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Abstract Paired-associative stimulation (PAS), combin-
ing electrical median nerve stimulation with transcranial
magnetic stimulation (TMS) with a vanable delay, causes
long-term potentiation or depression (LTP/LTD)-like corti-
cal plasticity. In the present study, we examined how PAS
over the motor cortex affected a distant site, the somatosen-
sory cortex. Furthermore, the influences of PAS on high-
frequency oscillations (HFOs) were investigated to clarify
the origin of HFOs. Interstimulus intervals between median
nerve stimulation and TMS were 25 ms (PAS,5) and 10 ms
(PAS,,). PAS was performed over the motor and somato-
sensory cortices. SEPs following median nerve stimulation
were recorded before and after PAS, HFOs were isolated by
400-800 Hz band-pass filtering. PAS,5 over the motor cor-
tex increased the N20-P25 and P25-N33 amplitudes and
the HFOs significantly. The enhancement of the P25-N33
amplitude and the late HFOs lasted more than 60 min. After
PAS,, over the motor cortex, the N20-P25 and P25-N33
amplitudes decreased for 40 min, and the HFOs decreased
for 60 min. Frontal SEPs were not affected after PAS over
the motor cortex. PAS,g,,, over the somatosensory cortex
did not affect SEPs and HFOs. PAS,4;,, over the motor cor-
tex caused the LTP/LTD-like phenomena in a distant site,
the somatosensory cortex. The PAS paradigms over the
motor cortex can modify both the neural generators of SEPs
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and HFOs. HFOs may reflect the activation of GABAergic
inhibitory interneurons regulating pyramidal neurons in the
SOmMatosensory corex.

Keywords Somatosensory-evoked potentials (SEPs) -
High-frequency oscillations (HFOs) - Paired-associative
stimulation (PAS) - Somatosensory cortex - Plasticity

Introduction

Plasticity in the human motor cortex can be elicited using
an intervention shaped after a model of associative long-
term potentiation (LTP) in experimental animals (Stefan
et al. 2000). Median nerve stimulation is paired with trans-
cranial magnetic stimulation (TMS) over the contralateral
motor cortex representing the abductor pollicis brevis mus-
cle (APB). This protocol, termed paired-associative stimu-
lation (PAS), rapidly induces a long-lasting, reversible, and
topographically specific increase in motor-evoked poten-
tials (MEPs), when applied repeatedly. Additional studies
have found that the LTP or long-term depression (LTD)-
like phenomena of the MEPs depended on the interstimulus
intervals (ISIs) between the two modalities, and this LTP
was blocked by an N-methyl-p-aspartate (NMDA) receptor
antagonist (Stefan et al. 2002; Wolters et al, 2003; Ziemann
ctal. 1998). PAS over the somatosensory cortex could
modulate the cortical components of the somatosensory-
evoked potential (SEP), and these effects also depended on
the timing of the stimulation (Wolters et al. 2005),
Low-amplitude, high-frequency oscillations (HFOs) of
S00-800 Hz superimposed on the ascending slope of the
N20 primary response following stimulation of the median
nerve have been reported (Curio etal. 1994; Hashimoto
et al. 1996), Several candidates for the generator of HFOs
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have been proposed, including the thalamus (Eisen etal.
1984: Klostermann et al. 2002), the thalamocortical pre-
synaptic action potentials (Gobbele etal. 1998), and the
somatosensory cortex (Curio et al. 1997; Hashimoto et al.
1999; Sakuma and Hashimoto 1999: Sakuma etal. 1999,
2004; Shimazu et al. 2000), but the precise anatomical loca-
tion of the generator remains unclear. Hashimoto and col-
leagues hypothesized that HFOs represented a localized
activity of the GABAergic inhibitory interneurons in layer
4 of area 3b, whereas the N20 component was considered
1o be generated by excitatory postsynaptic potentials
(EPSPs) of pyramidal neurons (Hashimoto et al. 1996).

Previous PAS studies reported changes in synaptic
efficacy in the stimulated site (PAS over the motor cortex
via MEP assessment, PAS over the somatosensory coriex
via SEP assessment). In the present study, we investigated
the changes in synaptic efficacies in a site distant from the
stimulated site (PAS over the motor cortex via SEP, HFO
assessment), comparing them to the effect of PAS over the
somatosensory cortex. We hypothesized that the LTP/LTD-
like phenomena obtained by PAS over the motor cortex
oceurred not only in the motor cortex but also in the ipsilat-
eral somatosensory cortex, because dense cortico-cortical
connections exist between the motor and somatosensory
cortices (Enomoto etal. 2001). Furthermore, we investi-
gated how HFOs were influenced by the bidirectional LTP/
LTD-like phenomena following PAS to clarify their ana-
tomical and physiological origins.

Materials and methods
Subjects

We studied a total of 54 right-handed healthy volunteers
(23 women, 31 men), 20-39 years of age (mean age,
24.4 £ 3.6 years). None had a history of physical or neuro-
logical illness. Some subjects took part in more than one
experiment. This study was approved by the Human Ethics
Committee of Tottori University and was conducted in
accordance with the Declaration of Helsinki. All partici-
pants gave their informed consent prior to participation.

PAS protocol

PAS consisted of combined electrical median nerve stimu-
lation and TMS over the sensorimotor cortices (Stefan et al.
2000; Wolters et al. 2005). For peripheral nerve stimula-
tion, electrical stimuli 0.2 ms in duration were delivered to
the right median nerve at the subjects’ wrists, The stimulus
intensity was set at three times the sensory threshold.
Peripheral nerve stimulation was followed by TMS. TMS
was applied using a Magstim 200 stimulator (Magstim Co.,

@ Springer

Whitland, Dyfed, UK) and a figure-of-eight coil with exter-
nal loop diameters of 80 mm. The coil was held tangen-
tially to the skull, with the handle pointing backward and
laterally at a 45° angle to the sagittal plane. In the "PAS
over the motor cortex” paradigms, the center of the linear
contiguous segment of the coil was placed over the hand
area of the left motor cortex. In the “PAS over the somato-
sensory cortex” paradigms, the coil was placed over an area
2 cm posterior to the hand area of the left motor cortex
(Wolters etal. 2005). Intensities were expressed as a
percentage of the maximum output of the stimulator. Inten-
sities used for PAS were determined to produce a peak-
to-peak MEP amplitude of approximately | mV in the resting
right APB muscle. One stimulus pair was given every 20 s
(0.05 Hz stimulation rate) over 30 min (total of 90 stimulus
pairs), at ISIs of 25 ms (PAS,;) and 10 ms (PAS ). These
ISls were chosen because they were shown to be effective
in producing an increment/decrement in the MEP ampli-
tude (Stefan et al. 2000; Wolters et al. 2003). Throughout
the experiment, complete muscle relaxation and the MEPs
caused by PAS over the motor cortex from the APB muscle
were monitored appropriately by electromyogram,

Experiment 1: effects on SEPs and HFOs after PAS
over the motor cortex

Subjects and SEP/HFO recordings

Twenty-six subjects participated in the SEP experiments.
Eleven subjects participated in the “PASas over the motor
cortex” paradigm, and 11 subjects participated in the
“PAS,,, over the motor cortex™ paradigm, with four subjects
participating in both experiments on different days. These
experiments were conducted at least one month apart.
Subjects lay supine on the bed and were instrucied io
stay awake with their eyes closed and to pay no attention to
the stimuli to avoid sleepiness (Ogawa et al. 2004), Alert-
ness was monitored by electroencephalography (EEG)
recording. When subjects were drowsy or sleepy. record-
ings were stopped, and they were re-started when subjects
were completely awake after a nap (Mochizuki et al. 2003).
Electrical stimuli of 0.2 ms duration were delivered alter-
nately to the bilateral median nerves at the wrists (cathode
proximal). The stimulus intensity was adjusted to three
times the sensory threshold so as to induce a small muscu-
lar twitch in the thenar muscles. The stimuli were delivered
at irregular intervals, with ISls between 211 and 262 ms.
Recording electrodes were placed on C3' (2 cm posterior to
C3), C4' (2 cm posterior to C4), Fz, F3, and A2 of the
International 10-20 System. Electrode impedance was
maintained below 5 kQ. EEGs were recorded from C3'-Fz,
C4'—Fz, and F3-A2 using a 0.3 Hz low-frequency filter and
a 3,000 Hz high-frequency filter, then digitized with an ana-
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logue-to-digital converter (microl401, CED, Cambridge,
LK) ar a sampling rate of 20 kHz and stored on a disk for
further analysis. We used a C3'-Fz and C4'-Fz montage
for recording HFOs, because it is known from previous
studies 1o be an appropriate method (Mochizuki et al. 1999;
Sakuma et al. 2004). SEPs with an epoch of 50 ms duration
(from Sms pre-stimulus to 45 ms post-stimulus) were
recorded before and immediately after PAS. It took about
20 min to record each session of SEPs. Responses to 5,000
stimuli were averaged offline using SPIKE2 software
(CED, Cambridge. UK). For separation of HFOs from the
underlying N20, the digitized wide-band signal was band-
pass filtered (400-800 Hz) digitally and averaged. In wide-
band recordings, the SEP peak-to-peak amplitudes were
measured and analyzed over C3'-Fz and C4'-Fz for the
Pl4-, N20-, P25- and N33-components (Fig. la) and over

F3-A2 for the P22- and N30-components. The latency of

the N20-componem from C3'-Fz was also recorded and
analyzed. The size of the HFOs was calculated from their
root-mean-square (RMS) amplitude from their onset to
their endpoint. Onset/endpoint criteria for HFOs were when
they exceeded the averaged background noise level for the
subject’s control session by three standard deviations. All
of these parameters were separated into two parts: (1) early
HFOs (onset to N20 peak) and (2) late HFOs (N20 peak to
endpoint), as shown in Fig. Ib.

The individual SEP and HFO values for each subject
were evaluated using a three-way analysis of variance
(ANOVA) of mixed design with the within-subject factors
of Time (before PAS vs. just after PAS) and Recording Site
(C3" vs. C4") and the between-subject factor of Intervention
(PAS;5 vs. PAS ). In addition, the effects of each PAS on

20 ms

Fig. 1 a Typical wide-band (0.3-3.000 Hz) and b narrow-band (400
800 Hz) somatosensory-evoked potentials (SEPs) from C3'-Fz fol-
lowing right median nerve stimulation in a subject. b The narrow-band
trace shows a short burst of high-frequency oscillations (HFOx) around
N2

SEPs and HFOs were evaluated using two-way or one-way.
repeated-measures ANOVAs as a within-subject factor.

Experiment 2: time courses of changes in SEPs and HFOs
after PAS over the motor cortex

Subjects and time courses of SEP/HFO recordings

In 15 of the 26 subjects who participated in Experiment I,
SEPs following PAS were monitored over time (8 subjects
with PAS,s, 7 subjects with PAS,;). To study the time
courses of changes in SEPs and HFOs after PAS, we
recorded them for about 1 h, and the responses to 5,000
stimuli from C3'-Fz, C4'-Fg, and F3-A2 were averaged
every 20 min after each PAS session (just after, 20 min
after, and 40 min after),

The time course of each PAS-induced effect on the SEPs
and HFOs was studied using a one-way, repeated-measures
ANOVA with Time (before PAS vs. just after PAS, 20 and
40 min after PAS) as a within-subject factor.

Experiment 3: comparison of the effects of PAS over the
motor cortex with those of PAS over the somatosensory
cortex

Subjects and stimulation sites

In 14 subjects, PAS over the somatosensory cortex was per-
formed (7 subjects with PAS,, 7 subjects with PAS ). A
magnetic coil was positioned over an area 2 cm posterior to
the motor hot spot (Wolters et al. 2005). The effects of PAS
over the somatosensory cortex on SEPs and HFOs were
compared with those after PAS over the motor cortex
(Experiment 1),

To compare the differences between PAS over the motor
cortex and PAS over the somatosensory cortex, we per-
formed a two-way ANOVA of mixed design with the
within-subject factor of Time (before PAS vs. after PAS)
and the between-subject factor of Stimulation Site (motor
COrtexX Vs, Somatosensory cortex).

Experiment 4: effect of PAS over the motor cortex on motor
cortical excitability

Subjects and time courses of MEP recordings
d £

Motor cortical excitability was assessed in 14 subjects (7
subjects with PAS,, 7 subjects with PAS ). TMS was per-
formed with a round coil (external diameter, 130 mm) con-
nected to a Magstim 200 stimulator to obtain MEPs, The
coil was positioned over the vertex in the optimal scalp
position to elicit motor responses in the right APB muscle.
The MEP amplitude was measured by using the stimulator
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intensity sufficient to evoke a peak-to-peak amplitude of
I mV in the relaxed APB muscle. MEPs were recorded
from the APB muscle using a pair of 2 x 2-tm Ag-AgCl
disposable surface electrodes in a belly tendon montage.
Each parameter was measured before the PAS session. just
after the PAS session, and 15, 30, 45, and 60 min after the
PAS session.

Each PAS-induced effect on the MEP was studied using
a two-way ANOVA of mixed design with the within-sub-
ject factor of Time (before PAS vs, after PAS) and the
between-subject factor of Intervention (PAS,s vs. PAS, ).

Statistical analysis

Data were analyzed using ANOVAs in SPSS for Windows,
version 11.5. Whole analyses could assume the sphericity
was not violated. When the effect was significant, a post
hoc Dunnett’s paired r-test was performed on the data. The
statistical analyses were carried out on absolute amplitude
values to compare variables before and after PAS, whereas
normalized amplitudes were described in Figs. 3, 4, 5, and
6. A value of P < 0.05 was considered to be statistically sig-
nificant. Data were expressed as mean =+ standard error of
the mean.

Results

Experiment 1: effects on SEPs and HFOs after PAS
over the motor cortex

Figure 3 reveals the comparison between changes in SEPs
and HFOs after PAS,; and PAS ; over the motor cortex. A
three-way ANOVA of mixed design revealed no significant
three-way interactions, but did reveal significant two-way
interactions for Time x Intervention (early HFOs: F | 5, =
9.648, P=0.003; late HFOs: F ;= 18.224, P <0.001;
total HFOs: F| 5, = 16.339, P < 0.001; P14-N20: F| s, =
5.847, P=0.019: N20-P25: F s =4.684, P=0035;
P25-N33: F, 5, =15.549, P<0.001). Separate two-way,
repeated-measures ANOV As on SEPs and HFOs following
PAS,s and PAS,, revealed no significant Time x Recording
Site interactions, whereas the ANOVAs on SEPs and HFOs
following PAS,s showed significant main effects of Time
(early HFOs: F | ,=8463, P=0.007. late HFOs:
F 25, =19.615, P<0.001; total HFOs: F .5, =15.574,
P<0.001: P14-N20: F|, 55, = 5.051, P =0.033; N20-P25:
Fii24=5967. P=0.021; P25-N33: F=13.126,
P=0.001). Neither SEPs nor HFOs following PAS,,
revealed significant main effects. One-way. repeated-
measures ANOVA revealed that HFOs and N20-P25 and
P25-N33 amplitudes from C3'-Fz increased significantly
following PAS,¢ relative to the pre-PAS,s values (early
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HFOs: F,; 14, = 14.356, P = 0.002; late HFOs: F(y 5= 22.561.
P <0.001; total HFOs: F,, , =24.291, P <0.001; N20-
P25: F,, s = 6.179, P=0.026; P25-N33: F,, ,,, = 14.747.

P =0.001), and there was a significamt decrement in the
P25-N33 amplitude from C3'-Fz following PAS |, relative
to the pre-PAS); value (F 4= 11501, P=0.004), as
shown in Figs. 2, and 3. There were no significant main
effects on the P14-N20 amplitude from C3'-Fz. SEPs and
HFOs recorded from C4'~Fz did not show significant main
effects, either. For the P22-N30 amplitude from F3-A2,
two-way, repeated-measures ANOVA revealed no signifi-
cant main or interaction effects.

The averaged latency of the N20-component from C3'-
Fz was 17.85 £ 0.87 in the present study.

Experiment 2: time courses of changes in SEPs and HFOs
after PAS over the motor cortex

Figure 4 reveals the companson between time courses of
changes in SEPs (Fig. 4b) and HFOs (Fig. 4a) after PAS,¢
and PAS |, over the motor cortex. One-way. repeated-mea-
sures ANOVA revealed that the late and total HFOs and the
P25-N33 amplitude recorded from C3'~Fz changed signifi-
cantly following PAS;s (late HFOs: Fiy5,,=24.075,
P =0.002; ol HFOs: F ;= 16852, P=0.010; P25-
N33: F q5,= 6916, P =0.046), whereas the early HFOs
and the P14-N20 and N20-P25 amplitudes did not (Fig. 4).
Post hoc analysis revealed that the amplitude of the late
HFOs and P25-N33 increased significantly for 60 min from
just after PAS,; relative to the pre-PAS, values (late HFOs:
0-20 min, P=0.039: 2040 min, P =0,002; 40-60 min,
P =0.022; P25-N33: 0-20min, P =0.033; 20-40 min,
P=0.001; 40-60 min, P=0.003). The amplitude of the

A Pre PAS,, B
— Post I'-\:i“I

Pre PAS,,

Gt — Post PAS
" Stim
Stim

A

Early II!(! Late HFO

""‘"H. MM

— Mimsc

20 msec

Fig. 2 Typical SEPs (upper traces) and HFOs (lower traces) from
C3'-Fz were obtained in a subject before and after paired-associative
stimulation (PAS). Waveforms before and after PAS were superim-
posed. a, b The N20-P25 and P25-N33 amplitudes increased/de-
creased significantly after PAS.q, ¢ d HFO amplitudes were
enlarged/reduced significantly after PAS,q,
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Fig. 3 The effect of PAS on SEP und HFO umplitudes. The size ratios
(just after PAS/pre PAS) of the components of the HFOs (early, late,
and total HFOs) and SEPs (P14-N20, N20-P25, and P25-N33) from
C3 ~Fz are shown. The HFO amplitudes and the N20-P25 and P25-
N33 amplitudes recorded from C3'-Fz increased significantly follow-
ing PAS,¢, whereas the P25-N33 amplitude from C3'-Fz decreased
following PAS,,. *F < 0.05 by a one-way analysis of vanance (ANO-
VA) with Time (before PAS vs. justafter PAS) as o within-subject fac-
tar. Errar bar standard error of the mean

total HFOs increased for only 2040 min after PAS,,
relative to the pre-PAS,; value (0-20 min, P = (0.068;
20-40 min, P=0.012; 40-60 min, P =0.118). Onc-way,
repeated-measures ANOVA revealed that the HFOs and the
N20-P25 and P25-N33 amplitudes from C3'-Fz decreased
significantly after PAS, (early HFOs: F, 4 =6.619,
P=0.049; late HFOs: F5 .5 =11.795, P=0.019; total
HFOs: Fy 4 =24499. P=0.005; N20-P25: Fiy 6=
9311, P=0.001; P25-N33: F; 4, = 55533, P=0.001).
As shown in Fig. 4, post hoc analysis revealed that the
N20-P25 amplitude decreased significantly from 20 min
after PAS ; relative to the pre-PAS,, value (0-20 min.
P=0.951: 2040 min, P=0.003; 40-60 min, P=0.002).

The P25-N33 amplitude decreased from just after to
40 minutes after PAS,;, relative to the pre-PAS |, value
(0-20 min, P =0.003; 2040 min, P=0.019; 40-60 min,

Fig, 4 Tume courses of changes
i SEPs and HFOs after PAS.
The size ralios (post PAS/pre
PAS) of a components of HFOs
and b SEPs from C3'-Fz are
shown. The late HFO and the
P25-N33 amplitudes increased
significantly after PAS,; and
lasted for 60 min, The N20-P25
and P25-N33 amplitudes de-
creased notably for more than
30 min afier PAS,,. The HFOs
also decreased alter PAS,, and

10

e

Normalized amplitude of HFOs

Listed for 60 min o8

P =10.681). The HFOs were reduced notably from just after
PAS,, relative to the pre-PAS , values (early HFOs: (-
20min, P=0.040; 2040 min, P=0.053;: 40-60 min,
P =0.078; late HFOs: 0-20 min, P =0.459; 2040 min,
P =0.014: 40-60 min, P=10.180; total HFOs: 0-20 min.
P <0.001; 2040 min, £<0.001; 40-60 min, P <0.001).
There was no significant change in the SEPs and HFOs
from C4'-Fz and in the SEPs from F3-A2 after both PAS

Se5510N5.

Experiment 3: comparison of the effects of PAS
over the motor cortex with those of PAS
over the somatosensory cortex

Figure 5a, b reveals the comparison between changes in
SEPs and HFOs after PAS,,,, over the motor cortex and
after PAS,q;, over the somatosensory cortex. With the
PAS,5 intervention, two-way, ANOVA of mixed design
revealed that the HFO and SEP amplitudes recorded from
C3'-Fz displayed statistically significant Time x Stimula-
tion Site interactions (late HFOs: F| | 5, = 6.328, P = 0.021;
total HFOs: F | 5, = 5975, P=0.024; N20-P25: F, 4, =
6.807, P=0.017; P25-N33: F,| 5, = 4.748, P = 0.041) and
main effects of Stimulation Site (early HFOs: F,| 4, =
6.188, P=0.022; late HFOs: Fj; ., =7.323. P=0.014;
total HFOs: F o, = 7.384, P = 0.013). as shown in Fig. 5.
These results revealed that the eflects of PAS. depended
on the stimulation site. Separate one-way. repeated-mea-
sures ANOVAs revealed that the HFOs and the N20-P25
and P25-N33 amplitudes increased significantly after
PAS ¢ over the motor cortex (Experiment 1), whereas there
were no significant changes after PAS,. over the somato-
sensory cortex relative to the pre-PAS S \':1Iucx (early
HFOs: F; ., =0.006, P=0.939; late HFOs: F |, = 0.098,
P =0.764; total HFOs: F, . = 0.017, P =0.899; N20-P25:
Foe=3628, P=0105 P25-N33; F,, = 1.826,
P=0225). With the PAS;, intervention, the P25-N33
amplitude from C3'-Fz displayed a statistically significant
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Fig. 5 a. b Comparison of the effects of PAS over the motor cortex
with those of PAS over the somatosensory cortex. The size ratios (post
PAS/pre PAS) of components of HFOs and SEPs from C3'-Fz are
shown. SEPs and HFOs after PAS over the motor cortex changed sig-
nificantly, whereas there was no change after PAS over the somatosen-

0ry cortex

Time x Stimulation  Site  difference  (F| 5, =4.938,
P =0.038), as shown in Fig. 5. These results revealed that
the effects of PAS,, depended on the stimulation site, Sepa-
rate one-way, repeated-measures ANOVAs revealed that
the P25-N33 amplitude decreased notably after PAS, over
the motor cortex (Experiment 1), but there was no signifi-
cant change after PAS,, over the somatosensory cortex rel-
ative to the pre-PAS,, value (F,, =0.001, P=0.993)
There were no statistically significant main or interaction
effects on the SEPs and HFOs from C4'-Fz.

Experiment 4: the effect of PAS over the motor cortex
on motor cortical excitability

Figure 6 reveals the comparison between time courses of

changes in MEPs after PAS,; and PAS, over the motor
cortex. There was a significant pattern of change in the
MEP amplitude following the PAS intervention (Fs g =
5.905, P=0.014) with factors of Time x Intervention
(Fig. 6). Post hoc analysis showed that a significant
increment in the MEP amplitudes continued from 15 to
45 min after PAS,; relative to the pre-PAS,; values (0 min,
P =0.094; 15 min, P=0.006: 30 min. P = 0.005; 45 min,
P =0.027; 60 min, P=0.982), and a significant decrement
in the MEP amplitudes following PAS,, lasted for
60 min relative to the pre-PAS,; values (0 min, P = 0.002:
15 min, P=0.002: 30 min, P =0010; 45 min, P =0.015;
60 min, P =0.018).

Discussion

This study revealed that PAS over the motor cortex
changed the cortical excitability in a distant site, the
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Fig. 6 Effects of PAS on motor-evoked potentials (MEPs). The size
ratios (post PAS/pre PAS) of the MEPs are shown, The MEPs were en-
larged/reduced significantly following PAS,s, . and these effects last-
ed for more than 30 min

somatosensory cortex. The cortical components of SEPs
from C3'-Fz increased significamly after PAS,, whereas
changes in the cortical SEPs were reversed after PAS,,.
The HFOs from C3'-Fz were enlarged significantly after
PAS,;, whereas the HFOs decreased notably after PAS, .
Since these changes lasted more than 30 min, it was
revealed that the LTP/LTD-like phenomena occurred on
the SEPs and HFOs, respectively. There were no effects on
the SEPs and HFOs following PAS over the somatosensory
cortex.

Changes in SEPs and MEPs after PAS

The PAS-induced increment/decrement of cortical excii-
ability was distinctly timing dependent (Stefan et al. 2002:
Wolters et al. 2003, 2005). In the classical model of asso-
ciative, Hcbbian plasticity, synaptic transmission is
strengthened when a presynaptic neuron is activated before
activation of the postsynaptic neuron, whereas the opposite
effect is induced when the sequence of events is reversed.
Afferent inputs elicited by median nerve stimulation reach
the somatosensory cortex at the latency of the N20 compo-
nent of the SEPs (Allison et al. 1989). In humans, a periph-
eral somatosensory signal generally reaches the motor
cortex 4 ms after the arrival of the signal in the somatosen-
sory cortex (Goldring et al. 1970). Since the latency of the
N20-component of the SEPs was 17.85 £ 0.87 ms in the
present study, the events triggered by TMS also followed
the events elicited by median nerve stimulation in the motor
corex at PAS,; (PAS,: ISI=25ms > N20-latency +
4 ms). whereas the sequence of events was reversed at
PAS,, (PAS,;; 1SI= 10 ms < N20-latency + 4 ms), There-
fore. these results indicated that the LTP/LTD-like phe-
nomena were produced in the motor cortex with PAS;5,,
over the motor cortex.
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The N20-P25 and P25-N33 amplitudes changed after
PAS over the motor cortex in the present SEP study. The
origin of each SEP component is different. P14 is probably
generated from a subcortical structure, the caudal medial
lemniscus (Noel et al, 1996), and N20 is thought to be gen-
erated from the somatosensory cortex in the posterior lip of
the central fissure (Nuwer et al. 1994). The later potentials
(P25. N33, and later potentials) are usually assumed to rep-
resent the arrival of the sensory volley at the somatosensory
cortex (Tsuji and Rothwell 2002), A previous study
revealed that low-frequency repetitive TMS (rTMS) over
the motor cortex suppressed the N20-P25 amplitude with-
out any changes in the N20,,..~N20,.,, amplitudes. The
authors speculated that this suppression occurred in the
somatosensory cortex, because the N20 component reflects
an activation of the somatosensory cortex by thalamocorti-
cal fibers (Enomoto et al. 2001). In the present study, not
the P14-N20, but the N20-P25 and P25-N33 amplitudes
changed after imervention. Therefore, we speculated that
PAS over the motor cortex did not affect subcortical path-
ways, but did affect the later processes, including the
somatosensory cortex. These results are similar to those of
previous studies (Enomoto et al. 2001; Tsuji and Rothwell
2002).

The cortical SEP components changed significantly fol-
lowing PAS,q,, over the motor cortex, and these effects
lasted for more than 30 min, as in our MEP study, whereas
PAS,4, over the somatosensory cortex produced no sig-
nificant SEP changes. We offer the following 1wo reasons
for this discrepancy. One reason is the 1SIs of PAS. A pre-
vious SEP study suggested that PAS over the somatosen-
sory cortex caused the LTP/LTD-like phenomena in the
somatosensory cortex, but the ISIs of PAS over the somato-
sensory cortex were shorter by 6.8 ms than those over the
motor cortex. Therefore, PAS,q;, over the somatosensory
cortex could not produce such phenomena in the somato-
sensory cortex (Wolters et al. 2005). In the present study,
no significant SEP changes were obtained for the same rea-
son. Another reason is that a difference in the sensitivity to
TMS effects between the motor and somatosensory cortices
might exist. Low-frequency rTMS over the motor cortex
suppressed the cortical SEP for a long time via the cortico-
cortical connections between the motor and somatosensory
cortices, whereas low-frequency rTMS directly over the
somatosensory cortex had a slight facilitatory effect of SEP,
and this effect lasted a few minutes (Enomoto et al. 2001),
In a continuous theta burst stimulation (¢TBS) study, SEP
changes following ¢TBS over the somatosensory cortex
were shorter than MEP and SEP changes following ¢TBS
over the motor cortex, The authors speculated that this dis-
crepancy was caused by a threshold difference for TMS
effects between the motor and the somatosensory cortices
(Ishikawa et al. 2007). Because the stimulus paradigm in

the present study was different from those in the previous
studies, we could not compare our results directly to the
previous results. However, TMS effects over the somato-
sensory cortex are weaker than those over the motor cortex.
We suppose that the threshold for TMS effects over the
somatosensory cortex may be higher than that over the
motor cortex. Consequently, we speculated that the LTP/
LTD-like phenomena in the motor cortex induced by
PAS,,, over the motor cortex were not caused in the
somatosensory cortex directly, but might spread to the
somatosensory cortex, since the dense cortico-cortical con-
nections exist between the motor and somatosensory cor-
tices. and the same LTP/LTD-like effects appeared in the
somatosensory cortex. These SEP results are in line with
previous MEP results (Stefan et al. 2002; Wolters et al.
2003).

PAS over the motor cortex did not affect the frontal P22—
N30 component from F3-A2 in the present study. This
result revealed that the changes in SEPs from C3'-Fz were
not contaminated by the frontal P22-N3(0 component. A
previous study reported that the frontal P22-N30 amplitude
increased just after a paradigm similar to our PAS,, para-
digm: r'TMS over the motor cortex paired with a preceding
repetitive motor point stimulation (0.1 Hz, ISI of 25 ms),
but the effect did not continue for 10 min (Tsuji and Roth-
well 2002). The discrepancy could reflect methodological
differences. There were different methods of SEP recording
in the two studies: in Tsuji and Rothwell's study, 256 stim-
uli were delivered at 1 Hz; in our study, 5,000 stimuli at
about 4-5 Hz were given for about 20 min. Even if the
frontal P22-N30 amplitude changed, as in Tsuji and Roth-
well's study, the effect would be too short to record in the
present study. Therefore, the changes in the SEPs from
C3'-Fz after PAS did not affect the frontal compoenent in
the present study.

HFOs changes after PAS

In spite of extensive research concerning HFOs superim-
posed on the N20 primary cortical responses, the origin of
HFOs still remains controversial. One hypothesis is that
HFOs are generated from GABAergic inhibitory interneu-
rons (Hashimoto et al. 1996). Based on the reciprocal rela-
tionship between HFOs and N20 representing an ensemble
of EPSPs of the glutamatergic pyramidal neurons in the 3b
area, HFOs were postulated to represent a localized activity
of GABAergic inhibitory interneurons in layer 4 of area 3b
(Curio 2000, Hashimoto et al. 1996, 1999). Although the
following hypothesis may be speculative at present, we pro-
pose that the HFO changes that occur after PAS reflect the
activities of GABAergic inhibitory interneurons,

The close interactions between the glutamatergic pyra-
midal neurons and the GABAergic inhibitory interneurons
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in the cortex have been well established (Porter et al. 2001
Sun et al. 2006a, b). The existence of constant inhibitory
regulation of the activity of large pyramidal neurons by the
surrounding inhibitory neurons in the sensorimotor cortex
was demonstrated (Storozhuk et al. 2003). In the central
nucleus of the inferior colliculus, the major structure of the
central auditory system, glutamatergic excitation can be
modulated by presynaptic GABAy receptors. This mecha-
nism might serve to prevent overstimulation by feedback
inhibition from GABAergic inhibitory interncurons or to
maintain an appropriate balance of excitation and inhibition
for the neural representation of auditory signals (Sun et al.
20064, b). There are a number of GABA; receptors in the
presynaptic and postsynaptic membranes of glutamatergic
pyramidal neurons, and these receptors modulate glutama-
tergic neurotransmission in the rat hippocampus (Kulik
ctal. 2003). GABAergic inhibitory interneurons regulate
glutamatergic pyramidal neurons not only by exposing
them to the neurotransmitters directly, but also by modulat-
ing glutamatergic  neurotransmission  through GABAg
receptors, The LTP/LTD-like phenomena after PAS are
considered to be mediated by the NMDA receptors on post-
synaptic glutamatergic neurons (Stefan et al. 2002; Wolters
et al. 2003), and numerous NMDA receptors are distributed
throughout the brain, including the sensorimotor cortices
(Scheperjans et al. 2005). When glutamatergic neurons are
facilitated, GABAergic inhibitory interneurons might also
be activated by the enhanced glutamatergic neurons, which
in turn modulate glutamatergic excitation. Conversely. if
glutamatergic neurons are regulated, GABAergic inhibitory
interneurons may no longer be modulated. In our study. the
HFOs as well as the N20-P25 and P25-N33 amplitudes
increased significantly after PAS,. After PAS,,, the HFOs
and the N20-P25 and P25-N33 amplitudes decreased nota-
bly. Because glutamatergic neurons were facilitated by
NMDA receptor activation, and GABAergic inhibitory
interneurons might be activated secondarily after PAS,,,
we speculate that the increased N20-P25 and P25-N33
amplitudes and the increased HFO amplitudes reflect the
increased activity of pyramidal cells and inhibitory inter-
neurons, respectively. On the other hand, the N20-P25 and
P25-N33 amplitudes and the HFO amplitudes decreased
notably after PAS,, probably reflecting a down-regulation
of glutamatergic neurons and GABAergic inhibitory inter-
neurons. Since a previous animal experiment revealed that
a GABA , antagonist did not affect the HFO activity (Jones
and Barth 2002), we speculated that changes in HFOs fol-
lowing PAS over the motor cortex might be produced
through GABAy, receptors,

In conclusion, not only the MEP but also the cortical
SEPs and HFOs increased/decreased, and these effects con-
tinued for more than 30 min after PAS over the motor cor-
tex. These results revealed that the LTP/LTD-like
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phenomena in the motor cortex may spread to a distant site,
the somatosensory cortex. Enhanced HFOs after PAS,;
over the motor cortex may reflect the activation of GAB-
Aergic inhibitory interneurons for the purpose of regulating
pyramidal neurons in the somatosensory cortex. Because
there is no need to modulate deactivated pyramidal neurons
after PAS |, over the motor cortex, the HFO activity may be
reduced.
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Abstract

Ohjective: Theta burst transcranial magnetic stimulation (TBS) causes changes in motor cortical excitability. In the present study,
somatosensory-evoked potentials (SEPs) and high-frequency oscillations ( HFOs) were recorded before and after TBS over the motor
cortex Lo examine how TBS influenced the somatosensory cortex.

Methods: SEPs following electric median nerve stimulation were recorded, and amplitudes for the P14, N20, P25, and N33 components
were measured and analyzed. HFOs were separated by 400-800 Hz band-pass filtering, and root-mean-square amplitudes were calculated
from onset to offset. SEPs and HFOs were measured before and after application of either intermittent or continuous TBS (iTBS/cTBS;
600 total pulses at 80%, active motor threshold) over the motor cortex. Motor-gvoked potentials (MEPs) and short-interval intracortical
inhibition (SICI) of the first dorsal interosseous muscle were examined before and after TBS.

Results: MEPs, SICIL. and HFO amplitudes were increased and decreased significantly after 1TBS and ¢TBS, respectively. Wide-band
SEPs did not change significantly after TBS.

Conelusions: TBS changed the cortical excitability of the sensorimotor cortices. Changes in HFOs after TBS were parallel to those in
SICL

Significance: The mechanisms of changes in HFOs after TBS may be the same as those in SICI,

& 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Low-amplitude, high-frequency oscillations (HFOs) of
500-800 Hz superimposed on the ascending slope of the
N20 primary response following stimulation of the median
nerve have attracted increasing attention in the past several
years (Curio et al., 1994; Hashimoto et al.. 1996). Although
studies using electroencephalography (EEG) or magneto-
encephalography (MEG) provided a wide range of infor-
mation about the generators of these high-frequency
wavelets, from the thalamus (Eisen et al., 1984; Kloster-
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mann et al., 2002) and thalamocortical presynaptic action
potentials (Gobbele et al.. 1998) to the somatosensory cor-
tex (Curio et al., 1997; Hashimoto et al., 1999; Sakuma and
Hashimoto, 1999; Sakuma et al., 1999, 2004; Shimazu
et al., 2000), the precise anatomical location of the genera-
tor remains unclear. Hashimoto and colleagues hypothe-
sized that HFOs represented a localized activity of the
GABAergic inhibitory interneurons in layer 4 of area 3b,
whereas the N20 component was considered to be gener-
ated by excitatory postsynaptic potentials of pyramidal
neurons (Hashimoto et al., 1996).

Transcranial magnetic stimulation (TMS) not only is an
important noninvasive method for neurophysiological
investigation of the corticospmnal tract in humans, but also

2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Lid. All rights reserved
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is a useful 1ool for the treatment of neurological and psy-
chiatric disorders. Repetitive TMS (rTMS) has been used
for neurophysiological examinations and treatments of
neuropsychiatric diseases (Lefaucheur et al., 2004; Pasc-
ual-Leone et al.. 1994a.b. 1996). The effects of rTMS gen-
crally depend on the stimulus frequency: low-frequency
(<1 Hz) rTMS decreases cortical excitability (Chen et al.,
1997: Gerschlager et al., 2001), while high-frequency
(=1 Hz) rTMS can increase cortical excitability (Di Lazz-
aro et al., 2002; Matsunaga et al., 2005). Recently, a new
rTMS protocol, theta burst stimulation (TBS), was intro-
duced. Intermittent or continuous TBS (iTBS/cTBS) over
the motor cortex increased/decreased, respectively, both
motor-evoked potentials (MEPs) and short-interval intra-
cortical inhibition (SICI) (Huang et al., 2005). ¢TBS over
the occipital cortex increased the phosphene threshold
(Franca et al,, 2006), and this finding revealed that TBS
changed the cortical excitabilities in the sensory system as
well as in the motor system.

rTMS affected somatosensory-evoked potentials (SEPs)
and HFOs. For example, 1 Hz rTMS over the motor cortex
suppressed the N20-P25 and P25-N33 amplitudes (Enom-
oto et al., 2001). Results of a recent study showed that
¢TBS over the sensorimotor cortices affected the cortical
components of SEPs (Ishikawa et al.. 2007). HFOs were
increased significantly after 0.5 Hz rTMS over the somato-
sensory cortex, whereas SEPs were not changed (Ogawa
et al.. 2004). We hypothesized that TBS over the motor
cortex affected the somatosensory cortex. because of the
dense cortico-cortical connections between motor and
somatosensory cortices (Enomoto et al., 2001). Further-
more, we speculated that HFOs as well as SICI might be
affected by TBS, because both HFOs and SICI may reflect
the functions of GABAergic inhibitory interneurons (Chen
et al, 1998: Hashimoto et al., 1996; Kujirai et al., 1993;
Ziemann et al., 1998b; Ziemann, 2004). In the present
study, we recorded SEPs and HFOs before and after TBS
sessions (iTBS and ¢TBS) and examined how TBS over
the motor cortex influenced the somatosensory cortex.

2. Methods
2.1. Subjects

Wesstudied 28 right-handed healthy volunteers (15 women,
13 men). ages 21-39 years (mean age. 27.1 + 4.8 vears).
None had a history of physical or neurological illness. Some
subjects took part in more than one experiment. This study
was approved by the Human Ethics Committee of Tottori
University and was conducted in accordance with the Decla-
ration of Helsinki. All participants gave their informed con-
sent prior to participation.

2.2. TBS protocol

rITMS over the left primary motor cortex was applied
using the Magstim Super Ruapid magnetic stimulator

T Murakami et ol | Clinical Newrophysiology 119 (2008 ) 301-308

(Magstim Co., Dyfed. Wales). The magnetic stimulus
had a biphasic waveform with a pulse width of 200 ps.
The coil with a figure-of-eight and external loop diameters
of 80 mm (Magsum Co., Dyled, Wales) was held tangen-
tially to the skull. with the handle pointing backward
and laterally at a 45-deg angle to the sagittal plane. The
center of the linear contiguous segment of the coil was
placed over the hand area of the left motor cortex. Inten-
sities were expressed as a percentage of the maximum out-
put of the stimulator. The stimulation intensity was defined
in relation to the active motor threshold (AMT). The
AMT was evaluated as the minimum single pulse intensity
required to produce an MEP greater than 200 pV on more
than five of 10 trials from the right first dorsal interosseous
(FDI) muscle while the subject was maintaining a volun-
tary contraction of about 20% of maximum using visual
feedback.

TBS paradigms were safe in normal subjects and capa-
ble of producing consistent. rapid, and controllable electro-
physiological and behavioral changes in the function of the
human motor system. The pattern of delivery of TBS (con-
tinuous vs. intermittent) was crucial in determining the
direction of change in synaptic efficacy (Huang et al.,
2005). According to the Huang's report (Huang et al.
2005), rTMS was performed using the TBS pattern in
which three pulses of stimulation were given at 50 Hz,
repeated every 200 ms for a total of 600 pulses delivered
over the motor cortex. In the iTBS pattern, a 2-s train of
TBS was repeated every 10 s for a total 190 s, In the ¢TBS
pattern, a 40-s tram of uninterrupted TBS was given. The
stimulus intensity was set at 80% of the AMT.

2.3. Experimental protocols

2.3.1. Experiment 1 the effects of TBS on SEPs and HFOs

Sixteen subjects participated in the SEP experiments. Six
subjects participated in the “iTBS over the motor cortex”™
paradigm, and 6 subjects participated in the “cTBS over
the motor cortex” paradigm. with 4 subjects participating
in both experiments on different days. These experiments
were conducted at least one month apart.

Subjects lay supine on the bed and were instructed to
stay awake with their eyes closed and to pay no attention
to the stimuli to avoid sleepiness due to monotonous pre-
sentation of stimulus (Ogawa et al,, 2004). Alertness was
monitored by EEG recording. When a subject became
drowsy or sleepy, recordings were stopped, and they were
re-started when the subject was completely awake after a
nap (Mochizuki et al.. 2003). Electrical stimuli of 0.2 ms
duration were delivered alternately to the bilateral median
nerves at the wrists (cathode proximal). The stimulus inten-
sity was adjusted to three times the sensory threshold so as
to induce a small muscular twitch in the thenar muscles.
The stimuli were delivered at irregular intervals, with inter-
stimulus intervals (1S1s) between 211 and 262 ms. Record-
ing electrodes were placed on C3' (2 em posterior to C3),
C4' (2em posterior to C4). and Fz of the International
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