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influx into the neurons, resulting in induction of LTD-like
plasticity. However, neither SICI nor LICI was altered by
priming over SMA, thusleading to the tentative conclusion
that it is much less likely that the priming effects arise as
a consequence of the alteration of intracortical inhibitory
circuits.

Another possible explanation is related to several
human studies in which voluntary contraction influences
rTMS-induced plasticity (Fujiwara & Rothwell, 2004;
Gentner et al. 2008; Huang et al. 2008). The after-effects
of 'TMS depend on the state of the cortex at the time the
stimulation is applied. Thus, the effect of 5 Hz rTMS on
SICI was reversed by muscle contraction during rTMS
(Fujiwara & Rothwell, 2004). More recently, voluntary
contraction during TBS abolished TBS-induced plasticity
(Huang et al. 2008). Huang et al. (2008) proposed two
possibilities to account for such state-dependent effects.
First, the voluntary contraction perhaps changes the
membrane potential or Ca’* concentration of pyramidal
neurons, directly affecting TBS-induced plasticity. ‘Busy
line’ effects are another possible explanation; given that
synapses stimulated by TBS are the same as those
activated by voluntary contraction, extra activation of
those synapses by TBS is negligible (Huang et al. 2008).
Yet another study showed that voluntary contraction of
sufficient duration changes the direction of TBS-induced
plasticity; the authors contrastingly interpret their findings
within the framework of metaplasticity theory (Gentner
et al. 2008). Perhaps it is still an open question regarding
the mechanism of effects of voluntary contraction on
TBS-induced plasticity. In any case, SMA priming which
produced changes in SICF might be a sign of some
sort of baseline difference in the state of motor cortex
independent of metaplasticity, resulting in alteration of
subsequent QPS-induced plasticity.

SMA-M1 interplay and metaplasticity

Experimental observations of metaplasticity are
considered to represent a major form of homeostatic
mechanism of synaptic plasticity that prevents neuronal
circuits from becoming destabilized and that maintains
them within a dynamic range of modifiability (Abbott
& Nelson, 2000; Abraham, 2008). Our findings might
therefore highlight a homeostatic (or metaplastic)
regulation of synaptic plasticity within excitatory circuits
of M1 by input from SMA. Since SMA is implicated in
higher motor control and the learning process (Luppino
et al. 1993; Tanji & Shima, 1994; Tanji, 1996; Hikosaka
et al. 1999; Nachev et al. 2008), the present results further
raise the intriguing possibility that a preceding period of
learning which entails a change in neuronal activity of
SMA may regulate subsequent learning that is handled
by neuronal circuits of M1 (Hikosaka et al. 1999; Sane &
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Donoghue, 2000). Since this study was not designed to
test this hypothesis, future studies would be needed to
shed light on possible metaplastic interplay between SMA
and M1 during motor learning.

Finally, the shortcoming of the present study is that
the lack of direct recording of synaptic responses in
conscious humans renders any hypothesis about the
precise neuronal mechanisms underlying QPS-induced
plasticity or metaplasticity speculative (Cooke & Bliss,
2006). However, although the interpretation of the present
data is inferential, the present study does suggest strongly
that there may be important interactions between M1 and
SMA in terms of metaplasticity.

Conclusions

Preceding stimulation over SMA elicited bidirectional
shifts of the crossover point of the stimulus-response
function of subsequent motor cortical plasticity. SMA
priming transiently altered the synaptic efficiencies of
excitatory circuits within M1. The data support the
view that the homeostatic changes are mediated via
mechanisms of metaplasticity. These findings highlight
an important interplay between M1 and SMA regarding
metaplasticity which might underpin learning and
INernory processes.
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Objective: The interhemispheric competition model propos-
es that the functional recovery of motor deficits in patients
after stroke can be achieved by increasing the excitability of
the affected hemisphere or decreasing the excitability of the
unaffected hemisphere. We investigated whether bilateral
repetitive transcranial magnetic stimulation might improve
the paretic hand in patients after stroke.

Design: A double-blind study.

Patients: Thirty patients with chronic subcortical stroke.
Methods: The patients were randomly assigned to receive
1 Hz repetitive transcranial magnetic stimulation over the
unaffected hemisphere, 10 Hz repetitive transcranial mag-
netic stimulation over the affected hemisphere, or bilateral
repetitive transcranial magnetic stimulation comprising
both the 1 Hz and 10 Hz repetitive transeranial magnetic
stimulation. All patients underwent motor training following
repetitive transcranial magnetic stimulation.

Results: Bilateral repetitive transcranial magnetic stimula-
tion and 1 Hz repetitive transcranial magnetic stimulation
immediately improved acceleration in the paretic hand.
Compared with 1 Hz repetitive transcranial magnetic stimu-
lation, bilateral repetitive transcranial magnetic stimulation
decreased the inhibitory function of the affected motor cor-
tex and enhanced the effect of motor training on pinch force.
Moreover, this effect of motor training lasted for one week.
On the other hand, 10 Hz repetitive transcranial magnetic
stimulation had no effect on the motor function.
Conclusion: Bilateral repetitive transcranial magnetic stim-
ulation improved the motor training effect on the paretic
hand of patients after stroke more than unilateral stimula-
tion in pinch force; this might indicate a new neurorehabili-
tative strategy for stroke.

Key words: repetitive transcranial magnetic stimulation, motor
training, stroke, neuronal plasticity. rehabilitation.
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INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) is
a non-invasive method that can change the excitability of
the human cortex for at least several minutes. The nature of
the after-cffect depends on the frequency, intensity, and pat-
tern of stimulation. High-frequency rTMS (more than 5 Hz)
increases cortical excitability. whereas low-{requency rTMS
(1 Hz or less) leads to suppression of cortical excitability
(1.

The interhemispheric competition model proposes that
motor deficits in patients after stroke are due to a reduced
output from the affected hemisphere and excess transcallosal
inhibition of the affecied hemisphere from the unaffected
hemisphere (2, 3). Therefore, improvement of motor deficit
could be achicved by increasing the excitability of the af-
fected hemisphere or decreasing the excitability of the unaf-
fected hemisphere by using rTMS. Research has demonstrated
that low-frequency rTMS over the unaffected hemisphere
decreased the excitability of the unaffected hemisphere and
improved the motor function of the paretic hand in patients
after stroke (4. 5). High-frequency rTMS over the affected
hemisphere also improved the motor function of the paretic
hand by increasing the excitability of the affected motor cortex
(6). Moreover. low-frequency rTMS over the unaffected hemi-
sphere improved the motor training effect (7). Therefore, the
application of r'TMS has been proposed to promote functional
recovery of the paretic hand in stroke patients owing to the
induced ncuroplasticity.

Considering the interhemispheric competition model of
patients after stroke, adding high-frequency rTMS over
the affected hemisphere along with low-frequency rTMS
over the unatfected hemisphere might improve the motor
function of the paretic side in the patients after stroke by
a greater degree than would unilateral rTMS alone. To our
knowledge, there is no report that has combined both high-
frequency and Jow-frequency rTMS in patients after stroke.
In the present study, we hypothesized that bilateral rTMS
might improve the motor training effect on the paretic hand
in patients after stroke.
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METHODS

The study population comprised 30 patients after stroke. The inclusion
criteria were as follows: (7) first-time stroke of more than 6 months
duration; (i7) only subcortical lesion confirmed by magnetic resonance
imaging (MRI); (/i7) motor deficits of the unilateral upper limb that
had improved to the extent that patients could perform pinching tasks;
and (/v) normal Mini-Mental State Examination score. The exclusion
criteria included the following: (i) severe internal carotid artery steno-
sis: (if) seizure; and (7i7) an intracranial metallic implant. Participants
were randomly divided into 3 groups (Table I). The unaffected r'TMS
group received r'I'MS over the unaffected hemisphere, the aifected
rTMS group received rTMS over the affected hemisphere. and the
bilateral rTMS group received rTMS over both the unatfected and
affected hemispheres. All the subjects gave their written informed
consent, and the protocol was approved by the local ethics committee
of the Hokkaido University Graduate School of Medicine.

The measurements for assessing the motor function (acceleration
and pinch force) were performed at pre-rTMS and post-rTMS (Post 1:
immediately after the rTMS: Post 2: afler motor training; and Post 3: 7
days after rTMS). The parameters of TMS (i.e. resting motor threshold
(rMT), amplitude of motor evoked potentials (MEPs), and intracortical
inhibition (ICI)) were evaluated at pre-r'T™S. Post 1, and Post 3. We did
not evaluate the rMT, MEPs, and 1CI immediately after motor training
(Post 2) because the motor performance modulates the excitability of
the motor cortex and ICT(9). Patients and the experimenter performing
the evaluations were blinded to the type of stimulation.

Single-pulse TMS was performed using a 70-mm figure-of-8 coil
and Magstim 200 (Magstim Co., Dyfed, UK), and rTMS was applied
using the same coil and a Magstim Rapid stimulator (Magstim Co.).
The coil was placed tangentially over the motor cortex at an optimal
site for the first dorsal (FDI) muscle. The optimal site was defined as
the location where stimulation at a slightly suprathreshold intensity
clicited the largest MEPs in the FDL This position was marked on the
scalp and used throughout the experiment. The rMT was determined
separately for each stimulator and defined as the lowest stimulator
output that could produce MEPs with a peak-to-peak amplitude greater
than 50 microvolts in at least half of the 10 trials. The peak-to-peak
amplitude of 10 averaged FDI responses obtained at 120% rMT was
also determined by using the Magstim 200 (Magstim Co.).

Paired-pulse stimulation was performed to investigate ICI in the
affected motor cortex. To apply paired pulses, a figure-of-8 coil was
connected fo a Bistim device (Magstim Co.) that triggered 2 magnetic
stimulators. The stimulus intensity of the first conditioning shock was
80% rMT and that of the second pulse was 120% rMT. We performed
the tests at interstimulus intervals (ISI) of 2 and 3 msec. Ten trials were

Table I Clinical characteristics of patients afier stroke

Bilateral Unaflected Affected
rTMS group  rTMS group rTMS group
n=10 n=10 n=10
Age. years. mean (SD) 60.9(12.4)  38.1(12.3) 59.0 12.7)
Gender, n
Male 8 7 7
Female 2 3 3
Parctic side, 5
Right 6 7 5
Lefi 4 3 5
Duration after stroke, 26.1 (28.0)  247(289)  35.6(38.7)
months, mean (SD)
Fugl-Mever scale, mean (SD)
Total, % 66.4(17.5)  71.8(17.3)  66.2(21.5)
Hand, % 67.1(26.2) 71.7(23.9) 64.4(24.2)

Fugl-Meyer scale (8) (percentages of maximum points in the upper limb
(66 points) and in hand (24 points)).

rTMS: repetitive transcranial magnetic stimulation: SD: standard
deviation,
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recorded for each IS]. and unconditioned trials (controls) were recorded
during complete relaxation. The paired stimulation with cach ISI was
randomly mixed with the control stimulation. The MEPs amplitudes
obtained by paired-pulse stimulation were expressed as a percentage
of the mean control MEPs amplitude, and the ICI was then calculated
by averaging these values. We obtained ipsilesional TMS data from
19 patients. The exclusion of patients with no ipsilesional TMS data
might have weakened the power of the ipsilesional TMS parameter
analysis. However, we excluded patients who did not display MEPs
in the affected hemisphere from the ipsilesional TMS study section,
i.e. patients in whom MEPs were not induced even at 100% stimulator
output (4 patients in bilateral r'TMS group. 3 patients in unaffected
rTMS group, and 4 patients. affected rTMS group).

We alternatively applied the 1 Hz yTMS over the unaffected hemi-
sphere and 10 Hzr'TMS over the affected hemisphere by using 2 Magstim
Rapid stimulators (Magstim Co.). This was because it was difficult to ap-
ply r'TMS over the affected and unaffected hemispheres simultaneously
due to the mechanical limitation of the overlap of the 2 figure-of-8 coils
in the patient’s head. Fig. 1 shows the rTMS protocols. In the bilateral
r'TMS group, the patients were stimulated at 90% rMT, 1 Hz, and 50 sec
train duration over the unaffected hemisphere (50 stimuli) alternating
with 90% rMT, 10 Hz, and 5 sec train duration over the affected hemi-
sphere (50 stimuli). with an interval of 5 sec for 20 times. resulting in
1000 stimuli for each hemisphere. High-frequency rTMS protocols
with a lower stimulator intensity are desirable lor preventing seizures in
patients after stroke (10). The rMT of the affected hemisphere is often
higher than that of the unaffected hemisphere in patients after stroke.
Therefore, we used the stimulation power according to the rMT of the
unaffected hemisphere at both the 1 Hz and 10 Hz rTMS in order to
avoid a risk of seizure. In the event that MEPs of the affected hemisphere
could not be elicited at the maximal stimulator outpwt, the coil was
fixed at a location over the affected hemisphere that was homologous to
the optimal site of the unaffected hemisphere. In the unaffected rTMS
group, active tTMS was applied over the unaffected hemisphere and
sham stimulation was applied over the affected hemisphere at the same
frequency and intensity used for bilateral r'TMS. Sham stimulation was
applied over the optimal site by positioning the coil perpendicular to
the scalp (11). Similarly, in the affected rTMS group, active rTMS was
applied over the affected hemisphere and sham stimulation was applied
over the unaffected hemisphere. Afier rTMS, the patients performed a
pinching task for 15 min as motor training, as described in a previous
report (12). During the pinching task, the patients were asked to perform
a metronome-paced pinch of their index finger and thumb of the affected
hand as fast as possible (frequency individualized between 0.3 and 0.3
Hz). For assessing the motor function, we checked the pinch force and
acceleration as described previously (5). In each session, 10 pinch force
values and 15 acceleration values were averaged. The patients were
allowed to familiarize themselves with this motor evaluation on the
previous day of the rTMS experiment.

The clinical characteristics data (Table I) were compared between
the bilateral rTMS, unaffected rTMS, and affected r'TMS groups by
analysis of variance (ANOVA) or the %2 test, depending on the variable
type. The effects of rTMS and motor training were evaluated using
an ANOVA for repeated measures with TIME as a within-subjects
factor and CONDITION (bilateral rTMS, unaffected rTMS. and af-
fected rTMS) as a between-subjects factor. A post-hoc analysis was
performed with Bonferroni’s correction. Any possible correlation
between the changes in the various parameters was determined by
Pearson’s correlation coefficient test as an exploratory analysis. All
data were normalized by conversion to percentage change from the
mean values of pre-rTMS.

RESULTS

The subjects did not report any adverse side-effects during the
course of the study. No difference was observed between the
bilateral, affected, and unaffected rTMS groups with regard
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Fig. 1. The protocol of repetitive
transcranial magnetic stimulation
(rTMS). In the bilateral rTMS group.
the patients were stimulated at 1 Hz
and 50 sec train duration over the
unaffected hemisphere, alternating
with 10 Hz and 5 sec train duration
over the affected hemisphere. with an
interval of 5 sec for 20 times. In the
unaffected r'TMS group. active rTMS
(solid grey bar) was applied over
the unaffected hemisphere and sham
stimulation (hashed grey bar) was
applied overthe affected hemisphereat
the same frequency and intensity used
for bilateral rTMS. Similarly, in the
affected rTMS group, active rTMS was
applied over the affected hemisphere
and sham stimulation was applied over
the unaffected hemisphere.
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to age, gender. paretic side, the duration after siroke, or the
Fugl-Meyer scale (Table I). There was no difference between
the bilateral, affected, and unaffected r'TMS groups with regard
to acceleration, pinch force, amplitude of the contralesional
MEPs, amplitude of the ipsilesional MEPs, ICI of the affected
hemisphere. tMT of unaffected hemisphere, or tMT of affected
hemisphere in pre-rTMS (Table II).

Fig. 2 shows the change in motor function after rTMS
and motor training. A repeated-measures ANOVA showed a
significant interaction between TIME and CONDITION with
respect to acceleration (F6,81=2.743, p=0.018) and pinch
force (16,81 -5.539. p=0.001). It also showed a significant
cffect of TIME on both aceeleration (F6,81 -21.014, p <0.001)
and pinch force (F6.81-31.191, p < 0.001). The post-hoc test
revealed an improvement in acceleration immediately after
bilateral rTMS (pre-r'TMS vs Post 1: p=0.002) and unaffected
rTMS (pre-rTMS vs Post 1: p=0.008). The motor training did
not induce an additional improvement in acceleration after
bilateral rTMS or unaffected rTMS. These improvements in
acceleration lasted for one week after bilateral rTMS (pre-
r'TMS vs Post 3: p<0.001) and unaffected rTMS (pre-rTMS vs
Post 3: p<0.001). Compared with unaffected rTMS, bilateral

r'TMS increased the acceleration during all the sessions. albeit
not significantly. In the affected r'TMS group. the post-hoc test
did not show a significant improvement in acceleration after
rTMS or motor training. Bilateral rTMS (Post 1: p=0.034; Post
2: p<0.001; Post 3: p-0.001) and unatfected rTMS (Post 2:
p=0.001; Post 3: p—0.022) resulted in a greater increase in
acceleration than affected rTMS.

The post-hoc test did not show a significant improvement
in pinch force immediately after bilateral 1'TMS or unaffected
r'TMS. However, the motor training induced an improvement
in pinch force after bilateral 'TMS (pre-rTMS vs Post 2:
p=0.001; Post T vs Post 2: p=<0.001) and unaffected rTMS
(pre-r'TMS vs Post 2: p - 0.008). These improvements in pinch
force also lasted for one week after bilateral rTMS (pre-rTMS
vs Post 3: p<0.001) and unaffected rTMS (pre-rTMS vs Post 3:
p=0.009). The effect of motor training after rTMS on pinch
force was more enhanced by bilateral rTMS than by unaffected
rTMS (Post 2: p—0.004; Post 3: p - 0.010). Inthe affected rTMS
group, the post-hoc test did not show a significant improve-
ment in pinch force after rTMS or motor training. Bilateral
t'TMS increased the pinch force compared with affected rTMS
(Post 2: p=0.001; Post 3: p=<0.001).

Table 1L Physiological parameters of pre-repetitive transcranial magnetic stimulation (r{AlS)

Bilateral rTMS group

Unaffected rTMS group Affected rTMS group

Acceleration, m/sec?. mean (SD) 1.9(.7) 1.9(1.2) 22(1.4)
Pinch force, N, mean (SD) 25.7(10.3) 27.7(10.2) 30.1(14.2)
Amplitude of contralesional MEPs, uV, mean (SD) 696.3 (619.7) 797.4 (828.8) 604.6 (583.5)
Amplitude of ipsilesional MEPs, uV, mean (S8D) 337.0 (293.2) 401.3 (320.7) 432.0 (307.3)
IC! of affected hemisphere. %, mean (8D) 59.2 (16.6) 63.4 24.7) 70.7 (28.3)
rMT of unaffected hemisphere, %, mean (SD) 48.1 (7.4) 48.3(14.5) 30.5(8.3)
rMT of affected hemisphere, %o, mean (SD) 02.0(12.5) 553 (14.4) 56.0 (16.1)

ICL intracortical inhibition; MEPs: motor evoked potentials: rMT: resting motor threshold: SD: standard deviation.

J Rehabil Aled 41

— 334 —



1052 N. Takeuchi et al.

a) B oiateral (TMs b)
77! Unaffected rTMS [ Ex 1
Affected rTMS X
%%
— ] k%
2] ok ) % 1
E ! « *’ K = ] *
170 * e | E 160~ ok *ﬁ
®% " C] : ! k %
=1 # e P & | i
2 1w : * & @ 140 |
5 o 5
g\a/ 130 S\i 120
C : [4)] i
g o S 10
: 2
-~ K o i
8 Q- jor g 80 i i = 2
2 Pre-rTMS Post 1 Post 2 Post 3 o Pre-rtMS Post 1 Post 2 Post 3
I 1 (7 days after fTMS) 1 I (7 days after ;TMS)
rTMS  motor training rTMS  motor training

Fig. 2. The effects of repetitive transcranial magnetic stimulation (*TMS) and motor training; (a) acceleration; (b) pinch force, Bilateral and unaffected
rTMS improved the acceleration of the paretic hand (pre-TMS vs Post 1: bilateral, p=0.002; unaffected, p= 0.008) and this improvement in acceleration
lasted for one week afier rTMS and motor training (pre-TMS vs Post 3: bilateral, p<.0.001; unaffected, p=0.001). The motor training improved the
pinch force of the paretic hand afler bilateral r'TMS (pre-rTMS vs Post 2: p<0.001: Post 1 vs Post 2: p<.0.001) and unatfected rTMS (pre-rTMS vs
Post 2: p=0.008). This improvement in pinch force also lasted for one week afler ¥*TMS and motor training (pre-r'TMS vs Post 3: bilateral, p<0.001;
unaffected, p=0.009). The eflect of motor training on pinch force was more enhanced by bilateral rTMS than by unaffected rTMS (Post 2: p=0.004;
Post 3: p=0.010). *p<0.05; **p-<0.01 (asterisk without a line indicates a p-value comparison with pre-rTMS): error bar, standard deviation.

Fig. 3 shows the change in the corticospinal excitability ipsilesional MEPs: F4,32 - 9.012, p<0.001). The post-hoc test
after rTMS. A repeated measures ANOVA for MEPs showed revealed that a decreased amplitude of contralesional MEPs
a significant interaction between TIME and CONDITION was produced immediately by unaffected rTMS (p—0.001)
(contralesional MEPs: F4,54=3.277, p=0.018; ipsilesional but not by bilateral 1TMS or affected +rTMS. The post-hoc
MEPs: F4,32=3.654, p=0.015) and a significant effect of  testrevealed thatan increased amplitude of ipsilesional MEPs
TIME on MEPs (contralesional MEPs: F4,54 =4.188, p=0.020: was produced immediately by unaffected rTMS (p<0.001)
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Fig. 3. The change inthe corticospinal excitability afier repetitive transcranial magnetic stimulation (f'TMS). (2) Amplitude of the contralesional MEPs. (b)
Amplitude of the ipsilesional motor evoked potentials (MEPs). Unaffected rTMS decreased the amplitude of contralesional MEPs (pre-rTMS vs Post 1:
p=0.001) and increased the amplitude of ipsilesional MEPs (pre-rTMS vs Post 1: p<<0.001). Bilateral rTMS increased the amplitude of ipsilesional
MEPs (pre-rTMS vs Post 1: p=0.021). However. the changes induced by rTMS were observed to be diminished at 7 days after yTMS. *p<0.05;
** p<0.01; error bar, standard deviation.
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Post 1: p=0.002). However, the change induced by rTMS was observed
to be diminished at 7 days after rTMS. **p<0.01; ervor bar, standard
deviation.

and bilateral rTMS (p-0.021), but not by affected rTMS.
There was no significant difference in the ipsilesional MEPs
changes between bilateral r'TMS and unaffected rTMS. The
MEPs changes diminished at 7 days afier bilateral rTMS and
unaffected rTMS.

Fig. 4 shows the change in the inhibitory function of affected
hemisphere after rTMS. A repeated measures ANOVA for ip-
silesional ICI showed a significant interaction between TIME
and CONDITION (¥F4,32=3.021, p=0.032) and a significant
effect of TIME on ipsilesional ICT (F4.32=3.398. p =0.046).
The post-hoc test revealed that a decreased ipsilesional ICI
was produced immediately by bilateral tTMS (pre-rTMS vs
Post 1: p~0.002) but not by unaffected rTMS or aftfected
rTMS. However, the ICI change diminished at 7 days after
bilateral r'TMS.

A repeated-measures ANOVA for contralesional and ip-
silesional tMT did not show a significant interaction between
TIME and CONDITION; furthermore, no significant cffect
of CONDITION or TIME was observed. In both the bilateral
and unaffected rTMS groups, the improvement in the motor
function after rTMS (Post 1) or motor training (Post 2) showed
no significant correlation with the age. duration after stroke,
the Fugl-Meyer scale, and the changes in ipsilesional MEPs
and ICL

DISCUSSION

This study reports that bilateral rTMS and unaftected rTMS
therapy can improve the motor training effect in the paretic
hand of patients after stroke. Moreover. bilateral rTMS could
improve the motor function more than unaffected rTMS. Our
study results suggest that stimulating the affected hemisphere
along with inhibition of the unaffected hemisphere by bilateral
rTMS appears to improve the motor function of the paretic
side in patients after stroke, while the procedure remains safe
and well tolerated.

Bilateral rTALS and motor traiming 1033

We found that 1 Hz rTMS over the unaffected hemisphere
increased the corticospinal excitability of the affected hemi-
sphere: this result is in agreement with previous reports (7).
The inhibition of the excitability of the unaffected hemisphere
by 1 Hz rTMS would result in a decrease in the transcallosal
inhibition from the unaffected to the affected hemisphere and
an increase in the excitability of the affected hemisphere (5,
7). The enhancement of motor cortex excitability appeared to
be a necessity for motor learning (13). Therefore. artificially
increasing cortical excitability with rTMS could facilitate mo-
tor learning and recovery after stroke (6, 7). However, bilateral
r'TMS could increase the corticospinal excitability of the afiected
hemisphere as well as could unaffected rTMS, despite the fact
that bilateral rTMS could improve the motor training effect
in the paretic hand more than unaffected rTMS. Therefore, in
addition to increasing the cortical excitability of the affected
hemisphere, bilateral rTMS might have another mechanism that
could improve the motor function. By this other mechanism, the
disinhibition induced by bilateral rTMS might contribute to the
functional improvement of the paretic hand. Kobayashi et al. (14)
have reported that 1 Hz rTMS over the motor cortex induced
the disinhibition of the contralateral motor cortex, which might
be induced by the disruption of transcallosal inhibition (14).
High-frequency rTMS could also induce the disinhibition of the
stimulated motor cortex (15). In this study, only affected rTMS
or unaffected rTMS caused no change in the inhibitory function
of the affected hemisphere, but bilateral rTMS could decrease
the inhibitory function of the affected hemisphere by using 2
rTMS protocols that had the ability to induce disinhibition. A
decrease in the inhibition unmasks the pre-existing, functionally
latent neural networks around the lesion, thereby contributing
to cortical reorganization (16). Based on these findings, the
increased excitability and decreased inhibitory function of the
affected motor cortex after bilateral rTMS might contribute to
a more suitable environment for reorganization of the affected
motor cortex by motor training.

A previous study (6) reported that high-frequency rIMS
over the affected hemisphere improved the motor function of
a paretic hand. However, in the present study, 10 Hz rTMS
over the affected hemisphere had no effect on motor function.
There are several possible reasons for this, as follows. First,
we did not use a stereotactic system with integrated MRI data
to stimulate the affected motor cortex: this might have resulted
in inadequate stimulation because of the anatomical changes
that occur after stroke. Secondly. we conducted a sham stimu-
lation to ensure that the conditions between affected rTMS
and bilateral rTMS were as similar as possible. However, it is
possible that the patients could differentiate between the active
and sham stimulations based on the physical scalp sensations;
this might influence the results of affected rTMS. Thirdly,
the stimulation power according to the rtMT of the unaffected
hemisphere might be too weak to increase the cortical excit-
ability by only affected rTMS. This is because the tMT of the
unaffected hemisphere is often lower than that of the affected
hemisphere in stroke patients. Thus, the fact that affected rTMS
had no effect on the motor function might also be because of
the insufficient stimulation power.

J Rehabil Aed 41
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Nevertheless, the method used in our study has some advan-
tages. First. the use of a low-power stimulation for the affected
hemisphere increased the safety of bilateral rTMS. Theoretically,
compared with unaffected rTMS, bilateral rTMS involving di-
rect high-frequency stimulation of the affected hemisphere can
increase the excitability of the affected hemisphere to a greater
extent; this is because high-frequeney r'IMS is known to increase
the cortical excitability (1). However, there was no significant
difference in the excitability of the affected hemisphere between
bilateral rTMS and unaffected rTMS. Thus, bilateral rTMS may
be a safe and well-tolerated procedure because it does not cause
excessive excitability of the affected hemisphere. The fact that
we did not perform affected rTMS and unaffected rTMS simul-
tancously is another advantage of our study. Nitsche et al. (17)
had demonstrated that homeostatic plasticity acted when both
excitability-changing protocols were applicd simultancously.
Il affected rTMS and unaffected rTMS are applied simultane-
ously. homeostatic plasticity might work to maintain the global
network function within the normat physiological range. thereby
nullitying the effects of both affected rTMS and unaffected
r'TMS. Future studies should therefore aim to clarify whether
homeostatic plasticity can develop with simultancous applica-
tion of rTMS and transcranial direct current stimulations, which
can stimulaie small arcas and can alter the cortical excitability
as efficiently as rIfMS.

In conclusion, our results have demonstrated that the
combination of 1 Hz rTMS over the unaftected hemisphere
and 10 Hz rTMS over the atlected hemisphere could lead to
an improvement in the motor function of the paretic hand of
patients with chronic stroke. These findings will probably be
pertinent to the design and optimization of neurorchabilitative
strategies for stroke.
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Tobacco Smoking Can Potentiate C-fiber Evoked Potentials in Human

Brain

Takahiro Miyazaki* "2, Xiaohong Wang', Koji Inui"?, Edward F. Domino® and Ryusuke Kakigi'?

!Department of Integrative Physiology, National Institute Jor Physiological Sciences, Myodaiji-cho, Okazaki 444-8585,
Japan; *Department of Physiological Sciences, School of life Sciences, The Graduate University for Advanced Studies,
Hayama, Kanagawa, Japan, 3Department of Pharmacology, University of Michigan, Ann Arbor, MI 48109-0632, USA

Abstract: The effects of smoking and nicotine on ultralate laser evoked potentials (LEPs), the EEG responses to C-fiber
stimulation by a laser beam, were investigated in humans. Ultralate LEPs were repeatedly measured in two sessions, one
after smoking, and the other in abstinence from smoking. The dominant frequency of the background EEG alpha activity,
heart rate and venous plasma nicotine concentration were also measured. The peak-to-peak amplitude of the two major
components (N2 and P2) of ultralate LEPs was significantly correlated both with the plasma nicotine concentration and
with the background alpha frequency. The results suggest an arousal effect of nicotine on C-fiber mediated pain. The
effect of nicotine on C-fiber LEPs was in the opposite direction of that on AS fiber LEPs. The difference between C and
A3 fibers might indicate a difference in effects of nicotine on first and second pain responses.

Keywords: Electroencephalography, pain, unmyelinated nerve fibers, tobacco smoking, event related potentials, nicotine.

INTRODUCTION

Numerous studies have explored effects of smoking and
nicotine on event related potentials (ERPs) [1, 2], including
selected ERP components {3] and the P300 [4]. Most of
these studies reported increased amplitudes and/or decreased
latencies supporting the hypothesis that nicotine generally
enhances brain processing. On the contrary, we recently
found that A8 fiber pain-related laser evoked potentials
(LEPs) were reduced by smoking (Miyazaki et al., submitted
2009). Since the degree of the amplitude reduction was in
parallel with the plasma concentration of nicotine, the
finding was in line with previous studies showing
antinociceptive effects of nicotine in animals [5, 6] and
humans [7, 8].

Noxious stimuli applied to the skin, however, activate
two discrete nociceptive pathways. The sharp or first pain is
mediated by thinly-myelinated A3 fibers while the dull or
second pain by unmyelinated C fibers. The sharp pain is
considered to facilitate avoidance behaviors while the dull
pain is thought to be related to more prolonged pain as in
inflammation. Since the peripheral conduction velocity is
markedly different between the two fibers (10 to 20 versus
0.5 to 2.0 m/s), evoked potentials due to Ad and C-fibers can
be clearly differentiated [9]. Special stimulating paradigms
enable one to activate C-fibers exclusively [10]. This is the
first report on the effects of tobacco smoking and nicotine on
pain-related brain activities after selective C fiber
stimulation.
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MATERIALS AND METHODS
Subjects

Ten healthy male volunteers who had a smoking habit
participated in the study. Since no clear cortical responses
were evoked by laser stimulation in two subjects, probably
due to a small signal-to-noise ratio when recording ultralate
LEPs, data from eight subjects aged 24 to 43 (mean + SD:
32.9 + 6.6) years were used. The mean number of years that
the subjects have smoked was 11.2 + 8.3 years. The mean
number of cigarettes they were smoking per day was 10.3 £
5.1. The subjects had no history of psychiatric or
neurological disorders, or substance abuse, which were
confirmed by the authors; psychiatrists (T.M. and K.I) and a
neurologist (RK.). The study was approved in advance by
the Ethics Committee of the National Institute for
Physiological Sciences, Okazaki, Japan. Written consent was
obtained from all the subjects,

Stimulation and Recordings

A Tm:YAG laser (BLM1000S, Carl Baasel Lasertechnik,
Starnberg, Germany) was used for noxious stimulation. The
laser pulses were 2000 nm in wavelength, 1 ms in duration,
and 3 mm in diameter. A low intensity laser beam was
applied to a tiny area of subjects' skin using a thin aluminum
plate with numerous fine holes as a spatial filter, to
selectively stimulate unmyelinated C fibers without
activating AS fibers as described previously [10, 11]. The
beam was applied to the dorsum of the right hand between
the first and second metacarpal bones. The stimulation
intensity was adjusted to a level at which stimulation
produced a clear pricking A8 mediated pain without the
spatial filter (156.3 £ 9.5 mJ). The laser energy was kept
constant throughout the experiment for each session of each
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subject. To avoid tissue damage, the irradiated points were
moved slightly for each stimulus.

LEPs were recorded using a scalp electrode placed at Cz
referred to the linked earlobes (A1+A2) according to the
International 10/20 system. The EEG signals were recorded
with a bandpass filter of 0.1 to 100 Hz at a sampling rate of
1000 Hz, and then digitally filtered with a 50 Hz low-pass
filter. The window of analysis was from 100 ms before to
1200 ms after the stimulus onset, and the prestimulus period
was used as the DC baseline. For the analysis of the
dominant alpha frequency of background EEG activity,
electrodes were placed on O1 and O2. The impedance of the
electrodes was kept below 5 kohm. A pair of electrodes on
the supra- and infra-orbit of the right eye was used to reject
blink artifacts. An electrocardiogram was used to measure
the heart rate, using a pair of disk electrodes placed on each
forearm.

Procedures

The experiments were conducted in two sessions,
Smoking and Control, on a separate day starting at either 9
am or | pm. The starting time was counterbalanced between
subjects and between sessions. The procedures of the
experiment were the same for the two sessions, except that
subjects did not smoke a cigarette in the Control session. For
each session, subjects were required to be abstinent from
smoking for at least twelve hours before the experiment. To
confirm this, CO concentration in end-tidal expired air was
measured at first. Subjects were asked to exhale into an
analyzer (Micro CO, Micro Medical Ltd., Rochester, UK).
Subjects were seated in an armchair in a quiet electrically
shielded room with temperature controlled at 24 to 26°C. An
indwelling catheter for collecting venous blood samples was
placed in the left cephalic vein. There were five runs of
recordings at different times: before smoking (Pre), and 5,
20, 35 and 60 minutes after smoking. Just before each run,
venous blood was collected for measurements of plasma
nicotine concentration (PNC), and an electrocardiogram and
EEGs were recorded for at least 20 s for heart rate and alpha
frequency calculation, respectively.

The peak frequency of the background alpha activity was
determined using fast Fourier transform (FFT). In each run,
twelve stimuli were applied and LEPs were recorded. The
inter-stimulus interval was varied at random between 14 and
19 sec. In the Smoking session, subjects smoked a cigarette
with 1.0 mg of nicotine for five minutes just after Pre, and
then the remaining four runs followed. The Control session
was conducted 5 to 20 (mean 11.2) days after the Smoking
session for each subject. The plasma nicotine concentrations
were  measured using gas  chromatography-mass
spectrometry. The method was similar to that used
previously to analyze urinary cotinine concentrations [12]
with the addition of a solid phase extraction step carried out
on an MCX column (Water Corporation, Milford, MA). The
MCX column was prepared and the sample eluted as
described previously [13]. The blood samples were from the
same subjects that participated in our previous study
(Miyazaki ef al., submitted 2009). Since the sensation that
the subjects perceived after laser stimulation varied from a
mild pressure to burning pain as we previously reported [11],
we did not measure subjective pain ratings in this study.
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Data Analysis

For each run of LEP recordings, five artifact-free epochs
with a clear response were averaged. The peak latency of N2
and P2, and the peak-to-peak amplitude of the N2/P2
complex were calculated using time frames with latency
periods of 650 to 1000 ms and 700 to 1150 ms for N2 and
P2, respectively. The effects of Smoking (the Smoking
session versus the Control session) and Run were assessed
by two-way analysis of variance (ANOVA). Changes in the
N2/P2 amplitude and in the frequency of the background
alpha-band EEG activity relative to those of Pre were
calculated. The correlations between the N2/P2 amplitude
and dominant alpha frequency, and between the N2/P2
amplitude and PNC were assessed by a coefficient, . Data
were expressed by the mean + standard deviation.

RESULTS

The expiratory CO concentration was 0 to 6 (mean + SD:
29+ 1.0)and 0 to 9 (3.5 £ 0.9) ppm for the Smoking and
Control sessions, respectively, indicating the instruction to
be abstinent from smoking was followed by the subjects. The
PNC, mean heart rate and dominant frequency of the alpha
activity for each run are listed in Table 1. The PNC, heart
rate and alpha frequency for Pre were not different between
the Control and Smoking sessions (p = 0.20, p = 0.69 and p
= 0.20, respectively, paired-¢ test). In the Smoking session,
the heart rate, alpha frequency and PNC increased 5 min
after smoking and gradually decreased (Fig. 1). Results of a
two-way (Smoking and Run) ANOVA indicated that
Smoking was a significant factor to determine PNC (F(1, 70)
= 33.6, p < 0.0001), heart rate (F(1, 70) = 12.3, p = 0.0008)
and background alpha frequency (F(1, 70) = 174, p <
0.0001). A significant interaction between Smoking and Run
was also found for all of PNC (F(4, 70) = 4.6, p = 0.0022),
heart rate (F(4, 70) = 2.52, p = 0.049) and alpha frequency
(F4, 70) = 2.7, p = 0.04). The mean PNC, heart rate and
background alpha rhythm were largest for the 5 min run.

The N2 and P2 components of LEPs were observed at
775 + 66 and 892 + 70 ms after the onset of stimulation,
respectively (Fig. 2A). The peak latencies of the N2 and P2
components and the N2/P2 peak-to-peak amplitude are listed
in Table 1. A two-way (Smoking and Run) ANOVA
indicated that the N2 latency did not differ significantly
between the two sessions {p = 0.11) or among five runs (p =
0.34). Smoking and Run were also not a significant factor to
determine the P2 latency (p = 0.20 and 0.22, respectively).
On the other hand, a two-way ANOVA showed that the
N2/P2 amplitude was significantly different among five runs
(F(4,70)=5.1, p = 0.0012), but not between the Control and
Smoking sessions (p = 0.74). Grand-averages of ultralate
LEPs across subjects for each run are shown in Fig. (2A).

As shown in Fig. (2B), the behavior of the N2/P2
amplitude over the Runs for the Smoking session was similar
to that of the dominant alpha frequency. To support this, the
N2/P2 amplitude had a significant positive correlation with
the dominant frequency of the background alpha rhythm in
the Smoking session ( = 0.44, p = 0.0047, Fig. 3B). This
positive correlation was also found in the Control session (r
= 033, p = 0.037, Fig. 3A). Both the dominant alpha
frequency (r = 0.58, p < 0.0001) and N2/P2 amplitude ( =
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