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Associative neuroplasticity, which encompasses the modification of synaptic strength by coactivation of two synaptic inputs, has been
linked to learning processes. Because unlimited plasticity destabilizes neuronal networks, homeostatic rules were proposed and exper-
imentally proven that control for the amount and direction of plasticity dependent on background network activity. Accordingly, low
background activity would enhance facilitatory plasticity, whereas high background activity would inhibit it.

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

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

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

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

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

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

Materials and Methods

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

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

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

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

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

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

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

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

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

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

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

PASP(:;W (experiment ) ) 27.487 <0001 Theresults of the ANOVA display signifi-
Time course 9 59721 <0001*  cantmain effects of time and PAS protocol
PAS X time course 18 7.743 <0.001*  because of the fact that PAS induced sig-

tDCS only nificant enhancements of MEP ampli-
tDCS 1 294.420 <0.001*  tudes in all stimulation conditions and
Time course 9 0.885 0568 that these enhancements diminished over
tDCS X time course 9 43447 <0007 " time (Table 1, Fig. 1). The significant in-

Sh"”,"a“‘",g PAS and tDCS (experiments 2, 3) ,  teraction of PAS protocol and time course
?itrlr:r:euclgﬂfs: g Z?Z? zggg}* reflects the fact that prolonged PAS in-
Stimulation X time course 54 14,043 <oqore  duced stronger and longer-lasting excit-

Long-lasting PAS and tDCS (experiment 4) ability enhancements than shorter proto-
Stimulation 1 38.826 0002¢  cols. Whereas 7 min PAS induced an
Time course 9 8.726 <0001* initial increase in the MEP amplitude of
Stimulation X time course 9 8.814 <0.001*  130% of baseline measures, which was di-

Single pulse TMS and tDCS (experiment 5) minished to a 10% increase after a few
Stimulation 1 0.912 038 minutes and went back to baseline 25 min
Time course 9 19.994 <0.001*  after the end of stimulation, 15 and 30 min
Stimulation X time course 9 0.990 0.462

PAS resulted in an MEP amplitude en-

The asterisks mark significant main effects and interactions.

PAS, duration of stimulation (min]
7

114 - 15

A %

MEP amplitude vs baseline

Time course (min)

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

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

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

hancement of ~150% relative to baseline,

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

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

For the tDCS-only condition, the ANOVA reveals a significant
main effect of tDCS and a significant interaction of tDCS X time
course (Table 1). This was caused by polarity-specific MEP in-
creases or reductions observable for ~60 min after the end of
tDCS. Anodal tDCS increased, whereas cathodal tDCS dimin-
ished motor cortex excitability (Fig. 2). As shown by the results of
the ANOVA conducted for all stimulation conditions, the main
effects of stimulation and time course and the respective interac-
tion between these factors were significant (Table 1). When
excitability-enhancing anodal tDCS was applied before PAS, the
resulting excitability enhancement was stronger and longer last-
ing compared with the application of PAS or tDCS alone.
Cathodal tDCS administered before PAS, however, resulted in a
slight diminution of the MEP amplitude after PAS and thus an-
tagonized the effect of PAS alone (Fig. 3a). However, simulta-
neous application of PAS and tDCS resulted in an excitability
diminution in the case of anodal tDCS, whereas simultaneous
cathodal tDCS and PAS induced a prolonged excitability en-
hancement (Fig. 3b). Baseline MEPs were identical in all condi-
tions. Seven minute anodal or cathodal tDCS alone resulted in
motor cortex excitability enhancements and reductions similar
in magnitude to former studies of our group (Nitsche and Paulus,
2001; Nitsche et al., 2003a). However, the respective effects were
longer-lasting, most probably resulting from group specifics, be-
cause substantial interindividual variability of the proneness of
subjects to react to tDCS was documented before (Nitsche and
Paulus, 2001; Nitsche et al., 2003a, 2004a,b).



3810 - J. Neurosci., April 4, 2007 - 27(14):3807-3812

227 1DCS
-~ anodal
& ]
£ 20 -7 cathodal
FARTE
8
2 16
Q
4
£ N—‘\‘\
=
§ 121 ‘f—&‘“
o
w 4 - — —— —— = .
g o éj
0.8+ "_+—'/vf——"‘/'
0.6+ ;

1] 5 10 15 20 25 30 60 90

Time course (min)

Figure 2.  Effect of tDCS alone on motor cortex excitability. Anodal or cathodal tDCS was
administered for 7 min. The time course of baseline-standardized MEP amplitudes elicited by
single-pulse TMS after tDCS is depicted. Anodal tDCS enhanced, whereas cathodal tDCS dimin-
ished, MEP amplitudes for 60 min relative to baseline. Filled symbols indicate significant differ-
ences between baselines and post-tDCS MEPs (paired two-tailed ¢ tests; level of significance,
0.05). Error bars indicate SEM. The dashed line indicates the baseline MEP amplitude.
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Figure 3.  Effect of combined tDCS and PAS on motor cortex excitability. The time course of
baseline-standardized MEP amplitudes elicited by single-pulse TMS after PAS combined with
tDCS (20 PASs; 7 min tDCS) is depicted. A, When tDCS was applied before PAS, combined anodal
tDCS and PAS resulted in an excitability enhancement exceeding in magnitude and duration
than the excitability change elicited by anodal tDCS or PAS alone, whereas cathodal tDCS com-
bined with PAS resulted in a minor excitability reduction that, however, was smaller than the
excitability diminution achieved by cathodal tDCS alone. B, When PAS and tDCS were adminis-
tered simultaneously, anodal tDCS and PAS resulted in a prolonged excitability diminution,
whereas cathodal tDCS applied together with PAS enhanced excitability. Filled symbols indicate
significant deviations of the postintervention MEP amplitudes relative to baseline MEPs, and
asterisks indicate significant differences to tDCS of the same polarity given alone and pound
symbols to PAS alone (paired two-tailed ¢ tests; level of significance, 0.05). Error bars indicate
SEM. The dashed line indicates the baseline MEP amplitude.

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

(experiment 4)

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

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

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

Discussion

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

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

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

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

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

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

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

Together, the results of our study present a new homeostatic
plasticity mechanism, which only applies when associative plas-
ticity is induced during enhanced or reduced background activ-
ity. This kind of homeostatic plasticity thus clearly differs from
other metaplastic mechanisms described so far and sheds light on
the fact that multiple homeostatic mechanisms might exist that
differ because of the kinds of plasticity induced as well as because
of the time course of plasticity induction. Future studies should
focus on the underlying mechanisms of these different kinds of
metaplasticity and explore their functional relevance.
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