA under D2 receptor block, which should result in a relatively specific
activation of D1-like receptors, re-established both types of plasticity (Nitsche et al.,
2009), suggesting a crucial function of D1 receptor activation for plasticity induction. D2
receptor activity seems to be also relevant for plasticity induction in the human brain,
since D2 receptor block by sulpiride abolishes different kinds of plasticity in the human
motor cortex (Nitsche et al., 2006; Monte-Silva et al., 2009; Nitsche et al., 2009; Monte-
Silva et al., 2011). A study using the D2/D3 agonist ropinirole showed a non-linear
effect of D2-like receptor activation on human motor cortex plasticity (Monte-Silva et al.,
2009). However, ropinirole is a predominant D3 receptor agonist with a greater affinity
for the D3 receptor (Coldwell et al., 1999). In animals, an opposing effect of D2 and D3
receptor activation on physiologic processes in the brain was observed (Collins et al.,
2005; Collins et al., 2007; Collins et al., 2009). Therefore this study was not suited to

elucidate the specific contribution of D2 receptor activation on plasticity in humans.
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1.3.3 Cognitive studies in humans

Many domains of cognitive functions in humans such as learning and memory
formation, behavioral flexibility, and attention are critically dependent on dopaminergic
activity, particularly of the prefrontal cortex and striatum (Nieoullon, 2002; D’ Ardenne et
al., 2012; Klanker et al., 2013; Costa et al., 2014). Hereby, the specific effects seem to
depend on receptor subtypes, concentration, the type of task, baseline performance and
stage/phase of learning process (Kimberg et al., 1997; Cools and D'Esposito, 2011).

In healthy individuals, global/non-specific dopaminergic activation with 100mg
L-dopa was shown to enhance the speed, overall success, and long-term retention of word
learning (Knecht et al., 2004) and enhance motor learning in the elderly (Floel et al.,
2005). This beneficial effect on learning was also observed in acute and chronic stroke
patients (Scheidtmann et al., 2001; Résser et al., 2008). With regard to the contribution of
dopamine receptor subtypes, like in plasticity studies in humans, the impact of D2
receptors is better explored compared to that of D1-like receptors. To date, only 2 clinical
studies have used selective D1 agonists and antagonists to explore their impact on
cocaine abuse (Haney et al., 1999; Haney et al., 2001), however, the bioavailability of
these agents was low (Breitenstein et al., 2006). In one study, the D1 agonist AB-431 did
not affect the frequency of cocaine smoking, however, it dose-dependently decreased the
subjective effect of cocaine (Haney et al., 1999). The D1 antagonist ecopipam on the
other hand significantly decreased cocaine craving in the presence of placebo cocaine
while it increased cocaine self-administration in the presence of active cocaine (Haney et
al., 2001). With regard to D2-like receptor involvement in cognitive processes, some

more studies, however with heterogeneous results, have been conducted. The D2-like
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agonist bromocriptine was shown to have a facilitating effect on visuospatial working
memory (Luciana et al., 1992; Luciana and Collins, 1997; Luciana et al., 1998; Mehta et
al., 2001), but this effect was not observed in other studies (Kimberg et al., 1997; Muller
et al.,, 1998; Gibbs and D’Esposito, 2005). D2 receptor antagonists like sulpiride also
resulted in mixed outcomes, showing negative (Mehta et al., 1999; Mehta et al., 2004)
and no effect on working memory performance (Mehta et al., 2005). Dosage-dependent
non-linear effects, which might contribute to these heterogeneous effects, have not been
explored in humans directly so far. However, some dosage-dependent effects might be
present. This assumption is suggested by genetic studies showing that a polymorphism of
the catechol-O-methyltransferase (COMT), an enzyme that metabolizes dopamine,
determines working memory performance. Carriers of the Met-allele (low COMT
activity, higher dopamine level in the PFC) are performing better than Val-allele carriers
(high COMT activity, low dopamine level in the PFC) in a working memory task (Egan
et al., 2001; Rosa et al.,, 2010). However, other studies suggest that there is no
homogeneous effect of the COMT polymorphism on cognition (Barnett et al., 2007).
Moreover, the effect, if present, might be task-dependent (Cools et al., 2001; Kimberg
and D’Esposito, 2003; Cools and D'Esposito, 2011). It was argued that the impact of
dopamine on cognitive processes might be determined by the respective cognitive
demand. Tasks which require flexible manipulation of neural information/representation
would demand cognitive flexibility (de-focusing effect) via D2 receptor-mediated
processes, whereas tasks requiring stable maintenance of information/representation
would require cognitive stability (focusing effect) via a D1 receptor-mediated process

(Costa et al., 2014). This hypothesis was conceptualized by the computational model put
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forward by Durstewitz and colleagues. In this model, a D1-dominated state favors
cognitive stability by focusing on high activity states and increasing the threshold for
noise, a D2-dominated state would allow cognitive flexibility via updating information by
transition from different low activity states (Durstewitz et al., 2000; Seamans and Yang,
2004).

Evidence for such a task-dependent effect of dopaminergic modulation of
cognition was observed in both healthy subjects and patients. Performance of healthy
subjects taking the D2 receptor blocker sulpiride was impaired in a set switching task
which involved cognitive flexibility, but improved in a delayed response task which
requires cognitive stability (Mehta et al., 2004). Similar effects were also observed in an
fMRI study involving healthy subjects. Here, after the intake of the D2 agonist
bromocriptine, an improvement in switching performance, which was accompanied by a
drug-induced modulation of activity in the putamen (D2 dominant area) during learning
was observed, whereas lateral frontal (D1 dominant area) activity was unaltered.
However, lateral frontal activity, but not striatal activity was modulated by bromocriptine
during distraction, which might require more stable information processing in the
presence of noise (Cools et al., 2007). This latter study also suggests that dopaminergic
modulation of learning is not only influenced by task demands, but might depend also on
the specific phase of task. Further support for this hypothesis originates from animal
studies (Ichihara et al., 1988; Sigala et al., 1997; Puig and Miller, 2012), however,

empirical evidence is still limited.
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1.4 Aims of the thesis

The general aim of the thesis is to explore the influence of dopamine on
neuroplasticity in humans. Specifically, the two projects are designed to explore the

effect of dopamine receptor subtypes on human motor cortical plasticity.

Project I- This project specifically aims to define the contribution of D1-like receptors
on motor cortex plasticity with specific regard to a dosage-dependency of the effect, as
well as its impact on focal and non-focal plasticity. This project challenges the
unavailability of a specific D1 agonist suitable for application in humans by using an
indirect approach of activating D1-like receptors via combination of global dopamine

enhancement with D2 receptor block.

Project I1- This project aims to identify the specific dosage-dependent role of D2
receptor stimulation on motor cortex plasticity. By using a D2 agonist, we discern the
impact of specific D2 receptor activation from the result of an earlier study which used a

mixed D2/D3 agonist (Monte-Silva et al., 2009).
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Chapter 2: Original articles and manuscripts

This chapter contains the two published papers included in the thesis. The first
study focuses on the dose-dependent effect of the dopamine D1 receptor on focal and
non-focal plasticity in healthy human subjects. The second study explores the specific
dose-dependent effect of D2 receptor activation also on focal and non-focal plasticity in
healthy human subjects with the specific aim of disentangling this effect observed from

results of a previous study which used a mixed D2/D3 receptor agonist.

- Fresnoza S, Paulus W, Nitsche MA, Kuo M-F (2014) Nonlinear Dose-Dependent
Impact of D1 Receptor Activation on Motor Cortex Plasticity in Humans. The
Journal of Neuroscience 34(7):2744-2753 (Published)

- Fresnoza S, Stiksrud E, Klinker F, Liebetanz D, Paulus W, Kuo M-F, Nitsche MA
(2014) Dosage-dependent effect of D2 receptor activation on motor cortex

plasticity in humans. The Journal of Neuroscience (Accepted)
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2.1 Nonlinear Dose-Dependent Impact of D1 Receptor Activation

on Motor Cortex Plasticity in Humans

Studies exploring the impact of the D1-like receptors on plasticity are rare in humans due
to the lack of D1-selective agents available for application in humans. Data from
electrophysiological studies in animals suggest a “focusing effect” of DI receptor
activation by suppressing irrelevant neuronal activity, increasing signal-to-noise ratio
(Williams and Goldman-Rakic, 1995; Vijayraghavan et al., 2007). Cognitive studies in
animals suggest that an optimum concentration of dopamine is needed for such a
focusing effect, since too much or too little D1 receptor stimulation impaired, whereas
medium/optimal dosage facilitated performance in a working memory task (Seamans and
Yang, 2004). In humans, a similar focusing effect of dopamine on neuroplasticity was
initially revealed by electrophysiological studies on human motor cortex plasticity.
Global dopamine activation with 100mg L-dopa reversed the non-focal excitability
enhancing effect of anodal tDCS into inhibition, but stabilized the PAS-induced synapse-
specific excitability increase (Kuo et al., 2008). Moreover, a non-linear dosage dependent
impact of global dopamine receptor activation was observed in motor cortex plasticity
studies in humans. Too much or little dopamine receptor stimulation impaired or
abolished, whereas medium/optimal stimulation preserved plasticity induced by tDCS
and PAS except for the effect on anodal tDCS, which was reversed into inhibition in line
with the previous result of Kuo and colleagues in 2008 (Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011). These previous human studies however, did not
account for a specific dosage dependent effect of D1 receptor stimulation observed in

animal studies. Here, using an indirect approach by blocking the D2 receptors with
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sulpiride and enhancing D1 receptor activity by different doses of L-dopa shows that too
much and too little activation inversed, inhibited or abolished plasticity induced by tDCS
and PAS, whereas under medium dosage, the excitability increase induced by anodal
tDCS and excitatory PAS was preserved. For the excitability-diminishing effect of
cathodal tDCS and inhibitory PAS, the effect was abolished and trendwise reversed under
the medium dosage. Thus, D1 receptor activation also has a non-linear dosage dependent
effect on motor cortex plasticity, however a focusing effect was not observed in this
study. The present study also revealed that D1-like receptor stimulation seems to favor
the excitability-enhancing effect of anodal tDCS and excitatory PAS to a certain degree

compared to the excitability-diminishing plasticity inducing protocols.

28



2744 - The Joural of Neuroscience, February 12,2014 - 34(7)2744 2753
Development/Plasticity/Repair

Nonlinear Dose-Dependent Impact of D1 Receptor
Activation on Motor Cortex Plasticity in Humans

Shane Fresnoza, Walter Paulus, Michael A. Nitsche,* and Min-Fang Kuo*
Department of Clinical Neurophysiology, Georg-August-University, 37075 Gottingen, Germany

The neuromodulator dopamine plays an important role in synaptic plasticity. The effects are determined by receptor subtype specificity,
concentration level, and the kind of neuroplasticity induced. D1-like receptors have been proposed to be involved in cognitive processes
via their impact on plasticity. Cognitive studies in humans and animals revealed a dosage-dependent effect of D1-like receptor activation
on task performance. In humans, D1-like receptor activation re-establishes plasticity under D2 receptor block. However, a dosage-
dependent effect has not been explored so far. To determine the impact of the amount of D1-like receptor activation on neuroplasticity in
humans, we combined sulpiride, a selective D2 receptor antagonist, with the dopamine precursor .-DOPA (25, 100, and 200 mg) or applied
placebo medication. The impact on plasticity induced by anodal and cathodal transcranial direct current stimulation (tDCS) was com-
pared with the impact on plasticity induced by excitatory and inhibitory paired associative stimulation (PAS) at the primary motor cortex
of healthy humans. Stimulation-generated cortical excitability alterations were monitored by transcranial magnetic stimulation-induced
motor-evoked potential amplitudes. D1-like receptor activation produced an inverted U-shaped dose-response curve on plasticity
induced by both facilitatory tDCS and PAS. For excitability-diminishing tDCS and PAS, aftereffects were abolished or converted trend-
wise into facilitation. These data extend findings of dose-dependent inverted U-shaped effects of D1 receptor activation on neuroplas-
ticity of the motor cortex.

Key words: dopamine; dopamine receptors; neuroplasticity; paired associative stimulation; transcranial direct current stimulation;

transcranial magnetic stimulation

Introduction
Dopamine improves learning and memory formation in humans
and animals (Floresco and Phillips, 2001; Knecht et al., 2004;
Floel et al., 2005). Dopamine’s impact on neuroplasticity might
help to explain these effects. Dopamine enhances long-term po-
tentiation (LTP) and long-term depression (LTD) in animals,
and LTP-/LTD-like plasticity in humans (Otani et al., 1998; Bai-
ley et al., 2000). Moreover, impaired cognitive functions ( Dubois
and Pillon, 1996; Grace et al., 1998) and deficient plasticity (Ueki
et al., 2006; Hasan et al., 2012), like those in Parkinson’s disease
and schizophrenia, are caused by dopaminergic dysfunction.
The dopaminergic impact on plasticity is complex and de-
pends on dosage, kind of plasticity induction, and receptor sub-
types. In humans, the dopaminergic impact on plasticity has been
explored by noninvasive brain stimulation techniques, such as
transcranial direct current stimulation (tDCS), and paired asso-
ciative stimulation (PAS). tDCS induces polarity-dependent
plasticity of the glutamatergic system not restricted to specific
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neuronal subgroups (Nitsche et al., 2008; Stagg and Nitsche,
2011). PAS induces neuron-specific glutamatergic plasticity of
somatosensory-motor cortical connections, and the direction of
plasticity depends on the synchrony of stimulation (Stefan et al.,
2000, 2002; Wolters et al., 2003).

Dopamine has a nonlinear dose-dependent effect on neuro-
plasticity in humans (Monte-Silva et al., 2010; Thirugnanasam-
bandam et al.,, 2011). Accordingly in animal experiments both
insufficient and excessive dopamine impairs cognitive functions,
while medium dopaminergic activity improves it (Brozoski etal.,
1979; Murphy et al., 1996; Arnsten, 1997). Furthermore, dopa-
mine receptor subtypes have discernable effects on neuroplastic-
ity. D2-like receptor stimulation revealed opposing results on
LTP and LTD in animals (Chen et al., 1996; Otani et al., 1998;
Manahan-Vaughan and Kulla, 2003), hinting for additional
dosage-dependency, which is supported by results of experi-
ments in humans (Monte-Silva et al., 2009). In contrast, D1-like
receptor activation enhanced LTP and LTD in animal experi-
ments (Bailey etal., 2000; Gurden et al., 2000; Huang et al., 2004),
with the exception of one study, where LTD was reversed into a
transient potentiated state (Mockett et al., 2007). Furthermore,
the D1 receptor is relevant for learning processes (Piri et al., 2013;
Pina and Cunningham, 2014). Because of the close connection be-
tween learning and plasticity, a better understanding of dosage-
dependency of D1 receptor activation on plasticity would be
useful in exploring the physiological basis of the D1 receptor’s
contribution to learning and memory formation (Rioult-Pedotti
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et al., 1998). However, so far, this issue has not been sufficiently
explored. Since nonlinear effects of D1 activation on other cog-
nitive processes, like working memory, are well known (Williams
and Castner, 2006; Vijayraghavan et al., 2007) and associated
with respective effects on cortical activity, similar mechanisms
might be involved in how D1 receptors affect plasticity.

We explored dosage-dependent effects of D1-like receptor ac-
tivation on plasticity of the primary motor cortex induced by
tDCS and PAS. Because no selective D1 receptor agonist is avail-
able for human use, we blocked D2-like receptors with 400 mg of
the D2 receptor antagonist sulpiride, and enhanced global dopa-
minergic activity with 25, 100, and 200 mg of .-DOPA. We hy-
pothesized that D1-like receptor activation has a nonlinear effect
on plasticity.

Materials and Methods

Subjects. Twelve right-handed, healthy subjects participated in each ex-
periment [tDCS experiment: seven males, five females; age, 27.58 * 4.01
years (mean * SD); PAS experiment: seven males, five females; age,
26.91 = 4.23 years (mean = SD)]. Subjects had no history of acute or
chronic medical diseases, had no metallic or electric implants in the body,
and did not take medication during the study or =2 weeks before partic-
ipating in the study. Only one occasional smoker (male) participated in
the study, and participants denied the use of any recreational drug. Al-
cohol intake was not allowed =1 d before the experiment and coffee on
the day of the experiment until the second day. Pregnancy was ruled out
by a pregnancy test. Written informed consent was obtained from each
subject before participation. The study was approved by the Ethics Com-
mittee of the University of Géttingen and conforms to the Declaration of
Helsinki.

Monitoring of corticospinal excitability. Corticospinal excitability was
monitored by peak-to-peak amplitudes of motor-evoked potentials
(MEPs) induced by transcranial magnetic stimulation (TMS) of the mo-
tor cortex representation of the right abductor digiti minimi muscle
(ADM). Single-pulse TMS generated by a Magstim 200 magnetic stimu-
lator (Magstim) at a frequency of 0.25 Hz via a figure-eight magnetic coil
(diameter of one winding, 70 mm; peak magnetic field, 2.2 tesla) was
used to determine optimal coil position, which was defined as the site
where stimulation consistently resulted in the largest MEP amplitudes.
The coil was held tangentially on the scalp at an angle of 45° to the
midsagittal plane with the handle pointing laterally and posteriorly. Elec-
tromyographic (EMG) recording was obtained from the right ADM with
Ag-AgCl electrodes attached in a belly-tendon montage. Signals were
filtered (30 Hz-2 kHz), amplified (Digitimer 360, Digitimer), and then
stored on computer via a Power 1401 data acquisition interface (Cam-
bridge Electronic Design). Analysis was performed using Signal Software
(Cambridge Electronic Design). TMS intensity was adjusted to elicit
baseline MEPs of averaged 1 mV peak-to-peak MEP amplitude and was
kept constant for the poststimulation assessment unless adjusted (see
below).

Plasticity induction by tDCS (Experiment 1). For tDCS, we used a
battery-driven constant current stimulator (NeuroConn) with a maxi-
mum output of 4.5 mA. We used two saline-soaked surface sponge elec-
trodes each measuring 7 X 5 cm to deliver the current. To achieve a
functionally monopolar stimulation over the primary motor cortex, an
enlarged return electrode could have been used (Nitsche et al., 2007). To
keep the experimental design identical to those of former studies of our
group (Kuo et al., 2008; Monte-Silva et al., 2009, 2010; Nitsche et al.,
2009; Thirugnanasambandam et al., 2011), and because the size of the
return electrode seems to have no impact on resulting motor cortex
plasticity (Nitsche et al., 2007), we did not use such a large return elec-
trode. The stimulating electrode was positioned over the cortical repre-
sentational area of the right ADM in the motor cortex. The return
electrode was positioned above the right supraorbital area. A current
strength of 1 mA was administered for 13 min for anodal tDCS and 9 min
for cathodal tDCS. This current induces cortical excitability alterations
lasting for —1 h after the end of stimulation (Nitsche and Paulus, 2001;
Nitsche et al., 2003a).
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Plasticity induction by PAS (Experiment 2). Peripheral nerve stimula-
tion with a Digitimer D185 stimulator (Digitimer) delivered an electrical
pulse to the right ulnar nerve at the wrist level (cathode proximal) withan
intensity three times higher than the sensory perceptual threshold
(square waveform of 50 ps duration) combined with single-pulse TMS.
Peripheral nerve stimulation was followed by the TMS stimulus with
interstimulus intervals of 10 (inhibitory PAS: PAS10) or 25 ms (excit-
atory PAS: PAS25). Ninety pairs of stimuli were administered at a fre-
quency of 0.05 Hz for 30 min, which induces cortical excitability
enhancement (PAS25) or reduction (PAS10) for —1 h after stimulation
(Stefan et al., 2000, 2002; Wolters et al., 2003).

Pharmacological Intervention. Ninety minutes before the start of the
plasticity-inducing protocols, the subjects received at each experimental
session low (25 mg), medium (100 mg), or high (200 mg) dosages of
1-DOPA in fixed combination with the dopamine decarboxylase inhibi-
tor benserazide (one-fourth the dose of L-DOPA) in combination with
sulpiride (400 mg), or a placebo medication. At the time of plasticity
induction, the drugs have reached peak plasma concentrations and have
prominent effects in the CNS (Flael et al., 2005; Kuo et al., 2008). These
dosages of L-DOPA were used since in previous experiments they were
shown to induce nonlinear effects on tDCS-induced and PAS-induced
plasticity (Monte-Silva etal., 2010; Thirugnanasambandam et al., 2011).
To prevent systemic side effects of .-DOPA, such as nausea and vomiting,
subjects also received 20 mg of the peripheral-acting dopaminergic an-
tagonist domperidone three times per day for 2 d before the experiment
and also 2 h before 1-DOPA intake. Twenty milligrams of domperidone
alone exerts no effects on motor cortical excitability (Grundey et al.,
2013).

Experimental procedures. We conducted a double-blinded, random-
ized, and placebo-controlled study. Experimental sessions (eight sessions
per subject; each subject participated in Experiment 1 or 2) were sepa-
rated by an interval of =1 week to avoid interference effects. Each subject
was seated on a reclining chair with head and arm support, and was asked
to relax, but to keep their eyes open during the course of the experiment.
EMG electrodes were placed at the right ADM usinga belly-tendon mon-
tage. The motor cortex hotspot of the ADM representation was deter-
mined by TMS and marked with a skin marker. This was also done for the
EMG electrodes to ensure their constant positioning throughout the
experiment. Then the TMS intensity that resulted ina MEP amplitude of
~1 mV was identified. At least 25 MEPs were recorded as Baseline 1 with
this stimulus intensity. Immediately after the baseline measurement, the
participants received placebo medication or a combination of 25, 100, or
200 mg of L-DOPA together with 400 mg of sulpiride. After 90 min,
another set of 25 MEPs (Baseline 2) was obtained to check for any drug-
induced change of MEP amplitudes. If Baseline 2 differed relevantly
(<0.2 or 0.2 mV) from Baseline 1, TMS intensity was readjusted to
produce stable MEP amplitudes of —1 mV (Baseline 3). Then anodal
tDCS (13 min), cathodal tDCS (9 min), PAS25, or PAS10 was applied.
Following intervention, 25 MEPs were recorded at time points of 0, 5, 10,
15, 20, 25, 30, 60, 90, and 120 min on the same day, and then again on the
same evening, the next morning, the next afternoon, and the next eve-
ning (Fig. 1).

Data analysis and statistics. The individual MEP amplitude means of
Baselines 1, 2, and 3 and all time points after plasticity induction were
calculated. Postintervention MEP amplitudes were normalized to Base-
line 2 only if Baseline 2 did not differ significantly from Baseline 1.
Baseline 3 was used for normalization in those subjects where stimula-
tion intensity had been adjusted. Then normalized MEP amplitudes
from all subjects were pooled together sessionwise by calculating the
grand average across subjects for each condition and time point. After
checking for normal distribution (Shapiro-Wilk test), a repeated-
measures ANOVA was performed for the time bins up to the next eve-
ning measurement after tDCS (Experiment 1) and PAS (Experiment 2),
with the repeated-measure factors time course, direction of plasticity
(anodal and cathodal tDCS, PAS25, and PAS10), drug dosage (25, 100,
200 mg of .-DOPA and placebo), the between-subjects factor stimulation
paradigm (tDCS and PAS), and the dependent-variable MEP amplitude.
Mauchly’s test of sphericity was checked and Greenhouse—Geisser cor-
rection applied when necessary. Ifthe ANOVA yielded significant results,
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Figure 1.

>

Course of the experiments. MEPs elidited by single-pulse TMS over the motor hot spot of the right ADM were recorded at 1 mV intensity before drug intake [Baseline 1 (BLTMS 1)]. Ninety

minutes after drugintake, Baseline 2 (BLTMS 2) was recorded to look for an effect of the drug on cortical excitability. In case of any MEP alterations from Baseline 1, Baseline 3 (BLTMS 3) wasrecorded
by adjusting the stimulator output to obtain a mean MEP amplitude of 1 mV. Then tDCS (anodal or cathodal) or PAS (exditatory or inhibitory) were administered, immediately followed by MEP
after-measurements that covered 120 min. Additional after-measurements were performed at the same evening (SE), and the moming (NM), afternoon (NA), and evening (NE) of the second day

following plasticity induction.

post hoc comparisons (paired, two-tailed Student’s ¢ tests, p << 0.05, not
adjusted for multiple comparisons) were performed to compare (1) the
mean MEP amplitudes at all time points after tDCS or PAS versus Base-
line 2 or 3 and (2) the mean MEP amplitude obtained at a specific time
point for the various drug conditions against the respective placebo med-
ication condition. Baselines 1, 2, and 3 MEP amplitudes were compared
with test for any drug influence alone on cortical excitability, and to
exchude baseline differences between medication/stimulation conditions
before plasticity induction. Furthermore, we pooled standardized MEP
amplitudes for the first 30 min after plasticity induction, and performed
Student’s ¢ test (paired samples, two-tailed, p < 0.05) to compare the
respective placebo medication conditions with the MEP amplitudes un-
der real stimulation for all plasticity induction protocols.

Results

One hour after oral intake of 200 mg of L.-DOPA together with
400 mg of sulpiride, three subjects experienced mild nausea. One
subject vomited. The symptoms diminished after 10—15 min. All
subjects completed the respective session. No side effects were
reported under both low and medium dosages of the drugs. The
remaining subjects tolerated the drugs well.

Peak-to-peak amplitudes of baseline MEPs were not affected
by the drugs ( p = 0.05, Student’s paired, two-tailed ¢ test; Table
1), and baseline MEP amplitudes and percentage of maximal
stimulator output to achieve baseline amplitudes of ~1 mV did
not differ between sessions (Student’s ¢ test, paired, two-tailed,
p = 0.05; Table 1). The Shapiro-Wilk test indicated that the data
were normally distributed (all p = 0.05). The ANOVA revealed
significant effects of time course (df = 14, F = 2.706, p = 0.001,
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n? = 0.197), drug dosage x direction of plasticity (df = 3, F =
16.900, p < 0.001, n* = 0.606), direction of plasticity X time
course (df = 14, F = 3.642, p < 0.001, n* = 0.249), and drug
dosage X direction of plasticity X time course (df = 42, F =
3.424, p < 0.001, 5 = 0.237; Table 2).

Dose-dependent effect of D1 receptor activation on
tDCS-induced neuroplasticity

Under placebo medication, anodal tDCS increased excitability
compared with baseline significantly for =30 min after stim-
ulation, while cathodal tDCS significantly decreased excitabil-
ity for 2 h (Fig. 24,B). Low-dosage .-DOPA abolished any
excitability enhancement accomplished by anodal tDCS, com-
pared with the respective baselines. A trend for enhanced MEP
amplitudes can be identified for cathodal tDCS under low-
dosage 1-DOPA relative to baseline values, which resulted in
significant differences versus the respective placebo medica-
tion condition. Under medium dosage of 1-DOPA, anodal
tDCS resulted in an excitability enhancement, which was sig-
nificant 15 and 30 min after stimulation relative to baseline, as
shown by the post hoc t tests, but not at the other time points,
probably because of relatively large variability of the results.
This excitability enhancement did not differ significantly from
the respective placebo medication condition. For cathodal
tDCS, medium dosage 1.-DOPA abolished any MEP alterations
relative to baseline (Fig. 24, B). High-dosage medication re-
sulted in similar effects as low-dosage medication on tDCS-
generated excitability alterations. For anodal tDCS, MEP
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Table 1. Peak-to-peak MEP amplitudes and TMS Intensity before and after application of .-DOPA combined with sulplride

Baseline 1 Baseline 2 Baseline 3

1-DOPA plus 400 mg sulpiride MEP (mV) MS0 (%) MEP (mV) MS0 (%) MEP (mV) MS0 (%)

Anodal; 25 mg 1.075 = 0.04 472+17 1.066 + 0.10 4q2+17 1134+ 0.10 463+20
tDCS; 100 mg 1.154 = 0.02 471+18 1.077 = 0.08 471+18 109101 513+59
tDCS; 200 mg 1.197 = 0.10 480+ 21 1.094 +0.10 480+ 21 1140 = 0.12 530+35
Cathodal; 25 mg 1.143 = 004 4£90+19 1.097 + 0.08 290+19 1.031 £ 0.05 520+36
tDCS; 100 mg 1134 £0.10 484+18 1.234 + 0.05 484+18 1.208 = 0.01 490+25
tDCS; 200 mg 1114 =003 480+ 21 1.054 + 0.05 480+ 21 1.047 = 0.10 550 +35
PAS25; 25mg 1.042 = 0.03 424+16 1.140 = 0.05 24+16 1.140 = 0.05 24+16
PAS25; 100 mg 1.165 = 0.03 420+18 1.070 = 0.06 420+18 1.105 = 0.02 20+27
PAS25; 200 mg 1.144 =003 4#40+17 1353+ 0.10 4“40+17 1121 £ 0.04 470+29
PAS10; 25 mg 1.108 = 0.04 40+22 1.038 + 0.04 40+22 1.101 + 0.00 470+ 45
PAS10; 100 mg 1.094 = 0.10 40+19 1032011 40+19 1.105 = 0.07 40+186
PAS10; 200 mg 1121 = 004 423+24 0.99 + 0.13 423+24 1.104 = 0.03 $30+61

Shown are the mean +/— standard error of mean {SEM) of MEP ampitudas and stimulation intensities [ percentage of madmum stimuiator output (MS0}] of Baselines 1, 2, and 3. There was no significant difference between these

parameters across the different conditions (Student’s £ test, paired, 2-tailed, p = 0.05).

Table 2. Results of the ANOVA conducted for tDCS and PAS

df Fvalue pvalue n

Stimulation 1 0.077 0786 0.007
Dosage 3 0.075 0973 0.007
Polarity 1 414 0.067 0.272
Time course 4 2706 0.001* 0.197
Stimulation < dosage 3 1.014 0399 0.084
Stimulation < polarity 1 0.761 0402 0.065
Dosage < polarity 3 16.900 <<0.001* 0.606
Stimulation < dosage < polarity 3 0.249 0.862 0.022
Stimulation < time course 4 0374 0980 0.033
Dosage < time course 42 1.300 0.105 0.106
Stimulation > dosage > time 4 0.663 0949 0.057

course
Polarity > time course 4 3642 <0001* 0.249
Stimulation > polarity X time 14 0.420 0967 0.037

course
Dosage X polarity > time course 42 344 <0.001* 0.237
Stimulation < dosage  polarity X 42 0.538 0.992 0.047

time course

The ANOVA encompasses the time course of the MEP measures up to evening after stimuiation. Astensks indicte
significant results { p < 0.05). df, Degrees of freedom; n, partial eta squared (measure of effect size).

amplitudes did not differ from baseline values, but were sig-
nificantly reduced relative to placebo medication 0, 5, 10, 20,
and 120 min after tDCS (Student’s ¢ test, paired, two-tailed,
p = 0.05). For cathodal tDCS, excitability was trendwise en-
hanced relative to baseline, and significantly different from
cathodal tDCS-generated excitability reductions under pla-
cebo medication (Fig. 24, B). For anodal tDCS, pooled MEP
amplitudes 60 min after stimulation were significantly re-
duced compared with placebo medication under both low-
dosage and high-dosage 1-DOPA, while no reduction was
observed under medium dosage (Fig. 44). For cathodal tDCS,
the conversion into excitation under low and high dose, and
the reduction of the excitability diminution under medium
dose, were significant (see Fig. 44). No significant effects
where found on the second day (see Fig. 4B). In summary,
1-DOPA combined with sulpiride dosage-dependently modi-
fied tDCS-induced excitability changes depending on stimu-
lation polarity: whereas low and high dosages of 1-DOPA
together with sulpiride diminished and abolished anodal
tDCS-induced facilitatory neuroplasticity, medium dosage
preserved it; the cathodal tDCS-induced aftereffects were con-
verted into facilitation under low and high dosage, and were
abolished under the medium dosage.

Dose-dependent effect of D1 receptor activation on
PAS-induced neuroplasticity

Under placebo medication, PAS25 increased excitability signifi-
cantly compared with baseline until 90 min, whereas PAS10 de-
creased excitability for 1 h (see Fig. 34, B). For excitatory PAS,
low-dosage 1-DOPA did not result in significant excitability al-
terations relative to baseline. However, inhibitory PAS enhanced
MEP amplitudes significantly relative to baseline values 20 min
after PAS. MEP amplitudes differed significantly from those un-
der placebo medication, as shown by the results of the post hoc
tests. Under medium-dosage 1-DOPA, excitatory PAS resulted in
a significant excitability enhancement versus baseline values for
=30 min after stimulation, which did not differ from PAS25
effects under placebo medication. In contrast, MEP amplitudes
after PAS10 were only significantly different from baseline values
after 15 min, resulting in respective significant differences in re-
lation to the placebo medication condition (Fig. 3 A, B). High-
dosage 1-DOPA prevented aftereffects of PAS25 and PASI0
relative to baseline excitability; consequently MEP amplitudes
differed significantly from those under placebo medication (Fig.
3A,B). Pooled MEP values for the first 60 min after inhibitory
PAS were all significantly larger compared with the placebo med-
ication condition, whereas for PAS25, MEP amplitudes were sig-
nificantly less enhanced compared with placebo medication.
However, in the latter condition, medium dosage of 1.-DOPA re-
sulted in a clear enhancement of MEP amplitudes in relation to
baseline (Fig. 44). The effect of 1-DOPA on PAS25 was still signifi-
cant compared with placebo on the second day, however less clear
than immediately after stimulation (Fig. 4B). To summarize the ef-
fect of D1 receptor activation by .-DOPA combined with sulpiride
on PAS-induced plasticity, a dosage-dependent effect was observed
depending on the type of stimulation: whereas low and high dose of
1-DOPA abolished PAS25-induced neuroplasticity, medium dosage
preserved it. On the other hand, the PAS10-induced aftereffects were
abolished or trendwise facilitated under all dosages.

Discussion

The results show a nonlinear dosage-dependency of D1-like recep-
tor activation on motor cortex plasticity. For facilitatory tDCS and
excitatory PAS, low and high activation of D1-like receptors im-
paired plasticity, while moderate activation preserved it. For
excitability-diminishing plasticity, D1-like receptor activation re-
versed all aftereffects of PAS trendwise into facilitation, whereas for
tDCS, high and trendwise low D1-like receptor activation converted
the excitability diminution into facilitation, while under medium
dosage the inhibitory aftereffects were abolished.
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Figure 2.  Dose-dependent effect of D1-iike receptor activation on plasticity induced by anodal and cathodal tDCS (Experiment 1). The x-axis displays the time points {in minutes) of after-measurements
during the experiment. MEP amplitudes standardized to the comesponding baseline values (mean = SEM) are plotted on the y-axis. The graphs show that under placebo medication, anodal tDCS induces an
exditability enhancement lasting for — 30 min, whereas cathodal tDCS diminishes excitability for =1 h following stimulation.A, Low-dose (25 mg) and high-dose (200 mg) - DOPA impaired and abolished the
aftereffects of anodal tDCS respectively, while medium-dose (100 ma) 1-DOPA together with sulpiride preserved the anodal tDCS-generated aftereffacts. B, Low-dose and high-dose 1-DOPA resultedin trendwise
fadiitation ofthe cathodal tD(S-generated aftereffects, while under medium dose the aftereffects were abolished. Filled symbols indicate statistically significant deviations of the post-tDCS MEP values compared
with baseline. #,*, Significant differences of the real medication compared with the placebo medication conditions at the same time points after plasticity induction (Student’s ftest, paired, 2-tailed, p = 0.05).
SE, Same evening; NM, next moming; NA, next aftemoon; NE, next evening. Ermor bars show SE of mean (SEM). £, 25 mg of 1-DOPA. *, 200 mg of 1-DOPA.

D1-like receptor stimulation effects on excitatory L-DOPA under D2 receptor block suppresses the induction of
stimulation paradigms plasticity, while under medium D1-like receptor activation plas-
D1-like receptor activation causes a dose-dependent inverted  ticity was preserved. These effects of D1-like receptor activity on
U-shaped effect on LTP-like plasticity induced by anodal tDCS  LTP-like plasticity extend previous results of our group. Here D2
and PAS25. Too much or too little D1-receptor activation by  receptor block alone abolished facilitatory tDCS-induced plastic-
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Figure3. Dose-dependenteffects of D1-like receptor activation on plasticity induced by PAS25 and PAS10 (Experiment 2). Thex-axis displays the time points (in minutes) of after-measurements
during the experiment. MEP amplitudes standardized to the corresponding basefine values (mean + SEM) are plotted on the y-axis. The graphs show that under placebo medication, excitatory PAS
(PAS25) induces an excitability enhancement lasting for —60 min, whereas inhibitory PAS (PAS10) diminishes excitability for =1 h following stimulation. A, Low-dose (25 mg) and high-dase {200
ma) 1-DOPA applied together with sulpiride abolish the aftereffects of PAS2S, whereas medium-dose (100 mg) .-DOPA with sulpiride preserved it. B, Low-dose (25 mg), medium-dose (100ma), and
high-dose (200 mg) 1-DOPA with sulpiride trendwise converted the PAS10 aftereffects into facilitation. Filled symbols indicate statistically significant deviations of the post-PAS MEP values
compared with baseline. £, X, *, Significant differences of the real medication compared with the placebo medication conditions at the same time points after plasticity induction (Student’s  test,
paired, 2-tailed, p = 0.05). SE, Same evening; NM, next morning; NA, next aftemoon; NE, next evening. Error bars show SEM. £, 25 mg of 1-DOPA. X, 100 mg of 1-DOPA. *, 200 mg of 1-DOPA.
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Figure 4.

Dose-dependent effects of D1 receptor activation on plasticity induced by tDCS and PAS. A, B, Shown are baseline-standardized MEP amplitudes = SEM pooled for 60 min after

anodal/cathodal tDCS and PAS25/PAST0 (A) and the second-day measurements (B). D1 receptor activation by 1-DOPA under D2 receptor block by sulpiride has inverted U-shaped effects on
neuroplasticity induced by anodal tDCS, cathodal tDCS, and exditatory PAS. High-dose or low-dose 1-DOPA with sulpiride impaired, abolished, or reversed plasticity. No dose-dependent alterations
oninhibitory PAS-induced aftereffects were observed (4). The aftereffect of PAS25 was still significant on the second day (B). #, Significant differences of the real medication compared with placebo

medication (Student’s f test, paired, 2-tailed, p = 0.05).

ity, which was however re-established by a medium dose (100
mg) of .-DOPA (Nitsche et al., 2006, 2009). The results of the
present study suggest that an optimal level of D1-like receptor
activation is required for the induction of LTP-like plasticity in
the human motor cortex. This correlates with findings from
single-cell recordings of the prefrontal cortex of monkeys (Vijay-
raghavan et al., 2007), and cognitive task performance in awake
behaving animals (Cai and Arnsten, 1997; Zahrt et al., 1997; Gra-
non et al., 2000). Vijayraghan and colleagues observed that the
same group of PFC neurons dose-dependently respond to a D1
receptor agonist (SKP81297) during the delay period of a spatial
working memory task. Low (10 nA) and high dosage (40 nA)
marginally reduced neuronal firing rates and significantly sup-
pressed delay-related activity of neurons that fire to preferred
directions respectively, whereas moderate levels (15nA) led toan
enhancement in spatial tuning of mnemonic activity. Behavior-
ally, performance was improved by relatively low doses of selec-
tive D1 agonists, but larger doses impaired performance (Cai and
Arnsten, 1997; Zahrt etal., 1997). The results of the present study
imply that D1 receptor activation has similar nonlinear dosage-
dependent effects on plasticity, which might affect learning and
memory formation.

With regard to involved mechanisms, we can only speculate at
present. However, three facts suggest that the glutamatergic and
GABAergic systems are relevant (Durstewitz and Seamans,
2008): (1) tDCS as well as PAS induce plasticity of glutamatergic
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synapses (Stefan et al., 2002; Nitsche et al., 2003b, 2004; Wolters
et al., 2003); (2) tDCS alters GABAergic activity (Stagg et al.,
2009); and (3) DI and D2 receptors have a specific impact on
NMDA and GABAergic receptors. D2 receptors inhibit glutama-
tergic and GABAergic activity (Seamans and Yang, 2004) such
that their block by sulpiride will enhance activity of both systems.
D1 receptors enhance glutamatergic and GABAergic activity.
However, only in highly active neurons is the impact on gluta-
mate larger than that on GABA (Seamans and Yang, 2004). Thus,
for low-dosage 1-DOPA under sulpiride, synergistic strengthen-
ing of GABAergic activity by D2 receptor block and D1 receptor
enhancement might abolish glutamatergic tDCS-induced and
PAS-induced plasticity. Alternatively, the activation of presynap-
tic D1 autoreceptors, which reduce dopamine release in animal
experiments, might have abolished plasticity (Pennartz et al.,
1992; Momiyama et al., 1996), or the minor D1 receptor activa-
tion might not have been sufficient to overcome the plasticity-
abolishing effect of D2 receptor block accomplished by sulpiride
(Nitsche et al., 2006).

For the medium dosage, enhanced D1-like receptor activation
preserved the excitatory effect of anodal tDCS and PAS25. This is
probably due to the predominant NMDA receptor-enhancing
effect of optimal D1-like receptor stimulation (Seamans and
Yang, 2004). The reason high-dosage .-DOPA abolished both the
effects of anodal tDCS and PAS25 may be traced to (1) excessive
activation of glutamatergic receptors, which can activate hyper-
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polarizing potassium channels (Misonou et al., 2004) and thus be
detrimental for LTP induction; or to (2) D1-induced enhance-
ment of GABA-evoked currents (Flores-Hernandez et al., 2000).

D1-like receptor stimulation effects on inhibitory

stimulation paradigms

The effect of D1-like receptor activation on LTD-like plasticity,
similar to the effect on LTP-like plasticity, follows an inverted
U-shaped curve, but not in such a clear, unambiguous way. D1
receptor activation dose-dependently abolished or trendwise
converted LTD-like plasticity. With respect to the medium dos-
age, these effects are not in full accordance with those found in a
previous study, where 100 mg of 1-DOPA combined with
sulpiride only trendwise reduced the effects of cathodal tDCS,
and had no impact on PAS10-generated plasticity (Nitsche et al.,
2009). This might be due to differences in baseline dopamine
concentration between subjects (Cools and D’Esposito, 2011) or
to other factors, like genetic polymorphisms. However, the re-
sults of the present study agree in principle with those of an
animal slice experiment, where LTD was transiently converted
into a potentiation via D1-like receptor activation (Mockett et al.,
2007).

With regard to putative mechanisms, again predominant
GABA receptor activation or activation of D1 autoreceptors un-
der low-dosage medication might have abolished plasticity in-
duction. For the medium and high -DOPA dosages, a shift to
predominant glutamatergic receptor activation accomplished by
more efficient D1 receptor activation might have resulted in in-
tracellular calcium concentrations too large to elicit LTD-like
plasticity, but too low to induce LTP-like plasticity (Lisman,
2001). Generally, D2 receptor block might have favored a D1-like
receptor “biased” system, which favors facilitation. This is in ac-
cordance with electrophysiological recordings from D2 receptor-
deficient mice, where conversion of LTD to LTP occurs (Cepeda
etal., 2001). However, future studies should explore mechanisms
of action more directly.

General remarks

For tDCS and PAS, D1 receptor activation has a specific effect on
plasticity, which is discernable from that of D2 (Monte-Silva et
al., 2009) and global dopamine activation (Monte-Silva et al.,
2010; Thirugnanasambandam et al., 2011). Neither D2 nor D1
activation alone can explain all global dopamine effects. A focus-
ing effect on facilitatory plasticity (i.e., a strengthening of synap-
tic subgroup-specific LTP-like plasticity, but conversion of
nonspecific LTP-like plasticity) was only accomplished by
medium-dosage global dopaminergic stimulation, but not by se-
lective D1-like or D2-like activation. Here, synergistic activities of
the respective receptor subtypes might be needed. The nonlinear
effects of D1 receptor stimulation on facilitatory plasticity might
help explain its impact on cognitive performance, especially with
regard to learning and memory formation. Low and high recep-
tor activation might reduce performance via its compromising
effect on plasticity, whereas optimal activation should preserve it.
This hypothesis awaits testing in future studies. However, respec-
tive nonlinear effects of D1 receptor stimulation have been dem-
onstrated for their impact on working memory and acute
neuronal activity. Targeting the D1 receptors for improving cog-
nitive functions could be an alternative treatment for Parkinson’s
disease (Cools, 2006), where dopamine depletion and excess
cause deficits (Gotham et al., 1988). Likewise, in schizophrenia,
where a relationship between prefrontal dopamine function and
the integrity of working memory has been proposed, targeting D1
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receptors might be relevant (Goldman-Rakic et al., 2004). Some
limitations of our study should be mentioned. With regard to the
mechanistic explanation of the results, the proposed modes of
action are speculative at present. Furthermore, the indirect ap-
proach we had to choose for the activation of D1 receptors bears
the risk that the activation of receptors other than D1 receptors
(e.g., D3, D4, and D5 receptors) by .-DOPA contributed to the
results. A primary involvement of D3 receptors is improbable.
The predominant D3 receptor agonist ropinirole had different
effects in another study (Monte-Silva et al., 2009), and not only
D2, but also D3 receptors are blocked by sulpiride. Furthermore,
individual differences in baseline dopamine level might limit
comparability of results obtained with different subject groups.
This might explain minor deviations of the results of the present
study, compared with previous ones. However, our subject group
was fairly homogenous and demographic characteristics were
comparable to those of the subjects in the other studies (Kuo et
al., 2008; Nitsche et al., 2009; Monte-Silva et al., 2010; Thirugna-
nasambandam et al., 2011). The results of the present study might
not, however, be completely transferable to groups with other
demographic characteristics. In older subjects, baseline dopa-
mine is lower, which might affect the dosage-dependency of the
effects (Floel et al., 2008). Blinding might have been compro-
mised in four subjects suffering from mild nausea or vomiting
after high-dose 1-DOPA in single sessions. Multiple sessions,
blinded tDCS and PAS protocols, medication, and identical after-
measurement durations in all conditions should have guaranteed
blinding of most of the participants. Finally, we did not obtain
drug plasma levels, which would have enabled exploration of
dosage-dependent and gene polymorphism-dependent effects of
the medication in greater detail (Witte and Floel, 2012; Witte et
al.,, 2012; Kristin et al., 2013). Further studies are needed to ex-
plore the specific contribution of D1-like receptor stimulation on
cognition in humans. Given the prominent effects of D1-like
receptor activation on plasticity in humans, an important impact
of this receptor on cognition in humans can be expected.

References

Arnsten AFT (1997) Catecholamine regulation of the prefrontal cortex.
] Psychopharmacology 11:151-162. CrossRef

Bailey CH, Giustetto M, Huang YY, Hawkins RD, Kandel ER (2000) Is het-
erosynaptic modulation essential for stabilizing Hebbian plasticity and
memory? Nat Rev Neurosci 1:11-20. CrossRef Medline

Brozoski TJ, Brown RM, Rosvold HE, Goldman PS (1979) Cognitive deficit
caused by regional depletion of dopamine in prefrontal cortex of rhesus
monkey. Science 205:929-932. CrossRef Medline

Cai JX, Amnsten AF (1997) Dose-dependent effects of the dopamine D1 re-
ceptor agonists A77636 or SKF81297 on spatial working memory in aged
monkeys. ] Pharmacol Exp Ther 283:183-189. Medline

Cepeda C, Hurst RS, Altemus KL, Flores-Hernandez ], Calvert CR, Jokel ES,
Grandy DK, Low M], Rubinstein M, Ariano MA, Levine MS (2001) Fa-
cilitated glutamatergic transmission in the striatum of D2 dopamine
receptor-deficient mice. ] Neurophysiol 85:659—670. Medline

Chen Z, Ito K, Fujii S, Miura M, Furuse H, Sasaki H, Kaneko K, Kato H,
Miyakawa H (1996) Roles of dopamine receptors in long-term depres-
sion: enhancement via D1 receptors and inhibition via D2 receptors. Re-
ceptors Channels 4:1-8. Medline

Cools R (2006) Dopaminergic modulation of cognitive function-
implications for 1-DOPA treatment in Parkinson’s disease. Neurosci
Biobehav Rev 30:1-23. CrossRef Medline

Cools R, D’EspositoM (2011) Inverted-U-shaped dopamine actions on hu-
man working memory and cognitive control. Biol Psychiatry 69:e113—
el25. CrossRef Medline

Dubois B, Pillon B (1996) Cognitive deficits in Parkinson’s disease. ] Neu-
rology 244:2-8. CrossRef

Durstewitz D, Seamans JK (2008) The dual-state theory of prefrontal cortex
dopamine function with relevance to catechol-O-methyltransferase ge-



2752 - J.Neurosdi,, February 12, 2014 - 34(7):2744-2753

notypes and schizophrenia. Biol Psychiatry 64:739-749. CrossRef
Medline

Floel A, Breitenstein C, Hummel F, Celnik P, Gingert C, Sawaki L, Knecht S,
Cohen LG (2005) Dopaminergic influences on formation of a motor
memory. Ann Neurol 58:121-130. CrossRef Medline

Floel A, Vomhof P, Lorenzen A, Roesser N, Breitenstein C, Knecht S (2008)
Levodopa improves skilled hand functions in the elderly. Eur ] Neurosci
27:1301-1307. CrossRef Medline

Floresco SB, Phillips AG (2001) Delay-dependent modulation of memory
retrieval by infusion of a dopamine D, agonist into the rat medial pre-
frontal cortex. Behav Neurosci 115:934-939. CrossRef Medline

Flores-Hernandez J, Hernandez S, Snyder GL, Yan Z, Fienberg AA, Moss
SJ, Greengard P, Surmeier DJ (2000) D1 dopamine receptor activa-
tion reduces GABA(A) receptor currents in neostriatal neurons through
a PKA/DARPP-32/PP1 signaling cascade. | Neurophysiol 83:2996-3004.
Medline

Goldman-Rakic PS, Castner SA, Svensson TH, Siever L], Williams GV
(2004) Targeting the dopamine D1 receptor in schizophrenia: insights
for cognitive dysfunction. Psychopharmacology 174:3-16. Medline

Gotham AM, Brown RG, Marsden CD (1988) ‘Frontal’ cognitive function
in patients with Parkinson’s disease ‘on’ and ‘off’ levodopa. Brain 111:
299-321. CrossRef Medline

Grace AA, Gerfen CR, Aston-Jones G (1998) Catecholamines in the central
nervous system. Overview. Adv Pharmacol 42:655-670. CrossRef
Medline

Granon S, Passetti F, Thomas KL, Dalley JW, Everitt B], Robbins TW (2000)
Enhanced and impaired attentional performance after infusion of D1
dopaminergic receptor agents into rat prefrontal cortex. ] Neurosci 20:
1208-1215. Medline

Grundey |, Freznosa S, Klinker F, Lang N, Paulus W, Nitsche MA (2013)
Cortical excitability in smoking and not smoking individuals with and
without nicotine. Psychopharmacology 229:653—664. CrossRef Medline

Gurden H, Takita M, Jay TM (2000) Essential role of D1 but not D2 recep-
tors in the NMDA receptor-dependent long-term potentiation at
hippocampal-prefrontal cortex synapses in vivo. | Neurosci 20:RC106.
Medline

Hasan A, Nitsche MA, Herrmann M, Schneider-Axmann T, Marshall L, Gru-
ber O, Falkai P, Wobrock T (2012) Impaired long-term depression in
schizophrenia: a cathodal tDCS pilot study. Brain Stimul 5:475-483.
CrossRef Medline

Huang YY, Simpson E, Kellendonk C, Kandel ER (2004) Genetic evidence
for the bidirectional modulation of synaptic plasticity in the prefrontal
cortex by D1 receptors. Proc Natl Acad Sci USA 101:3236-3241.
CrossRef Medline

Knecht S, Breitenstein C, Bushuven S, Wailke S, Kamping S, Floel A, Zwitser-
lood P, Ringelstein EB (2004) Levodopa: faster and better word learning
in normal humans. Ann Neurol 56:20-26. CrossRef Medline

Kristin MP-F, Brian M, Daniel A, Babak S, Steven CC (2013) Genetic vari-
ation in the human brain dopamine system influences motor learning and
its modulation by .-Dopa. PLoS One 8:¢61197. CrossRef Medline

Kuo MF, Paulus W, Nitsche MA (2008) Boosting focally-induced brain
plasticity by dopamine. Cereb Cortex 18:648—651. CrossRef Medline

Lisman JE (2001) Three Ca2+ levels affect plasticity differently: the LTP
zone, the LTD zone and no man’s land. ] Physiol 532:285. CrossRef
Medline

Manahan-Vaughan D, Kulla A (2003) Regulation of depotentiation and
long-term pc iation in the d gyrus of freely moving rats by
dopamine D2-like receptors. Cereb Cortex 13:123-135. CrossRef
Medline

Misonou H, Mohapatra DP, Park EW, Leung V, Zhen D, Misonou K, Ander-
son AE, Trimmer JS (2004) Regulation of ion channel localization and
phosphorylation by neuronal activity. Nat Neurosci 7:711-718. CrossRef
Medline

Mockett BG, Guévremont D, Williams JM, Abraham WC (2007) Dopamine
D1/D5 receptor activation reverses NMDA receptor-dependent long-
term depression in rat hippocampus. ] Neurosci 27:2918-2926. CrossRef
Medline

Momiyama T, Sim JA, Brown DA (1996) Dopamine D1-like receptor-
mediated presynaptic inhibition of excitatory transmission onto rat mag-
nocellular basal forebrain neurones. J Physiol 495:97-106. Medline

Monte-Silva K, Kuo MF, Thirugnanasambandam N, Liebetanz D, Paulus W,
Nitsche MA (2009) Dose-dependent inverted U-shaped effect of dopa-

37

Fresnoza et al. » D1 Receptor Activation and Motor Cortex Plasticity

mine (D2-like) receptor activation on focal and nonfocal plasticity in
humans. ] Neurosci 29:6124—-6131. CrossRef Medline

Monte-Silva K, Liebetanz D, Grundey J, Paulus W, Nitsche MA (2010)
Dosage-dependent non-linear effect of L-dopa on human motor cortex
plasticity. ] Physiol 588:3415-3424. CrossRef Medline

Murphy BL, Arnsten AF, Goldman-Rakic PS, Roth RH (1996) Increased
dopamine turnover in the prefrontal cortex impairs spatial working
memory performance in rats and monkeys. Proc Natl Acad Sci US A
93:1325-1329. CrossRef Medline

Nitsche MA, Paulus W (2001) Sustained excitability elevations induced by
transcranial DC motor cortex stimulation in humans. Neurology 57:
1899-1901. CrossRef Medline

Nitsche MA, Nitsche MS, Klein CC, Tergau F, Rothwell JC, Paulus W
(2003a) Level ofaction of cathodal DC polarisation induced inhibition of
the human motor cortex. Clin Neurophysiol 114:600-604. CrossRef
Medline

Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N,
Henning S, Tergau F, Paulus W (2003b) Pharmacological modulation
of cortical excitability shifts induced by transcranial direct current stim-
ulation in humans. ] Physiol 553:293-301. CrossRef Medline

Nitsche MA, Liebetanz D, Schlitterlau A, Henschke U, Fricke K, Frommann
K, Lang N, Henning S, Paulus W, Tergau F (2004) GABAergic modula-
tion of DC stimulation-induced motor cortex excitability shifts in hu-
mans. Eur | Neurosci 19:2720-2726. CrossRef Medline

Nitsche MA, Lampe C, Antal A, Liebetanz D, Lang N, Tergau F, Paulus W
(2006) Dopaminergic modulation of long-lasting direct current-induced
cortical excitability changes in the human motor cortex. Eur ] Neurosci
23:1651-1657. CrossRef Medline

Nitsche MA, Doemkes S, Karakose T, Antal A, Liebetanz D, Lang N, Tergau F,
Paulus W (2007) Shaping the effects of transcranial direct current stim-
ulation of the human motor cortex. ] Neurophysiol 97:3109-3117.
CrossRef Medline

Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, Paulus
W, Hummel F, Boggio PS, Fregni F, Pascual-Leone A (2008) Transcra-
nial direct current stimulation: state of the art 2008. Brain Stimul 1:206—
223. CrossRef Medline

Nitsche MA, Kuo MF, Grosch J, Bergner C, Monte-Silva K, Paulus W (2009)
D1-receptor impact on neuroplasticity in humans. ] Neurosci 29:2648—
2653. CrossRef Medline

Otani S, Blond O, Desce JM, Crépel F (1998) Dopamine facilitates long-
term depression of glutamatergic transmission in rat prefrontal cortex.
Neuroscience 85:669—676. CrossRef Medline

Pennartz CM, Dolleman-Van der Weel MJ, Kitai ST, Lopes da Silva FH
(1992) Presynaptic dopamine D1 receptors attenuate excitatory and in-
hibitory limbic inputs to the shell region of the rat nucleus accumbens
studied in vitro. ] Neurophysiol 67:1325-1334. Medline

Pina M, Cunningham C (2014) Effects of dop receptor antagonists on
the acquisition of ethanol-induced conditioned place preference in mice.
Psychopharmacology (Berl) 231:459—468. CrossRef Medline

Piri M, Rostampour M, Nasehi M, Zarrindast MR (2013) Blockade of the
dorsal hippocampal dopamine D1 receptors inhibits the scopolamine-
induced state-dependent learning in rats. Neuroscience 252:460-467.
CrossRef Medline

Rioult-Pedotti MS, Friedman D, Hess G, Donoghue JP (1998) Strengthen-
ing of horizontal cortical connections following skill learning. Nat Neu-
rosci 1:230-234. CrossRef Medline

Seamans JK, Yang CR (2004) The principal features and mechanisms of
dopamine modulation in the prefrontal cortex. Prog Neurobiol 74:1-58.
CrossRef Medline

Stagg CJ, Nitsche MA (2011) Physiological basis of transcranial direct cur-
rent stimulation. Neuroscientist 17:37-53. CrossRef Medline

Stagg CJ, Best ]G, Stephenson MC, O’Shea ], Wylezinska M, Kincses ZT,
Morris PG, Matthews PM, Johansen-Berg H (2009) Polarity-sensitive
modulation of cortical neurotransmitters by transcranial stimulation.
] Neurosci 29:5202-5206. CrossRef Medline

Stefan K, Kunesch E, Cohen LG, Benecke R, Classen ] (2000) Induction of
plasticity in the human motor cortex by paired associative stimulation.
Brain 123:572-584. CrossRef Medline

Stefan K, Kunesch E, Benecke R, Cohen LG, Classen ] (2002) Mechanisms of
enhancement of human motor cortex excitability induced by interven-
tional paired associative stimulation. ] Physiol 543:699—708. CrossRef
Medline




Fresnoza et al. @ D1 Receptor Activation and Motor Cortex Plasticity

Thirugnanasambandam N, Grundey ], Paulus W, Nitsche MA (2011) Dose-
dependent nonlinear effect of L-dopa on paired associative stimulation-
induced neuroplasticity in humans. ] Neurosci 31:5294-5299. CrossRef
Medline

Ueki Y, Mima T, Kotb M, Sawada H, Saiki H, lkeda A, Begum T, Reza F,
Nagamine T, Fukuyama H (2006) Altered plasticity of the human
motor cortex in Parkinson’s disease. Ann Neurol 59:60-71. CrossRef
Medline

Vijayraghavan S, Wang M, Birnbaum SG, Williams GV, Arnsten AF
(2007) Inverted-U dopamine D1 receptor actions on prefrontal neu-
rons engaged in working memory. Nat Neurosci 10:376-384.
CrossRef Medline

Williams GV, Castner SA (2006) Under the curve: critical issues for eluci-
dating D1 receptor function in working memory. Neuroscience 139:263—
276. CrossRef Medline

38

J.Neurosci., February 12, 2014 - 34(7):2744-2753 « 2753

Witte AV, Floel A (2012) Effects of COMT polymorphisms on brain func-
tion and behavior in health and disease. Brain Res Bull 88:418—-428.
CrossRef Medline

Witte AV, Karten J, Jansen S, Schirmacher A, Brand E, Sommer J, Floel A
(2012) Interaction of BDNF and COMT polymorphisms on paired-
associative stimulation-induced cortical plasticity. ] Neurosci 32:4553—
4561. CrossRef Medline

Wolters A, Sandbrink F, Schlottmann A, Kunesch E, Stefan K, Cohen LG,
Benecke R, Classen ] (2003) A temporally asymmetric Hebbian rule
governing plasticity in the human motor cortex. ] Neurophysiol 89:2339—
2345, CrossRef Medline

Zahrt ], Taylor JR, Mathew RG, Amsten AF (1997) Supranormal stimula-
tion of D1 dopamine receptors in the rodent prefrontal cortex impairs
spatial working memory performance. | Neurosci 17:8528—8535.
Medline



2.2 Dosage-dependent effect of D2 receptor activation on motor

cortex plasticity in humans

The impact of D2 receptor stimulation on plasticity (LTP and LTD) and
behaviour in animals revealed conflicting findings (Jay, 2003). Enhancing, diminishing
or null effects were reported, which might be associated with a non-linear dosage
dependent effect of D2 receptor stimulation on respective processes. In humans, D2
receptor agonists and antagonists resulted in comparable heterogeneous effect on
cognitive functions (Cools and D'Esposito, 2011), probably also caused by different
degrees of receptor activation. Supporting evidence from electrophysiological studies in
humans regarding a dosage-dependent effect however is scarce so far. A pioneering study
exploring such a dosage-dependent effect of D2 receptor stimulation used the D2/D3
receptor agonist ropinirole. The results of this study show an inverted “U”-shaped dose-
response curve on plasticity for facilitatory tDCS and PAS and for inhibitory tDCS. No
dosage-dependent effect was evident for inhibitory PAS (Monte-Silva et al., 2009).
However, ropinirole is a mixed agonist with a greater affinity for D3 receptors, which
exhibit different, and in some instances opposing effects to those of D2 receptors. In the
present study, we specifically targeted the D2 receptors by bromocriptine. The results
show that D2 receptor activation has a non-linear dosage dependent effect on focal and
non-focal plasticity induced by tDCS and PAS respectively. Low and high dosage
impaired or abolished plasticity, whereas under medium dosage the plasticity induced by
cathodal tDCS and inhibitory PAS was preserved. In contrast, non-focal excitability

enhancement by anodal tDCS was abolished, while the focal excitability enhancement
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induced by excitatory PAS was diminished. Thus D2 receptor stimulation facilitated
inhibitory plasticity, but reduced excitatory plasticity. Interestingly, a focusing effect was
observed under the D2 receptor stimulation with regard to facilitatory plasticity, but to a

minor degree, as compared with global dopamine receptor stimulation.
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Abstract
The neuromodulator dopamine plays an important role in synaptic plasticity. The effects

depend on receptor subtypes, affinity, concentration level and the kind of neuroplasticity
induced. In animal experiments, D2-like receptor stimulation revealed partially
antagonistic effects on plasticity, which might be explained by dosage-dependency. In
humans, D2 receptor block abolishes plasticity, and the D2/D3, but predominant D3
receptor agonist ropinirol has a dosage-dependent non-linear impact on plasticity. Here
we aimed to determine the specific impact of D2 receptor activation on neuroplasticity in
humans, because physiological effects of D2, and D3 receptors might differ. Therefore
we combined application of the selective D2 receptor agonist bromocriptine (2.5mg,
10mg and 20mg, or placebo medication) with anodal and cathodal transcranial direct
current stimulation (tDCS), which induces non-focal plasticity, and with paired
associative stimulation (PAS) generating of a more focal kind of plasticity in the motor
cortex of healthy humans. Plasticity was monitored by transcranial magnetic stimulation

(TMS)-induced motor evoked potential amplitudes (MEP). For facilitatory tDCS,
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bromocriptine prevented plasticity induction independent from drug dosage. Its
application resulted however, in an inverted U-shaped dose-response curve on inhibitory
tDCS, excitability-diminishing PAS and to a minor degree on excitability-enhancing
PAS. These data support the assumption that modulation of D2-like receptor activity
exerts a non-linear dose-dependent effect on neuroplasticity in the human motor cortex,
which differs from predominant D3 receptor activation, and that the kind of plasticity

induction procedure is relevant for its specific impact.

Introduction

Dopamine modulates learning and memory formation. This effect is probably
based on its impact on neuroplasticity, such as long term potentiation (LTP) and long
term depression (LTD), as observed in animal studies (Jay, 2003). The precise
mechanism of the dopaminergic impact on plasticity is complex, and depends on receptor
subtype, concentration level and type of plasticity (Seamans and Yang, 2004; Kuo et al.,
2008). Therefore, obtaining knowledge about dosage-dependent effects of specific
dopamine receptor activation on synaptic plasticity in vivo in humans is critical.

Animal cognitive and human electrophysiological studies revealed non-linear
dosage-dependent effects of non-selective and D1-like receptor activation on
performance and plasticity (Seamans and Yang, 2004; Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011; Fresnoza et al., 2014). Insufficient or too much
dopamine impairs, while an optimum dose facilitates performance (Williams and
Goldman-Rakic, 1995). Accordingly, the impact of global dopaminergic and D1 receptor

activation on plasticity in humans differs with regard to dosage, plasticity-induction
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procedures and direction of plasticity (facilitatory versus excitability-diminution) (Monte-
Silva et al., 2010; Thirugnanasambandam et al., 2011; Fresnoza et al., 2014). For the
contribution of D2-like receptors however, variable effects on plasticity have been
obtained in animal experimentation (Chen et al., 1996b; Otani et al., 1998; Manahan-
Vaughan and Kulla, 2003) and human cognitive studies (Breitenstein et al., 2006;
Meintzschel and Ziemann, 2006). The D2/D3 agonist Ropinirole revealed a non-linear
dosage-dependent effects on facilitatory, but not inhibitory plasticity in humans (Monte-
Silva et al., 2009). However, ropinirole predominantly activates D3 rather than D2
receptors (Coldwell et al., 1999). Animal experiments suggest different effects of D2, and
D3 receptors on memory consolidation and locomotor activity in rats (facilitation by D2
and inhibition by D3 receptor activation) (Kling-Petersen et al., 1995; Sigala et al., 1997).
For neurotensin gene expression in rats, D2 has a negative, while D3 has a positive effect
(Diaz et al., 1994). For a full overview of the contribution of dopaminergic receptor
subtypes on human brain plasticity, a clarification of the specific effect of D2 receptor
activation on plasticity in humans is warranted.

To this aim, we applied transcranial direct current stimulation (tDCS) and paired
associative stimulation (PAS) in combination with three doses (2.5, 10, 20mg, and
placebo) of bromocriptine, a selective D2 receptors agonist. tDCS induces a polarity-
dependent, non-focal type of glutamatergic plasticity (Nitsche et al., 2008). Anodal
stimulation enhances, while cathodal tDCS diminishes excitability of the primary motor
cortex. PAS induce focal/synapse-specific glutamatergic plasticity of somatosensory-
motor cortical connections. The mechanism resembles to a certain degree spike timing-

dependent plasticity. The synchrony between motor cortex stimulation and an afferent
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somatosensory stimulus elicited by peripheral nerve stimulation determines the effect
direction (Stefan et al., 2000; Stefan et al., 2002; Wolters et al., 2003).
We hypothesized that specific D2 receptor activation has a non-linear impact on

plasticity, which depends on the kind of plasticity induction protocol.

Materials and Methods

Subjects. Twelve right-handed, healthy subjects participated in each experiment [tDCS
experiment: 7 males, 5 females, age 27.92 + 1.60 years (mean + SD) and PAS
experiment: 7 males, 5 females, age 28.42 + 1.08 years (mean + SD)]. Subjects with a
history of medical diseases, metallic or electric implants in the body, intake of medication
during or up to 2 weeks before participating in the study, and smokers and recreational
drug users were excluded. Pregnancy was ruled out by a pregnancy test. Subjects gave
written informed consent prior to participation. The study was approved by the Ethics
Committee of the University of Gottingen and conforms to the Declaration of Helsinki.

Monitoring of corticospinal excitability. The peak-to-peak amplitudes of motor evoked
potentials (MEP) induced over the motor cortex representation of the right abductor digiti
minimi muscle (ADM) by TMS was used to monitor corticospinal excitability. Initially,
single-pulse TMS generated by a Magstim 200 magnetic stimulator (Magstim Company)
at a frequency of 0.25 Hz via a figure of eight magnetic coil (diameter of one winding =
70 mm, peak magnetic field = 2.2 tesla) was used to determine optimal coil position,
defined as the site where stimulation resulted in the largest MEP amplitudes. The coil
was held tangentially to the scalp at an angle of 45° to the midsagittal plane with the
handle pointing laterally and posteriorly generating an anterior-posterior current

direction in the brain. Electromyographic (EMG) recording was obtained from the right
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ADM with Ag-AgCl electrodes attached in a belly-tendon montage. Signals were
filtered (30 Hz to 2 kHz), amplified (Digitimer 360, Digitimer Ltd, Welwyn Garden City,
Herts, UK), and then stored on a computer via a Power 1401 data acquisition interface
(Cambridge Electronic Design Ltd, Cambridge, UK). Analysis was carried out using
Signal Software (Cambridge Electronic Design). TMS intensity was adjusted to elicit
baseline MEPs of averaged 1 mV peak-to-peak MEP amplitude and was kept constant for

the post-stimulation assessment unless adjusted (see below).

Nonfocal plasticity induction by tDCS (experiment 1). A battery-driven constant
current stimulator (NeuroConn GmbH, llmenau, Germany) with a maximum output of
4.5 mA was used for tDCS via a pair of saline-soaked surface sponge electrodes each
measuring 7x5 cm. We positioned one electrode over the motor cortex representation
area of the right ADM, and the other above the right supra-orbital area. A current strength
of 1 mA was administered for 13 min for anodal tDCS and 9 min for cathodal tDCS,
which induce cortical excitability alterations lasting for about 1 hour after the end of
stimulation (Nitsche et al., 2008).

Focal plasticity induction by PAS (experiment 2). A single TMS pulse with the
stimulation intensity resulting in an MEP amplitude of approximately 1 mV was
combined with a peripheral nerve stimulus (Digitimer D185 stimulator, Digitimer Ltd,
Hertfordshire, England), which delivered an electrical pulse to the right ulnar nerve at the
wrist level (cathode proximal, square waveform of 50us duration). The intensity was set
to three times higher than the individual sensory perceptual threshold. Peripheral nerve

stimulation was followed by the TMS stimulus with interstimulus intervals (I1SI) of 10 ms
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(inhibitory PAS: PAS10) for LTD-like plasticity or 25 ms (excitatory PAS: PAS25) for
LTP-like plasticity induction. For PAS10, the somatosensory stimulus reaches the motor
cortex relevantly earlier than the TMS stimulus applied over the motor cortex, while
PAS25 results in synchronous arrival of the somatosensory and TMS stimulus at this
area. Ninety pairs of stimuli were administered at a frequency of 0.05 Hz for 30 min
(Stefan et al., 2000; Stefan et al., 2002; Wolters et al., 2003).

Pharmacological Intervention. Two hours before the start of the plasticity-inducing
protocols, the participants received low (2.5 mg), medium (10 mg) or high (20 mg)
dosages of bromocriptine or placebo medication at each experimental session. These
dosages cause systemic changes of cortical activity and performance (Kimberg et al.,
2001; Franken et al., 2008). To prevent systemic side effects of bromocriptine like nausea
and vomiting, subjects received 20 mg of the peripheral acting dopaminergic antagonist
domperidone three times per day for two days prior to the experiment and also 2 hours
before bromocriptine intake. 20 mg domperidone alone exerts no effects on motor

cortical excitability (Grundey et al., 2013).

Experimental procedures. The experiment was conducted in a double-blinded,
randomized and placebo-controlled design. Each subject participated in 8 sessions
(experiment 1 or 2) separated by an interval of at least 1 week to avoid interference
effects. Subjects were seated on a reclining chair with head and arm support, and were
asked to relax, but maintain their eyes open during the course of the experiment. EMG
electrodes were placed at the right ADM using a belly-tendon montage. To ensure
consistency, a skin marker was placed on the position of the EMG electrodes and motor

cortex hotspot as identified by TMS. Then the TMS intensity which resulted in a MEP
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amplitude of about 1 mV was identified (SI1mV). At least 25 MEPs were recorded as
baseline 1 with this stimulus intensity. Immediately after the baseline measurement, the
participants received placebo medication or 2.5, 10 or 20mg bromocriptine. After 2
hours, another set of 25 MEPs (baseline 2) was obtained to check for any drug-induced
change of MEP amplitudes. If baseline 2 differed relevantly (0.2 mV) from baseline 1,
TMS intensity was re-adjusted to produce stable MEP amplitudes of about 1 mV
(baseline 3). Then anodal tDCS (13min), cathodal tDCS (9 min), PAS25, or PAS10 was
applied. Following intervention, 25 MEPs were recorded at the time points of 0, 5, 10,
15, 20, 25, 30, 60, 90, and 120 min, same day evening, next morning, next afternoon and
next evening (Figure 1). Based on the results of previous studies, significant after effects
at the post-intervention days could not be ruled out. This warrants the long-term
monitoring of excitability in the present experiment (Kuo et al., 2008; Monte-Silva et al.,

2009; Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011).

Data analysis and statistics. The individual MEP amplitude means of baselines 1, 2, and
3 and all time points after plasticity induction were calculated. Post-intervention MEP
amplitudes were normalized to baseline 2 only if baseline 2 did not differ significantly
from baseline 1, otherwise baseline 3 was used for normalization. Normalized MEP
amplitudes were pooled together session-wise by calculating the grand average across
subjects for each condition and time point. After checking for normal distribution
(Shapiro-Wilk Test), a mixed linear model analysis (SPSS 21, SPSS Inc. Chicago,
Illinois) with subject as the random-effect covariate was applied with the MEP amplitude
(as measured over time from baseline up to the next evening) as the dependent variable.

Stimulation (tDCS and PAS), polarity (anodal and cathodal tDCS; PAS25 and PAS10),
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drug dosage (2.5, 10, 20 mg of bromocriptine and placebo) time and the respective
interactions were treated as fixed-effect covariates. We used the partial eta squared (n?)
calculated from an univariate ANOVA model to obtain effects sizes, since linear mixed
models do not provide respective values. Fisher’s LSD post hoc tests (paired, two-tailed,
p < 0.05), which do not correct for multiple comparisons, were performed to compare (1)
the mean MEP amplitudes at all time points after tDCS or PAS versus baseline 2 or 3 and
(2) the mean MEP amplitude obtained at a specific time point for the various drug
conditions against the respective placebo medication condition. Baseline 1, 2 and 3 MEP
amplitudes were compared to test for any drug influence alone on cortical excitability,
and to exclude baseline differences between medication/stimulation conditions.
Furthermore, we performed the same mixed linear model analysis with subjects as
random factor for the standardized MEP amplitudes pooled for the first 60 min after
plasticity induction. Then a Fisher’s LSD post hoc test (paired, two-tailed, p < 0.05) was
used to compare the first 60 minutes MEP amplitude of the respective placebo
medication conditions with the first 60 minutes MEP amplitudes under real medication

for all plasticity induction protocols.

Results

With regard to side effects, two hours after oral intake of 20 mg bromocriptine, 3
subjects experienced dizziness, nausea and vomiting, while hypotension was observed in
one subject. 1 session had to be cancelled. Under low dosage, one subject experienced

dizziness and one hypotension, under medium dosage only one subject developed
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dizziness. All symptoms were fully reversible and the remaining subjects tolerated the

drugs well.

Baseline peak-to-peak MEP amplitudes and baseline TMS intensity in percentage of
maximal stimulator output were not affected by the drug, and did not differ between
conditions (P > 0.05, Student's paired, two-tailed t test; see Table 1).

The data were normally distributed (Shapiro-Wilk test, all p > 0.05). Results of
the mixed linear model analysis revealed significant effects of drug dosage (df = 3, F =
20.015, p = <.001, n? = .020), polarity (df = 1, F = 139.812, p = <.001, n? = .046), time
course (df =14, F = 1.947, p = .015, n? = .010), and significant interactions stimulation x
dosage (df = 3, F =4.337, p = .005, > = .004), dosage x polarity (df =3, F =75.237, p =
<.001, n* = .073), stimulation x dosage x polarity (df =3, F=5.111, p =.002, n*> = .005),
polarity x time course (df =14, F = 6.701, p = <.001, n? = .032), and drug dosage x
polarity x time course (df = 42, F = 3.361, p = <.001, n2?=.047), (see Table 2). Further
analysis of the MEP amplitudes for the first 60 minutes after stimulation using a mixed
linear model with subjects as random factor revealed significant main effects of
stimulation (df = 1, F = 4.594, p = .032), drug dosage (df = 3, F = 18.018, p = <.001),
polarity (df = 1, F = 172.777, p = <.001), and significant interactions stimulation X
dosage (df = 3, F =3.070, p = .027), polarity x dosage (df = 3, F = 86.633, p = <.001) and

stimulation x dosage x polarity interactions (df = 3, F = 3.484, p = <.015).

Dose-dependent effect of D2 receptor activation on tDCS-induced neuroplasticity

As revealed by the respective post hoc tests, under placebo medication anodal tDCS

increased excitability compared to baseline for up to 30 min after stimulation, while
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cathodal tDCS significantly decreased excitability for 25 min (Figure 2A, 2B). Low
dosage bromocriptine prevented any effect of tDCS, as compared to the respective
baseline MEP values. For anodal tDCS, the low-dosage bromocriptine condition
consequently differed from placebo until same evening, while for cathodal tDCS, the
respective difference was significant for up to 25 minutes after stimulation (Figure 2A,
2B). Under medium dosage bromocriptine, the anodal tDCS-induced after effect was
trendwise reversed until 30 minutes after stimulation and the evening of the second day.
For cathodal tDCS, medium dosage bromocriptine prolonged the MEP-reducing after
effect significantly for up to 60 minutes after stimulation compared to baseline.
Compared to placebo medication, the anodal tDCS-elicited after effect was significantly
different from medium dosage bromocriptine until 30 minutes after tDCS, while for
cathodal tDCS no significant difference between placebo and medium dosage
bromocriptine was observed (Figure 2A, 2B). High-dosage medication resulted in similar
effects as low dosage medication on tDCS-generated excitability alterations. For anodal
tDCS, MEP amplitudes did not differ from baseline values, but were significantly
reduced relative to placebo medication for up to 30 minutes after stimulation. For
cathodal tDCS, similarly, MEP amplitudes did not differ relative to baseline, but differed
from cathodal tDCS-generated excitability reductions under placebo medication for 20
minutes (Figure 2A, 2B). For the pooled MEP amplitudes (first 60 minutes after anodal
tDCS), low (p = <.001), medium (p=<.001) and high dosage (p=<.001) were significantly
different compared to placebo medication (Figure 4A) (post hoc t-test, two-tailed, p <
0.05). However, only low (p=<.001) and high dosage (p=<.001) conditions were

significant compared to placebo medication after cathodal tDCS (Figure 4A) (post hoc t-
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test, two-tailed, p < 0.05). In summary, bromocriptine dosage-dependently prevented or
modified tDCS-induced excitability changes towards an excitability-diminishing
direction. As can be seen from figure 4B, relevant interindividual variability was present
throughout the different medication conditions, especially with regard to low, and high

dosage bromocriptine application.

Dose-dependent effect of D2 receptor activation on PAS-induced neuroplasticity

The results of the post hoc tests show that under placebo medication PAS25
increased excitability significantly compared to baseline for 30 min, whereas PAS10
decreased excitability for 60 minutes after stimulation compared to baseline (Figure 3A,
3B). For low dosage bromocriptine, excitatory and inhibitory PAS had no impact on
MEP amplitudes, as compared to baseline. Compared to placebo medication, MEP
amplitudes differed significantly until 90 minutes after PAS25 and PAS10 after plasticity
induction (Figure 3A, 3B). Under medium dosage bromocriptine, MEP amplitudes were
significantly enhanced versus baseline only for 20 min after excitatory PAS. In relation to
the placebo medication condition, the respective excitability enhancement was
significantly diminished for 30 minutes after plasticity induction. The MEP amplitudes
after PAS10 were significantly reduced compared to baseline values until 90 min after
stimulation. Compared to placebo medication, MEP amplitudes were not significantly
different for PAS10 (Figure 3A, 3B). High dosage bromocriptine prevented any after-
effects of PAS, as compared to baseline MEP values. Consequently MEP amplitudes
differed significantly from those under placebo medication for 30 minutes after PAS25
and 25 min after PAS10 (Figure 3A, 3B). For the pooled MEP amplitudes (up to 60 min

after stimulation), the after effects of excitatory PAS under bromocriptine were
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significantly different compared with the placebo medication condition [(low dose
(p=<.001); medium dose (p=<.001) and high dose (p=<.001)] (Figure 4A) (post hoc t-
test, two-tailed, p < 0.05). For inhibitory PAS, low (p=<.001) and high dosages
(p=<.001) of the drug were significantly different from the placebo medication condition
while the medium dosage (p=.339) did not result in significant differences (Figure 4A)
(post hoc t-test, two-tailed, p < 0.05). In summary, D2 receptor activation by
bromocriptine has a non-linear dosage-dependent effect on PAS-induced plasticity:
whereas low and high dosages prevented any PAS-induced neuroplasticity, the medium
dosage preserved PAS10-induced LTD-like plasticity, and did diminish, but not
completely abolish the after-effects of PAS25. Similar as for the tDCS data, condiderable
interindividual variability of the results can be seen in figure 4B, which is largest for
medium and high bromocriptine for PAS25, and for the low, and high dosage of the drug

for PAS10.

Discussion

D2 receptor activation had non-linear dosage-dependent effects on motor cortex
plasticity in humans. Low and high D2 receptor activation prevented plasticity induction
irrespective of the specific stimulation protocol. Medium activation preserved inhibitory
plasticity however, diminished focal and prevented non-focal facilitatory plasticity. These

effects differ from those of combined D2/D3 activation (Monte-Silva et al., 2009).

D2 receptor modulation of LTP-like plasticity
D2 receptor activation caused non-linear dosage-dependent effects on LTP-like

plasticity induced by focal plasticity induction and prevented non-focal plasticity
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irrespective of drug concentration. Low, and high receptor activation prevented plasticity.
Under medium-dosage bromocriptine, focal PAS-generated plasticity was diminished,
while non-focal facilitatory plasticity was prevented. Thus D2 activation, as performed in
the present study, has a deleterious effect on LTP-like plasticity. This does not mean that
D2 receptor activity per se has a disruptive effect on LTP-like plasticity. D2 receptor
block abolished LTP-like plasticity in previous experiments (Nitsche et al., 2006; Nitsche
et al., 2009), and in the present experiment bromocriptine in any dosage enhanced D2
activity on top of physiological activity. Therefore physiological activity of D2 receptors,
which is compromised by both, D2 receptor block, or hyperactivity induced by
bromocriptine, might be necessary for optimal plasticity induction. Since bromocriptine
had however heterogeneous effects on cognitive functions in humans (Luciana et al.,
1992; Kimberg et al., 1997; Luciana and Collins, 1997; Miiller et al., 1998; Mehta et al.,
2001) including improvement, it might also be argued that state-dependent heterogeneous
optimal physiological levels of D2 activity do exist, which to a certain degree are
mimicked by pharmacological intervention. In accordance, global activation of the
dopaminergic system, and predominant activation of D3 or D1 receptors did not in each
case disrupt plasticity (Monte-Silva et al., 2009; Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011; Fresnoza et al., 2014). The non-linear effect of D2
receptor activation on focal LTP-like plasticity is in accordance with results of D2/D3
receptor activation and of non-selective dopamine receptor activation (Monte-Silva et al.,
2009; Thirugnanasambandam et al., 2011). However, the plasticity-preventing effect of
bromocriptine on non-focal plasticity (anodal tDCS) under the medium dose differs from

the conversion to LTD-like plasticity accomplished via global dopamine receptor
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activation (Kuo et al., 2008; Monte-Silva et al., 2010), suggesting a role of D1 receptor
activation for this type of plasticity (Fresnoza et al., 2014). It also differs from the results
obtained by predominant D3 receptor activation, which preserved the respective after-
effects. The differences between D2 and D3 receptor activation might be mechanistically
explained by the fact that D3 receptors modulate cortical activity by coactivation with D1
receptors (Avalos-Fuentes et al., 2013). Thus enhanced activation of D3 receptors
together with spontaneous D1 activity could cause the effects of ropinirole. Accordingly,
medium-dosage D1 activation resulted in similar effects (Nitsche et al., 2009).

The effect of D2 receptor activation on LTP-like plasticity can be explained by
pre-, and postsynaptic effects. Low concentrations of the drug act primarily on
presynaptic auto-receptors, thus reducing freely available dopamine (Benoit-Marand et
al., 2001), which would result in reduced glutamatergic activity and calcium release
needed for plasticity induction (Lisman, 2001). Indeed, reduction of postsynaptic
dopaminergic activity has been shown to prevent tDCS-, and PAS-induced plasticity
(Nitsche et al., 2006; Nitsche et al., 2009). For the medium dosage, D2 receptor
stimulation diminished the excitatory effect of PAS25, and prevented plasticity induction
by anodal tDCS. This can be explained the activation of postsynaptic D2 receptors, which
diminish GABAergic, and glutamatergic receptor activity (Seamans and Yang, 2004).
For PAS, which induces phasic suprathreshold synaptic activation, the reduction of
glutamate-driven calcium influx in the postsynaptic neuron might have been not
sufficient to block LTP-like plasticity, while being sufficient to reduce the tonic, lower-
level calcium influx induced by subthreshold tDCS to prevent plasticity. Alternatively,

GABA reduction might have caused a lack of inhibition, and thus might have resulted in
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calcium overflow predominantly for tDCS-induced LTP-like plasticity, which could
result in larger calcium levels as compared to PAS, because it is synaptically less
restricted, and causes tonic calcium influx. In accordance, excessive duration of anodal
tDCS induces LTD-like plasticity (Monte-Silva et al., 2013). These mechanisms would
then be responsible also for the abolishment of LTP-like plasticity independent from the
induction procedure in case of high level D2 receptor activation.

D2 receptor modulation of LTD-like plasticity

The impact of D2 receptor activation on LTD-like plasticity follows an inverted
U-shaped curve, strengthening the assumption that LTD depends on D2 receptor
activation (Wilson, 2006), and consistent with the effect of global dopaminergic
activation on cathodal tDCS and PAS10 (Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011), as well as with the impact of D3/D2 receptor
activation on cathodal tDCS (Monte-Silva et al., 2009). In difference, ropinirole had no
impact on PAS10-induced plasticity at any dosage.

Mechanisms of action might be similar to the effect of D2 agonism on LTP-like
plasticity, since PAS10 and cathodal tDCS also induce glutamatergic and calcium-
dependent plasticity (Liebetanz et al., 2002; Wolters et al., 2003). Under low-dosage
bromocriptine, D2 autoreceptor activation could prevent plasticity due to reduced
dopamine release. For the medium dose, the preservation of both focal and nonfocal
LTD-like plasticity would have been caused by a sufficient calcium influx via D2
activation for LTD-like plasticity induction. High dosage bromocriptine would abolish
the after effects of both, cathodal tDCS and inhibitory PAS, by exceeding calcium

increase caused by reduced GABAergic inibition. In accordance, cathodal tDCS with an
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intensity of 2 mA, which should result in larger calcium increase compared to 1 mA
stimulation, as applied in the present study, induces no LTD-like plasticity (Batsikadze et
al., 2013). Alternatively, D2 receptor-dependent reduction of NMDA receptor activation
(Seamans and Yang, 2004) could have abolished plasticity, since both, cathodal tDCS,

and PAS10, require NMDA receptor activation.

General Remarks

The present study together with former experiments (Nitsche et al., 2006; Kuo et
al., 2008; Monte-Silva et al., 2009; Nitsche et al., 2009; Monte-Silva et al., 2010) adds
information about the contribution of dopamine receptor subtypes to neuroplasticity. Our
results support to some extent the contribution of D2 receptors to the “focusing effect”
(strengthening of focally induced, but weakening/conversion of non-focally induced
LTP-like plasticity) observed under global dopaminergic activation (Kuo et al., 2008).
Focal facilitatory plasticity was diminished, but not abolished, whereas non-focal
plasticity was prevented. This effect might underlie the signal-to-noise modulation that
dopamine exerts on task-relevant neural processes. Accordingly, optimal dopamine levels
would modulate task-related neural processing allowing for flexible use of information,
whereas low level of dopamine would reduce the likelihood that a memory trace will be
retained and excessive dopamine levels prevent the updating or replacement of
information in current memory stores (Durstewitz et al., 2000). Whereas these
mechanisms were proposed primarily for working memory functions, the results of our
studies propose that they might also be relevant for long-term memory storage. The non-

linear effects of D2 receptor stimulation on plasticity do not only imply the need for an
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optimal degree of D2 receptor activation, but might also explain the contribution of D2
receptor over-activity for the development of psychotic symptoms (Seeman and Kapur,
2000). Specifically, the lack of plasticity present under high activation of D2 receptors
might enhance noise in brain networks, and therefore lead to erroneous information
processing. Furthermore, the involvement of D2-like receptors in the facilitatory control
of memory consolidation (Sigala et al., 1997) might have a promising therapeutic
potential for patients suffering from Parkinson’s disease, where rehabilitation involves
improving cognitive functions as well.

Some potential limitations of the present study should be taken into account. First,
the mechanistical explanation of the results is speculative at present. However, our
findings correlate well with known D2 receptor action. Second, high variability in the
response to tDCS was reported recently (Wiethoff et al., 2014), and variability, although
to a somewhat minor degree, was also present in this study. Differences of variability
between studies might be caused by the fact that our plasticity-induction protocols differ
from that performed in the aforementioned study. Stimulation with an intensity of 2 mA,
as compared with 1 mA stimulation, as performed in the present study, might result in
non-linear effects of tDCS (Batsikadze et al. 2013). Third, dopaminergic medication
seems to enhance interindividual variability. This is probably caused by the dosage-
dependent modulatory effect of dopamine, which could in combination with genetic
polymorphisms (Hung Choy Wong et al., 2000; Witte and Fl6el, 2012; Witte et al., 2012;
Kristin et al., 2013), and differences of resorption of the substance, which we both did not
explore, result in interindividually different activation of D2 receptors in spite of identical

dosages. Finally, blinding might have been compromised in 1 subject for whom the
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respective session had to be cancelled due to vomiting after the high dosage of
bromocriptine. In the majority of subjects however, side effects, if present, occurred
across different dosages of the drug, thus blinding should have been maintained in these
cases. Additionally, multiple sessions, blinded tDCS and PAS protocols, medication, and
identical after-measurement durations in all conditions should have guaranteed blinding
in general.
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Table 1. Peak-to-peak MEP amplitudes and TMS intensity before and after

application of bromocriptine.

Bromo Baseline 1 Baseline 2 Baseline 3
Criptine
MEP (mV) [ MSO (%) | MEP (mV) | MSO (%) | MEP (mV) | MSO (%)
Anodal 25mg | 1.078+0.03 | 41.5+1.7 | 1.207+0.15 | 415+1.7 | 1.135+0.03 | 40.4+1.8
tDCS 10mg 1.122+0.02 40.0+1.5 1.067+0.10 | 40.0+1.5 1.064+0.03 40.7+ 1.6
20mg 1.115+0.02 41.5+2.0 | 1.074+0.06 415+ 2.0 | 1.079+0.02 39.0+ 15
Cathodal | 2.5mg | 1.080+0.03 | 42.2+17 | 1.241+0.12 | 422+17 | 1.082+0.03 | 39.7+2.0
tDCS 10mg | 1.051+0.02 | 41.7+2.1 | 1.021+0.04 [ 41.7+2.1 | 1.040+0.02 | 41.2+0.7
20mg 1.063+0.02 42.2+1.6 | 1.234+0.20 | 42.2+1.6 | 1.123+0.02 43.0+ 1.7
PAS25 25mg | 1.071+0.03 47.6+2.8 | 0.971+0.10 | 47.6+2.8 | 1.045+0.03 48.0+ 3.2
10mg 1.070+0.02 47.6+ 2.7 | 0.879+0.13 47.6+ 2.7 | 1.045+0.02 46.4+ 2.7
20mg 1.106+0.02 50.2+ 3.5 | 0.966+0.10 50.2+3.5 | 1.120+0.03 49.0+ 2.1
PAS10 2.5mg | 1.079+0.03 50.2+3.1 | 1.164+0.14 50.2+ 3.1 | 1.064+0.03 49.8+ 3.2
10mg 1.119+0.03 47.2+ 2.7 | 0.966+0.06 47.2+ 2.7 | 1.041+0.03 39.5+ 3.0
20mg | 1.018+0.02 | 47.7+27 | 1.029+0.10 | 42.3+2.4 | 1.011+0.03 | 50.4+4.0
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Shown are the mean MEP amplitudes and stimulation intensities (percentage of
maximum stimulator output, MSO) mean + S.E.M. of baselines 1, 2 and 3. There was no
significant difference between these parameters across the different conditions (Student’s

t test, paired, two-tailed, p > 0.05).

Table 2. Results of the ANOVA conducted for tDCS and PAS.

df F value p value n?

Stimulation 1 1.624 .203 .001
Dosage 3 20.015 <.001* .020
Polarity 1 139.812 <.001* .046
Time course 14 1.947 .015* .010
Stimulation x dosage 3 4.337 .005* .004
Stimulation x polarity 1 3.373 .066 .001
Dosage x polarity 3 75.237 <.001* .073
Stimulation x dosage x polarity 3 5.111 .002* .005
Stimulation x time course 14 .756 718 .004
Dosage x time course 42 .882 .687 .013
Stimulation x dosage x time 42 541 993 .008
course

Polarity x time course 14 6.701 <.001* .032
Stimulation x polarity x time 14 379 981 .002
course

Dosage x polarity x time course 42 3.361 <.001* .047
Stimulation x dosage x polarity x 42 571 .988 .008
time course
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The ANOVA encompasses the time course of the MEP measures up to next evening after

stimulation. Asterisks indicate significant results (p<0.05). df, Degrees of freedom; n?,

partial eta squared (measure of effect size).
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Figure 1. Course of the Experiments. MEPs elicited by single-pulse TMS over the

motor hot spot of the right ADM were recorded at 1 mV intensity before drug intake

[baseline 1 (BL TMS 1)]. Two hours after drug intake, baseline 2 (BL TMS 2) was

recorded to look for an effect of the drug on cortical excitability. In case of any MEP

alterations from baseline 1, baseline 3 (BL TMS 3) was recorded by adjusting the

stimulator output to obtain a mean MEP amplitude of 1 mV. Then tDCS (anodal or

cathodal) or PAS (excitatory or inhibitory) were administered, immediately followed by
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MEP after-measurements that covered 120 min. Additional after-measurements were

performed at the same evening (SE), and the morning (NM), afternoon (NA) and evening

(NE) of the second day following plasticity induction.
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Figure 2. Dose-dependent effect of D2 receptor activation on nonfocal plasticity
induced by anodal and cathodal tDCS (experiment 1). The x-axis displays the time
points (in minutes) of after-measurements during the experiment. MEP amplitudes
standardized to the corresponding baseline values (mean = SEM) are plotted on the y-
axis. The graphs show that under placebo medication, anodal tDCS induces an
excitability enhancement lasting for about 30 min, whereas cathodal tDCS diminishes
excitability for 25 min following stimulation. A, Low-dose (2.5mg), medium dose
(10mg) and high-dose (20mg) bromocriptine prevented the anodal tDCS-generated
aftereffects. B, Low dose and high dose bromocriptine prevented the cathodal tDCS-
generated aftereffects, while under medium dose the aftereffects were preserved. Filled

symbols indicate statistically significant deviations of the post-tDCS MEP values

66#”5(*” GGX”

compared to baseline. The symbols indicate significant differences of the

real medication compared with the placebo medication conditions at the same time points
after plasticity induction (Fisher LSD post hoc test , paired, two-tailed, p < 0.05). SE:

same evening; NM: next morning; NA: next afternoon; NE: next evening. Error bars

show standard error of mean (S.E.M.). #: 2.5mg bromocriptine. *. 10mg bromaocriptine.

X: 20mg bromocriptine.
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Figure 3. Dose-dependent effects of D2 receptor activation on focal neuroplasticity

induced by PAS25 and PAS10 (experiment 2). The x-axis displays the time points (in
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minutes) of after-measurements during the experiment. MEP amplitudes standardized to
the corresponding baseline values (mean + SEM) are plotted on the y-axis. The graphs
show that under placebo medication, excitatory PAS (PAS25) induces an excitability
enhancement lasting for about 30 min, whereas inhibitory PAS (PAS10) diminishes
excitability for 60 min following stimulation. A, Low dose (2.5 mg) and high dose
(20mg) bromocriptine suppress the aftereffects of PAS25 respectively, whereas medium
dose (10mg) reduced, but did not abolish them. B, Low dose (2.5mg) and high dose
(20mg) bromocriptine prevented the PAS10 aftereffects. Filled symbols indicate

statistically significant deviations of the post-tDCS MEP values compared to baseline.

The “#<*» «x” symbols indicate significant differences of the real medication compared

with the placebo medication conditions at the same time points after plasticity induction
(Fisher LSD post hoc test, paired, two-tailed, p < 0.05). SE: same evening; NM: next

morning; NA: next afternoon; NE: next evening. Error bars show standard error of mean

(S.E.M.). #: 2.5mg bromocriptine. *, 10mg bromocriptine. X: 20mg bromocriptine.
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until 60 minutes after stimulation
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Figure 4. Dose-dependent effects of D2 receptor activation on nonfocal and focal
plasticity induced by tDCS and PAS. The horizontal line represent the baseline value of
1mv before the start of the each stimulation condition, while the vertical line (y-axis)
represent the MEP amplitudes standardized to the corresponding baseline values. A, D2
receptor activation by bromocriptine has a non-linear dosage-dependent effect on
neuroplasticity induced by cathodal tDCS and inhibitory PAS. Low and high dosages
impaired or prevented excitability alterations while the medium dosage preserved these.
In contrast, the effects of anodal tDCS and excitatory PAS were either impaired or
prevented in all dosages. Each column represents the baseline—standardized MEP

amplitudes pooled for 60 minutes after anodal/cathodal tDCS and PAS25/PAS10 from 24

68



participants.  Error bars represent the standard error of mean (S.E.M.) of the
measurement immediately after until 60 minutes post stimulation. The “#” symbol
indicates significant differences of the real medication compared with placebo medication
(Post hoc t test, paired, two-tailed, p < 0.05). B, Each point represents the mean of the
MEP amplitude (calculated for the first 60 min after intervention) from each subject for
each drug/stimulation condition combination. The results show considerable

interindividual variability, especially under bromocriptine.
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Chapter 3: Summary, Limitations and Conclusions

The present thesis further explored the contribution of the dopaminergic system to
functional plasticity mechanisms in the human brain. The results of the studies help to
elucidate the specific contribution of dopamine receptor subtypes as well as the effect of
dosage or level of receptor activation on plasticity induction in the human motor cortex.
Under global/non-specific dopamine receptors stimulation, a non-linear dosage-
dependent effect on stimulation induced by tDCS and PAS was observed in previous
studies (Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011). Low and high
dose L-dopa abolished or impaired plasticity induced by both protocols, whereas under
medium dosage plasticity induced by excitatory and inhibitory PAS was preserved. For
tDCS, medium dosage preserved the excitability-reducing effect of cathodal tDCS, but
reversed the excitability-enhancing effect of anodal tDCS into inhibition.

In the present project, we have shown that specific activation of D1-like (first study) and
D2 receptors (second study) also has a non-linear dosage-dependent effect on plasticity.
For D1-like receptor activation, low and high dosages impaired or reversed, whereas
medium dosage preserved the focal and non-focal excitability-enhancing effect of
excitatory PAS and anodal tDCS respectively. However, the excitability-reducing effect
of inhibitory PAS was reversed and the after effect of cathodal tDCS was abolished. In
general, these results suggest that D1-like receptor activation is relevant for the induction
of LTP-like plasticity. However, as compared to global dopaminergic activation, which
had a focusing effect on facilitatory plasticity, the promoting effect of D1 activation on
facilitatory plasticity was independent from the focality of the plasticity-induction

procedure. This result is in accordance to the enhancing effect of optimal D1 receptor
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activation on LTP observed in animal plasticity and cognitive studies (Seamans and
Yang, 2004) and provides the first evidence of related effects in the human brain, at least
electrophysiologically. Taking into account the impact of D1 receptor activation on LTP-
like plasticity, as well as positive cognitive effects, as explored in animal experiments,
modulation of D1 receptors could have beneficial effects especially in the field of
cognitive rehabilitation. In the PFC, the area with the largest density of D1 receptors
(Camps et al., 1990; Lidow et al., 1991), activation of the D1 receptor is relevant for
maintaining active memory representation (Cohen et al., 2002). In accordance,
insufficient D1 receptor signaling results in working memory deficits, which can be
ameliorated by D1 receptor stimulation (Goldman-Rakic et al., 2004). In schizophrenia,
alteration of D1 receptor activity and its signaling pathway in the PFC has been
associated to impairment of working memory and negative symptoms (Kashima, 1991;
Okubo et al., 1997; Karlsson et al., 2002; Koh et al., 2003; Potkin et al., 2003). Impaired
LTP and LTD recently observed in schizophrenic patients (Harvey and Lacey, 1997,
Hasan et al., 2011) corroborates with our findings that dysregulation of dopamine
modulation can alter plasticity. Furthermore, in Parkinson’s disease a critical role of D1
receptors in attenuating Parkinsonian symptoms was suggested. D1 receptor activity
enhancement improved symptoms in the monkey model of Parkinson’s disease, and also
in humans (Taylor et al., 1991; Blanchet et al., 1998; Rascol et al., 1999; Goulet and
Madras, 2000; Rascol et al., 2001). Thus, agents targeting the D1 receptors might be an
interesting direction in Schizophrenia and Parkinson’s disease treatment in the future.
The second study elucidated the specific impact of the D2 receptor on motor

cortex plasticity via bromocriptine. This substance exerted a non-linear dosage-dependent
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effect on LTP- and LTD-like plasticity induced by tDCS and PAS. Low and high D2
receptor activation prevented plasticity induction irrespective of the specific stimulation
protocol. Medium activation preserved inhibitory plasticity, however it diminished focal
and prevented non-focal facilitatory plasticity. These effects differ from global receptor
activation with regard to facilitatory plasticity gradually, since plasticity induced by
anodal tDCS under medium dosage was reversed while the excitatory PAS after effect
was preserved under L-Dopa (Kuo et al, 2008; Monte-Silva et al., 2010;
Thirugnanasambandam et al., 2011). The results differ moreover clearly from those
obtained via application of the combined D2/D3 receptor agonist ropinirole. In that study,
the effect of anodal tDCS under medium dosage was preserved and there was no non-
linear dosage dependent effect observed on inhibitory PAS regardless of dosage (Monte-
Silva et al., 2009). These differences might be caused at least partially by a co-activation
of D1 receptors accomplished by D3 receptor activation. Indeed, the impact of a medium
dosage of ropinirole on facilitatory plasticity resembled those of medium D1 receptor
activation. Under physiological conditions, D2 receptor activation is proposed to
phasically gate signals in order to update the contents of working memory (Cohen et al.,
2002; Gibbs and D'Esposito, 2005). Thus, the predominant induction of LTD-like
plasticity observed under D2 receptor activation might be beneficial for tasks requiring
flexibility or the ability to update and manipulate neural information/representation,
because D2 receptor activation would prevent in this case dys-functional stabilization of
task-related connections (Nicholls et al., 2008). With regard to implications of D2
receptor effects on plasticity for cognitive performance, so far heterogeneous effects have

been obtained. Beyond the above-mentioned task-dependent effects, this might be caused
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by the non-linear dosage-dependent effects of receptor activation on plasticity. For task-
dependent effects, future studies dealing with specific cognitive demands involving the
D2 receptor might shed light on the still poorly understood mechanisms. The impairment
of plasticity induction seen under both, low and high dosages of bromocriptine could also
account for symptoms observed in schizophrenia and Parkinson’s disease. In
schizophrenia, where the dopaminergic system is assumed to be hyper-active, although
not associated with the severity of positive symptoms per se, increased activity of striatal
D2 receptors is associated with the first episode of illness and subsequent episodes of
iliness exacerbation (Howes and Kapur, 2009). In Parkinson’s disease on the other hand,
low doses of D2 agonists occasionally worsen motor symptoms (Tolosa et al., 1987).
Bradykinesia was also observed in a rat model following high dosage of L-dopa or D2
agonists, which could be due to overstimulation of postsynaptic D2 receptors (Picconi et
al., 2003; Picconi et al., 2008). Although speculative, the lack of plasticity observed in
our study under low and high dosages may underlie these symptoms. Thus, titrating the
dosage to achieve an optimal stimulation of the D2 receptors could improve the
therapeutic use of D2 receptor stimulation.

Taken together, as compared to global dopamine receptor activation, D1-like
receptor activation favors LTP-like plasticity induction (first study) and D2 receptor
activation favors LTD-like plasticity induction (second study). The signal-to-noise
modulator function of dopamine as suggested by animal (Sawaguchi et al., 1990;
Sawaguchi, 2001) and human electrophysiological studies (Kuo et al., 2008; Monte-Silva
et al., 2010; Thirugnanasambandam et al., 2011) can then be accounted for at least

partially by the results of each study. Specifically, the results of our studies suggest that
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global dopamine receptor activation inhibits non-focal facilitatory plasticity probably via
D2 receptor activation, while D1 receptors might be relevant for the stabilization of focal
facilitatory plasticity. The functional implications of these findings for learning and
memory mechanisms have to be explored in future studies. These might be conceptually
analogous to the effects of dopamine on working memory performance. Here, suboptimal
dopamine levels are assumed to reduce the likelihood that a memory trace will be
retained through a delay interval (no plasticity at low doses), whereas excessive
dopamine levels may prevent the updating or replacement of information in current
memory stores (no plasticity at higher doses) (Durstewitz et al., 2000; Cohen et al., 2002;
Gibbs and D'Esposito, 2005). In contrast, an optimal dopamine level may modulate task-
related neural processing to allow for the flexible use of information encoded in working
memory (LTD-like effect under medium dosage of D2 receptor stimulation) (Gibbs and
D'Esposito, 2005) while keeping this information stable for future use (LTP-like effect
under medium dosage of D1 receptor stimulation) (Durstewitz et al., 2000; Seamans and
Yang, 2004).

Some limitations of our studies have to be taken into account: First, in the
majority of animal electrophysiological and cognitive studies, specific D1 receptor
agonists and antagonists were used, whereas we used L-dopa under D2 receptor block to
stimulate D1-like receptors in the first study. There are specific differences in the
pharmacological profile of L-dopa and dopamine agonists that should be considered,
because these might affect the physiological outcomes. Dopamine agonists do not
increase the presynaptic availability of dopamine and are thus not capable of enhancing

phasic dopamine signaling, but rather exert a tonic effect on postsynaptic dopamine
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receptors (Jaber et al., 1996; Breitenstein et al.,, 2006). L-dopa on the other hand,
increases presynaptic dopamine availability and has the potential to mimic the
endogenous dopamine-mediated phasic release observed e.g. during learning (Floel et al.,
2005), where phasic neuronal impulses are required for stimulus salience coding
(Schultz, 2002; Breitenstein et al., 2006). This limitation should apply too when
comparing the result of the second study to other studies, in which L-dopa or dopamine
were administered. Second, plasticity studies in animals are usually conducted in
hippocampal, PFC, and striatal neurons or slices, whereas our study was conducted in the
motor cortex of awake humans. This must be taken in consideration since anatomic
differences in the distribution of dopamine receptors are present between different
cortical regions across species. For instance, D1 receptors in rodent’s PFC are restricted
to layer V (Vincent et al., 1993; Goldman-Rakic et al., 2004),whereas in primates D1
receptors are abundant in layers Il, 11l and V (Lidow et al., 1991). These limitations can
be a challenge for future translational studies exploring specific dopamine receptors
functions. Furthermore, our information on how dopaminergic modulation affects
plasticity in humans is still limited. Studies using TMS or new imaging techniques such
as magnetic resonance spectroscopy, which deliver information about receptor activation,
and transmitter concentration non-invasively, might be suited to clarify this to a larger
extent. To explore the dosage-dependent impact of D1 receptors on plasticity also for de-
activated states, and thus to explore the full range of non-linear dosage-dependent effects,
block of D1 receptors by respective antagonists might be a promising approach.

In conclusion, this project confirmed the findings from animal studies regarding

the dosage-dependent effect of dopamine receptor subtype activation on plasticity. The
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results of these studies also further our understanding of the complex mechanisms
underlying the dopaminergic modulation of plasticity especially in humans and help to
set a foundation with regard to future research concerning dopamine receptor functions.
Future studies should explore the specific physiological mechanisms how dopamine
exerts these effects to a larger extent, and explore the relevance for cognitive and

behavioral processes.
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