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Abstract The aim of the present paper is to study eVects
of short and long duration transcranial direct current stimu-
lation (tDCS) on the human motor cortex. In eight normal
volunteers, motor evoked potentials (MEPs) induced by
transcranial magnetic stimulation (TMS) were recorded
from the right Wrst dorsal interosseous muscle, and tDCS
was given with electrodes over the left primary motor cor-
tex (M1) and the contralateral orbit. We performed two
experiments: one for short duration tDCS (100 ms, 1, 3 or
5 mA) and the other for long duration tDCS (10 min,
1 mA). The stimulus onset asynchrony (SOA) between the
onset of tDCS and TMS were 1–7 and 10–120 ms for the
former experiment. In the latter experiment, TMS was
given 0–20 min after the end of 10 min tDCS. We evalu-
ated the eVect of tDCS on the motor cortex by comparing
MEPs conditioned by tDCS with control MEPs. Cathodal
short duration tDCS signiWcantly reduced the size of
responses to motor cortical stimulation at SOAs of 1–7 ms
when the intensity was equal to or greater than 3 mA.
Anodal short duration tDCS signiWcantly increased MEPs
when the intensity was 3 mA, but the enhancement did not

occur when using 5 mA conditioning stimulus. Moreover,
both anodal and cathodal short duration tDCS decreased
responses to TMS signiWcantly at SOAs of 20–50 ms and
enhanced them at an SOA of 90 ms. Long duration cathodal
tDCS decreased MEPs at 0 and 5 min after the oVset of
tDCS and anodal long duration tDCS increased them at 1
and 15 min. We conclude that the eVect at SOAs less than
10 ms is mainly caused by acute changes in resting mem-
brane potential induced by tDCS. The eVect at SOAs of 20–
100 ms is considered to be a nonspeciWc eVect of a startle-
like response produced by activation of skin sensation at
the scalp. The eVect provoked by long duration tDCS may
be short-term potentiation or depression like eVects.

Keywords Transcranial direct current stimulation (tDCS) · 
Transcranial magnetic stimulation (TMS) · Motor cortex

Introduction

Many studies using tDCS have been performed since Priori
et al. (1998) reported the functional eVects of very weak
transcranial direct current stimulation (tDCS) on the human
motor cortex. Nitsche et al. have extensively studied lasting
excitability changes induced by transcranial direct current
stimulation (tDCS) over several areas of the cerebral cor-
tex, such as the motor cortex, somatosensory cortex, pre-
frontal cortex and the occipital cortex (Nitsche and Paulus
2000; Baudewig et al. 2001; Antal et al. 2001; Kincses
et al. 2003; Lang et al. 2004; Matsunaga et al. 2004; Fregni
et al. 2005; Dieckhöfer et al. 2006). In general, a weak
anodal tDCS of long duration induces long lasting facilita-
tory eVects whereas cathodal tDCS causes inhibitory
eVects. The outcome also depends on the intensity and
duration of tDCS (Nitsche and Paulus 2000, 2001; Nitsche
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et al. 2003b). The idea of these experiments was based on
results in animal studies (Bindman et al. 1964, 1979; Pur-
pura and McMurtry 1965), normal human subjects (Lippold
and Redfearn 1964; SheYeld and Mowbray 1968; Hall
et al. 1970) and psychiatric patients with depression or
schizophrenia (Lifshitz and Harper 1968; Costain et al.
1964; Carney 1969; Arfai et al. 1970; Lolas 1977). These
historical backgrounds have been summarized and
described by Priori (2003) in a recent review.

Several basic mechanisms for the eVects have been pro-
posed. Anodal stimulation depolarizes the resting mem-
brane potential of neurons while a cathodal stimulus elicits
hyperpolarization. Both will alter spontaneous discharge
rates and hence may change synaptic strength (Bindman
et al. 1964; Purpura and McMurtry 1965). Liebetanz et al.
(2002) suggested that lasting excitability changes, whether
facilitatory or inhibitory, were produced by NMDA recep-
tor activation. They also concluded that an alteration of the
resting membrane potential plays a crucial role in triggering
the DC-induced after eVects (Liebetanz et al. 2002). On the
other hand, Ardolino et al. (2005) claimed that these eVects,
at least for cathodal stimulation, have a non-synaptic mech-
anism of action based upon changes in neural membrane
function. As mentioned above, the mechanisms remain to
be elucidated. Most previous studies have investigated the
relatively long lasting after-eVects. Here we have studied
some acute eVects after short duration tDCS, and have com-
pared them with the eVects after long duration tDCS.

Subjects

Subjects were eight normal Japanese volunteers (7 male, 1
female), aged 29–50 years. They had no previous history of
any neurological or psychiatric disorders. None of the sub-
jects received acute or chronic medications during the exper-
iments. They all participated in the main part of experiment
1. Three of them participated also in the brainstem electrical
stimulation (BES) and occipital stimulation (Occ) experi-
ments. Six subjects participated in the main part of experi-
ment 2, and four of them in Occ experiment. All of them had
given their written informed consent to take part in the exper-
iments. The procedures described here were approved by the
Ethics Committee of the University of Tokyo.

Methods

Transcranial magnetic stimulation (TMS)

In order to evaluate motor cortical excitability changes
induced by tDCS, transcranial magnetic stimulation (TMS)
was given with a Wgure of eight shaped coil connected with

a Magstim 200 magnetic stimulator (Magstim Company).
Anteromedially directed currents were induced in the brain
to activate the left hand motor area. Motor evoked poten-
tials (MEPs) were recorded from the right Wrst dorsal inter-
osseous muscle (FDI) with a pair of surface cup electrodes
with a belly-tendon montage. Signals were ampliWed with
Wlters set at 100 and 3 kHz and recorded by a computer
(signal processor DP-1200, GE Marquette Medical Sys-
tems) for the later oV-line analysis. The intensity was
adjusted to elicit a response of 0.2–0.4 mV in the relaxed
FDI in each subject. This intensity corresponded to 1.2–1.3
times the resting motor threshold. Although the intensity
might be smaller than that used by other investigators, we
have shown that the strength was optimal to induce many
suppression eVects and did not mask inhibition, such as cer-
ebellar suppression (Ugawa et al. 1995), short interval
intracortical inhibition (Hanajima et al. 1998), transcallosal
inhibition (Hanajima et al. 2001) or loud sound cortical
suppression (Furubayashi et al. 2000). We Wxed these
intensities throughout the experiments.

Brainstem electrical stimulation (BES)

Three subjects participated in this experiment. BES was
performed with a high voltage electric stimulator (Digiti-
mer D180A stimulator). Cup electrodes were Wxed at the
posterior edges of the bilateral mastoid processes. The
anode was on the left side and the cathode on the right.
Subjects maintained the right FDI at rest. The stimulus
intensity was carefully adjusted to elicit a control response
with similar amplitude to that of cortical control responses
in each subject.

Transcranial direct current stimulation (tDCS)

Transcranial direct current stimulation (tDCS) was applied
to the left hand motor area at a current strength of 1, 3 and
5 mA with large electrodes similar to those used in the pre-
vious studies (Nitsche and Paulus 2000). Direct current was
given with a pair of rectangular metallic electrodes soaked
with gel (50 £ 30 mm) connected to a constant direct cur-
rent stimulator (electric stimulator 3F46, NEC San-Ei
Instruments, Ltd) approved for using in humans by the
Ministry of Health, Labor and Welfare of Japan. To
exclude some distortion of an electrical Weld elicited by
TMS when using a large metal electrode, we compared the
thresholds of TMS over M1 between conditions with and
without metal electrodes using a paired Student’s t-test.
Their means were 41.5% (§12.3) of the maximum stimula-
tor output in the condition with electrodes and 39.8%
(§11.1) without electrodes, and they did not diVer signiW-
cantly. For cathodal tDCS, the cathode was placed over the
left hand motor area for FDI and the anode over the orbit,
123



Exp Brain Res (2008) 185:279–286 281
and for anodal tDCS, they were reversed. For all kinds of
experiments, we studied eVects of anodal tDCS and cath-
odal tDCS. In addition, to exclude some nonspeciWc eVects,
tDCS (3 mA in experiment 1 and 1 mA in experiment 2)
was given over the occipital area (10 cm posterior from Cz)
and the right orbit in a part of experiments.

All subjects felt a slight tingling sensation during tDCS,
but neither pain nor discomfort was evoked except a short
duration pain at the onset and oVset of strong tDCS.

Experimental procedures

We did two experiments. The Wrst one was to study the
acute eVect of short duration tDCS. The second experiment
was performed to conWrm the previously reported lasting
eVects after tDCS for 10 min. Before the main experiments,
we identiWed the left hand motor area for FDI using single
pulse TMS in each subject. Subjects comfortably sat on a
reclining chair with their arms supported. During the exper-
iments subjects maintained the target muscle at rest using
an audiovisual feedback of EMG discharges. A session in
which any EMGs due to unintentional contraction were
recorded was discarded in the analysis.

Experiment 1

In this experiment, we studied acute eVects of 100 ms tDCS
on the motor cortex. We used a randomized conditioning-
test paradigm. The conditioning stimulus was 100 ms
tDCS, and the test stimulus was TMS or BES. The interval
between the conditioning and test stimuli was deWned as a
stimulus onset asynchrony (SOA). The SOA means the
interval between the onsets of tDCS and TMS or BES.
Conditioned trials in which the conditioning stimulus was
given prior to the test stimulus at diVerent SOAs were ran-
domly intermixed with control trials in which the test stim-
ulus was given alone. SOAs for TMS were 1, 2, 3, 5 and
7 ms, and 10–120 ms in steps of 10 ms. One session con-
sisted of seven conditions including a control condition.
For one mode of tDCS (same intensity and polarity), we
performed at least three sessions to make a whole time
course of the eVect. Each condition consisted of ten trials.
Intertrial intervals were randomly set at 10 § 2 s by the
computer. The eVects at SOAs of 1–7 ms were studied
using 100 ms tDCS at an intensity of 1, 3 and 5 mA. EVects
at SOAs of 10 to 120 ms were studied by using 100 ms
tDCS at an intensity of 3 mA. In the former eVects, BES
was also applied to see whether MEP size changes by tDCS
reXected the cortical excitability changes. Because the
deepest suppression was evoked at an SOA of 3 ms (see
“Results”), we tried to evaluate spinal excitability using
BES at that timing. SOAs between tDCS and BES were set
at 6, 7, 8, 9 and 10 ms using 100 ms anodal tDCS at an

intensity of 3 mA and cathodal tDCS at 5 mA. Those SOAs
were used to compare their eVects with that on cortical
MEPs at a SOA of 3 ms to compensate the latency diVer-
ence between MEPs to motor cortical stimulation and BES.
Ugawa et al. (1991, 1994) reported that the latency diVer-
ence between responses to TMS and BES in active FDI was
about 3–4 ms, and about 5 ms in relaxed condition. There-
fore, it was considered that the SOA of 8 ms in BES corre-
sponded to the SOA of 3 ms in TMS experiments. The
anodal and cathodal stimulation were also intermixed ran-
domly using a special device to reverse the polarity of
tDCS. We measured the sizes of individual responses in all
subjects. The time course of the eVect was plotted with
SOAs on the abscissa and size ratios of the average condi-
tioned response to that of the control response on the ordi-
nate.

To exclude nonspeciWc eVects, we also studied eVects of
tDCS over the occipital cortex (Occ) on MEPs. For this
tDCS, one electrode was placed over an occipital area
(10 cm posterior to CZ), and the other over the right orbit.
In this experiment, the intensity was Wxed at 3 mA and
SOAs were the same as the latter part (SOAs of 10–120 ms
with 100 ms tDCS) because we got a signiWcant eVect on
MEP by tDCS over M1 with this intensity (see “Results”).
In this experiment, anodal and cathodal stimulations were
intermixed randomly in the same session.

Experiment 2

In this experiment, we compared lasting eVects elicited by
anodal and cathodal tDCSs for 10 min. The electrodes were
placed over the same positions as in experiment 1 and cur-
rents were given for 10 min continuously. The intensity
was Wxed at 1 mA. In the present experiment, we could not
induce the same long lasting eVect as those in previous
papers (see “Reults”). To elicit a long-term eVect seen in
previous papers, we may have used higher intensity stimu-
lation as was used in the experiment 1 because such inten-
sity stimulation may elicit a long lasing eVect. However,
because no reports have used 3 mA or higher intensity
stimulation for 10 min, the ethical committee did not
approve us to give higher intensity stimuli in long duration
tDCS. MEPs were recorded 0, 1, 3, 5, 10, 15 and 20 min
after the oVset of tDCS. MEPs at each interval were com-
pared with control MEPs which were recorded before
tDCS. At each interval after tDCS, Wve MEPs were
recorded, and twenty MEPs before tDCS. The order of two
polarities of tDCS was counterbalanced among the sub-
jects. To exclude some non-speciWc eVects, we also studied
lasting eVects of tDCS over the occipital cortex. For this
tDCS, procedures were the same as those described above
except that electrodes were placed over occipital area and
the right orbit.
123



282 Exp Brain Res (2008) 185:279–286
In all experiments, they were separated from the preceding
experiment by more than one week in the same subject.

Data analysis

We performed statistical comparisons using the pooled data
from all subjects. The amplitude of MEPs was expressed
with a ratio of the conditioned response size to the control
response size (size ratio) for each individual. For all data,
the normality and homogeneity were evaluated by the Kol-
mogorov–Smirnov test and Levene’s test. Because they
proved the normality and homogeneity of our data, we used
the following processes.

In the former part of the Wrst experiment (SOA = 1–
7 ms), three factorial repeated measurements ANOVA was
used to assess the eVect of the polarity, intensity of tDCS
and the SOA on the size of MEPs. Then post hoc compari-
sons were performed with Fisher’s PLSD. For the latter
part of the Wrst experiment and the second experiment, two
factorial repeated measurements ANOVA (SOA and mode
of tDCS) was used for comparisons. Fisher’s PLSD was
used in post hoc analysis. In order to conWrm that the same
sized control responses were used in all experiments, con-
trol MEPs were compared among diVerent experimental
conditions with the one factor ANOVA.

In all statistical analyses, the statistical signiWcant level
was set at P < 0.05.

Results

No side eVects of stimulation were noted in any individuals.
In all experimental conditions, control MEPs were care-

fully controlled. They were not signiWcantly diVerent in
size among diVerent experimental conditions [Experiment 1
(intervals shorter than 10 ms); 1 mA(+) = 0.32 § 0.12 mV ,
1 mA(¡) = 0.32 § 0.11 mV, 3 mA(+) = 0.30 § 0.12 mV,
3 mA(¡) = 0.35 § 0.09 mV, 5 mA(+) = 0.34 § 0.13 mV ,
5 mA(¡) = 0.41 § 0.15 mV, Experiment 1 (SOA of 10 to
120 ms to M1); (+) = 0.37 § 0.21 mV, (¡) = 0.36 § 0.14 mV,
(SOA of 10to 120 ms for Occ); (+) = 0.36 § 0.07
(¡) = 0.42 § 0.04, Experiment 2 (M1); (+) = 0.3 § 0.11 mV,
(¡) = 0.4 § 0.18 mV, (Occ); (+) = 0.27 § 0.04, (¡) = 0.26 §
0.07, F = 0.733, P = 0.725]. It indicates that we investi-
gated eVects on similar sized MEPs in all experiments.

Experiment 1

EVects at intervals shorter than 10 ms

Figure 1 shows mean (§SD) size ratios at SOAs of
1–7 ms. The abscissa indicates the SOA, and the ordinate
the size ratio. Three factors (polarity, intensity and SOA)
ANOVA revealed that the polarity had a signiWcant eVect
(F = 9.445, P < 0.01) on the size ratio whereas neither
the intensity nor SOA had a signiWcant eVect (intensity;

Fig. 1 Mean (§SD) time courses of eVects of 100 ms tDCS on MEPs
to TMS at short intervals (a). Cathodal stimulation on the motor cortex
[M1 (¡)] at an intensity of 3 or 5 mA decreased MEPs whereas M 1(¡)
stimuli at 1 mA had no inXuence on MEPs. Anodal stimulation [M1
(+)] at an intensity of 3 mA increased MEP at stimulus onset asynchro-

nies (SOAs) of 3 and 5 ms whereas other intensities had no signiWcant
eVects on MEPs. Doted lines show control response size. (P < 0.05, #:
anodal stimulation, *: cathodal stimulation). The time courses of
eVects of the tDCS on MEPs to BES (b). MEP did not change at any
SOAs when anodal stimulation at 3 mA or cathodal at 5 mA was given
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F = 1.768, P = 0.183, SOA; F = 1.507, P = 0.189). A sig-
niWcant interaction was seen between polarity and inten-
sity (F = 6.335, P < 0.001) even though no interaction
was seen between other pairs of any factors (SOA and
intensity; F = 1.647, P = 0.095, SOA and polarity;
F = 1.451, P = 0.207). The three factors interaction was
signiWcant (F = 2.379, P < 0.05). Post hoc analysis
showed that the MEP size ratios during cathodal stimula-
tion were signiWcantly smaller than those during anodal
stimulation if the intensity was equal to or exceeded 3 mA
(3 mA; P < 0.01, 5 mA; P < 0.05). In the case of cathodal
tDCS at 3 mA, MEPs were signiWcantly smaller than the
control at SOAs of 1, 5 and 7 ms, and in the case of cath-
odal tDCS at 5 mA they were smaller than the control at
SOAs of 2, 3, and 7 ms (P < 0.05). On the other hand, in
the case of anodal tDCS at 3 mA, MEPs were signiWcantly
larger than the control at SOA of 3 and 5 ms. However,
the anodal tDCS at 5 mA did not aVect MEPs at any
SOAs.

Figure 1b shows mean (§SD) size ratios of MEPs to
BES at SOA of 6–10 ms. Two factors (polarity and SOA)
ANOVA revealed that neither the polarity nor SOA had a
signiWcant eVect (polarity; F = 0.921, P = 0.438, SOA;
F = 3.039, P = 0.063). A signiWcant interaction was not
seen between these factors (F = 0.571, P = 0.722). In either
case of anodal tDCS at 3 mA or cathodal at 5 mA, MEPs
did not signiWcantly diVer from the control MEP at any
SOAs.

EVects at SOAs 10–120 ms

Figure 2a shows MEP size ratios at SOAs of 10–120 ms
when 3 mA, 100 ms tDCS was given. MEPs were similarly
modulated through the whole SOAs in anodal and cathodal
stimulations. The two factors ANOVA (polarity and SOA)
revealed a signiWcant eVect of SOA (F = 7.89, P < 0.001)
on the size ratio, but polarity had no signiWcant eVect on it
(F = 0.296, P = 0.599). There was no signiWcant interaction
between the SOA and polarity (F = 1.32, P = 0.216). MEPs
were signiWcantly smaller than the control at SOAs of 20,
40 and 50 ms during anodal stimulation and at SOAs of 30
and 40 ms during cathodal tDCS (P < 0.05). MEPs tended
to be larger at SOAs of 80–100 ms during tDCS of both
polarities.

Figure 2b shows mean time courses during and after
tDCS over the Occ. Two factors ANOVA revealed a sig-
niWcant eVect of the SOA (F = 3.84, P < 0.001), but polar-
ity had no eVects (F = 3.35, P = 0.104). There was no
signiWcant interaction between the SOA and polarity
(F = 0.873, P = 0.576). MEP size ratios were signiWcantly
smaller than the control at SOAs of 40–60 ms during
anodal stimulation and at SOAs of 20, 40, 50, 60, 70 and
80 ms during cathodal tDCS (P < 0.05).

Experiment 2

Figure 3 shows mean (§SD) size ratios after 10 min cath-
odal and anodal tDCS over the hand motor area. Two fac-
tors ANOVA (polarity and SOA) revealed a signiWcant
eVect of polarity (F = 8.54, P < 0.05) but no eVects of SOA
(F = 1.03, P = 0.264). There was signiWcant interaction
between the SOA and polarity (F = 2.29, P < 0.05). Post
hoc analysis showed that the MEP size ratios after cathodal
stimulation were signiWcantly smaller than those after
anodal stimulation (P < 0.05). Cathodal tDCS decreased
MEPs just after to 5 min after tDCS (0 min P < 0.01, 5 min
P < 0.05). In contrast, anodal tDCS increased MEPs at 1
and 15 min (1 min P < 0.05, 15 min P < 0.01) after tDCS.

Figure 4 shows mean (§SD) size ratios after 10 min
cathodal and anodal tDCS over the Occ. Two factors
ANOVA revealed that neither polarity (F = 2.34, P = 0.22)
nor SOA (F = 1.11, P = 0.39) had a signiWcant eVect on the

Fig. 2 Mean (§SD) time courses of eVects on MEPs at stimulus onset
asynchronies (SOAs) of 10–120 ms during 100 ms tDCS at 3 mA. (a)
tDC stimulation was given with electrodes over the left M1 and right
orbit. MEPs were similarly aVected by tDCSs of both polarities. MEPs
were suppressed at SOAs of 20–50 ms. (b) tDC stimulation between
the occipital area (Occ) and right orbit. Cathodal and anodal tDCS over
the OCC suppressed MEPs at SOA of 20–80 ms. (P < 0.05, #: anodal
stimulation, *: cathodal stimulation)
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size ratio. There was no signiWcant interaction between the
SOA and polarity (F = 1.02, P < 0.44).

Discussion

Our present results can be summarized as follows. Just after
the onset of tDCS (SOAs from 1–7 ms), MEPs to TMS
were suppressed by cathodal stimulation if the intensity
was equal to or exceeded 3 mA, and enhanced by anodal
stimulation when the intensity was 3 mA. However, tDCS
did not change MEPs to BES at SOAs from 6 to 10 ms.
MEPs were suppressed at SOAs of 20–50 ms, and facili-

tated at SOAs of 80–100 ms for both anodal and cathodal
tDCSs if the intensity was high. Also in a similar manner to
previous studies of Nitsche et al. (Nitsche and Paulus 2000,
2001; Nitsche et al. 2003b), MEPs were suppressed after
long-duration cathodal tDCS (10 min) and facilitated after
long-duration anodal stimulation.

Hereafter we discuss the mechanism for the eVect at
each of three groups of the intervals after tDCS separately.

EVects at intervals shorter than 10 ms

The fact that the immediate eVect was elicited on MEPs to
TMS but not elicited on MEPs to BES indicates that it is a
cortical event. Similar eVect during tDCS has been reported
by Nitsche and Paulus (2000). They showed motor cortical
excitability changes during tDCS for 4 s.

Two possible mechanisms have been proposed to
explain the after-eVects of DC stimulation on the brain;
one is a change in resting membrane potential (hyperpo-
larization or depolarization), the other is a change in syn-
aptic eYcacy. In the former hypothesis, cathodal
stimulation is thought to cause hyperpolarization of the
resting membrane potential, while anodal stimulation
leads to depolarization (Bindman et al. 1964; Purpura and
McMurtry 1965; Nitsche and Paulus 2001; Nitsche et al.
2003a, b). In addition, Ardolino et al. (2005) recently
demonstrated that cathodal tDCS for 10 min over the
motor cortex decreased both MEPs to TMS at rest and
MEPs to transcranial electrical stimulation (TES) during
slight voluntary contraction, in association with increased
motor threshold. They concluded that tDCS did not aVect
synaptic mechanisms but had an inXuence through a rest-
ing neural membrane function. On the other hand, the
after–eVects following long-lasting tDCS may involve at
least partially synaptic mechanisms as suggested by the
pharmacological study (Nitsche et al. 2003a). We have no
Wrm conclusion about the mechanisms for the long-term
eVect after tDCS.

In contrast, the mechanisms for the immediate or ini-
tial eVects of tDCS may be explained by the membrane
potential changes. Our current results of anodal and cath-
odal stimulation are consistent with this idea. The rapid-
ness of the eVect is also against some mechanism
mediated by synaptic eYcacy changes because they
should not occur at such short intervals as 10 ms or
shorter. The intensity needed to evoke this immediate
eVect was 3 mA or more, which was stronger than that
required for the long-term eVect (1 mA, see below). This
may be compatible with the idea of changes in the resting
membrane potentials.

Which neurons or their membrane potentials are aVected
by tDCS? One is superWcial facilitatory or inhibitory inter-
neurons in the cerebral cortex. Another is neuron at the

Fig. 3 Mean (§SD) time courses of after eVects of 1 mA tDCS over
the hand motor area for 10 min. Zero minute indicates the oVset of
tDCS. Circles and dots show anodal and cathodal tDCS, respectively.
MEPs tended to be suppressed by cathodal tDCS and facilitated by an-
odal tDCS. Those were signiWcantly inhibited at 0 and 5 min and facil-
itated at 1 and 15 min after the end of tDCS (P < 0.05, #: anodal
stimulation, *: cathodal stimulation)

Fig. 4 Mean (§SD) time courses of eVects of 1 mA tDCS over the
occipital area for 10 min. Circles and dots show anodal and cathodal
tDCS, respectively. No signiWcant changes were seen
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deeper cortical layers. The deeper layer cells may be
aVected by higher intensity (5 mA) stimulation as com-
pared with weaker stimulation in long-term eVects. This
diVerence in threshold between neurons at diVerent layers
may explain some parts of our results. However, we have
no good explanation for the Wnding that the facilitatory
eVects were gone when using anodal stimulation at 5 mA.
One possible explanation may be based on the idea that
deeper structures must be activated by higher intensity
stimulation. The stimulation at 5 mA may activate some
deeper cells as well as superWcial internerons. This addi-
tional activation of deeper neurons may cancel out the facil-
itatory eVects.

EVects at longer intervals in 100 ms tDCS

After the early eVects, both anodal and cathodal stimulation
evoked the same pattern of MEP modulation; MEP sup-
pression at 20–50 ms and enhancement at 80–100 ms.
These time courses are very similar to those provoked by a
loud acoustic stimulus (100 ms duration, 110 dB intensity)
(Furubayashi et al. 2000). Similar patterns of modulation
have also been induced by non-speciWc stimuli such as pain
(Valeriani et al. 1999). In our study, low stimulus intensity
(1 mA) did not evoke any suppression (not shown). At an
intensity of 3 mA in the present study, the subjects felt pain
or saw phosphenes, while 1 mA tDCS did not produce such
sensations. These suggest that the suppression was not
caused by the stimulus itself but some perception of pain or
phosphene. In addition, we performed an experiment of
tDCS on the occipital cortex instead of the motor cortex, in
order to investigate whether the eVect of interest is non-spe-
ciWc or not. A similar time course of modulation was
evoked even by the occipital stimulation. The observation
that the present eVect did not depend on the polarity of the
conditioning stimulus and provoked by occipital stimula-
tion also supports a non-speciWc eVect. Such stimuli sup-
press the human motor cortex at 30–50 ms intervals and
enhance the spinal cord at 80–100 ms. Thus, we suggest
that the modulation of MEPs at SOAs of 20–100 ms is due
to non-speciWc eVects on the motor cortex and spinal cord
produced by a novel stimulus.

EVects of 10 min tDCS

Previous studies have shown that the long lasting eVects
depend on the polarity of tDCS. The anodal tDCS elicited
LTP-like eVects, and the cathodal tDCS LTD-like eVects.
Our present results are consistent with these previous Wnd-
ings. The Wnding that no lasting eVects were evoked by
occipital stimulation also supports the notion that the last-
ing eVect is not a nonspeciWc eVect. One inconsistent point
of the present result among these studies is the duration of

the eVects. In previous results, the eVects lasted longer than
30 min after 9 min tDCS (Nitsche and Paulus 2001; Nitsche
et al.  2003b). However, in our experiments, motor cortical
suppression lasted only for a few minutes after the end of
tDCS at an intensity of 1 mA. This short duration of sup-
pression is very similar to the eVect induced by weak tDCS
of short duration (for 4 or 5 min at 1 mA) in other papers
(Nitsche and Paulus 2000). One possible explanation for
this discrepancy is that we studied the long duration tDCS
in a small number of subjects. Another possibility is the
anatomical diVerence between Japanese and European sub-
jects. The threshold for MEPs to TMS may be higher in
Japanese than in European subjects probably because the
electric resistance of skull is higher in Japanese than Euro-
peans (Terao et al. 2000). This diVerence may explain the
fact that the time course of our results mimicked that of the
eVects elicited by weaker, shorter tDCS in Europeans.
Cathodal tDCS also lasted shorter in our experiments than
the other reports.

The trigger for the long-term eVect is considered to be
a membrane potential change that leads to NMDA recep-
tor activation or calcium inXux into neurons (Liebetanz
et al. 2002; Nitsche et al. 2003a). One mA tDCS may be
suYcient to trigger these steps in the chain. However, an
intensity of 3 mA or stronger may be required to evoke
the resting membrane potential changes detected by a
single pulse TMS (see above). Either synaptic or non-
synaptic (membrane potential changes) mechanisms, or
both of them may explain the long-term tDCS eVects
(Liebetanz et al. 2002; Nitsche et al. 2003a; Ardolino
et al. 2005). To explore the mechanisms for the long-term
eVect is beyond the scope of our present study. Neverthe-
less it is conspicuous that we have shown the threshold
diVerence between the short interval eVects and long
lasting eVects.

We have drawn two main conclusions from the present
experiments. The short duration tDCS elicited the immedi-
ate cortical facilitation or inhibition depending on the cur-
rent direction of tDCS. These eVects may be explained by
the resting membrane potential changes induced by tDCS.
The long lasting eVects after 10 min tDCS was shorter than
those of previous European studies in Japanese. This is
probably due to an anatomical diVerence between Japanese
and Europeans (thicker skull in Japanese).
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