
7. Nishino S, Ripley B, Overeem S, Lammers GJ, Mignot E. Hypo-
cretin (orexin) deficiency in human narcolepsy [in process cita-
tion]. Lancet 2000;355:39–40. Letter

8. Peyron C, Faraco J, Rogers W, et al. A mutation in a case of
early onset narcolepsy and a generalized absence of hypocretin
peptides in human narcoleptic brains. Nat Med 2000;6:991–
997.

9. Gencik M, Dahmen N, Wieczorek S, et al. A prepro-orexin gene
polymorphism is associated with narcolepsy. Neurology 2000;
56:115–117.

10. Palsson B, Palsson F, Perlin M, Gudbjartsson H, Stefansson
K, Gulcher J. Using quality measures to facilitate allele call-
ing in high-throughput genotyping. Genome Res 1999;9:1002–
1012.

Sustained excitability
elevations induced by

transcranial DC motor
cortex stimulation in

humans

Article abstract—The authors show that in the human transcranial direct
current stimulation is able to induce sustained cortical excitability elevations.
As revealed by transcranial magnetic stimulation, motor cortical excitability
increased approximately 150% above baseline for up to 90 minutes after the
end of stimulation. The feasibility of inducing long-lasting excitability modu-
lations in a noninvasive, painless, and reversible way makes this technique a
potentially valuable tool in neuroplasticity modulation.
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Long-lasting cortical excitability elevations as re-
vealed by transcranial magnetic stimulation (TMS)
are increasingly being used as index of functional
changes in the human motor cortex. So far, those
changes have been induced in humans by removing
GABAergic motor cortex inhibition by transient deaf-
ferentation,1 paired peripheral nerve stimulation
and TMS,2 and motor learning.3

Here we show that long-lasting excitability eleva-
tions can be induced in the human motor cortex by
weak continuous transcranial direct current stimula-
tion (tDCS). In animals, anodal cortical stimulation
of 5 to 30 minutes in duration caused excitability
elevations lasting for hours after the end of stimula-
tion,4 which were protein synthesis dependent5 and
accompanied by an increase in cyclic AMP levels.6 In
a recent study,7 we showed that by using anodal
tDCS with a maximum stimulation duration of 5
minutes in the human, a motor cortical excitability
elevation is induced that outlasts the end of stimula-
tion for minutes and that the endurance of this effect
is dependent on stimulation intensity and duration.
The aim of this study was to investigate if it was
possible to induce prolonged changes through a fur-
ther prolongation of tDCS.

Methods. Current stimulation of motor cortex. Current
(1 mA) was induced through saline-soaked sponge elec-
trodes (surface 35 cm2), the anode positioned above the
motor cortical representational field of the right abductor

minimi muscle (ADM), as revealed by TMS. The cathode
was placed above the contralateral orbita. It was delivered
by a specially developed, battery-driven constant-current
stimulator. Constant-current flow was controlled by a volt-
meter. tDCS was delivered from 5 to 13 minutes in
2-minute steps in separate sessions. The current intensity
and duration we used did not exceed safety limits stated.8

Also, the results of animal studies indicate solely func-
tional cerebral changes following even longer and more
intense DCS.6 For safety reasons, concentrations of
serumneuron-specific enolase (sNSE), a sensitive marker
of neuronal damage, were measured in five subjects before,
immediately after, and 1 hour after the end of 13-minute
anodal tDCS.

Measurement of motor system excitability. To detect
current-driven changes of excitability, motor-evoked poten-
tials (MEP) of the right ADM following TMS of its motor
cortical representational field were recorded. Magstim
Rapid-Stimulators (Magstim, Dyfed, UK) and a figure-of-
eight coil were used for the magnetic stimulation. The coil
was held tangentially to the skull with the handle pointing
backward and laterally at a 45° angle to the sagittal plane.
Stimulation intensity was adjusted to achieve a baseline
MEP of about 1 mV. Additionally, in two subjects, motor
cortex excitability was measured by transcranial electric
stimulation (TES), with the anode placed above the repre-
sentational field of the ADM and the cathode above the
vertex. The MEP of the ADM were recorded by use of
Ag-AgCl electrodes in a belly-tendon montage and a labo-
ratory computer, using the Neuroscan system (Neuroscan,
Herndon, VA).

Subjects. Twelve healthy subjects (five women, mean
age 24.5 years) participated. All gave written informed
consent. Those who were ill, pregnant, or drug abusers or
had metallic implants/implanted electric devices were ex-
cluded by an interview and a short physical examination.
The local ethics committee approved the experiments, and
we adhered to the standards set by the Declaration of
Helsinki.
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Experimental procedures. Subjects were placed in a re-
clining chair, and then the motor cortical representational
field of the right ADM was identified using TMS (coil posi-
tion leading to the largest MEP amplitude) and marked
with a pen. tDCS electrodes were placed, and 20 baseline
MEP of the ADM were recorded by TMS (frequency during
the whole experiment 0.25 Hz). tDCS was then performed.
After the end of tDCS, MEP were recorded to cover the
time course of excitability changes every 5 minutes for 1
minute in the first hour and afterward for 1 minute every
half hour (15 MEP). A repeated measurement design was
performed: Each subject participated in all tDCS condi-
tions (stimulation duration from 5 to 13 minutes). The
order of application of the different tDCS conditions was
randomized. Between each session, a free interval of 1
week was obligatory.

Two subjects participated in the TES experiment. A
randomized series of 20 each of TMS and TES stimuli

(frequency 0.25 Hz) was applied before and after 13 min-
utes of tDCS.

Calculations and statistics. MEP size determination
(peak-to-peak amplitude) was carried out automatically by
a self-designed computer program. The mean value was
calculated for each measured timepoint. MEP amplitude
means after tDCS were normalized; they are given as a
post-/pre-tDCS (baseline) quotient. Analyses of variance
(ANOVA; independent variable: time course after tDCS,
dependent variable: MEP amplitude) were calculated for
each tDCS condition, and post hoc tests (Fisher’s protected
least significant difference, level of significance 0.05)
were performed to compare the baseline MEP amplitudes
before current stimulation with those afterward. SNSE
values before and after tDCS were compared by Student’s
t-tests (paired samples, two tailed, level of significance
0.05).

Results. All conditions led to post-tDCS increases of
TMS-elicited MEP amplitudes. We elicited current-driven
MEP amplitude elevations, which lasted up to 90 minutes
after the end of tDCS, as shown in figure 1 and by the
results of the ANOVA (table) and the post hoc tests. Here,
the time course of the tDCS after-effect is stimulation du-
ration dependent: Whereas 5- and 7-minute tDCS resulted
in after-effects lasting for no longer than 5 minutes, tDCS
from 9 to 13 minutes resulted in elevations of MEP ampli-
tudes from 30 (9-minute tDCS) to 90 (13-minute tDCS)
minutes. These elevations are in the range of about 150%
above baseline values. However, a certain interindividual
variability of effect size was noticed (figure 2). For the
longer tDCS, MEP show no linear decrease for a relatively
long time but are fairly stable before returning to baseline
levels. Regarding the TES experiment, TES-elicited MEP
amplitudes did not rise following tDCS (means: 819 �V
before, 753 �V after tDCS), whereas TMS-elicited MEP

Figure 1. After-effects of anodal transcranial direct current stimulation (tDCS) on motor cortical excitability. Time course
of poststimulation motor cortex excitability changes is shown after 5 to 13 minutes of tDCS with 1 mA. Note that after 5-
and 7-minute stimulation, the motor-evoked potential (MEP) amplitudes return to baseline within the first minutes after
stimulation, whereas 9 to13 minutes of stimulation results in after-effects remaining for a maximum duration of 1.5
hours after the end of stimulation. Symbols indicate tDCS duration: circles 	 5 minutes, diamonds 	 7 minutes,
upward-pointing triangles 	 9 minutes, downward-pointing triangles 	 11 minutes, squares 	 13 minutes. Filled sym-
bols indicate significant differences between MEP amplitudes after stimulation and baseline (Fisher’s protected least sig-
nificant difference post hoc test). Standard errors are not shown for the sake of clarity; mean of standard error is 0.063
(minimum 0.045, maximum 0.075).

Table Results of analyses of variance regarding time course of
tDCS-driven motor cortex excitability elevations

tDCS duration,
min df F value p Value

5 4 8.253 0.0001*

7 7 6.008 0.0001*

9 13 4.217 0.0001*

11 13 1.690 0.0680

13 16 3.102 0.0001*

Time course served as independent and motor-evoked potential
as dependent variables.

* Significant results, with level of significance set at p 	 0.05.

tDCS 	 transcranial direct current stimulation.
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amplitudes did in the same experimental session (means:
1,164 �V before, 1,685 �V after tDCS). SNSE concentra-
tions did not change after 13-minute tDCS (pre value: 8.3
ng/mL; immediately after tDCS: 8.1 ng/mL; 1 hour after
tDCS: 8.5 ng/mL; t-tests: NS).

Discussion. Here we show for the first time that
weak tDCS is capable of inducing tDCS duration-
dependent, long-lasting cerebral excitability eleva-
tions in the human. Those changes are localized

most probably in the motor cortex: TMS-elicited
MEP rose after tDCS; in contrast, TES-elicited MEP
remained stable. Most studies suggest that TMS
mainly excites intracortical neurons, whereas TES
stimulates the corticospinal tract. Similar changes
have been shown to be involved in functional
changes of human motor cortex.1-3 Although the
mode of action of tDCS is largely unknown so far, it
possibly induces an activation of voltage-gated pre-
and postsynaptic sodium and calcium channels by
subthreshold depolarization. This could result in an
increased presynaptic release of excitatory transmit-
ters, on the one hand, and in an increased postsyn-
aptic calcium influx, on the other. The latter is
known as a necessary precondition for inducing long-
lasting changes in synaptic efficacy.9 tDCS offers the
possibility of inducing lasting cortical excitability el-
evations in the intact human in a noninvasive, pain-
less, and reversible way. Furthermore, its time
course can be controlled by tDCS duration. Regard-
ing animal data and our own results on sNSE con-
centrations, so far there is no hint that tDCS is
harmful. This technique may open a new field in
clinical neuroplasticity modulation. For example,
tDCS could be effective in neuronal reorganization
processes, as shown in the animal.10
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Figure 2. Intraindividual motor cortical excitability
changes after transcranial direct current stimulation
(tDCS). Individual excitability elevations after 7 (a), 9 (b),
and 13 (c) minutes of tDCS are depicted. Each symbol rep-
resents motor-evoked potential (MEP) values of one sub-
ject. MEP amplitudes are normalized to baseline values
individually.
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