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ABSTRACT

o This study showed that Parkinson’s disease (PD) patients could restore decreased early component of
Bereitschaftspotential (BP) by means of neuro-feedback (NFB) to control negative slow cortical potentials

o It is the first study to demonstrate that decreased pre-movement cortical activity can be restored by
endogenous, subject's own effort, without externally driven modulatory stimuli or medication.

e Good NFB performance of negative SCPs shifts (negativation) most likely increases excitatory field
potentials of pyramidal cells in the supplementary motor area.

Objective: Decreased early Bereitschaftspotential (BP) is one of the electrophysiological characteristics in
patients with Parkinson’s disease (PD). We examined whether PD patients could increase BP amplitude
by means of neuro-feedback (NFB) training for their slow cortical potentials (SCPs).

Methods: We worked with 10 PD patients and 11 age-matched controls. BP was measured for self-paced
button pressing by their right thumb. The subjects were instructed to make the introspective efforts to
produce negative SCPs (negativation). The one-day session consisted of three trials, that is, the first BP,
NFB training and the second BP, and each patient performed this routine for 2-4 days. Amplitudes of
the first and second BPs were compared between the two groups that were divided depending on NFB

performance.

Results: Good NFB performance had the tendency of larger early BP in the second BP recording than in the
first one, whereas in the poor NFB performance the early BP was smaller in the second BP recording than
in the first one in both patient and normal groups (p <0.001).

Conclusions: Good NFB performance of negativation could increase excitatory field potentials of pyrami-
dal cells for the generation of early BP.

Significance: Voluntary regulation of SCPs could enhance BP in PD patients and in aged controls.

© 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Parkinson’s disease (PD) is a degenerative disorder of the dopa-
minergic neurons of the central nervous system that impairs motor
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751 3772; fax: +81 75 751 9416.

E-mail address: akio@kuhp.kyoto-u.ac.jp (A. Ikeda).

skills, speech and other functions (Jankovic, 2008). It is character-
ised by muscle rigidity, tremor, a slowing of physical movements
(bradykinesia) and even a loss of physical movements (akinesia)
in an extreme situation. The primary motor symptoms are the re-
sults of decreased activities of the motor cortices through the basal
ganglia-thalamo-cortical loop, caused by the insufficient forma-
tion and action of dopamine, which is produced in the dopaminer-
gic neurons of the brain (Zaidel et al., 2009). Anatomical studies of
the primate basal ganglia systems show that a major portion of
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pallidal output is directed to the non-primary motor areas of the
frontal cortex, in particular to the supplementary motor area
(SMA) (Jurgens, 1984; Schell and Strick, 1984). In humans, it was
reported that the SMA is crucial to the organisation of both initial
as well as sequential movements (Roland et al., 1980, 1982) and an
abnormality of sequencing hand and elbow movements has been
demonstrated in patients with unilateral SMA damage (Dick
et al,, 1986). A similar disturbance of sequenced hand and elbow
movements has been demonstrated in patients with PD (Benecke
et al,, 1987), suggesting impairment of SMA function.
Bereitschaftspotential (BP) is a negative slow electroencephalo-
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Table 1
Patient profile.
Patient No. ~ Age (years)/gender  Diagnosis  H-Y grade®  LED® (mg/d)
1 71w PD m 750
2 7w PD v 350
3 65/W PD m 500
4 69/W PD i 600
5 68/W PD -1 325
6 54/M PD -1l 350
7 36/M PD v 720
8 THW PD v 413
9 56/W PD -1 125
10 71w PD n 305

graphic (EEG) potential preceding self-paced movement (Deecke
and Kornhuber, 1978). BP consists of an early and a late component
(Tamas and Shibasaki, 1985; Shibasaki and Hallett, 2006). The
early component of BP could reflect the activity of SMA as its max-
imum amplitude at the vertex (overlying SMA) regardless of the
body parts involved in the movements (i.e,, eye, hand, arm or foot)
(Deecke and Kornhuber, 1978). The late component is lateralised to
the hemisphere contralateral to the side of the movements and is
considered to represent activity mainly of the primary motor cor-
tices (Shibasaki et al., 1978; lkeda et al,, 1992).

Dick et al. reported that the early component of BP was smaller
in PD patients than in control subjects whereas its late component
was not (Dick et al,, 1989). Furthermore, the amplitude of the early
component of BP was shown to be smaller in the off-phase of L-
DOPA medication and returned to normal in the on-phase (Dick
et al,, 1987).

Scalp-recorded EEG is comprised of a very wide range of oscil-
latory activities from delta to gamma, and of even direct current
(DC) potential shifts, which we call slow cortical potentials (SCPs)
in this report. Negative and positive SCP shifts reportedly reflect in-
crease and decrease of the excitability of underlying cortical net-
works (Birbaumer et al, 1990). In epilepsy patients, negative
SCPs are recorded at the time of seizure onset as ictal EEG changes
(Ikeda et al., 1996). In recent years, the neuro-feedback (NFB) train-
ing was launched as an attempt to reduce seizure frequency by
regulating their SCPs presumably as positive as possible in polarity
(positivation) (Kotchoubey et al., 1399). In their study the Cz elec-
trode was used to record and control SCPs and the authors showed
that cortical excitability could be modified through the effort to
control one's own SCPs. Using the NFB system, once they were well
trained and became capable of modifying SCPs between the nega-
tivity and the positivity shifts, the degree of seizure control became
better in the well-trained group than in the poorly trained group
(Kotchoubey et al., 2001). We previously reported that, after en-
ough training to regulate their SCPs by means of NFB, young nor-
mal subjects produced a larger early component of BP while they
were trying to produce negative SCP shifts (negativation), as com-
pared with the BP obtained before NFB training (Fumuro et al.,
2010). By contrast, no significant differences were observed in
the late component of BP between the two conditions. These re-
sults suggested that the self-regulated negative SCPs (negativation)
might activate the generators of the early component of BP.

The aim of this study was to clarify whether PD patients could
restore their BP amplitude by means of NFB to control negative
SCPs (negativation). We therefore, investigated the effects of self-
regulation of SCPs on the BP amplitude from 10 PD patients and
from 11 age-matched normal controls.

2. Methods

2.1. Subjects

We investigated 10 right-handed patients (two males and eight
females)clinically diagnosed as PD aged 36-71 (average of 63 ) years.

W: woman; M: man; PD: Parkinson’s disease.

The actual study was done while the medication was one in each patient.
? H-Y grade = Hoehn and Yahr grade (Hoehn and Yahr, 1967).
b LED = levodopa equivalent dose calculated by Tomlinson et al. {2010).

Their clinical features are summarised in Table 1. Eleven right-
handed normal adults (one male and 10 females) aged 60-69 (aver-
age of 65) years were also investigated as controls, The dominant
hand was assessed by the Edinburgh Handedness Inventory. In pa-
tients with PD, this study was done while medication was contin-
uing (Table 1). All subjects signed the written informed consent
form about the study. This study was approved by the Ethics.Com-
mittee of Kyoto University School of Medicine (No. E-308).

2.2. Recording condition

Five Ag/AgCl scalp electrodes placed at C3, C1, Cz, C2 and C4
according to the International 10-10 System were used for EEG
recording. An electro-oculogram (EOG) was recorded for horizontal
and vertical eye movements by placing the four skin electrodes on
the bilateral outer canthi and on the upper and lower edges of the
left orbital, respectively. An electromyogram (EMG) was recorded
from the right abductor pollicis brevis muscle by a pair of skin elec-
trode over the muscle.

EEGs, EOGs, EMGs and input signals made by pressing the but-
ton with the subject’s right hand were recorded using a DC-EEG
feedback system NEURO PRAX (neuroConn GmbH, Ilmenau, Ger-
many) (Schellhorn et al., 2004).

As the main concern of this study was to record SCPs or DC
potentials reliably, we confirmed the following four conditions
completely (Fumuro et al., 2010):

(1) NEURO PRAX contains a DC differential amplifier, which has
a huge size of input impedance of >10 gigaochm. The huge
size of the input impedance minimises the effect of electrode
impedance and further enabies us to record stable DC poten-
tials without a high-pass filter (Cooper et al., 1980).

(2) Sintered Ag/AgCl electrodes were soaked in a Ten20 Con-
ductive Paste (Weaver and Company, Aurora, CO, USA) for
more than 30 min before measurement in order to stabi-
lise the polarisation potential of the electrodes. These
electrodes had lower polarisation potentials and were
shown to provide stable recording condition (Tallgren
et. al,, 2005).

(3) Before electrode attachment, the skin on which to place the
surface electrodes was cleaned by both cleansing paste (Skin
Pure; Nihon Kohden, Tokyo, Japan) and sanitary cotton
moistened with ethanol and then electrodes as described
above were firmly attached.

(4) Before actual recording sessions, we checked and confirmed
that the offset voltages of all the electrodes were within
+20 mV range relative to the A1, and the standard deviation
of the drifts were <1000 uV. We also visually confirmed that
there was no noticeable, even very low, amplitude or very



- CLE —

1400 T. Fumuro et al./Clinical Neurophysiology 124 (2013) 1398-1405

Table 2
Analysis of NFB performance and BP (session-based and subject-based).

PD patients Healthy volunteers
(n=10) (n=11)
(1) Session-based analysis
The total number of one-day 27 31
sessions
NFB performance analysis® 17 20
Geod NFB performance 8 (47%) 12 (60%)
Poor NFB performance 9(53%) 8 (40%)
BP analysis® 13 17
Good NFB performance 7 10
Poor NFB performance 3 7
(2) Subject-based analysis
Total number of subjects 10 11
The number of subjects for BP 7
analysis®
The number of good NFB 4 5
group
The number of poor NFB 3 4
group

2 The first-day sessions (n =10 and 11) were excluded for further analysis in PD
and normals. It was because that in the initial training period subjects could not be
familiar with or not good at this internal neuro-feedback process which could
distort the finding erroneously.

® The first-day sessions (n=10 and 11) and one-day sessions of poor BP repro-
ducibility (n = 4 and 3) were excluded for further analysis in PD and normals.

© Subjects having only single one-day session (n=1 and 1) and poor BP repro-
ducibility (n =2 and 1) were excluded from further analysis in PD and normals.

slow artefacts on the EEG waveforms before and throughout
the measurement. Ordinary impedance check with 10 Hz
alternating current used for conventional EEG, that is, AC
potential, recording was not performed.

All signals were digitised at the sampling rate of 128 Hz and
band-pass filter from DC to 30 Hz was applied. The subjects sat
in a chair comfortably with their arms and hands on the armrests.
A computer screen was placed in front of the subjects 130-150 cm
from their faces. The eye movement-correction program built into
the NEURO PRAX was used to diminish eye movement artefacts.
EEG signals were referred to A2 during both NFB training and BP
recording.

2.3. Task

2.3.1. Procedural overview

The subjects performed three kinds of tasks in 1 day in the fol-
lowing order: (1) the first BP recording, followed by a 5-min break;
(2) NFB training to regulate SCPs (2-5 times of sub-sessions with
3-min breaks), followed by a 5-min break; and (3) the second BP
recording while subjects made introspective efforts that produced
the negative SCP shifts (negativation) (Fig. 1). The subjects re-
peated the set of procedures (1)~(3) (1-day session) as described
above 2-4 times each on another day, with 1-6 days of interval
in between. The BP recording and the NFB training on the first
day for each subject were regarded as rehearsal sessions and thus

One-day NFB session Second
- NFB training BP recording
B fe':: i wes | sub-session x2~5 | weep
9 | 5 min | (with 3min of break) | 5 min | NFB for negative
break break SCP shifts

Fig. 1. Procedurat overview. Subjects performed 3 kinds of tasks in one day in the
following order: (1) the first BP recording, followed by 5 min of break, (2) NFB
training to regulate SCPs (2-5 times of sub-sessions with 3 min of break), followed
by 5 min of break, (3) the second BP recording while subjects made introspective
efforts that produced the negative SCP shifts.

Trigger on: et

-3.0 sec 2.6 sec

Baseline
-0.6 sec

Fig. 2. Schema of BP components and its measurement. Baseline: mean amplitude
of the movement-related cortical potentials (MRCPs) between 3.0 and 2.6 s before
the trigger onset. Early BP (E-BP): mean amplitude of the MRCPs between 0.6 and
0.4 s before the trigger onset. Pre-movement negative peak (N1): the largest pre-
movement negative potentials between —0.5 s and the trigger onset time measured
from the baseline. Late-BP (L-BP): this steeper negativity was obtained by
subtracting the E-BP from N1.

those were not included for the final analysis. This was not in-~
formed to the subjects before examination.

2.3.2. BP recording

The subjects were instructed to look at the blank screen in front
of them but not to fixate on a certain point. They were told not to
blink from 3 s before to 1 s after the button-press. They performed
self-paced, brisk button-press by their right thumb about every
10s. All subjects had approximately 100 trials of button-press,
which was sufficient to obtain approximately 80 epochs of arte-
fact-free trials. EEG signals were referred to as A2 during BP
recording, and the reference was changed to linked reference of
A1 and A2 for BP analysis.

Four seconds of analysis epochs from —3 to +1 s to the onset of
button-press were cut out from the raw data in an off-line manner;
EEG data during BP recording were first linearly detrended for each
4's of the EEG segment. Applied detrend could work for a linear fit
(in the least-squares sense) to EEG data and then remove the inap-
propriately occurring trend from it. The epochs containing arte-
facts exceeding 150 pV in amplitude (from negative peak to
positive peak or vice versa) in the EEG channels were excluded.
Artefact-free EEG epochs were precisely aligned to the trigger sig-
nal of button-press and averaged. EEG baseline was defined as the
mean amplitude of the first 0.4 s of the epoch.

At least 50 artefact-free epochs were averaged. To confirm the
reproducibility, the epochs were divided into two groups (odd and
even numbers of epochs during BP recording) and were averaged
to make two subensembles of waveforms. The sessions where two
subensembles of BP were not reproducible were excluded from fur-
ther analysis.We evaluated the following three measures (Fig. 2):

(1) Early BP (E-BP): Mean amplitude of the movement-related
cortical potentials (MRCPs) between 0.6 and 0.4 s before
the trigger onset. It corresponds to the E-BP (Shibasaki
et al., 1980; Shibasaki and Hallett, 2006).

(2) Pre-movement negative peak (N1): The largest pre-move-
ment negative potentials occurring between 0.5 s and the
trigger onset measured from the baseline. As this study
employed the button-press for the trigger onset instead of
surface EMG onset, the pre-movement potentials often
peaked immediately before the button-press trigger onset,
and thus its amplitude could contain the whole BP and
motor potential in Shibasaki and Hallett (2006). Therefore,
we termed it the pre-movement negative peak.

(3) Late-BP (L-BP): This steeper negativity was obtained by sub-
tracting the E-BP from N1 and arbitrarily referred to as L-BP.
1t mainly corresponds to NS’ (Shibasaki et al., 1980; Shibasa-
ki and Hallett, 2006) although it may partly contain motor
potential as explained just above.
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Instruction symbol = negativation, SCPs = negative shifts
b [l

-~ 3y

Feedback trial Ia
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r g e

Fig. 3. The actual display during NFB trial. Depending on the task (negative shift or
negativation vs. positive shift or positivation), a triangle or reversed triangle
appears in the center of the display at the beginning (a, d, a’ and d). During NFB, the
actual state of SCPs is shown as a marker of the fish and it moves toward the right
(b, b'). When the subjects successfully control SCPs upon the task, a reward~mark
appears in the center at the end (c, f). The same procedures are also done without
any appearance of SCP information (without a marker of fish), as shown ind, e, [, &,
¢ and f. The details are described in the Section 2.3.3. *Instruction symbol to
produce negative SCPs shifts (negativation). ““The shining sun as the reward mark
for successful trial. ***Instruction symbol to produce positive SCPs shifts (positiva-
tion). ****Since the SCPs shifts fail to exceed the defined target level, no reward mark
appears (Cited and modified from Fumuro et al,, 2010).

2.3.3. NFB: self-regulation of SCPs

NFB training to reguiate SCPs was done after 5 min of break fol-
lowing the first BP recording. The procedure was the same as the
previous study (Kotchoubey et al., 2001; Fumuro et al., 2010).

SCPs recorded from Cz were continuously shown on the front
screen as a slowly moving sunfish from the left to the right by 8
s as an almost real-time demonstration (the feedback time delay
was around 150 ms) (Fig. 3). The sunfish also shifted upward (neg-
ative shift or negativation) or downward (positive shift or positiva-
tion), according to the change of SCPs. Namely, the sunfish worked
as a visual feedback of the subjects’ own SCPs at Cz. Once the sun-
fish appeared at the left edge, the dichotic instruction symbols ap-
peared in the centre of the screen: the upward or downward
arrowhead at the same time (Fig. 3). The direction of the apex of
the arrowhead, up or down, indicated the polarity to which the
subjects should shift their SCPs.

The subjects were told to regulate the SCPs upon the instruction
symbols, and by means of this real-time feedback of SCPs at Cz the
subjects tried to learn how to control it by themselves. Therefore,
any specific suggestions on how to regulate SCPs were not initially
provided by the examiners; the subjects were advised to
concentrate on the SCP shift and to find the most successful strat-
egy to move the sunfish towards the required direction. The exam-
iner gave them some examples of mental introspection to control
SCPs, which were done and were found useful in the young sub-
jects in our previous study (Fumuro et al.,, 2010), if they wanted
to know.

Each trial lasted 10 s, which was from 2 s before to 8 s after the
appearance of the instruction symbols on the centre of the screen.
The next trial was separated from the previous trial by random

intervals of 1-6 s. Negative- and positive-feedback trials were pre-
sented pseudo-randomly at equal probability. NFB training
sub-sessions were conducted 2-5 times in 1 day, and each sub-ses-
sion had 52 trials. The number of sessions was determined based
on each subject’s condition and fatiguability.

Since this training procedure was expected to be done finally
without the apparatus, trials with and without feedback informa-
tion (the moving sunfish) were intermixed pseudo-randomly in
equal numbers, the latter calied transfer trials (Fig. 3A and B: lower
half).

The trial was judged successful for feedback control once the
SCP amplitude exceeded a defined target level and remained at
least for 2 s in the last 4 s of the trial. This target level was set by
the examiner as follows: in the negative shift trials, the level was
set to the range from the baseline to —30 to —50 pV, and in the po-
sitive shift trials it was from the baseline to +30 to +50 uV. The EEG
baseline was obtained from the first 1s of the trial. In the case of
successful trial, another graphic symbol (‘the shining sun’) ap-
peared as a reward mark (Fig. 3A: right). The reward marks were
also presented in transfer trials when judged successful. The data
in the transfer trials were employed for the judgement of perfor-
mance as described later in the method. The effective visual field
for each eye is described below: sunfish: 3 x 3 (degree in horizon-
tal x vertical), arrowhead: 1-2 x 3, the shining sun: 6-8 x 5~7,
width of display: 9-10 x 11-13.

After each sub-session, the experimenter asked the subjects
their introspective strategies and encouraged them to renew them
if the result of the previous sub-session did not have many success-
ful trials.

3. Analysis
3.1. Analysis of NFB (Table 2: upper half)

EEGs of the transfer trials in the latter half of the two to five
sub-sessions out of 1-day training were processed by a high-fre-
quency filter of 2 Hz, and then separately averaged for the negativ-
ity and positivity trials. (In the case of a total of three or five sub-
sessions, the second or third sub-session was included in the aver-
age.) Trials containing artefacts exceeding 200 puV (peak to peak) in
any of the EEG channels were excluded from the average.

A 1-day session was classified as a good NFB performance if the
averaged waveforms of the negativity trials exceeded that of the
positivity trials of at least three electrodes including Cz in the per-
iod of 2-6 s after the visual symbol appeared on the left (Fig. 4:
left). Otherwise, it was classified as a poor NFB performance
(Fig. 4: right).

Good NFB performance

< appearance of
Cz a marker of SCPs

71 v
10wV : i\/

2 0 Negative SCPs shifts ivati
~-Positive SCPs shifts {positivation)

Poor NFB performance

—n=18
=20

Fig. 4. Example of averaged waveform of the SCPs shift in the good NFB one-day
session (left) and poor NFB one-day session (right) (a normal control). The thick line
is the results of negative SCPs performance (negativation), and thin lines for the
positive SCPs performance (positivation). n=the number of trials. *If averaged
waveforms of the negativity trials exceed that of the positivity trials at least 3
electrodes including Cz during this time period, it was judged as good perfermance.
Otherwise, judged as poor.
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3.2. Analysis of BP (Table 2: lower half)

All statistical analyses were performed with SPSS (version 15.0,
SPSS Inc., Chicago, IL, USA). Analysis was performed for three BP
components (E-BP, N1 and L-BP) at Cz because that mean
differences between the first and second BP amplitudes were the
most prominent at Cz as compared with other electrodes and that
the visual feedback of the subjects’ own SCPs was recorded from Cz
during NFB training. The Shapiro-Wilk test was used to assess for
normality; if normality is accepted, analysis of variance (ANOVA)
was used. Otherwise, the Mann-Whitney U test was used. In order
to take the multiplicity of comparisons into account, p values were
corrected with Holm's correction in all statistical analyses. In order
to strengthen the findings, we have analysed all the data in the ses-
sion-based and subject-based analyses as follows.

3.2.1. Session-based analysis (Figs. 5-7)

The first 1-day sessions in all the subjects and any 1-day ses-
sions without reproducibility of subensembles of BP waveform
were excluded, and then the mean difference between the first
and second BP amplitudes was compared. In subjects who had
both good and poor NFB performance, those 1-day sessions were

p<0.001
= 40« p<0.001
8 a0
[} -
R
520 l—L!
£3 l
o v
1
B c
= 8 30}
2 & . NS
g
0
E-BP N1 L-BP

{0 Sessions with good NFB performance
[ Sessions with poor NFB performance

Fig. 5. Effects of NFB performance on BP for Cz. Each bar indicates the mean
difference between the second and first BP amplitudes at Cz (the second BP
amplitude was subtracted from the first BP amplitude). The second E-BP and N1
tended to be larger than the first ones in the good NFB one-day sessions, whereas in
the poor NFB performance the second E-BP and N1 tended to be smaller than the
first one. L-BP did not show any di In good NFB e, the number of
trials of BP was 82 + 17 (mean £ SD) in the first BP, and 82 + 16 in the second BP.
Similarly, in poor NFB performance, the number was 97+30 and 92%23,
respectively.

60
S 4.0
o -20;
0.05 b
20
40
6.0

Second - first BP amplitude
mean and S

Cc3 Cc1 Cz Cc2 Cc4

O PD (7 sessions with good NFB performance)

8 PD (6 sessions with poor NFB performance)

Normal control (10 with good NFB

[ Normal control (7 sessions with poor NFB performance)

Fig. 6. Effects of NFB performance on early BP for scalp distribution. Each bar
indicates the mean difference between the second and first BP amplitudes at each
electrode (the second BP amplitude was subtracted from the first BP amplitude). Cz
showed the maximum value with bilateral attenuation.

Sessions with
good NFB performance

Sessions with
poor NFB performance

PO patients n=7 - n=6
=Y} s
Normal controls ~ n =10 L n M
- o
suv 0 - ~J "
-3sec [
— First BP
~ Second BP

Fig. 7. Grand-averaged BP in PD patients and normal controls (Cz) by session-based
analysis. The thick waveform shows the BP measured before the NFB training (first
BP). The thin one was the BP (second BP) measured after the training while self-
regulated negative SCPs (negativation) was performed. Good NFB performance had
the tendency of larger early BP in the second BP than in the first one, whereas the
early BP tended to be smaller in the second BP than in the first one in the poor NFB
performance in both PD and normat control. n = the number of session.

separately enrolled in both good and poor NFB performance,
respectively. Two-way ANOVA having two between-subject factors
(1 - disease: PD patients and normal controls, 2 - NFB perfor-
mance: good and poor NFB performance) was conducted to analyse
the mean difference between the first and the second BP ampli-
tudes at Cz.

3.2.2. Subject-based analysis

Similar to the session-based analysis, the first 1-day sessions in
all the subjects and any 1-day sessions without reproducibility of
subensembles of BP waveform were excluded and then the mean
difference between the first and second BP amplitudes was com-
pared in each subject. The last 1-day session was adopted for the
analysis of the mean difference between the first and second BP
amplitudes. All subjects were finally divided into two subject-anal-
ysis groups. Two-way ANOVA was conducted to analyse the mean
difference between the first and the second BP amplitudes in the
same manner as the session-based analysis.

3.2.3. Comparison of BP between PD patients and normal controls

A statistical analysis with the Mann-Whitney U test was per-
formed to assess the difference of the first and second BP between
PD patients and normal controls at Cz regardless of the degree of
their NFB performance. This analysis adopted the data of the ses-
sion-based BP analysis.

4. Results
4.1. Performance of NFB (Table 2: upper half)

In PD patients, out of a total of 27 sessions of 1-day duration, the
first 1-day session in 10 patients was automatically excluded from
further analysis. This was because, in the initial training period,
these subjects were unable to become familiar with or perform
adequately in the internal NFB process, and this could distort the
findings erroneously. Eight 1-day sessions were grouped into good
NFB performance and nine sessions were into poor NFB perfor-
mance. in normal controls, out of a total of 31 1-day sessions, the
first 1-day session in 11 subjects was excluded automatically from
further analysis. Twelve 1-day sessions were grouped into good
NFB performance and eight 1-day sessions were into poor NFB per-
formance. To compare the good performance rate between the first
1-day sessions and the second to fourth 1-day sessions, 10 and 11
1-day sessions in the first day were also judged for performance in
PD and normals, respectively. The good performance rate was
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higher in the second to fourth 1-day sessions than in the first 1-day
sessions (30% vs. 47% in PD, 36% vs. 60% in normals, though this did
not reach statistical significance).

The number of finally accepted 1-day sessions of NFB was sim-
ilar in both the patient and control groups (17 vs. 20). The number
of 1-day sessions with good NFB performance was 47% and 60% in
the two groups, respectively.

4.2. Effects of NFB on BP

4.2.1. Session-based analysis

E-BP (Fig. 5, Fig. 6): Two-way ANOVA revealed significant main
effect of NFB performance (F (1,26)=21.077, p <0.001). No main
effect of disease or interaction attained significance. This means
that regardless of PD or normal controls, the second E-BP tended
to be larger than the first one in the good NFB 1-day sessions,
whereas in the poor NFB performance the second E-BP tended to
be smaller than the first one.

N1 (Fig. 5): Two-way ANOVA revealed significant main effect of
NFB performance (F (1,26) = 18.389, p <0.001). No main effect of
disease or interaction attained significance. The result of N1 turned
out to have a similar tendency as that of E-BP.

L-BP (Fig. 5): Two-way ANOVA revealed no significant main ef-
fect or interaction.

4.2.2. Subject-based analysis (Table 2: lower half)

As the subject-based analysis, four PD patients were grouped
into the good NFB group, and three patients were into the poor
one. In normal controls, five subjects were placed into the good
group and four were into the poor one.

Two-way ANOVA revealed significant main effect of NFB perfor-
mance on E-BP (F (1,15)=12.607, p=0.006) and N1 (F
(1,15)=18.800, p = 0.002). No main effect of disease or interaction
attained significance. Similar to session-based analysis, this means
that regardless of PD or normal controls, the second E-BP and N1
tended to be larger than the first ones in the good NFB group,
whereas the poor NFB group tended to have smaller E-BP and N1
in the second BP than in the first one. By contrast, no significant
differences were observed in the L-BP (no figures shown).

4.3. Comparison of BP between PD patients and normal controls (Fig. 8

The Mann-Whitney U test revealed significant difference of the
session-based first BP between PD patients and normal controls in
N1 (p=0.035) and E-BP (p = 0.039). No significant difference was
found in L-BP. This means that the first E-BP and N1 were smaller
in PD than those in normal controls, whereas L-BP did not reach
the significant difference. The result of the second N1 and E-BP
turned out to be a similar significant difference as the first one
(N1: p=0.021, E-BP: p =0.039, L-BP: not significant).

5. Discussion

Brain plasticity, brain-computer interface and neuromodula-
tion are the most important concerns in current clinical neurosci-
ence. Deep-brain stimulation in patients with PD provided the
great success at least to lessen the patients’ symptoms. It belongs
to the externally regulated or exogenous procedure of neuromod-
ulation. BP was modulated by TMS previously (Rossi et al., 2000);
however, little has been investigated regarding an intrinsic, endog-
enous procedure for BP modulation.

We previously reported that, after enough training to regulate
their SCPs by means of NFB, young normal controls produced a lar-
ger early component of BP while they were trying to produce neg-
ative SCP shifts (negativation), as compared with BP obtained
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Fig. 8. Comparison of BP at Cz between PD patients and normal controls. Each bar
indicates the mean BP amplitude at Cz. PD patients had smaller early BP than aged
normal contrels, but not for fate component of BP,

before NFB training (Fumuro et al.,, 2010). By contrast, no signifi-
cant differences were observed in the late component of BP
between the two conditions. These results suggested that the
self-regulated negative SCPs (negativation) could activate the gen-
erators of early component of BP.

The aim of this study was to clarify whether PD patients could
restore their BP amplitude by means of NFB to control negative
SCPs (negativation). This study presented the first scientific evi-
dence that MRCPs could be restored by the subject's own effort, in-
stead of the external stimuli or medication in patients with PD and
aged normal controls. As results, with regard to BP, similar to the
previous study (Dick et al.,, 1989), PD patients had smaller E-BP
than aged normal controls, but not for the late component of BP
(Fig. 8). This suggests that the situation in the present study of
MRCP is very consistent with the previous study.

We could summarise the main finding as follows. Good NFB
performance had the tendency of larger, E-BP in the second BP than
in the first one, whereas the E-BP tended to be smaller in the sec-
ond BP than in the first one in the poor NFB performance in both PD
and normal control (Figs. 5-7).

The present study provides us with the very important concerns
as follows: (1) decreased BP in patients with PD could be poten-
tially reversible as long as NFB was well performed or the non-
pharmacological process optimally works in the brain and (2)
neurophysiological BP modulation is mainly for its early compo-
nent rather than the late one immediately before voluntary move-
ment onset. With regard to (1), it was previously reported that
administration of .-DOPA in normal controls could significantly in-
crease the amplitude of BP (Dick et al., 1987). Namely, not only
administration of dopaminergic drugs but also neurophysiological
intrinsic activity commonly modify brain activity. Deep-brain
stimulation could lessen the clinical symptoms of patients with
PD, but it remains to be solved whether the present study or
neuromodulation of BP would lessen the symptoms of patients
with PD (or not) in future studies. As regards (2) or generators of
BP, surface-negative BP is assumed to reflect field potential, prob-
ably excitatory postsynaptic potentials (EPSPs) in the superficial
layer of the apical dendrite of cortical pyramidal neurons as the re-
sult of the thalamo-cortical input (Hashimoto et al., 1979). The cur-
rent consensus of the generators of the early component of BP is
that it begins in the pre-SMA with no site specificity and is fol-
lowed by the SMA proper according to the somatotopic organisa-
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tion, as well as in the lateral motor cortices bilaterally, again with
relatively clear somatotopy (Ikeda et al., 1992, 1995; Yazawa et al.,
2000).

The late component of BP occurs in the contralateral M1 and the
lateral motor cortices with precise somatotopy (Neshige et al.,
1988; Shibasaki and Hallett, 2006). With regard to the effect of
NFB on the E-BP component, the contribution of electrical fields
arising from at least bilateral pre-SMA and SMA proper for the
midiine component was most likely. From this point of view,
SMA activation by means of the self-regulated negative SCPs would
act to restore E-BP in PD patients, which showed hypofunction in
the SMA as reported before. This implication is consistent with pre-
vious study by using functional magnetic resonance imaging
(fMRI): a strong positive correlation between negativation of SCP
and blood oxygenation level-dependent (BOLD) contrasts was
found in the hippocampus and the SMA (Hinterberger et al.,
2003). According to these findings, the increased amplitude of E-
BP while the negativation task was performed can be interpreted
as efficient thalamo-cortical modulation via at least SMA.

With regard to the cortical generators of scalp-recorded SCP,
NFB in the present study may share the features of pursuit such
as visuo-motor performance using a BP trajectory definitely:

(1) It could affect SCP amplitude because of co-occurrence of
pursuit related BP. In addition, NFB in the present study also
may share the features of the methods of contingent nega-
tive variation (CNV), and at least the SMA is activated during
the CNV paradigm. During NFB performance, similar to the
trials with visual feedback (‘sunfish’, in Fig. 3), subjects
might have had an image of moving fish in their mind even
during the trials without visual feedback.

(2) It could affect the amplitude of the second BP because of co-
occurrence of memory-guided pursuit imaging CNV.

For (1), the amplitude of scalp-recorded BP is usually rather
small (several pV) as compared with SCP amplitude (10-20 pV);
its effect could be practically little. For (2), it is still possible and
should be carefully taken into account.

There is a different finding in BP between the present study and
our previous one (Fumuro et al., 2010) in the poor-performance sit-
uation as follows. In the previous study, young subjects showed in-
creased E-BP amplitude with good NFB performance in the second
BP recording as compared with the first recording. In the poor NFB
performance, they did not show significant difference of E-BP be-
tween the first and second BP recording. In the present study, good
NFB performance showed more or less a similar tendency of E-BP
as seen in young normal controls. However, the E-BP tended to
be smaller in the second BP than that in the first one in the poor
NFB performance in both PD and normal controls (Figs. 5~7). This
tendency may reflect the effects of probably central fatigue in aged
normal controls. In the present study, an entire examination of a
single session took 2~3 h, including the time for preparation. The
repetitive process of button-press would cause fatigue and result
in the decrement of the BP usually (Dirnberger et al., 2004). In
the good NFB performance, this decrement may be canceiled out
or rather more exceed its former state by the good negative SCP
performance. By contrast, fatigue may directly affect BP in the poor
NFB performance. However, in the young subjects, the degree of fa-
tigue would be just so small that the degree of NFB performance
more directly affected the BP amplitude. Another possible cause
for this tendency is the different degree of adaptation to the task.
As described in previous literature (Shibasaki and Hallett, 2006),
more intention would result in larger amplitude of BP. For instance,
in sessions with poor NFB performance, the subjects may have
higher motor commands to execute the task in the recording of
the first BP; then they may gradually adapt to the optimised com-

mands or efforts to adjust the task, resulting in normal motor con-
trol. Although sessions with poor adaptability were excluded from
the final analysis, we could not completely exclude this possibility.

There are several limitations in the present study. First, the
terms of the NFB training were limited to only 2-4 days. Because
of the short term of NFB training, we could not verify whether each
subject achieved a better NFB performance day by day or not.
Therefore, the grouping by 1-day sessions required further valida-
tion as to whether the NFB performance improved much more
with lesser artefact. In order to have artefact-free data, as described
previously (in the Methods), (1) the notion that averaged wave-
form of the SCPs should show reproducibility was verified in sev-
eral electrodes, (2) in BP measurement, epochs containing
artefacts were excluded in an objective manner and (3) epochs
were separately averaged into two BP waveforms and any mea-
surements with poorly reproducible BP were excluded from fur-
ther analysis. Through these processes, most artefacts should be
excluded from the result and final analysis had the minimised arte-
fact effects. In addition, we compared the two BP waveforms that
are measured in the same day, for reducing the effect of various
factors such as level of intention and preparatory state that affect
the magnitude of BP (Shibasaki and Hailett, 2006). Second, we
put together all the PD patients with mild-to-severe degree of Hoe-
hn and Yahr grade (H-Y grade) (Hoehn and Yahr, 1967) into one
group. It is possible that each grade has different neurobiological
mechanisms and therefore different BP characteristics. Third, the
underlying working mechanism of NFB training remains to be
solved. It is probably closely associated with the guided activation
theory, rather than the reinforcement learning theory although
there is some overlap between the two. It is also related to free will
but partly to the automatically guided action since the dichotic
instruction symbols let subjects decide either direction of NFB
procedure.

Good and poor outcome are in almost the same possibilities not
only in the present but ‘also previous study (Kotchoubey et al.,
1999). About 50% of the good outcome may be criticised as it is
by chance or chance-level. However, this is unlikely because of
the following two reasons: (1) when we compared good outcome
rate between the first 1-day sessions and the second to fourth 1-
day sessions, it was higher in the second to fourth 1-day sessions
than in the first 1-day sessions (30% vs. 47% in PD, 36% vs. 60% in
normal controls) (although it did not reach statistical significance)
and (2) Kotchoubey et al. (1997) showed that many training ses-
sions produced higher rate of good outcome; namely, after 35
training sessions, 13 among 18 patients (=72%) showed so-called
good training performance. This suggests that longer training is
needed to obtain a higher rate of good training outcome.

As a better successful rate in NFB training is essential for clinical
applications, a more effective training method should be devel-
oped. Good regulation of the SCP could provide us with better clin-
ical application. Therefore, it is also very important to delineate
any factors to enhance or predict good training performance for
clinical application. For example, since event-related synchronisa-
tion or desynchronisation of background EEG could reflect the
intercortical or cortico-subcortical network interaction, a further
analysis with SCP may provide us with any predictable information
in this regard in the future. Furthermore, future studies could clar-
ify the effect of NFB on BP in PD patients with different degree of
symptoms.

6. Conclusions

Good NFB performance of negative shifts (negativation) could
increase excitatory field potential, probably EPSP of pyramidal cells
for the early component of BP generation in PD patients and aged
normal controls. NFB could enhance the excitability of cortices re-
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lated to voluntary movement preparation, and a further investiga-
tion will be warranted for improvement of clinical motor function
of PD in relation to BP restoration.
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Abstract Mirror therapy using mirror visual feedback
(MVF) has been applied to the stroke rehabilitation of hemi-
paresis. One possible mechanism of mirror therapy is the
functional interhemispheric connectivity between sensori-
motor areas via corpus callosum. To test this hypothesis, we
investigated the MVF-induced motor learning in 2 patients
with callosal disconnection. Callosal connection in patients
was evaluated by clinical measures and the interhemispheric
inhibition (IHI) using transcranial magnetic stimulation.
Both patients suffered from somatosensory cognitive dis-
connection, and one showed the loss of IHI. Motor train-
ing with MVF significantly improved the motor behavior
of both patients. Extending our previous study, the results
of callosal patients suggested that the visual feedback
through a mirror might play the crucial important role for
the improvement of motor performance, rather than inter-
hemispheric interaction via corpus callosum.
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Introduction

Mirror therapy is a new rehabilitation technique, which
was originally introduced to alleviate phantom limb pain
in amputees (Ramachandran and Rogers-Ramachandran
1996). By superimposing the visual image of the intact limb
on the phantom one using a mirror visual feedback (MVF),
patients are relieved from the chronic pain of their amputated
arm. Following this study, successful use of mirror therapy
has been reported in patients with other pain syndromes
(Moseley 20)4; Rosen and Lundborg 2003). Furthermore,
studies in stroke suggested that mirror therapy may be ben-
eficial for motor recovery of the paretic arm (Altschuler
et al. 1999; Sathian et al. 2000; Stevens and Stoykov 2003;
Sutbeyaz et al. 2007; Yavuzer et al. 2008). Altschuler et al.
reported that MVF can improve the motor performance of
chronic stroke patients using a crossover design (Altschuler
et al. 1999). Subsequently, randomized controlled trials
have also reported the clinical efficacy of MVF in patients
with subacute (Yavuzer et al. 2008) and acute stroke (Dohle
et al. 2009).

Although the clinical application of MVF is widely
noticed in the field of neurorehabilitation, its physiologic
mechanism is not fully clarified. Our previous study
(Nojima et al. 2012) using transcranial magnetic stimula-
tion (TMS) suggested the importance of visual feedback,
but not of the intermanual transfer or interhemispheric
interaction for MVF-induced motor learning. Recent stud-
ies also suggested that the interhemispheric interaction
between both M1 may not play a crucial role for MVF-
induced motor learning (Hamzei et al. 2012; Lappchen
et al. 2012). However, the neurophysiologic studies in
normal volunteers are not sufficient to fully determine
the functional role of interhemispheric connectivity in
MVF-induced motor learning.
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A patient 1

B patient 2

Fig. 1 Magnetic resonance images (FLAIR for Patient 1 and T1 for Patient 2) of 2 patients

To test this point directly, we investigated the MVF-
induced motor learning paradigm similar to mirror therapy
(Nojima et al. 2012) in 2 patients with corpus callosum
lesion. We expected that the MVF-induced motor learning
will be lost if the interhemispheric connection between sen-
sorimotor areas is essential for the mirror therapy.

Subjects and methods
Subjects

Two patients with corpus callosum lesion and six age-
matched healthy volunteers participated in this study. The
study protocol was approved by the Committee of Medical
Ethics of the Graduate School of Medicine, Kyoto Univer-
sity, Japan, and written informed consent was obtained from
all subjects. All subjects gave written informed consents
prior to the participation.

Patient 1 is a 69-year-old female suffering from cerebral
infarction (Fig. la), whose initial symptoms were right-
sided mild motor weakness and ideomotor apraxia on her
left hand. Patient 2 is a 63-year-old female suffering from
cerebral hemorrhage (Fig. 1b), whose initial symptom was
the gait disturbance. At the time of testing, they were well
recovered and in the chronic stage with almost no residual
motor weakness (18 and 6 months after the onset for Patients
1 and 2, respectively).

However, these two patients showed impairment in a test
of cross-localization of finger tips (CLF), which constitute

@ Springer

the hallmark of the interhemispheric disconnection syn-
drome (Geffen et al. 1985; Satomi et al. 1991). A CLF test
is usually performed as follows: the patients with their eyes
closed, hands extended, and palms up is touched on a fin-
ger of one hand and asked to touch the corresponding finger
of the other hand with the thumb of that hand. CLF dis-
turbance, that is, the inability to perform this task in both
directions (right-to-left and vice versa), has been reported in
patients with callosal lesions (Volpe et al. 1982; Leiguarda
et al. 1989). The fact that the disorder is bidirectional that
the localization is normal when carried out with the same
hand that is stimulated and that the test is nonverbal sug-
gests that the disturbance is due to callosal disconnection
between the somesthetic centers of the two hemispheres.

Six age-matched healthy volunteers (one male and five
female) aged 56-78 years (mean = SD, 71.2 &= 8.2 years)
served as controls. None of the subjects had a history of
neurological illness, and all were right-handed according to
the Edinburgh handedness inventory (Oldfield 197 .

Interhemispheric inhibition (IHI)

To assess the interhemispheric connectivity between the
primary motor cortex (M1) of 2 patients, we measured
the interhemispheric inhibition (IHI) of the motor-evoked
potentials (MEP) induced by TMS. Patients were seated
comfortably on armchair with their arms placed on the
armrest with the hands facing upward. Surface electromyo-
gram (EMG) was recorded from the first dorsal interosseous
(FDI), using pairs of silver electrodes. The recorded EMG
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signal was amplified, bandpass filtered (5-2,000 Hz), and
digitized at a rate of 10 kHz. Patients were instructed to keep
relaxation throughout the experiments with the aid of visual
feedback from the EMG monitor.

TMS was given using a figure-of-eight coil (9 cm for
the outer diameter) connected to two Magstim 200 stimula-
tors (Magstim Company, Whitland, Dyfed, UK). The coils
were placed over the optimal position in the right and left
M1 to elicit the best motor response in both FDI muscles
with the coil held approximately 45° to the midsagittal line.
The optimal position was marked on the scalp by a soft tip
pen to ensure identical placement of the coil throughout the
experiment. The direction of the induced current was from
posterior to anterior.

The method used to measure IHI was similar to the one
that reported previously (Ferbert et al. 1992; Koganemaru
et al. 2009). The intensity of condition stimulus and the test
stimulus was adjusted to produce an MEP of ~1 mV peak-
to-peak amplitude in each target muscle. IHI was measured
with an interstimulus interval of 10 ms. IHI was expressed
as the ratio between the mean peak-to-peak MEP ampli-
tudes in conditioned versus unconditioned trails.

MVF-induced motor learning

Subjects were seated in a comfortable armchair in a totally
relaxed position. The target task that was measured before
and after MVF training was to rotate two cork balls (diam-
eter 30 mm; weight 5 g) as fast as possible in a counter-
clockwise direction with their left hand. The dexterity of
the motor performance of the left hand was examined by
counting the number of two-ball rotations during 30 s. After
the experiments, one of the experimenters, who was blind
to the participants’ status, reviewed the video recording and
counted the number of rotations.

The motor learning was accomplished by the mirror
visual feedback of the right hand motor training. Patients
placed both hands inside a box made of wood and mirrored
glass for mirror therapy, and they could not see the right
hand directly. The position of the angle of the mirror was
carefully adjusted so that the mirror image of the right hand
was shown over the real left hand (Fig. 2). They practiced
10 sets of the clockwise rotation of two balls for 30 s each
using the right hand with MVF superimposed on the left
hand. They were asked to relax their left hand, which was
continuously monitored and confirmed by surface EMG.
They practiced by completing 10 sets of two-ball rotations
for 30 s with a 30-s rest interval to avoid fatigue (total of
270s).

To assess the intertrial variability and repetition-induced
improvement of the target task performance done by the left
hand before and after the MVF intervention, we investigated
the effect of the right hand training without a mirror on the

Fig. 2 A mirror box used in the present study. Patients were asked to
carefully watch its reflection of right hand movement from the mirror.
Their left hand was hidden behind the mirror

left hand performance in healthy control. Subjects placed
both hands inside a box made of wood and transparent glass.
They performed the same motor training of the right hand as
that performed by patients without mirror. During the inter-
vention, they were asked to keep looking at the unmoving
left hand through transparent glass.

For both patients and controls, the number of rotations
for the target task (left hand) was measured before and
immediately after the intervention.

To measure the motor learning effect after MVF inter-
vention, the ratio of the number of ball rotation was calcu-
lated. The cutoff value for the increased motor performance
was set at the 2 standard deviation above the mean ratio in
healthy controls without MVE.

Results

For Patient 1, the IHI from the right to the left M1 and vice
versa were 1.11 and 1.01, respectively. For Patient 2, those
were 0.42 and 0.70. The numbers of rotations for the target
task before and after intervention in Patient 1 were 13 and
16, respectively. In Patient 2, those were 8 and 12, respec-
tively. For the MVF-induced motor learning, therefore, both
Patients 1 and 2 showed the increase in motor performance,
123 and 150 % in the ratio of number of ball rotations.

On the other hand, the control experiment without a mir-
ror in healthy age-matched controls showed 14.3 4 5.7 and
14.2 &£ 7.1 rotations before and after the intervention and
96 == 13 % in the ratio of number of ball rotations. Although
the baseline motor performance (the number of rotations
before training) was significantly poorer in healthy aged
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volunteers (p < 0.05) compared to the young volunteers
(20.4 £ 3.8, Nojima et al. 2012), the motor performance
of patients was similar to that of the age-matched control
group.

The effects of MVF were above the cutoff threshold
(122 %) for both patients. The mean effect size of MVF-
induced motor learning in patients was similar to our previ-
ous study (136.5 %) (Nojima et al. 2012).

Discussion

In this study, we found a significant improvement of motor
performance by intervention with MVF in two patients
with callosal lesion. Clinical evaluation indicated the inter-
hemispheric disconnection of the somatosensory function
in Patients 1 and 2. The measurement of IHI using TMS
suggested the loss of connectivity between bilateral M1 in
Patient 1. Thus, it is likely that the interhemispheric connec-
tion is not essential for the motor learning associated with
MVE.

This result is in accord with our previous study (Nojima
et al. 2012) in healthy subjects that repetitive motor train-
ing of the nontarget hand significantly improved the motor
performance of the target hand if MVF was given. Recent
studies in normal volunteers also suggested that the inter-
hemispheric interaction between both M1 does not play a
crucial role in mirror therapy. By using fMRI, Hamzei et al.
found that mirror therapy enhanced the various interregional
functional interactions, but not that between bilateral M1
(Hamzei et al. 2012). Moreover, recent TMS study reported
that the IHI before and after mirror training was not signifi-
cantly different (Lappchen et al. 2012). In addition, previous
studies (Garry et al. 2005; Shinoura et al. 2008) showed that
the excitability in motor-related areas contralateral to the
target hand was facilitated by training with MVF as well as
our previous study (Nojima et al. 2012).

It has been reported that complete section of the corpus
callosum abolishes or greatly reduces the ability to transfer
and integrate information between the cerebral hemispheres
(Sauerwein and Lassonde {997). The callosal disconnec-
tion can be demonstrated when input is restricted to a single
hemisphere and the other. We confirmed the callosal dis-
connection of patients using clinical evaluation, MRI and
IHI measurement. The CLF task, which required transfer of
a tactile stimulation between hands, is sensitive to discon-
nection deficits (Geffen et al. 1985) and is often performed
at the bedside to assess the extent of deficit and to follow
the path of recovery. Lesions in corpus callosum area are
clearly depicted in MRI scan of both patients. In addition,
IHI evaluation gives crucial information regarding the func-
tion of bihemispheric connection of M1. Taken together,
Patient 1 showed mostly complete sensorimotor callosal
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disconnection, whereas Patient 2 was partly. Some previ-
ous reports have demonstrated that deficits in interhemi-
spheric motor integration were associated with lesions of
the anterior third of the corpus callosum (Jeeves et al. 1979;
Jeeves and Silver 1988), whereas somesthetic transfer has
suggested to be impaired owing to the lesion of the body of
the corpus callosum (Bentin et al. 1984; Geffen et al. 1985;
Leiguarda et al. 1989),

With regard to the connectivity of bilateral M1, it
reported functional connection with transcallosal fiber
influenced on bilateral motor and cognitive function
(Nishikawa et al. 2001; Tomaiuolo et al. 2001). When bilat-
eral TMS was given to each hemisphere, the conditioning
effect of the other M1 stimulation can be found as short as
from 6 to 10 ms (Ferbert et al. 1992; Gerloff et al. 1998).
One of the fastest connectivities between bilateral M1 is
transcallosal fibers, whose corticocortical conduction time
should be around 7-15 ms measured in myoclonic patients
(Shibasaki et al. 1978; Brown et al. 1991; Gerloff et al.
1998). The interhemispheric interaction between bilateral
M1 is strong and effective via commissural fibers in corpus
callosum.

It is probable that the corticospinal system for the visual
motor processing might be associated with mirror neuron
systems (MNS) (Rosen and Lundborg 2005; Sutbeyaz et al.
2007). Several functional brain imaging studies investigated
human MNS and showed that the observation of an action
recruits a consistent network of cortical areas (Buccino
et al. 2001; Rizzolatti and Craighero 2004; Lui et al. 2008).
In one fMRI study (Matthys et al. 2009), the superior tem-
poral gyrus was activated during MVF intervention, sug-
gesting a link between MVF and MNS. Therefore, one pos-
sible mechanism for MVF-induced motor learning may be
MNS-like properties of M1.

The present study in patients suggests that motor train-
ing with MVF can induce the improvement of motor perfor-
mance without callosal connection. The MVF might facili-
tate the excitability of M1 by activation of the motor-related
cortical network, such as MNS.
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THEREEA A — T 710 & BEEGENY MRI & S0EE o0 bk
BERFE R, & AR ORI IC M L 22 MG E)
FWEAL LA 0 BRI LAY T 55 LT THET
BB, L LEOREHSED LS 2 EBER kT
Fo TOBHE WD IOV TIHRBEICRANS - 72,
%, FEEERANGL (Transcranical Magnetic Stimu-
lation: TMS) % W7 Cid, B~ AJr GHEE
W) LS oW GEBFEREA © Motor Evoked
Potential, MEP) ##ic2 ¥ ba— LTHHET 5
Z&T, WIEEE BT 2 D LA E R B,
MEP # #8152 %L Ch 2 B HBE, MEP T
DI &R EOIEAE S, R
PHEETVBEBHIITMS 2452 52 L THRESRAS
Silent Period % &% EHll3 % & & CHIBIHEOTHRIEHI b
WRETHE, Tz, WENPEEL 2 AEFL T2
SEMSBR AT L8, IRBL P o b
OFERIGFEME LTCHWR I LHTE S,

~F, L3O TMS HETBBERHIC X 58T

D BERAFRERELAGR) N 7~ 3 U
2 SRR EBIR A M R R AT > 7 —

Holedd, BB LN (repetitive TMS: rTMS) %
79 &T, REEHEPLCATHIETRHE
it (Plasticity) ##FH%TE 5 I &2ME ST,
YTMS ZERICIE OB S R Twv b, Rt
BHEWS F—<Thbh, R TMS IC X o TR
BB e 5T 2 Hih L ZoBECHET A/
ReRrt5,

HR %
1. RESEERETIHN (vTMS)
rIMS R AR & TR IC L 8¢5 T &8
MoNTEY, MERICBIT 2 HEBEBEDORRR,
Bex A - AEERCE T L TR A SR T
Wh, FEIIBTHEME LT, 1 Hz LT OB
FTMS SIS L, 5 Hz DL oo B3
B FTMS BRARHE ISR T 5 & v 5 BB e 1o K
LSRRI e Thb, —F, FIMSIZE B
K O RATHE 3 72 3 SRR > Hh e L TS B4R
FIoowTid $ AR R 808 s, B (Long
Term Depression: LTD) #3ECWHRL T ATHE
HHHE SN TS, TMS B IS L A%
BEBUT 5 L v T 1997 4512 Chen 5210k o

S
-
&
T
A
L rrrl s e orrrrrrvr] &
T
A
il

2013.
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Bl 1 TBS (ThetaBurst Stimulation)

3 BN 50 Hz DEM (20 ms ORRIMIE TV, ik 200ms MBTHEEY B, T4bb 5H (U — ¥ BEED
DRI E $0 BETH B TH B, {TBS (ntermittent TBS) Tl 2 BN, 8 Bhikik &\ 3 B CRIBT 5 & & ¢ M1 ORTEE
WA EEB T LHTED, imTBS (intermediate TBS) (3 55075~ PHUSL, 10 BAIE £ W HHT, Thid ML~DEE
BB LAV, IS ¢TBS (continpous TBS) T/ S— A MUl M+ 5 /L€ M1 o¥l%51 &R,

THEMATbNI, FOFETIE, 0.9 Hz T15%%K
HHERERIEAE & v S BV IIRGRE T—UERE (MD
% 900 B L7 & &5, HEERO MEP ORIEL
BAL, M1ORABEIET T2 eslmE s,
—%, SHz L EOBEE TMS i, EEHENS L
Eic M1 BTG AN S €5 L ShTwa®Y,

2. Theta Burst Stimulation (TBS) (R 1)

3 FNII % 50 Hz O (WM IR : 20 ms) (2
200 ms B CRYETZ LT, §Hz (¥~ ¥ B
DOHES X BFETH S, HWHEC L HBEED
MEELBIERIFT I LAWETH D, intermittent
TBS & continuous TBS @ 2 Higg OB EARE S
NTWw3, HERRAEENNKE LT, —HHEEm
FIMERN e LR T B Z L ARE S hTw 349,
TBS ORSIEEE L, fHINGRESEHPRMED S0% R &
VI EDTHVHEE AV TERS NS, TBS 3T
HBMARIT Gk <, REDT P AEREEFY,
THFTEY % EOBoRERIET LT 3R H D
EMRBERT WS, TBSHBTCHERELL MLD
FUEMEZSE (WTIEH) OATEMRFECE LTI, )
WEBRTR SN 5 EMHE (Long-Term Potentiation:
LTP) « LTD WML 22 A = XA BEBLTWS &
#iH5hTnaY,

3. EAMANTHH (Paired-Associated Stimula-

tion: PAS) (K 2)

MaWEMER <Y - 7 A5iHle A, 6 oBAEEAT

LT S ABMIARE T BRI RE SN

E2 AT (Paired Associative Stimulation: PAS)

PAS QI (EsRAMEIINE TMS \o & 5 M1IED) B¢ 25
ms D& & LIP AE5E %1, MEPAik+ 5, (Lik9) Xy
FELTEA

A, BHEBNBREARICSLTC, 20V T ADER
B D L BIEET 51 & Hebb B
SE, KPS OBRINHEL TMS 2 —EOKHET
MLIZEET 2 L) ICHAGLELI LT, MIDY
F 7 AR CTEWELS BT A 2 LRSS T
w3, BRI, ERME~0OBRMEE 25 ms
CEEM B & KA M1~ TMS J# %475 PAS %
8L (0.05H2) C0RT (B04) MfFTHE
& T, M1 OBETHEHAIRE ShTWEY, B
I 25 ms &, BEHIBIC X 54 > 700 A HREE
CEEL (Q0ms), IS X bR ABANTE A
Foa-orEH LTRETHERRTS A3V
LEZLNTVS, TORGHEMRIEBAZECH
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v, 30U LERSEL, INMDAFICX > THEREN
Ll BT EH,D, WEMEYFTXLIP L EROK
HWAEELTWAEEEZLRTHAYY | —F il
BBz EENHD 10ms BICEETHZ L TMLOR
TR SN B2 LI R4 7 74 IV 7K
TR RE SR TWE,

PASIC X 2 M1 W% L EBOREEHIC L - T
A U B MRRENTBMOMICIZHEIEE RS 559
CELHEENRTVS, TRODMEE, HELRE
I COMBYEEE R BE TOEB Y N E ) BRDE
&, PASIC X o THM & b AB Y% T WM A5 38
OMRETENWFEEZFOILERLTVS,

4. R84 EEHEHEE (Quadripulse Stimula-

tion: QPS)

HHETMS # —E0MB T4, 5PEHECH0S
5ZB3HETHA?, M1 LSS X7 QPS OFi#ET
MEP #&¥ 5 &, QPSHIBRIEAT1.5~10 ms &1
5 SR O HATIE MEP RIBASE A L, 30~100 ms
ERRHOBEIGETIRENN SR Y, ZORE
B 60 5B L BT 2 LA RE SN TV B,
INBDORERIE, WHERICRE L TRE LI 0
FEEONREFRTEIENTEBLIEERLTCY
b Fl 4O E QPS HOPE L DIEIZIZ
Bienenstock-Cooper-Munro (BCM) H#™ 28132
SFTARNBEE VF T AR BROBIDOES R
FTHFCEMLTChBZ 40, HWERTCROAL
VFTATBREOEEZE L CWAEZ LAREERT
wh,

5 EE MR M (Paried Bilateral Stimula-

tion: PBS) ([ 3)
TR M1~ 7-15 ms OMETTMS #5257

Tmv

MRCS(-50)

Visual cue

Visualcua ™S MRCS(+50)

100 ms

@4 MRCS (MovementRelated Cortical Stimulation) o
B & M1~ TMS fl% SAEHE T 5, BIETHEIEH 50ms (-50ms) 2
W LTP, 100ms # (100ms) Tit LTD #Fk &z, (K12 X h&ZELTEA) -

© BT 41535

FPANEEETHILET, 2RACHMAS OIS
WEMMLOALEEZRASELLDOTH B, Wl
PERAORTLE K id 0.1 Hz ¢ 180 |, 15 45-HI%EGT
BEW ik, TMSIZE D RS MLICHE %A
Lzt Uh R E-REMAD & BEMIZISIE—R S ¢
ZRT7HIBAERYESTZ LT, EHMLICLTP 25
BYHFETH D, T OEEE COMMERE RIS
BHFER LD ML OBEEIEAT BT TIREL,
WA OEDREOMLELHESIATNEY,
6. EDHMERRAM (Movement-Related Corti-
cal Stimulation: MRCS) (& 4)

PAS % PBS TR S /- LTP B 2 RS ¥ 5
FEELT, EHEREANKE (MRCS)™ s
EhTwb, MRCSIE, MEMIMICN T2 KISKH
BEETIBIE, ZoEBREEREE LT—ED
FEEME TR MM MLICTMS 25 2 5 5T
%o TUBORE G REMEIIMED 120% & L, 0.2 Hz
DFET 240 [8 (20 7B M S % 42 0 B9 Z e,
SEBHE 2 RTINS MI~OREE-EEBH 2 i
ME-RE-EE OB AT E TMS 2 la&bes T

e

3 WATEMIAI (Pared Bilateral Stimulation: PBS)
U M1 % 7-15 ms DRREZE T TMS MR YET LT,
BRTHHS M QRE) OMLTLIPAFHESRE, (3

k16 L DYELTHIE)

250

%’mo» ¥

fuo t

H -

R 4 = . F
i i

&

405 .0 0 450 4100 4150
tatarual tmx)

R 5 5 2ol

2013.

o haNEEZ LGRS, EBEIMERT 50 ms IC TMS %
5% %% LTP, 100 ms % T LTD # %452 & a8
WHETH LI LBHESh T3P,

7. ZOMOBBHE

Khedr 5 i, BET O BME T 0.6 Hz, M
MRS ms ORTHEE 25 7 E LA ETMLD
IR %R Lz, — 75, Thickbroom &' 1 MEP
HB1mV & HHHHME 02 He, TERIE 1.5 ms
TRSEOMBETH & & T, MLOBEITHERE
PEEREL TS, N6, FilrgERIH
(Short interval intracortical inhibition)® %*4&3# (Short
interval intracortical facilitation)®™ M5 2 4FE D
HREEEE I LR EAT ) FHETH B, EHI
Quartarone 5% i, 5 Hz OEHRAREIILE 5 Hz ®
M1 ~® rTMS % TUBLREIRE 25 ms T 2 SRS 5 &
WY FEICLY, MIAEEZREL, ZORR*6
RS LI LR EEL TV, SR, PASOE
FEELTHIBORBMEE T2 L TIRALY
FLFHI L EEME LAFHTHS (Rapid PAS),

MR SRR

Ml &R ET S MRBEEICTBE2E%T 5
TMS FHIF LB X 3 ICHE (B sh, Z20HE
FHE SN TV D, L LIEED 5 D IERMAYRIHT
X )W ZHRT A 2D, HEERHRE
OYEL ERA R BERFWNES T BE L6015,
PIFIC TMS (& 5 BT IR LIC B ARV L # %
LNAEBIZOWTHHT 5, BHMOANAFED LB
BEHPHERE TR, IhoBEHOBYE ERIIC
LY, BROBRTER LAV THZ ENLE
Thb,

1. A GER - F8 - KNI, BEHELE)

YRR OMEETEAREE L, MRy P —
SEDYFTAMBICBITE LTPAEEL 2T
BEEZLRTWAE™Y, HHICHL TR, DWER
B TR IC T 2T, R R R R
DL HImMEEENT LTP OB %M L CHE S h
BIEPHESNTWAEED, ¥k VAT Y
REEATFOAL R, FRIY0 LS pHEEEREC
& B LTP ka8 L CREEREMmLL TSI L
HREERTHBEPD, —fFic, HBHHFFHICL -
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TEETHAHILREELLATWS R, EREE
& RERIC R < BIAR T B IRIE & KM R B BRI
WHEMZELE OMBEEESE DAL N TR WED,
Koganemaru 5% i3, BEMMANIC X D HFHE/LE
FRT B L, TBS ZEAADEBHEIL Y ML
OREEEAEZRF LTS, £DOHE, negative
ZIEH & TBS OHA G LRI L o T, ML ORIEH:
B XU RS CER LS BREL T
B, S5 IENBUCEREMTEILT, PASY R
TMS®® 2k 2 ML WTIBWELAKEL 2B bh
b, NPAOEFRITEROKE SICHERTLIL
DPRBENTVS, F721Hz D rTMS BT I3 FIN
WERITHIZ LT, MEP ORI R RL B2 LD
WELCATHDD,

2. RAFHE(TSM I IR, KA FRXE—-Y R,

Wi &)

KB E T FRT 27001, WERADE
DREPKE WS T2, DPRBKTE, WEEHO
gAY F 7 ATYEEERMT 250 Zehd, ¥
FTAOHEERIWICHETCELZ EPHESNT
w5, LT, MEEWHEREELIEET 201
T AREETHEICHETAEEEA =LA
foTHiFEsh, COEEHEER Y by—2Rk
Be BB CROIS I EFRESRTNEY,

TR KN H OB ERET 2 HEE LT
&, 94 IR ENATAFENG Y, KN
BADT 543 v 7RIS 585  DEITHES
FESh TV, REMRLDE LT, Siebner
5% GERBEHERIY (DCS) 12k27F4 2
YUBBREREL, 1Hz O rIMSIC X BRI F2TH
[ ERYE, 0 F Y BRI T 1 Hz © YTMS 1
12 & ) MEP Ak 545, Bk CR
MEP 28¢5 L2HELTWE (B®5), —HE
HE (5 Hz) (TMSIC & 2 EHAEN: 23K S &5
BT, BT MEP ZINR S h, BENY TR
MEPAMEE SN2 Z LA HESATWAEY, 8512
M1 & 20t BE R EER & OBEFREIMF ENT
BY, HELHEY LHEBHET & oumigi
TP EFICE o THBICEETHL I LI HESH
Twd,

F 7z, PRSI 2 ATy o & T
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tha bt M
dtmaLteming 15 F%

'g‘ 140

i

% 100 Jedz ]

& )

]

a

Z s

g TDCS ~gp cathodal THCS

oM

& i~ snocad THCS

< p u . T
post pos post
TDCS TS 1 THS 2

6 rTMS £ DCSIC LB 7 T4 3 ¥y Rofus
o)

KBS (1 Hz) (TMS DI, TMS FERERT o tDCS My
& DI S b, MICERIEC MEP IRIBORIKA R S
hbEwd, WHEEOMEIEIU A, (0k40) LY &ZEL
T

KB PR IR O I AL 2 FRTH I &ic kD
T4 3T ORLY ETAREVHEIRTY
%o Ziemann 5' i, FIESREBE PAS #1ICE
THILICLY, LTPHREMIGE€5—J, LTD
BRIREHARSELEEHELTVE, T2, T
KERMIRME® PASEICEM A2 & T, LTP#
O MEPALBAEX EET A2 LS HE LTV ED,
—%, FEFL - ZIC X A BRI LT,
SHETNL—= 70 BUITHOMRIGHET S
ZERFE SR TVBY, 85I A )
PRBEE T Wi LY, 2B uls &Ed
BV D ELRBENTVS, ZO LS ICTMAYZEAL
WA REREDER L TO AR, I e
3% F (BDNF: Brain-derived neurotrophic factor)
B 2z, IO PmEHBEY Lo
RERLEINTVRELELLATVS, T, Th
SOWEEFITH I T ALY 7 — o FEHZ TN
WIEDOBWATPASICL 5 LTP EAKENWT &
LEEShTWES,

3. HEREONM GBETE, i, M)
BRPREFRLEL OBERICLA2MAZED ML
TOYF 7 ATWHEHEE L T\w5, 34 BDNF

BRI 41 B35
WETD, & PRMEEIC B 5B RN L 5
BB BYT I N E o TETY
%, Kleim &% (B0 75 ME LR P A 304
HEEAGZELIE val6bmet ZRIDRE B TR THZ L
FWELTYAR, 77, 29 LAEEETE, TMS
7 EOIERBIIHENBI T 550 RANRA F o1
ST B EBMEINTVAET, ZhbeFHER,
BDNF %k MEBFAOTBHEMICHILL TV
ZEERELTVWS, LPL—FT, QPSIEEWT
X BDNF M ETFREFE TERROW BV EOH
#5510, BDNF $H QMR $ 7R85 A
LBENTNS,

Fhk MBI ST RS T A2 S it
I<mbhTwa, BHEEICNT % PAS TR, o
WEOFERRFERS & L CHBERICHEELE
BHPEZSCHARIC LTP IS TE W ke sh
T‘/\%Sé.m)a

BB LT, Smith 5% HE COMERAR L
BV LARNVDOEDHEBREL, Ty MCHET v b
TEAGM L AVAEEL, ThEFA P ATFo DR
WHRTHB T L2 HE L. 7 Inghilleri 5% &
fIMS BT, TR s v LAUL & B EAE I I
DHED DB L EHELTRD, S5 DCSDE)
RICWL T, RELEBE~OHIR TR OGN
TTEIRAHIT 2 &) R, Bikio i~k
TR 5 LTD KRAEET 5 2 L2
BshTna®,

BESE YT X

i 2 28 A R B O M RIS BB LT, RS
M1 7 5O JTRA, FEREEM M1 4 5 OB R % Mg
FRBLAMIIIC LY, BEEN ML OFBHE S
HERTVBEEVIBEEFLIRIBEAT VLY,
LTk e UCREEN ML O BAEEM AT Tk
<, FEREEM ML OBEHET 2RT o e BBEE R
NTwb, SOREEFVICHLT, KEPBERD
TRERE O —LEHERNE T o L2 HE L
T, MBIHE & o TR E I3 2 TR O/E R
R B rTMS Ot % R B L/ ADSEERERY I
ThhTwnd,

FERE BB o0 BATHE % IS 5 FEEE UCHRER

2013.

TRUBANZIGHE S Tw AR rTMS I LT i,
Takeuchi 5% % Fregni 5% 7%, BEHMEHBEY
W3 L rTMS W50 & sham JUSE S50 CTHalB R 4T
vy, FEREEMIRINEER M1 1 Hz @ rTMS % 20 542
BT 5 2 & T, sham B & H-BRER L sk
BRELZUEFRONIZEEZHE L TnD, —F, I
EWRMEROBEEZBOL L2 BHE LEHR
BErTMS (B LT, Kim 5% 2S5 3 5 R
Lo U, S rTMS & sham B2 ML,
EHE TIMS B CEBREOREXA O EE
WELTWE, T0OX ) CIERER$ 2 EB IR
BUWCE 4 BRI EE SR T B8, Takeuchi 5%
WECHRE rTMS & B rTMS ORI R % BE L,
EE rTMS (IS8T 3 MEHS S B R AR & %
WELTWE,

F 7235 4E, Koganemaru 50 13431 U3 b 26 o SR
TIFICERRIE A3 2 BE 2 8RI1C, (TMS &)
WERZPHLANATY y FRUNEY BREL
COFBHE, LIEBGECRBIREYHF TS BECK
L, BEEM M1 ~OBHE rTMS & B LRk oMz
MR I & B AE s ET, MiE#HO%RE
DS B RO M LA S NA T L EHE LT
Wh, A 6 WMERIICX Y, BTH 2B EE
TSRS R T A L b ME S TBY, &
BOMERBZICNTEINEVICKRELRELE D
5B S B,

IEEE R At R BT H LTS, rTMS O RFE IR
HoTnb, JDITICHT 5 rTMS ORRICH L TR,
SRENC B CRBBIIFgE 95 3 ™, BERIHLHT
M oMol B EREEE LOKREI R, BREHA
HEATVG, SHIT8—F Y VHICT HRECH
LT, BB SR kY i
B o ERBEMEsE I AR O, EOFRIMAS
HEENT WA, Hamada 5% 1%, /S—F >V V¥
BEOWMELAHE N LTS5 Hz OEIAE TMS % 8
BMENT 5 & CHEELENBEOTES RSN
ZEWG, HRBEYEAS—F 2V SIREHROEIEN
ZRBEIRIC 2 D B AT RERE RE L TV D, 0%
fRZEMEE LT, 6 BMIC 1 SOREHEE, &
MR ED 2.5 8 & S WEGRIEE AV 5 & ek
FIDBE & M - O MBEH KRS SR TV,
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PR L CiE, Katayama 555 12 & o THERMER
PEIER I § B TR ERNHAERED—2E LT
M SR e 6, BENEIC X 5 EH TR &
ACFTFONTWAE, £L T, BHEEHESIC10~20
Hz OEFEN £l 5 2 & CHEmIisiR e R
L2 EBSHE SN Tna™™, L LIBHAER IR
T HEFTE, WEAEREIC X WD & ARk
tTMS RO EVS 2 HE L2 VWEEYD L EEX
ShTns,

O X5, (TMS (IR S M o IS
ERWETELEVWIRERFESDHY, SHOELD
BRSEAMEESh G, FLCREY T AOTER
AR U T EMERRIO IR S Y RIS 2 R,
BF LA b ORISR OMBICID A E
TWh, 4HOW® % OWERORBBICL Y, Bl
AHZALPMPAShBEZ EDNEEFNT VD,
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Human T-lymphotropic visus fype 1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) is a rave newrodegenerative
disease characterized by chronic inflammation in the spinal cord. We hypothesized that a positive feedback loop driven by
chemokines may be responsible for the chronic inflammation in HAM/TSP. We aimed to determine the identity of these
chemokines, where they are produced, and how they drive chronic inflammation in HAM/TSP. We found that patients with
HAM/TSP have extraordinarily high levels of the chemuokine CXCL10 (also known as P-10) and an abundance of cells
expressing the CXCL10-binding receptor CUCRS in the cerebrospinal fluid. Histological analysis revealed that astrocytes are
the main producers of CXCL10 in the spinal cords of patients with HAM/TSP. Co-culture of human astrocytoma cells with CD4™
T cells from patients with HAM/TSP revealed that astrocytes produce CXCL10 in response to IFN-y secreted by CD4™ T cells.
Chemotaxis assays results suggest that CXCL10 induces migration of peripheral blood mononuclear cells to the central nervous
system and that anti-CYXCL10 neutralizing antibody can disrupt this migration. In short, we inferred that human T-lymphotropic
virus type 1-infected cells in the central nervous system produce IFN-y thaf induces astrocytes to secrete CXCLA0, which recruits
more infected cells to the area via CXCR3, constituting a T helper type 1-centric positive feedback loop that results in chronic
inflammation.
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Introduction

The rise of chronic inflammatory disorders has prompted researchers
to reconsider the classical concept of inflammation, which dates
back to ancient Roman times when inflammation was first defined
as redness, swelling, heat and pain in response to injury or infection.
In general, inflammation is an adaptive immune response to tissue
malfunction that ideally neutralizes the source of the disturbance
and restores tissue homeostasis. Paradoxically, a prolonged state
of inflammation has been implicated in the pathogenesis of
various diseases characterized by the loss of homeostasis, such as
autoimmune diseases, cancers and neurodegenerative diseases
(Libby, 2002; Mantovani ef al., 2008; Medzhitov, 2008, 2010).
To produce effective therapies for these debilitating disorders,
we must first elucidate the mechanisms by which this maladaptive
chronic inflammatory state develops.

Although there are many chronic inflammatory disorders for
which the initiating trigger is ill-defined or unknown, human
T-lymphotropic virus type 1 (HTLV-1)-associated myelopathy/
tropical spastic paraparesis (HAM/TSP) is a rare neurodegenerative
chronic inflammatory disease clearly caused by HTLV-1 retroviral
infection (Gessain et al.,, 1985; Osame et al., 1986). In other
words, the HTLV-1-infected cells in patients with HAM/TSP
represent a useful starting point from which to investigate the
origins of chronic inflammation.

HTLV-1 infects 10-20 million people worldwide, some of whom
develop serious conditions such as adult T cell leukaemia (Hinuma
et al., 1981) and up to 2-3% of whom develop the debilitating
inflammation in the spinal cord that characterizes HAM/TSP
(Gessain et al., 1985; Osame et al., 1986). Evidence has accumu-
lated to support the theory that infected CD4™ T celis (as opposed
to infected neuronal cells or non-infected peripheral blood
mononuclear cells) are primarily responsible for this transition to
the HAM/TSP disease state: HTLV-1 primarily infects CD4* T cells
{Richardson ef al., 1990); levels of infected CD4* T cells circulat-
ing in the blood of patients with HAM/TSP are higher than those
in the blood of asymptomatic carriers (Nagai et al., 1998; Yamano
et al., 2002), the levels in the CSF surrounding the spinal cord are
higher still (Nagai et a/., 2001a); and these infected CD4™ T cells
have also been detected in the spinal cord lesions themselves
(Moritoyo et al., 1996; Matsucka et al., 1998). There are many
cell types capable of producing an inflammatory response upon
contact with viral antigens, and it is true that the cases where
these antigen-specific cells are most abundant are indeed in
patients with HAM/TSP, but there is a large range of overlap in
which patients with HAM/TSP and asymptomatic carriers have the
same amount of antigen-specific cells in their peripheral blood
mononuclear cells (Jacobson et al., 1990; Jeffery et al., 1999;
Kubota et al., 2000; Yamano et al., 2002). Therefore, we
hypothesized that their presence may not be the key factor that
determines a patient's fate to experience the disease or not, and
that perhaps there might be another cell type responsible for
initiating the chronic inflammation in HAM/TSP through a more
unique pathway. Research shows that infected CD4* T cells are
indeed capable of migrating across the blood-brain barrier into
the CNS (Furuya et al., 1997) and secreting proinflammatory

cytokines such as interferon-gamma (IFN-y) (Hanon et al., 2001;
Yamano et af., 2005, 2009). We guessed that these cells might
even be capable of producing IFN-y spontaneously due only to
intracellular activation of transcription factors by the invading
HTLV-1 virus, which has been shown to be capable of such
potent effects (Waldmann, 2006).

Studies have indicated that among the CD4™ T cell subtypes,
immune responses by CD4" T helper type 1 (Th1)-like cells
may be dominant in patients with HAM/TSP (Goon et al., 2002;
Narikawa et al., 2005), leading to the theory that the Th1 axis
should be the primary focus in the study of HAM/TSP. These
Tht cells express both the CC chemokine receptor type 5
(CCR5) and CXC motif receptor 3 (CXCR3), which respond to
the presence of CC motif ligand (CCL) 3, 4 and 5 and CXC
motif ligand (CXCL) 9, 10 and 11, respectively. These ligands
are chemokines, a subclass of cytokines that stimulate directed
chemotaxis in responsive cells, and it is known that chemokine
receptor-ligand interactions play an important role in recruiting
immune cells to inflammatory sites (Luster, 1998; Qin et al.,
1998). Of particular interest are the CXCR3 agonists, which are
regulated by the aforementioned proinflammatory cytokine IFN-y
and carry this relationship in the alternative nomenclature:
monokine induced by gamma interferon (MIG/CXCLS), iFN-
y-inducible protein 10 (IP-10/CXCL10), and interferon-inducible
T cell alpha chemoattractant (I-TAC/CXCL11) (Proost et al.,
2001, 2003). We and others have shown that CCL5, CXCL9,
and especially CXCL10, are elevated in the CSF of patients with
HAM/TSP (Teixeira et al., 2004; Narikawa et al., 2005; Tanaka
et al., 2008; Sato, in press).

We hypothesized that these chemokines play a key role in the
pathogenesis of HAM/TSP by recruiting more cells infected with
HTLV-1 to the inflammation site and potentially initiating a
positive feedback loop. We first compared the levels of several
chemokines in the serum and CSF of patients with HAM/TSP
and asymptomatic carriers and found that CXCL10 was the
most closely associated with known features of HAM/TSP patho-
genesis, namely increased CSF cell count. We then analysed
samples of peripheral blood mononuclear cells and CSF cells
along with images of the spinal cord tissue to demonstrate that
CD4* cells expressing CXCL10-binding CXCR3, namely cells of
the Tht subtype, are indeed infected with HTLV-1, do migrate
across the blood-brain barrier into the CNS, and do produce
IFN-y in patients with HAM/TSP. We demonstrated that this
IFN-y production can occur in the absence of external stimuli.
Immunohistochemical analysis of the spinal cord tissue not only
confirmed that CXCL10 production is elevated in patients with
HAM/TSP but also revealed that astrocytes may be the main pro-
ducers of CXCL10 in the spinal cord. We used novel techniques to
demonstrate that these astrocytes likely represent the missing
piece of the puzzle in the positive feedback loop: infected CD4*
T cells produce IFN-y, which stimulates astrocytes to produce
CXCL10, which recruits more CD4*CXCR3* Th1 cells to the
CNS. Finally, chemotaxis assays were used to compare the
inhibitory potentials of anti-CXCL10 and anti-CXCR3 neutralizing
antibodies on this positive feedback loop as the first step toward
the development of an effective therapy.
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Materials and methods

Patient selection and sample
preparation

Written informed consent was obtained from all patients before the
study, which was reviewed and approved by the Institutional Ethics
Committee (St. Marianna University) and conducted in compliance
with the tenets of the Declaration of Helsinki. The study included 26
HTLV-1 non-infected healthy donors (14 females and 12 males; mean
age, 49 years), 29 asymptomatic carriers (21 females and eight males;
mean age, 50 years), 17 patients with adult T cell leukaemia with no
history of chemotherapy (eight females and nine males; mean age, 68
years), and 58 patients with HAM/TSP (47 females and 12 males;
mean age, 62 years). Diagnosis of adult T cell leukaemia was based
on the criteria established by Shimoyama (1991). HTLV-1 seropositiv-
ity was determined by a particle agglutination assay (Serodia-HTLV-1)
and confirmed by western blot (SRL inc.). HAM/TSP was diagnosed
according to WHO guidelines (Osame, 1990).

Samples of peripheral biood mononuclear cells were prepared using
density gradient centrifugation (Pancoll; PAN-Biotech) and viably cryo-
preserved in liquid nitrogen with freezing medium (Cell Banker 1;
Mitsubishi Chemical Medience Corporation). Plasma and serum sam-
ples were obtained from 16 healthy donors, 26 asymptomatic carriers,
30 patients with HAM/TSP and 14 patients with adult T cell leukaemia
(six smouldering type and eight chronic type). Multiple serum and CSF
samples were taken within a 1-h window for each of 32 patients with
HAM/TSP. A Fuchs-Rosenthal chamber (Hausser Scientific Company)
was used for CSF cell counts, after which the cells were isolated by
centrifugation and cryopreserved in the aforementioned freezing
medium. A medulla oblongata tissue sample from one patient with
HAM/TSP as well as thoracic spinal cord tissues from four patients
with HAM/TSP and six control individuals with no spinal cord lesions
(numbered controls 1-6; one female and five males; mean age,
67 years) were obtained post-mortem, fixed in 10% formalin, and
embedded in paraffin. Clinical characteristics of the patients with
HAM/TSP who underwent post-mortem examination are shown in
Supplementary Table 1.

Cell culture

Before culture, peripheral blood mononuclear cells from patients with
HAM/TSP, asymptomatic carriers and healthy donors were sorted
using MACS beads (Miltenyi Biotec) according to the manufacturer's
instructions; CD4* T cells and CD8™ T cells were separated negatively,
and CD14" cells were separated positively, and the purity of all cell
populations exceeded 95%. The isolated cells were seeded at 1 x 10°
cells/200 pi/well in 96-well round-bottom plates in RPMI 1640
medium (Wake Pure Chemical Industries Ltd.) supplemented with
10% heat-inactivated human serum (Wako Pure Chemical Industries
Ltd.), and 1% penicillin/streptomycin  antibiotic solution (Wako
Pure Chemical Industries Ltd.) without any stimuli. The culture super-
natants were collected after incubating at 37°C for 24, 48 and 72h
in 5% CO,.

U251 human astrocytoma cells were cultured in Dulbecco’s minimal
essential medium (Wako Pure Chemical Industries Ltd.) supplemented
with 10% heat-inactivated foetal bovine serum (Gibco-Invitrogen)
and 1% penicillin/streptomycin. In total, 2 x 10% U251 cells were
then co-cultured in 48-well flat-bottom plates at 37°C for 48h in
5% CO, with 0, 2 x 102, 2 x 10° or 2 x 10* CD4* T cells isolated

from peripheral blood mononuclear cells of patients with HAM/TSP
or healthy donors using MACS beads. A control group of 2 x 10°
CD4" T cells was single-cultured under the same conditions. The
U251 cells were also cultured with and without 1 ng/ml recombinant
human IFN-y (285-IF, R&D Systems). After culture for 48h, CD4*
T cells were removed by washing with PBS and the U251 cells were
then cultured for an additional 24h before collecting the culture
supernatants.

For the experiment investigating the inhibitory potential of neutra-
lizing antibodies, 2 x 10* CD4* T cells isolated from peripheral blood
mononuclear cells of patients with HAM/TSP using MACS beads were
cultured in 96-well round-bottom plates for 72 h under the same con-
ditions, and the culture supernatant was collected after centrifugation.
Then, in this supernatant, 2 x 10% U251 cells were cultured in 48-well
flat-bottom plates with 10 pg/ml monoclonal neutralization antibodies:
anti-IFN-y antibody (MAB285, R&D Systems), anti-tumour necrosis
factor (TNF)-o antibody (MAB610, R&D Systems), or isotype control
antibody (MAB0O2 and MABOO3, R&D Systems). The U251 cells were
cultured for additional 24 h before collecting the culture supernatants
for assay.

Measurement of chemokines, IFN-y,
IL-17A and siL-2 receplor

The concentrations of four chemokines (CCL4, CCL5, CXCL9 and
CXCL10) in the serum and CSF samples and levels of CXCL10,
{FN-y and IL-17A in the culture supernatants were measured with a
cytometric bead array kit (BD Biosciences) using a FACSCalibur flow
cytometer (BD Biosciences) according to the manufacturer's instruc-
tions. It should be noted that the cytometric bead array kit measures
the total concentrations of all chemokine isoforms irrespective of
aminoterminal variation (Proost et al., 2001, 2003). The sIL-2R in
the serum was measured using an ELISA (Cell-free N IL-2R, Kyowa
Medex).

Flow cytometric analysis

Peripheral blood mononuclear cells and CSF cells, which were obtained
on the same day, were immunostained with various combinations of
the following fluorescence-conjugated antibodies: anti-CD3 (UCHT1),
anti-CD4 (OKT4), anti-CD8 (RPA-T8), anti-CD19 (HIB19), anti-CD14
(61D3) (all from eBioscience), and anti-CXCR3 (1C6; BD Biosciences).
The cells were stained with a saturating concentration of antibody in
the dark (4°C, 30min) and washed twice before analysis using
FACSCalibur (BD Biosciences). Data were processed using FlowJo soft-
ware (TreeStar). For cell sorting, JSAN (Bay Bioscience,) was used, and
the purity exceeded 95%.

Real-time polymerase chain reaction

The HTLV-1 proviral DNA load was measured using ABI Prism 7500
SDS (Applied Biosystems) as described previously (Yamano et al.,
2002). In brief, DNA was exiracted and 100 ng samples were analysed
per well. The proviral DNA load was calculated using the following
formula: copy number of HTLV-1 (pX) per 100 cells = (copy number of
pX) / (copy number of B-actin / 2) x 100.

Tissue staining

Formalin-fixed thoracic spinal cord and medulla oblongata tissue
sections were deparaffinized in xylene and rehydrated in a series of
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graded alcohols and distilled water. The antigenicity of the tissue
sections was recovered using a standard microwave heating
technique. For immunohistochemistry, the slides were incubated with
anti-CXCL10/1P-10 antibody, followed by detection with streptavidin-
biotin-horseradish peroxidase and diaminobenzidine (DakoCytomation
Japan Co. Ltd.). The CXCL10* cells in the spinal cord were also
counted under the microscope; the data show the mean number of
cells in three random 1-mm? fields per sample. Haematoxylin and
eosin staining was conducted to detect inflammatory cells that had
invaded the tissue samples. For immunofiuorescence (thoracic spinal
cord sections only), the slides were incubated in phosphate-buffered
saline with 10% goat serum for 1h at room temperature, in anti-
CXCR3 antibody (Abcam), anti-CXCL10/IP-10 antibody (Santa Cruz
Biotechnology), and anti-glial fibrillary acidic protein (GFAP) antibody
(DakoCytomation Japan Co. Ltd) overnight at 4°C, labelled with Alexa
Fluor® 488 or Alexa Fluor® 594 conjugated secondary antibody
(Invitrogen), and examined under a fluorescence microscope (Nikon
eclipse E600 with fluorescence filter Nikon F-FL; Nikon instech) with
rabbit or mouse immunoglobulin G (IgG) as the negative control.

Chemotaxis assay

Peripheral blood mononuclear cells from patients with HAM/TSP were
washed and then suspended (at 1 x 107 cells/ml) in 37°C serum-free
RPMI 1640 medium containing 1 mg/ml bovine serum albumin (Wako
Pure Chemical Industries, Ltd.), hereafter ‘chemotaxis medium'. The
lower wells of a 96-well chemotaxis chamber (MBA96; Neuroprobe)
were filled with chemotaxis medium containing 0.25 ng/ml recombin-
ant human CXCL10 protein (266-IP; R&D Systems). For the negative
control, the lower wells were filled with only the chemotaxis medium.
For cf is assays using lizing lonal antibodies, per-
ipheral blood mononuclear cells were pretreated (room temperature,
30min) with 10pg/ml of anti-CXCL10 antibody (MAB266; R&D Sys-
tems), 10pug/ml of anti-CXCR3 antibody (MAB160; R&D Systems), or
10pg/ml of isotype control antibody (MAB0O2; R&D Systems). A
polyvinylpyrrolidone-free micropore polycarbonate filter (PFD5; Neu-
roprobe) with 5-um pores was placed over the lower chamber. The
upper wells were filled with 1 x 10° peripheral blood mononuclear
cells in 100pl of chemotaxis medium. The chamber was incubated
for 120min at 37°C in a humidified 5% CO, atmosphere. After incu-
bation, the fluid in the lower chambers was collected and cell counts
were determined using FACSCalibur. To compare results across all
chemotaxis assays, a chemotactic index was calculated using the
following formula (Nie et al., 2009):

Chemotactic index = (number of migrated cells in a test sample well)/
(number of migrated cells in a negative control welf)

To determine the inhibitory effect of neutralizing antibodies, an inhibi-
tory efficiency scale was calculated using the following formula:

inhibitory efficiency (% inhibition) =
{[(chemotactic index of isotype control) — 1]
[(chemotactic index of neutralizing antibody) — 1]}/
[(chemotactic index of isotype control) — 1] x 100

Proliferation assay

The migrated cells in the lower chamber after the chemotaxis assay
were collected and washed with RPMI 1640 medium supplemented
with 5% foetal bovine serum and 1% penicillin/streptomycin. Those
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cells were then plated on 96-well round-bottom plates and cultured in
the same medium without any mitogenic stimuli in 5% CO, at 37°C.
Cell proliferation was measured using a *H-thymidine incorporation
assay as described previously (Yamano et al., 2009).

Statistical anaiysis

Correlation analysis was assessed using Spearman’s rank test. The paired
t-test was used for within-group comparisons, and the t-test or the
Mann-Whitney U-test was used for comparisons between groups.
One-way ANOVA was used for multiple comparisons followed by
Tukey's test. The Friedman test was used for paired multiple compari-
sons, followed by the Dunn test. Statistical analyses and graphs were
performed using Graphpad Prism 5 and Prism statistics (GraphPad
Software, Inc), and statistical significance was set at P < 0.05.

Results

Significantly higher levels of
cerebrospinal fluid CXCLA0 compared
with serum CXCL10 in patienis

with HAM/TSP

To determine whether the aforementioned chemokines were
involved in the migration of cells to the CNS, we first compared
the levels of these chemokines with CSF cell counts in patients
with HAM/TSP (n=29). CSF cell counts significantly correlated
with levels of CXCL10 and CXCL9 but not with those of CCL5
or CCL4, the negative control (Fig. 1A). In addition, the correl-
ation was clearly stronger with CXCL10 than with CXCL9.
Following this, we compared the CSF and serum levels of these
chemokines. Interestingly, only CXCL10 levels were higher in the
CSF than the serum, although serum CXCL10 levels were also
high to some extent (Fig. 1B, P < 0.0001). Next, to investigate
whether these high CXCL10 levels were a HAM/TSP-specific
phenomenon within HTLV-1-associated disorders, we tested for
a correlation between CXCL10 and soluble interleukin-2 receptor
(sIL-2R), a marker for adult T cell leukaemia (Yasuda et al., 1988).
As expected, serum siL-2R levels were the highest in patients with
adult T cell leukaemia. By contrast, plasma CXCL10 levels were
significantly higher in patients with HAM/TSP than in those with
adult T cell leukaemia, asymptomatic carriers or healthy donors
(Supplementary Fig. 1A). This higher concentration of plasma
CXCL10 in patients with HAM/TSP was observed even when
compared to asymptomatic carriers with equivalently high proviral
loads (Supplementary Fig. 1B).

Existence of abundant CXCR3™ cells
in the spinal cords of patients with
HAM/TSP

Because CXCL10 is a ligand of CXCR3, we investigated the pos-
sibility of CXCL10 recruiting proinflammatory CXCR3* cells into
the CSF by measuring the presence of CXCR3* cells in the CSF
and spinal cord lesions of patients with HAM/TSP (Fig. 2A-C).
Flow cytometric analysis revealed that the average percentage of
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Figure 1 CXCL10 levels in CSF of patients with HAM/TSP were correlated with CSF cell counts and were significantly higher than those in
serum of patients with HAM/TSP. (A) Correlation analysis between CSF levels of four chemokines (CXCL10, CXCL9, CCL5 and CCL4) and
CSF cell counts in patients with HAM/TSP (n = 29). Statistical analysis was performed using Spearman’s rank test. The linear regression line
is indicated by a straight line in each graph. (B) Comparison of concentrations of four chemokines (CXCL10, CXCLS, CCL5, and CCL4) in
CSF and serum samples obtained from patients with HAM/TSP such that all samples from a given patient were taken within a 1-h window
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of the first sample taken from that patient (n =32). *P < 0.0001 by the paired t-test.

CXCR3* cells among CSF cells was 92.4 & 7.0%, whereas the
average percentage of CXCR3* cells among peripheral blood
mononuclear cells was 99+82% (P<0.0001, Fig. 2B).
Immunofluorescence staining revealed abundant CXCR3* cell in-
filtrate around small vessels in the leptomeninges of spinal cord
lesions in patients with HAM/TSP (Fig. 2C). We examined the
types of CXCR3* cells in the CSF using flow cytometry and
found that CSF CXCR3* cells mainly consist of CD3" cells
(>90%) and small populations of CD14* and CD19* cells
(Fig. 2D, left). Uniquely, the percentage of CXCR3* cells was ex-
tremely high in all CSF cell populations under study, especially
CD4*% (94.33 £2.95%), CD8* (98.64:1.05%), and even
CD14% (84.97 + 18.49%) and CD19% (76.38 +17.35%) cells
(Supplementary Fig. 2). Our data show that the ratio of CD4* to
CD8™* cells in the CSF was ~1:1 in patients with HAM/TSP (Fig.
2D, right). In both these cell populations, the rate of CXCR3 posi-
tivity was higher in CSF cells than in peripheral blood mononuclear
cells (Supplementary Fig. 2). The percentage of CXCR3" cells in
peripheral blood mononuclear cells of patients with HAM/TSP was
lower than those in peripheral blood mononuclear cells of asymp-
tomatic carriers as well as healthy donors; however, there were no
significant differences between patients with adult T cell leukaemia
and patients with HAM/TSP (Supplementary Fig. 3A). This lower
percentage of CXCR3* cells in patients with HAM/TSP was
observed even when compared with asymptomatic carriers with
equivalently high proviral loads (Supplementary Fig. 3B). Finally,
to support our hypothesis that HTLV-1-infected T cells (the majority

of which are known to be CD4*) migrate from the circulating
blood to the spinal cord tissue through CXCL10-CXCR3 interaction,
we confirmed that there does exist a subset of peripheral
CD4*CXCR3™ T cells infected with HTLV-1 (Fig. 2E).

Numerous CXCL10-producing cells in
inflamed spinal cords of patients with
HAM/TSP

To quantitatively compare the level of expression of CXCL10, we
microscopically counted the number of CXCL10" cells in the
spinal cord tissue and found a larger number of CXCL10* cells
in the spinal cord lesions of patients with HAM/TSP than in con-
trof patients (Fig. 3A, P = 0.0095). In addition, we compared tissue
sections from the thoracic spinal cord (a region of high inflamma-
tion) and the medulla oblongata (comparatively very low inflam-
mation) from a single patient with HAM/TSP, and we observed a
much larger CXCL10 presence in the thoracic spinal cord region
(Supplementary Fig. 4).

Astrocytes as the main producers of
CHCLAO in the spinal cords of patients
with HAM/TSP

To identify which cell populations are the main CXCL10 producers,
we immunostained thoracic spinal cord tissues from patients with
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Figure 2 Abundant CXCR3" cells in the CSF and spinal cord tissue of patients with HAM/TSP. (A) Representative dot plots of CD3
and CXCR3 expression in peripheral blood mononuclear cells (PBMCs, left) and CSF cells (right) from a patient with HAM/TSP measured
using flow cytometry. (B) Comparison of the percentages of CXCR3™ cells in peripheral blood mononuclear cells and CSF cells, samples of
which were obtained from 12 patients with HAM/TSP such that all samples from a given patient were taken within a 1-h window

of the first sample taken from that patient. Statistical analysis was performed using the paired t-test. See also Supplementary Fig. 2.
(C) Representative images of immunofluorescent detection of CXCR3, shown in green (upper panels), and haematoxylin-eosin

(HE) staining for inflammatory cells, shown in blue (fower panel), in the thoracic spinal cords of patients with HAM/TSP. Rabbit 1gG
antibody used as the negative control (NTC). (D) Left: Percentages of CD3*, CD19™, and CD14™ cells in CSF celis derived from patients
with HAM/TSP (1 = 6). Right: Percentages of CD4™ cells and CD8" cells. Statistical analysis was performed using the Mann-Whitney
U-test. Error bars represent the mean = SD. (E) The HTLV-1 proviral DNA loads of CD4 " CXCR3™ T cells with peripheral blood mono-
nuclear cells as the control. This result confirms the non-negligible existence of HTLV-1-infected CD4* CXCR3™ T cells, which may migrate
to the CNS. Cells are from patients with HAM/TSP (n1 = 5). Statistical analysis was performed using the paired t-test.




