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Here, we aimed to evaluate whether cathodal transcranial direct current stimulation
(tDCS) over the primary motor cortex (M1) and primary somatosensory cortex (S1)
can modulate cortical inhibitory circuits. Sixteen healthy subjects participated in this
study. Cathodal tDCS was positioned over the left M1 (M1 cathodal) or left S1 (S1
cathodal) with an intensity of 1 mA for 10 min. Sham tDCS was applied for 10 min over
the left M1 (sham). Motor evoked potentials (MEPs) elicited by transcranial magnetic
stimulation (TMS) were recorded from the right abductor pollicis brevis (APB) muscle
before the intervention (pre) and 10 and 30 min after the intervention (post 1 and post 2,
respectively). Cortical inhibitory circuits were evaluated using short-interval intracortical
inhibition (SICI) and short-latency afferent inhibition (SAI). M1 cathodal decreased single-
pulse MEP amplitudes at post 1 and decreased SAI at post 1 and post 2; however, SICI
did not exhibit any change. S1 cathodal and sham did not show any changes in MEP
amplitudes at any of the three time points. These results demonstrated that cathodal
tDCS over the M1 not only decreases the M1 excitability but also affects the cortical
inhibitory circuits related to SAI.

Keywords: transcranial direct current stimulation, motor evoked potential, short-interval intracortical inhibition,
short-latency afferent inhibition, primary motor cortex, primary somatosensory cortex

INTRODUCTION

Transcranial direct current stimulation (tDCS) is a noninvasive technique that allows the
modulation of cortical excitability in humans (Priori, 2003). tDCS is capable of evoking
excitability changes in the primary motor cortex (M1), and alterations in the induced
excitability depend on the polarity, intensity, and duration of the applied stimulation (Nitsche
and Paulus, 2000, 2001; Nitsche et al., 2003b). The M1 excitability is decreased by cathodal
tDCS, whereas it is increased by anodal tDCS (Nitsche and Paulus, 2000). The mechanism of
alterations in the tDCS-induced excitability remains poorly understood, but pharmacological
studies have suggested that the effect of tDCS is attributed to immediate changes due to
shifts in the membrane potential (Bindman et al., 1964) and after effects are induced by
N-methyl-D-aspartate (NMDA) receptor activity modification (Liebetanz et al., 2002; Nitsche
et al., 2003a). In currently used tDCS protocols, tDCS has been shown to modify cortical
excitability lasting for approximately 1 h after the end of stimulation (Nitsche and Paulus,
2001; Nitsche et al., 2003b; Monte-Silva et al., 2010, 2013), raising the possibility that the
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physiological impact of tDCS involves synaptic plasticity,
such as long-term depression- and long-term potentiation-like
mechanisms (Liebetanz et al., 2002; Nitsche et al., 2003a).

Transcranial magnetic stimulation (TMS) is a safe,
noninvasive, painless way to stimulate the human motor
cortex, which can examine M1 excitability using motor evoked
potentials (MEPs; Chen, 2000). The MEP amplitude elicited
via TMS reflects M1 excitability. The MEP amplitude can be
suppressed by the electrical stimulation of the median nerve
when the interstimulus interval (ISI) between the median
nerve stimulation and TMS is slightly longer than the latency
of the N20 component of somatosensory evoked potentials
(Tokimura et al., 2000). Such inhibition of the MEP is known
as short-latency afferent inhibition (SAI), which is believed to
involve cholinergic (Di Lazzaro et al., 2000b) and GABAergic
systems (Di Lazzaro et al., 2005) at the level of the cortex
(Tokimura et al., 2000). These reports raise the possibility that
SAI is produced via the primary somatosensory cortex (S1)
because the afferent input from the peripheral nerve arrives at
S1. On the other hand, short-interval intracortical inhibition
(SICI) is measured in a paired-pulse TMS paradigm, which
is used at an ISI between the subthreshold conditioning pulse
and suprathreshold test pulse of 1–5 ms (Kujirai et al., 1993).
This inhibitory circuit is believed to occur at the cortical level
(Kujirai et al., 1993; Di Lazzaro et al., 1998; Hanajima et al., 1998)
through the activation of an intracortical inhibitory GABAergic
system (Ziemann et al., 1996; Di Lazzaro et al., 2000a; Ilic
et al., 2002). Several recent studies have shown the abnormal
excitability of cortical inhibitory circuits in patients with
Alzheimer’s disease (Di Lazzaro et al., 2002, 2004), Parkinson’s
disease (Yarnall et al., 2013), and dystonia (Ridding et al., 1995).
These studies demonstrated that these patients have reduced
SICI or SAI, indicating the excitability of cortical inhibitory
circuits.

tDCS can modulate the excitability of cortical inhibitory
circuits involved in SICI and SAI. For example, SICI decreased
following anodal tDCS over the M1 (Nitsche et al., 2005;
Batsikadze et al., 2013; Kidgell et al., 2013) and SICI increased
following cathodal tDCS over the M1 (Nitsche et al., 2005;
Batsikadze et al., 2013). In addition, SAI increased following
anodal tDCS over the M1 (Scelzo et al., 2011) and SAI decreased
following cathodal tDCS over the S1 (Kojima et al., 2015). These
results suggest that tDCS not only affect the M1 excitability but
also affects the cortical inhibitory circuits. However, because
there are few studies on cathodal tDCS than anodal tDCS, no
conclusive evidence on the effect of cathodal tDCS on SICI and
SAI has yet been reported.

The reduction of cortical excitability by cathodal tDCSmay be
useful for the treatment of neurological diseases associated with
pathological cortical excitability enhancements (Nitsche et al.,
2003b). Therefore, further research on the effects of cathodal
tDCS is necessary. The aim of this study was to understand
the effects of cathodal tDCS by investigating whether cathodal
tDCS over the M1 and S1 can affect cortical inhibitory circuits.
We hypothesized that cathodal tDCS over the M1 decreased the
cortical inhibitory circuits related to SAI because anodal tDCS
over the M1 increased SAI.

MATERIALS AND METHODS

Subjects
Sixteen healthy subjects (12 males and 4 females;
mean ± standard deviation, 21.6 ± 1.0 years; age range,
21–24 years) participated in this study. Fifteen subjects were
right handed and one was left handed. None of the subjects was
taking medications or had a history of physical, neurological,
or psychiatric disorders. All subjects provided a written
informed consent. This study was conducted in accordance
with the Declaration of Helsinki, approved by the ethics
committee of the Niigata University of Health and Welfare,
and performed at the Institute for Human Movement and
Medical Sciences (to which we belong). Furthermore, we
explained the potential side effects of tDCS and TMS to all
the subjects. The potential side effects during and after tDCS
include pain, tingling, itching, and burning under the electrodes
(Poreisz et al., 2007). In addition, the potential side effects of
TMS include headache and local and neck pain because of
the stimulation (Rossi et al., 2009). We decided to cancel an
experiment immediately if the subject was not in a suitable
condition.

MEP Recording
MEPs were recorded from the abductor pollicis brevis (APB)
muscle of the right hand using Ag–AgCl electrodes in a
belly-tendon montage. Electromyography (EMG) signals were
amplified (×100) by an amplifier (A-DL-720-140, 4 Assist,
Tokyo, Japan), digitized (sampling rate, 4 kHz) using an A/D
converter (Power Lab 8/30, AD Instruments, Colorado Springs,
CO, USA), and filtered using a high-pass filter (20 Hz). Data
were recorded on a computer and stored for analysis (LabChart7,
AD Instruments). Moreover, an analysis software (Scope, AD
Instruments) was used to measure the resting motor threshold
(RMT).

Magnetic stimuli were delivered through a figure-of-eight coil
(diameter, 9.5 cm) connected to twoMagstim 200 stimulators via
a Bistimu module (Magstim, Dyfed, UK). The coil was placed
tangentially to the scalp, with the handle pointing posterolaterally
at an approximate angle of 45◦ from the midline. The coil was
positioned over the hand area of the left M1. An optimal coil
position was selected so as to elicit the largest MEP in the right
APB. Furthermore, the position and orientation of the coil was
monitored throughout in individualmagnetic resonance imaging
(MRI) using Visor2 TMS Neuronavigation (eemagine Medical
Imaging Solutions GmbH, Berlin, Germany). The hot spot of
the APB muscle was recorded and the coil was manually held in
place to maintain position. T1-weighted MRI was obtained using
a 1.5-T system before the experiment (Signa HD, GE Healthcare,
Milwaukee, WI, USA).

The RMT was determined as the minimum stimulus intensity
that elicited MEPs (>50 µV in at least 5 of 10 trials) at rest.
For obtaining single-pulse MEPs (single), the TMS intensity
was adjusted to elicit 1 mV peak-to-peak amplitude (SI1 mV) at
baseline. The RMT and SI1 mV were expressed as a percentage of
the maximum stimulator output (% MSO).
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FIGURE 1 | Electrode positions. (A) M1 cathodal. The cathodal electrode was positioned over the left M1. The left M1 was defined as the hot spot for the right
abductor pollicis brevis (APB) muscle. The center of the cathodal electrode was placed 1.0 cm anterior to the hot spot of the APB muscle. (B) S1 cathodal. The
cathodal electrode was positioned over the left S1. The left S1 was defined as 3.0 cm posterior to the hot spot for the right APB muscle. The center of the cathodal
electrode was placed 4.0 cm posterior to the hot spot of the APB muscle. The anodal electrode was placed above the contralateral orbit.

SICI
SICI was studied using a paired TMS paradigm with a
subthreshold conditioning stimulus followed by a suprathreshold
test stimulus (Kujirai et al., 1993). The intensity of the
conditioning stimulus was set at 80% of the RMT. SICI was
evaluated at an ISI of 2 ms.

SAI
Conditioning electrical pulses (0.2 ms square wave constant
current pulses) were delivered through bar electrodes to the
right median nerve at the wrist with the cathode positioned
proximally (SEN-8203, Nihon Kohden, Tokyo, Japan). The
stimulus intensity was adjusted to produce a slight thumb
twitch in the thenar muscle of the right hand (Chen et al.,
1999; Fischer and Orth, 2011). The ISI between the median
nerve stimulation and TMS pulse was determined based on
the latency of the N20m component of the somatosensory
evoked magnetic fields (SEF) for each participant. The ISI
was derived from the latency of the N20m component of
the SEF and then an additional 2 ms was added (Tokimura
et al., 2000). For SEF measurements, we used a 306-
channel whole-head magnetoencephalography (MEG) system
(Vectorview; Elekta, Helsinki, Finland). To elicit SEFs, the right
median nerve was electrically stimulated with an intensity of
the motor threshold (Neuropack Σ; Nihon Kohden, Tokyo,
Japan).

tDCS
tDCS was delivered by a direct current stimulator (Eidith,
NeuroConn GmbH, Germany) using a saline-soaked pair of
sponge electrodes (5 × 7 cm, 35 cm2). Cathodal tDCS was

applied for 10 min (fade-in/fade-out time, 5 s) at 1.0 mA (current
density, 0.029 mA/cm2). When cathodal tDCS was applied over
the M1 (M1 cathodal), the center of the cathodal electrode was
placed 1.0 cm anterior to the hot spot of the APB muscle to
avoid covering the S1 area with the tDCS electrode (Figure 1A).
When cathodal tDCS was applied over the left S1 (S1 cathodal),
the left S1 was defined as being 3.0 cm posterior to the hot
spot of the APB muscle (Koch et al., 2006). The center of the
cathodal electrode was placed 4.0 cm posterior to the motor
hot spot of the APB muscle to avoid covering the M1 area
with the tDCS electrode (Figure 1B). When procedures were
identical to the M1 cathodal, the current was switched off
after 30 s of stimulation as sham condition (Gandiga et al.,
2006). In all cases, the anodal electrode was placed above the
contralateral orbit.

Experimental Procedures
The experimental procedures are shown in Figure 2. Subjects
were seated in a comfortable reclining chair with a mounted
headrest during experiments. All subjects received blinded
stimulation of tDCS and the three tDCS conditions were
randomly applied to the subjects. On the other hand, the
researcher was not blinded to the tDCS stimulation because it was
necessary to confirm the tDCS settings and correct positioning
by two researchers. The session interval was ≥3 days, which was
sufficient to confirm no influence of cathodal tDCS. Cathodal
tDCS was applied over the left M1 or left S1, and sham was
applied over the left M1. After determination of the hot spot
of the APB muscle, the RMT was obtained. The hot spot of
the APB muscle was identified by TMS, and the stimulation
intensity was adjusted to elicit single-pulse MEPs of 1 mV.
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FIGURE 2 | Experimental procedure. Sixteen subjects participated in the three experiments (M1 cathodal, S1 cathodal, and sham). The three experiments were
performed in a repeated measurement design using a randomized order. The RMT was recorded before and after the intervention. Transcranial magnetic stimulation
(TMS) parameters (single, SICI, and SAI) were performed in a randomized order: baseline (pre), 10 min after the intervention (post 1), and 30 min after the intervention
(post 2). RMT, resting motor threshold; SI1 mV, TMS intensity to produce 1 mV; single, single-pulse MEPs; unadjusted single, single-pulse MEPs by unadjusted TMS
intensity; adjusted single, single-pulse MEPs by adjusted TMS intensity; SICI, short-interval intracortical inhibition; SAI, short-latency afferent inhibition.

Subsequently, the three parameters (single, SICI, and SAI) were
recorded 12 times each (0.2 Hz) before the intervention (pre).
These parameters were measured in a randomized order by
controlling the pulse control system (Pulse Timer II, Medical
Try System, Tokyo, Japan). After the intervention, the RMT was
measured immediately and the other parameters (single, SICI,
and SAI) were measured in approximately 10 min (post 1) and
30 min (post 2) after the intervention. For single-pulse MEP
measurements, the same stimulus intensity was used before and
after the intervention (unadjusted single). In addition, the single-
pulse MEP intensity was readjusted at each time point to elicit
test MEPs of 1 mV (adjusted single), if needed. After adjustment
for single-pulse MEPs, other parameters (unadjusted single,
adjusted single, SICI, and SAI) were measured in a randomized
order.

Data Analysis
The mean MEP amplitudes, with the maximum and minimum
MEP amplitudes excluded, were calculated from the peak-to-
peak amplitudes of 10 trials in each of the TMS parameters
(single, SICI, and SAI).

Statistical analysis was performed using PASW statistics
software version 18 (SPSS; IBM, Armonk, NY, USA). Two-
way repeated measures analysis of variance (ANOVA) was used
to analyze MEP amplitudes and SI1 mV. The factors for the
ANOVA were three interventions [factor: INTERVENTION
(M1 cathodal, S1 cathodal, and sham)] and three time points
[factor: TIME (pre, post 1, and post 2)]. Bonferroni’s methods
were used for post hoc comparisons. The level of significance was
set at P < 0.05.

RESULTS

TMS Intensity to Produce 1 mV (SI1 mV)
Two-way repeated-measures ANOVA revealed significant
interaction effect of INTERVENTION × TIME [F(4,60) = 8.228,
P = 0.000], whereas no significant changes were found for the

main effects of INTERVENTION [F(2,30) = 0.497, P = 0.613] and
TIME [F(2,30) = 2.344, P = 0.113]. Post hoc analyses showed that
after the M1 cathodal, SI1 mV significantly increased between at
post 1 (P = 0.000) and post 2 (P = 0.014) compared with that at
pre (pre, 58.8 ± 7.7%; post 1, 60.6 ± 7.9%; post 2, 60.0 ± 7.8%).
After the S1 cathodal (pre, 59.6 ± 7.1%; post 1, 58.9 ± 7.8%;
post 2, 59.7 ± 7.5%) and sham (pre, 59.2 ± 7.7%; post 1, 59.2 ±

7.7%; post 2, 59.2 ± 7.7%), SI1 mV was not significantly different
among the three time points.

Single-Pulse MEPs by Unadjusted TMS
Intensity (Unadjusted Single)
Two-way repeated-measures ANOVA revealed significant main
effects of INTERVENTION [F(2,30) = 10.277, P = 0.000] and
interaction effect of INTERVENTION × TIME [F(4,60) = 4.225,
P = 0.004], whereas no significant changes were found for the
main effect of TIME [F(2,30) = 2.192, P = 0.129]. Post hoc analyses
showed that after the M1 cathodal, MEP amplitudes significantly
decreased at post 1 compared with that at pre (P = 0.015), but
MEP amplitudes at post 2 did not exhibit any change (P =
0.832). After the S1 cathodal and sham, MEP amplitudes were
not significantly different among the three time points (Figure 3,
Table 1).

Single-Pulse MEPs by Adjusted TMS
Intensity (Adjusted Single)
Two-way repeated-measures ANOVA showed that no significant
main effects of INTERVENTION [F(2,30) = 1.300, P = 0.287] and
TIME [F(2,30) = 0.426, P = 0.528], and no significant changes were
found for the interaction effect of INTERVENTION × TIME
[F(4,60) = 0.803, P = 0.165] (Table 1).

SICI
Two-way repeated-measures ANOVA showed that no significant
main effect of INTERVENTION [F(2,30) = 0.037, P = 0.964]
and TIME [F(1.390,20.850) = 0.753, P = 0.438], and no
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FIGURE 3 | Time courses of MEP amplitudes. M1 cathodal (A) S1 cathodal (B) sham (C) on single-pulse MEP amplitudes by unadjusted TMS intensity. Gray
bars indicate individual MEP amplitudes. Black bars indicate mean MEP amplitudes. At the M1 cathodal, compared with baseline values, MEP amplitudes
significantly decreased at post 1 (P < 0.05) but not at post 2. At the S1 cathodal and sham, no significant changes were observed following any of the interventions.

TABLE 1 | Mean values of single, SICI, and SAI before and after the three interventions.

M1 cathodal S1 cathodal Sham

Pre Post 1 Post 2 Pre Post 1 Post 2 Pre Post 1 Post 2

Unadjusted single 0.92 ± 0.04 0.63 ± 0.06∗ 0.84 ± 0.07 0.98 ± 0.04 1.09 ± 0.07 1.03 ± 0.09 0.95 ± 0.05 0.91 ± 0.05 0.93 ± 0.05
Adjusted single 0.92 ± 0.04 0.93 ± 0.05 0.91 ± 0.04 0.98 ± 0.04 0.96 ± 0.04 1.03 ± 0.05
SICI 0.34 ± 0.06 0.41 ± 0.09 0.40 ± 0.05 0.34 ± 0.06 0.39 ± 0.06 0.43 ± 0.08 0.41 ± 0.08 0.38 ± 0.09 0.41 ± 0.09
SAI 0.51 ± 0.08 0.84 ± 0.14∗∗ 0.77 ± 0.10∗ 0.64 ± 0.08 0.81 ± 0.13 0.80 ± 0.15 0.59 ± 0.08 0.45 ± 0.09 0.55 ± 0.09

Unadjusted single, single-pulse MEPs by unadjusted TMS intensity; adjusted single, single-pulse MEPs by adjusted TMS intensity; SICI, short-interval intracortical inhibition;

SAI, short-latency afferent inhibition. Unadjusted single, adjusted single, SICI, SAI; mean ± standard error ∗P < 0.05, ∗∗P < 0.01.

significant changes were found for the interaction effect of
INTERVENTION × TIME [F(4,60) = 0.463, P = 0.763] (Table 1).

SAI
Two-way repeated-measures ANOVA revealed significant main
effect of INTERVENTION [F(2,30) = 3.796, P = 0.034] and
interaction effect of INTERVENTION × TIME [F(4,60) = 4.101,
P = 0.005], whereas no significant changes were found for the
main effect of TIME [F(2,30) = 3.235, P = 0.053]. Post hoc analyses
revealed that after theM1 cathodal, MEP amplitudes significantly
increased between at post 1 (P = 0.003) and post 2 (P = 0.018)
compared with that at pre. After the S1 cathodal and sham, MEP
amplitudes were not significantly different among the three time
points (Table 1).

DISCUSSION

Our results indicated that the cathodal tDCS at an intensity
of 1 mA over M1 decreases M1 excitability and excitability of
cortical inhibitory circuits related to SAI, whereas no change
was observed in the SICI. In addition the cathodal tDCS over
S1 did not affect the M1 excitability and excitability of cortical
inhibitory circuits related to SICI and SAI.

Cathodal tDCS over the M1 has been shown to decrease the
M1 excitability for more than an hour (Nitsche et al., 2003b;
Monte-Silva et al., 2010; Di Lazzaro et al., 2012). It is suggested
that cortical excitability shifts induced by tDCS depend on
the modulation of the resting membrane potential (Bindman

et al., 1964) and the after effects are NMDA receptor-dependent
(Liebetanz et al., 2002; Nitsche et al., 2003a). Therefore, it is
suggested that the effects of cathodal tDCS result from the
reduction of the resting membrane potential or reduction in
NMDA receptor activity.

Cathodal tDCS over M1 does not affect SICI. Di Lazzaro et al.
(2012) found that cathodal tDCS at an intensity of 1 mA does
not affect SICI, whereas Nitsche et al. (2005) and Batsikadze
et al. (2013) found that cathodal tDCS at an intensity of 1 mA
increased SICI. These inconsistencies are believed to be related
to differences in the conditioning stimulus intensity used in SICI.
Di Lazzaro et al. (2012) measured SICI using the conditioning
stimulus intensity of 95% of the active motor threshold (AMT),
whereas Nitsche et al. (2005) and Batsikadze et al. (2013)
measured SICI using the conditioning stimulus intensity of 70%
of the AMT. Several studies have shown that the magnitude of
SICI suppression depends on the intensity of the conditioning
stimulus (Ilic et al., 2002; Vucic et al., 2009), and the best
suppression is observed with a conditioning stimulus intensity
of 70–90% of the RMT (Kujirai et al., 1993). In this study, SICI
was examined using the conditioning stimulus intensity of 80%
of the RMT leading to maximum suppression. However, Nitsche
et al. (2005) evaluated SICI with a weak conditioning stimulus
intensity (70% of the AMT) compared with that used in this
study. This weak conditioning stimulus intensity was selected
because the inhibitory effect of the conditioning stimulus was too
strong. Nitsche et al. (2005) used a weak conditioning stimulus
intensity in which the inhibitory effects of SICI were slight.
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In contrast, in the present study and in the study by Di Lazzaro
et al. (2012), high conditioning stimulus intensity was used to
measure SICI. It is considered that the effects of cathodal tDCS
did not change SICI because of the strong inhibitory effects of
SICI in this study.

The muscarinic receptor antagonist scopolamine decreases
SAI in healthy subjects (Di Lazzaro et al., 2000b). Moreover, SAI
also decreases in patients with Alzheimer’s disease and increases
when these patients are administered acetylcholinesterase
inhibitors (Di Lazzaro et al., 2002, 2004). In addition, a GABAA
receptor agonist reduced SAI (Di Lazzaro et al., 2005, 2007).
These results indicate that cholinergic and GABAergic systems
are involved in the inhibitory circuits of SAI. In the study of
effects of tDCS, anodal tDCS over the M1 significantly increased
SAI (Scelzo et al., 2011); therefore, anodal tDCS can not only
increase the M1 excitability but also function to enhance cortical
inhibitory circuits in SAI. Additionally, a pharmacological study
indicated that a cholinesterase inhibitor blocked the induction
of excitability changes associated with tDCS (Kuo et al., 2007).
This finding raises the possibility that cholinergic systems involve
cortical excitability changes induced by tDCS. On the basis of
the results of the present study, cathodal tDCS contributes to
the reduction in SAI by affecting cortical inhibitory circuits,
including cholinergic systems and GABAergic systems.

Cathodal tDCS applied to the S1 decreased the N20 source
component of somatosensory evoked potentials (Dieckhofer
et al., 2006), which implies that it affects the afferent input to
the S1 elicited by the stimulation of the median nerve. The
median nerve afferent input arrives at the S1. Therefore, the
cortical inhibitory circuits of SAI may be generated via the S1.
We believed that the changes in the S1 excitability would affect
SAI if SAI is caused via a cortico-cortical pathway from the S1
to M1. However, SAI did not significantly change after cathodal
tDCS. Therefore, we could not determine the pathway through
which SAI is produced. The first excitatory cortical response
from the area 3b (N20m), indicating the S1 excitability, was
unaffected by the administration of the muscarinic antagonist
scopolamine (Huttunen et al., 2001); however, SAI decreased
(Di Lazzaro et al., 2000b). Consequently, there is no relationship
between the S1 excitability and SAI changes. These findings
support the results of this study that cathodal tDCS applied over
the S1 did not affect SAI. In contrast, Kojima et al. (2015) have
shown that SAI decreased when cathodal tDCS was applied over
the S1. This result differs from that of our study. There are
three differences between this study and that of Kojima et al.
(2015). First, in this study, cathodal tDCS at intensity (current
density) was different compared with that in the study by Kojima
et al. (2015). Kojima et al. (2015) used the cathodal tDCS at an
intensity of 1 mA same as that used in this study. However, the
electrode surface area is smaller than that used in the present
study. Consequently, cathodal tDCS at that intensity was high
compared with that in this study. Second, a method of peripheral
nerve stimulation for SAI was different between the studies.
Kojima et al. (2015) stimulated the index finger at an intensity
three times the perceptual sensory threshold without muscle
contraction, whereas we stimulated the median nerve at an
intensity of motor threshold, which caused a slight thumb twitch.

Third, the ISI between the electrical stimulation and TMS is
different between studies. Kojima et al. (2015) set the ISI at 40ms,
whereas we adopted an ISI that added 2 ms to the peak of N20m.
In the study of paired associative stimulation (PAS), Hamada
et al. (2012) reported that two different mechanisms are involved
in the effects using PAS at different ISIs (PAS21.5 ms vs. PAS25 ms).
Similarly, it is possible that SAI inhibits M1 in different pathways
by the differences in ISI. These may influence one of these three
or all differences. Cathodal tDCS over S1 does not affect SICI.
The cortical inhibitory circuits of SICI result from the synaptic
inhibition within the motor cortex (Di Lazzaro et al., 1998). In
addition, previous studies indicated that PAS and theta-burst
stimulation on S1 did not alter SICI (Krivanekova et al., 2011;
Jacobs et al., 2014); therefore, cathodal tDCS over the S1 does
not affect the cortical inhibitory circuits of SICI, similar to these
previous studies.

There are several limitations associated with this study. The
results of the present study differed from those of previous
studies because cathodal tDCS over M1 and S1 did not affect
SICI and SAI, respectively, in this study. We considered several
factor; however, further studies are necessary. In future, we
wish to conduct studies by setting plural factors (e.g., effect of
conditioning stimulus intensity on SICI, tDCS intensity, effect
of the ISI on SAI, and a method to stimulate the peripheral
nerve for SAI). Next, this study involved small groups of subjects.
Several studies showed that the effects of tDCS are highly variable
when using anodal tDCS and cathodal tDCS at 2 mA for 10 min
(Wiethoff et al., 2014) or anodal tDCS at 1mA for 13min (López-
Alonso et al., 2015). However, our results clearly indicated that
cathodal tDCS overM1 decreasedM1 excitability; however, sham
tCDS showed no effects.

In conclusion, the present study shows that cathodal tDCS
over the M1 decreases the M1 excitability and excitability of
cortical inhibitory circuits related to SAI but it does not affect
the excitability of cortical inhibitory circuits related to SICI. In
addition, cathodal tDCS over the S1 does not affect the M1
excitability or excitability of cortical inhibitory circuits related to
SAI and SICI.

AUTHOR CONTRIBUTIONS

HO conceived the study and designed the experiment. RS
and SM conducted the experiments. SK aand HK performed
interpretation of data. RS and SK performed the statistical
analysis. SM, SK and HK helped writing and revising the
manuscript. HO and RS wrote the manuscript. All authors read
and approved the final manuscript.

ACKNOWLEDGMENTS

This study was supported by a Grant-in-Aid for Scientific
Research (B) 25282162 from the Japan Society for the
Promotion of Science (JSPS) and a Grant-in-Aid for Advanced
Research (H26B06) from Niigata University of Health and
Welfare. In addition, the authors would like to thank Enago
Inc., (http://www.enago.jp/) for editorial assistance with the
manuscript.

Frontiers in Human Neuroscience | www.frontiersin.org 6 February 2016 | Volume 10 | Article 30

http://www.enago.jp/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Sasaki et al. Cortical Inhibitory Circuits after tDCS

REFERENCES

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M. F., and Nitsche, M. A. (2013).
Partially non-linear stimulation intensity-dependent effects of direct current
stimulation on motor cortex excitability in humans. J. Physiol. 591, 1987–2000.
doi: 10.1113/jphysiol.2012.249730

Bindman, L. J., Lippold, O. C., and Redfearn, J. W. (1964). The Action of brief
polarizing currents on the cerebral cortex of the rat (1) during current flow and
(2) in the production of long-lasting after-effects. J. Physiol. Lond. 172, 369–382.
doi: 10.1113/jphysiol.1964.sp007425

Chen, R. (2000). Studies of human motor physiology with transcranial
magnetic stimulation. Muscle Nerve Suppl. 9, S26–S32. doi: 10.1002/1097-
4598(2000)999:9<::aid-mus6>3.0.co;2-i

Chen, R., Corwell, B., and Hallett, M. (1999). Modulation of motor cortex
excitability by median nerve and digit stimulation. Exp. Brain Res. 129, 77–86.
doi: 10.1007/s002210050938

Dieckhofer, A., Waberski, T. D., Nitsche, M., Paulus, W., Buchner, H.,
and Gobbele, R. (2006). Transcranial direct current stimulation applied
over the somatosensory cortex − differential effect on low and high
frequency SEPs.Clin. Neurophysiol. 117, 2221–2227. doi: 10.1016/j.clinph.2006.
07.136

Di Lazzaro, V., Manganelli, F., Dileone, M., Notturno, F., Esposito, M., Capasso,
M., et al. (2012). The effects of prolonged cathodal direct current stimulation on
the excitatory and inhibitory circuits of the ipsilateral and contralateral motor
cortex. J. Neural Transm. (Vienna) 119, 1499–1506. doi: 10.1007/s00702-012-
0845-4

Di Lazzaro, V., Oliviero, A., Meglio, M., Cioni, B., Tamburrini, G., Tonali, P., et al.
(2000a). Direct demonstration of the effect of lorazepam on the excitability of
the humanmotor cortex. Clin. Neurophysiol. 111, 794–799. doi: 10.1016/s1388-
2457(99)00314-4

Di Lazzaro, V., Oliviero, A., Profice, P., Pennisi, M. A., Di Giovanni, S., Zito,
G., et al. (2000b). Muscarinic receptor blockade has differential effects on the
excitability of intracortical circuits in the human motor cortex. Exp. Brain Res.
135, 455–461. doi: 10.1007/s002210000543

Di Lazzaro, V., Oliviero, A., Pilato, F., Saturno, E., Dileone, M., Marra, C., et al.
(2004). Motor cortex hyperexcitability to transcranial magnetic stimulation
in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 75, 555–559. doi: 10.
1136/jnnp.2003.018127

Di Lazzaro, V., Oliviero, A., Tonali, P. A., Marra, C., Daniele, A., Profice, P.,
et al. (2002). Noninvasive in vivo assessment of cholinergic cortical circuits in
AD using transcranial magnetic stimulation. Neurology 59, 392–397. doi: 10.
1212/wnl.59.3.392

Di Lazzaro, V., Pilato, F., Dileone, M., Profice, P., Ranieri, F., Ricci, V., et al.
(2007). Segregating two inhibitory circuits in humanmotor cortex at the level of
GABAA receptor subtypes: a TMS study. Clin. Neurophysiol. 118, 2207–2214.
doi: 10.1016/j.clinph.2007.07.005

Di Lazzaro, V., Pilato, F., Dileone, M., Tonali, P. A., and Ziemann, U.
(2005). Dissociated effects of diazepam and lorazepam on short-latency
afferent inhibition. J. Physiol. Lond. 569, 315–323. doi: 10.1113/jphysiol.2005.
092155

Di Lazzaro, V., Restuccia, D., Oliviero, A., Profice, P., Ferrara, L., Insola, A.,
et al. (1998). Magnetic transcranial stimulation at intensities below active
motor threshold activates intracortical inhibitory circuits. Exp. Brain Res. 119,
265–268. doi: 10.1007/s002210050341

Fischer, M., and Orth, M. (2011). Short-latency sensory afferent inhibition:
conditioning stimulus intensity, recording site and effects of 1 Hz repetitive
TMS. Brain Stimul. 4, 202–209. doi: 10.1016/j.brs.2010.10.005

Gandiga, P. C., Hummel, F. C., and Cohen, L. G. (2006). Transcranial DC
stimulation (tDCS): a tool for double-blind sham-controlled clinical studies in
brain stimulation. Clin. Neurophysiol. 117, 845–850. doi: 10.1016/j.clinph.2005.
12.003

Hamada, M., Strigaro, G., Murase, N., Sadnicka, A., Galea, J. M., Edwards, M. J.,
et al. (2012). Cerebellar modulation of human associative plasticity. J. Physiol.
590, 2365–2374. doi: 10.1113/jphysiol.2012.230540

Hanajima, R., Ugawa, Y., Terao, Y., Sakai, K., Furubayashi, T., Machii, K.,
et al. (1998). Paired-pulse magnetic stimulation of the human motor cortex:
differences among I waves. J. Physiol. Lond. 509, 607–618. doi: 10.1111/j.1469-
7793.1998.607bn.x

Huttunen, J., Jaaskelainen, I. P., Hirvonen, J., Kaakkola, S., Ilmoniemi, R. J., and
Pekkonen, E. (2001). Scopolamine reduces the P35 m and P60 m deflections
of the human somatosensory evoked magnetic fields. Neuroreport 12, 619–623.
doi: 10.1097/00001756-200103050-00038

Ilic, T. V., Meintzschel, F., Cleff, U., Ruge, D., Kessler, K. R., and Ziemann, U.
(2002). Short-interval paired-pulse inhibition and facilitation of human motor
cortex: the dimension of stimulus intensity. J. Physiol. 545, 153–167. doi: 10.
1113/jphysiol.2002.030122

Jacobs, M. F., Tsang, P., Lee, K. G., Asmussen, M. J., Zapallow, C. M., and Nelson,
A. J. (2014). 30 Hz theta-burst stimulation over primary somatosensory cortex
modulates corticospinal output to the hand. Brain Stimul. 7, 269–274. doi: 10.
1016/j.brs.2013.12.009

Kidgell, D. J., Goodwill, A. M., Frazer, A. K., and Daly, R. M. (2013). Induction
of cortical plasticity and improved motor performance following unilateral and
bilateral transcranial direct current stimulation of the primary motor cortex.
BMC Neurosci. 14:64. doi: 10.1186/1471-2202-14-64

Koch, G., Franca, M., Albrecht, U. V., Caltagirone, C., and Rothwell, J. C. (2006).
Effects of paired pulse TMS of primary somatosensory cortex on perception
of a peripheral electrical stimulus. Exp. Brain Res. 172, 416–424. doi: 10.
1007/s00221-006-0359-0

Kojima, S., Onishi, H., Miyaguchi, S., Kotan, S., Sugawara, K., Kirimoto,
H., et al. (2015). Effects of cathodal transcranial direct current
stimulation to primary somatosensory cortex on short-latency afferent
inhibition. Neuroreport 26, 634–637. doi: 10.1097/WNR.0000000000
000402

Krivanekova, L., Lu, M. K., Bliem, B., and Ziemann, U. (2011). Modulation
of excitability in human primary somatosensory and motor cortex by
paired associative stimulation targeting the primary somatosensory
cortex. Eur. J. Neurosci. 34, 1292–1300. doi: 10.1111/j.1460-9568.2011.
07849.x

Kujirai, T., Caramia, M. D., Rothwell, J. C., Day, B. L., Thompson, P. D., Ferbert,
A., et al. (1993). Corticocortical inhibition in human motor cortex. J. Physiol.
471, 501–519. doi: 10.1113/jphysiol.1993.sp019912

Kuo, M. F., Grosch, J., Fregni, F., Paulus, W., and Nitsche, M. A. (2007).
Focusing effect of acetylcholine on neuroplasticity in the human motor
cortex. J. Neurosci. 27, 14442–14447. doi: 10.1523/JNEUROSCI.4104-07.
2007

Liebetanz, D., Nitsche, M. A., Tergau, F., and Paulus, W. (2002). Pharmacological
approach to the mechanisms of transcranial DC-stimulation-induced after-
effects of human motor cortex excitability. Brain 125, 2238–2247. doi: 10.
1093/brain/awf238

López-Alonso, V., Fernández-Del-Olmo, M., Costantini, A., Gonzalez-Henriquez,
J. J., and Cheeran, B. (2015). Intra-individual variability in the response
to anodal transcranial direct current stimulation. Clin. Neurophysiol. 126,
2343–2347. doi: 10.1016/j.clinph.2015.03.022

Monte-Silva, K., Kuo, M. F., Hessenthaler, S., Fresnoza, S., Liebetanz, D., Paulus,
W., et al. (2013). Induction of late LTP-like plasticity in the human motor
cortex by repeated non-invasive brain stimulation. Brain Stimul. 6, 424–432.
doi: 10.1016/j.brs.2012.04.011

Monte-Silva, K., Kuo, M. F., Liebetanz, D., Paulus, W., and Nitsche, M. A. (2010).
Shaping the optimal repetition interval for cathodal transcranial direct current
stimulation (tDCS). J. Neurophysiol. 103, 1735–1740. doi: 10.1152/jn.00924.
2009

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the
human motor cortex by weak transcranial direct current stimulation. J.
Physiol. Lond. 527(Pt. 3), 633–639. doi: 10.1111/j.1469-7793.2000.t01-1-
00633.x

Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced
by transcranial DC motor cortex stimulation in humans. Neurology 57,
1899–1901. doi: 10.1212/wnl.57.10.1899

Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang,
N., et al. (2003a). Pharmacological modulation of cortical excitability shifts
induced by transcranial direct current stimulation in humans. J. Physiol. 553,
293–301. doi: 10.1113/jphysiol.2003.049916

Nitsche, M. A., Nitsche, M. S., Klein, C. C., Tergau, F., Rothwell, J. C., and Paulus,
W. (2003b). Level of action of cathodal DC polarisation induced inhibition of
the humanmotor cortex. Clin. Neurophysiol. 114, 600–604. doi: 10.1016/s1388-
2457(02)00412-1

Frontiers in Human Neuroscience | www.frontiersin.org 7 February 2016 | Volume 10 | Article 30

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Sasaki et al. Cortical Inhibitory Circuits after tDCS

Nitsche, M. A., Seeber, A., Frommann, K., Klein, C. C., Rochford, C., Nitsche,
M. S., et al. (2005). Modulating parameters of excitability during and after
transcranial direct current stimulation of the human motor cortex. J. Physiol.
Lond. 568, 291–303. doi: 10.1113/jphysiol.2005.092429

Poreisz, C., Boros, K., Antal, A., and Paulus, W. (2007). Safety aspects of
transcranial direct current stimulation concerning healthy subjects and
patients. Brain Res. Bull. 72, 208–214. doi: 10.1016/j.brainresbull.2007.
01.004

Priori, A. (2003). Brain polarization in humans: a reappraisal of an old tool for
prolonged non-invasive modulation of brain excitability. Clin. Neurophysiol.
114, 589–595. doi: 10.1016/s1388-2457(02)00437-6

Ridding, M. C., Sheean, G., Rothwell, J. C., Inzelberg, R., and Kujirai, T. (1995).
Changes in the balance between motor cortical excitation and inhibition in
focal, task specific dystonia. J. Neurol. Neurosurg. Psychiatry 59, 493–498.
doi: 10.1136/jnnp.59.5.493

Rossi, S., Hallett, M., Rossini, P. M., and Pascual-Leone, A. (2009). Safety,
ethical considerations and application guidelines for the use of transcranial
magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008–2039. doi: 10.1016/j.clinph.2009.08.016

Scelzo, E., Giannicola, G., Rosa, M., Ciocca, M., Ardolino, G., Cogiamanian,
F., et al. (2011). Increased short latency afferent inhibition after anodal
transcranial direct current stimulation. Neurosci. Lett. 498, 167–170. doi: 10.
1016/j.neulet.2011.05.007

Tokimura, H., Di Lazzaro, V., Tokimura, Y., Oliviero, A., Profice, P., Insola,
A., et al. (2000). Short latency inhibition of human hand motor cortex by
somatosensory input from the hand. J. Physiol. Lond. 523(Pt. 2), 503–513.
doi: 10.1111/j.1469-7793.2000.t01-1-00503.x

Vucic, S., Cheah, B. C., Krishnan, A. V., Burke, D., and Kiernan, M. C. (2009).
The effects of alterations in conditioning stimulus intensity on short interval
intracortical inhibition. Brain Res. 1273, 39–47. doi: 10.1016/j.brainres.2009.
03.043

Wiethoff, S., Hamada, M., and Rothwell, J. C. (2014). Variability in response to
transcranial direct current stimulation of the motor cortex. Brain Stimul. 7,
468–475. doi: 10.1016/j.brs.2014.02.003

Yarnall, A. J., Rochester, L., Baker, M. R., David, R., Khoo, T. K., Duncan,
G. W., et al. (2013). Short latency afferent inhibition: a biomarker for mild
cognitive impairment in Parkinson’s disease? Mov. Disord. 28, 1285–1288.
doi: 10.1002/mds.25360

Ziemann, U., Lonnecker, S., Steinhoff, B. J., and Paulus, W. (1996). Effects of
antiepileptic drugs on motor cortex excitability in humans: a transcranial
magnetic stimulation study. Ann. Neurol. 40, 367–378. doi: 10.1002/ana.
410400306

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Sasaki, Miyaguchi, Kotan, Kojima, Kirimoto and Onishi. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution and reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 8 February 2016 | Volume 10 | Article 30

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Modulation of Cortical Inhibitory Circuits after Cathodal Transcranial Direct Current Stimulation over the Primary Motor Cortex
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	MEP Recording
	SICI
	SAI
	tDCS
	Experimental Procedures
	Data Analysis

	RESULTS
	TMS Intensity to Produce 1 mV (SI1 mV)
	Single-Pulse MEPs by Unadjusted TMS Intensity (Unadjusted Single)
	Single-Pulse MEPs by Adjusted TMS Intensity (Adjusted Single)
	SICI
	SAI

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


