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Abstract

Introduction: Repetitive transcranial magnetic stimulation (rTMS) has been increasingly used in the fields
of basic and clinical neurosciences for facilitating or inhibiting local neural activity. Functional features of
rTMS have mainly been studied in healthy human volunteers by measuring the changes in the amplitude of
motor-evoked potential (MEP) evoked by single-pulse TMS of the primary motor cortex (MI) as an indirect
index of the MI activity. In such evaluation, the increase and decrease of the amplitude of MEP after the
rTMS can be interpreted as results of the facilitatory and inhibitory effects, respectively, of the specific
pattern of trains used. From earlier studies, it has become as established fact that low-frequency stimulation
(typically < 1 Hz) induces the inhibition of local neural activity, whereas the intermittent high-frequency
stimulation (typically > 5 Hz) induces facilitation. However, there have been much fewer studies concerning
the direct electrophysiological evaluation of neural changes induced by rTMS in the stimulated site of the
brain. Inconsistent results have been obtained from studies by recording and evaluating resting-state
electroencephalograms (EEGs) before and after rTMS. In this study, using awake and unanesthetized
macaque monkeys as experimental subjects, we aimed to record the changes in the neural activity of a
cortical area targeted by rTMS, in the form of electrocorticograms (ECoGs) recorded using subdurally
implanted electrodes. Owing to the high signal-to-noise ratio, we expected that ECoG recordings would
enable better evaluation of relatively higher frequency bands, such as gamma and beta bands, which could
be difficult in conventional EEG recordings. Macaque monkeys are a suitable model of humans as rTMS
subjects because their brains are big enough to limit the direct effect of rTMS to a small portion of cerebral
cortex, while using the standard stimulation coil for humans (70 mm figure-of-eight coil).

Method: The resting-state ECoG signals recorded through subdurally implanted electrodes and the MEPs
in the abductor pollicis brevis muscle in the contralateral hand were repeatedly measured in two awake and
unanesthetized macaque monkeys before and after the rTMS session. Repetitive and single-pulse TMS was
applied targeting the unilateral MI. The intensities of TMS pulses were set to 150% and 100% of the resting
motor threshold (rMT) of each monkey for rTMS and single-pulse TMS, respectively. The rMT of each
monkey was defined as the machine output that produced a visible twitch in its thumb on 5 out of 10 TMS
pulses delivered to the MI while the monkey quietly sat on the monkey chair. The stimulation frequency
was set to 0.5, 1, 2, 5 and 10 Hz. At all stimulation frequencies, a total of 1200 pulses of rTMS were given

in 20 min. Before and after an rTMS session, single-pulse TMS was applied at 1-min intervals for 60 min



and 120 min, respectively. In 1-Hz and 10-Hz conditions, we conducted additional experiments with the
stimulation intensity of rTMS set to 125, 100 and 75% of rtMT.

Result: A significant decrease in the beta band power was observed after 1-Hz rTMS with a significant
decrease in the MEP amplitude, whereas a significant increase in the high-gamma band power was observed
after 10-Hz rTMS with a significant increase in the MEP amplitude. There were no significant changes in
each ECoG band power and the amplitude of MEP after 0.5, 2, and 5-Hz rTMS. Consistent changes in
ECoG and MEP, such as those observed with 150% rMT, were not observed at lower stimulus intensities.
In monkey A, ECoG signals were also recorded from the electrode over the DLPFC and PPC. We found no
significant changes in ECoG signals from the remote electrodes in terms of power of two frequency bands
(beta and high-gamma) following either of the 1-Hz or 10-Hz rTMS application.

Discussion: The major findings of this study was that, in the resting-state ECoG signals of the stimulation
site, the decrease in beta band power and the increase in high-gamma band power were induced after 1-Hz
and 10-Hz rTMS, respectively, in both monkeys. As indicated in previous studies that beta and high-gamma
activities in the ECoG reflect the synchronous firing and the firing frequency, respectively, of cell assembly
in local neural circuits, our results suggest that the 1-Hz rTMS inhibits the neural excitability by
desynchronizing the local circuit activity, and that the 10-Hz rTMS facilitates the neural excitability by
increasing the firing of neurons in the local circuits. Interestingly, neither of the changes of band powers in
ECoG nor those of MEP amplitudes were observed in 0.5, 2 or 5 Hz rTMS conditions. These results suggest
that 1-Hz and 10-Hz rTMS are the specific frequency working for inhibiting and facilitating the neural
excitability, respectively. The band power changes appeared to be limited to the stimulation site, as no
change was found in the power of beta or high-gamma band in the ECoG signals from remote electrodes
such as those in the DLPFC or PPC. The examination of the effect of rTMS of different intensities have
shown that only with the intensity of IMT 150% can the effects be stable, and with that of tMT 125, 100 or
75%, eftects would be weak and unstable. To obtain stable effects of rTMS, it may be important to use high

intensities.
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1. Introduction

Repetitive transcranial stimulation (rTMS) has been increasingly used in the fields of basic and clinical
neurosciences for facilitating or inhibiting local neural activity (Fitzgerald et al., 2006; Pell et al., 2011;
Thut & Pascual-Leone, 2010). Functional features of rTMS have mainly been studied in healthy human
volunteers by measuring the changes in the amplitude of motor-evoked potential (MEP) elicited by single-
pulse TMS of the primary motor cortex (MI). In such evaluation, the increase and decrease in the amplitude
of MEP after the rTMS can be interpreted as results of the facilitatory and inhibitory effects, respectively,
of the specific pattern of trains used. From earlier studies, it has become an established fact that low-
frequency stimulation (typically < 1 Hz) induces the inhibition of local neural activity (Chen et al., 1997;
Maeda et al., 2000a, 2000b), whereas the intermittent high-frequency stimulation (typically > 5 Hz) induces
facilitation (Maeda et al., 2000a, 2000b; Pascual-leone et al., 1994). However, there was no consistent
outcomes due to different parameter settings, such as stimulation frequency, stimulation intensity, the
number of stimulus and the length of the rTMS session. For the better understandings of the functional
features of TMS and the discovery of the most effective parameter settings for inhibitory and facilitatory
interventions, we considered that it would be necessary to conduct a systematic study with parametric
condition settings and within-subject design.

Moreover, there have been much fewer studies concerning the direct electrophysiological
evaluation of neural changes induced by rTMS in the stimulated site of the brain. Inconsistent results have
been obtained from studies by recording and evaluating resting-state scalp electroencephalograms (EEGs)
before and after rTMS (for low-frequency rTMS: Berger et al., 2013; Cincotta et al., 2015; Piccione et al.,
2011; Pripfl et al., 2014; Wozniak-Kwasniewska et al., 2014; for high-frequency rTMS: Berger et al., 2013;
Brignani et al., 2008; Kim et al., 2012; Qiu et al., 2019; Wozniak-Kwasniewska et al., 2014). Some of the
inconsistencies of the results in those studies may be due to scalp EEGs being a relatively indirect and noisy
measure of neural activity. Here we used awake and unanesthetized macaque monkeys as experimental
subjects, and recorded the changes in the neural activity of a cortical area targeted by rTMS, in the form of
electrocorticograms (ECoGs) recorded using subdurally implanted electrodes. Owing to the high signal-to-
noise ratio, we expected that ECoG recordings would enable better evaluation of relatively higher frequency
bands, such as the gamma and beta bands, which could be difficult in conventional scalp EEG recordings.
Macaque monkeys are a suitable model of humans as rTMS subjects, because their brains are big enough

to limit the direct effect of rTMS to a small portion of the cerebral cortex, while using the standard



stimulation coil for humans (70 mm figure-of-eight coil). In this study, by taking the advantage of invasive
animal study, we aimed to investigate systematically the various stimulation parameter settings (stimulation

frequencies and intensities) by recording ECoG and MEP repeatedly in same subjects.



2. Materials and methods

2-1. Subjects

Two Japanese monkeys (Macaca fuscata; both aged 4 years; body weight, 7.7 kg and 6.6 kg; sex, male and
female for monkeys A and B, respectively; the ages and weights were those at the start of the study) served
as experimental animals in this study. All experimental and surgical procedures were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
and Guidelines for Animal Care and Use of Tohoku University. This project was approved by the Center
for Laboratory Animal Research of Tohoku University and the committee of the National BioResource
Project (NBRP Core Facility Upgrading Program, Kyoto University Primate Research Institute and

National Institute for Physiological Sciences).

2-2. Non-invasive head fixation and chair training

The monkeys were trained to sit relaxed on a monkey chair with their head and one arm restrained for TMS
and simultaneous ECoG and MEP recordings. For the head restraint, we used a non-invasive head fixation
device developed in our lab (Figure 1). This device tightly restrains the head movement by applying
pressure to the lower part of the head with a pair of “cheek/neck pads”. Leaving the upper part of the head
free, it allows relatively good access to the skull with TMS coils from the top or at a perpendicular angle.
The inner sides of the cheek/neck pads were covered with urethane cushion for comfort. The forearm

contralateral to the TMS target hemisphere was loosely restrained in a tube.
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Figure 1. Non-invasive head and arm fixation device. (A) Monkeys were trained to sit relaxed in a
monkey chair, with their head fixed by a pair of cheek/neck pads that apply pressure from both sides of the
face. (B) The forearm contralateral to the TMS was loosely fixed in a tube attached to the horizontal lumber
plate of the monkey chair for the recording of MEPs. MEPs were recorded from the APB muscle on the

hand contralateral to the TMS.



2-3. ECoG electrode arrays and surgery for implantation

We used custom-designed ECoG electrode arrays (Unique Medical Co, Ltd, Tokyo, Japan; Figure 2A and
3A) for the recording of cortical neural activity. In each electrode array, platinum electrodes of 1 mm
diameter were embedded in a silicon sheet at intervals of 4 mm. Lead lines from the electrodes were
connected to a connector (Omnetics Connector Corporation, Minnesota, USA).

Preceding the implantation surgery, MR and CT images of the head were taken for each monkey
under anesthesia induced with a combination of medetomidine (0.04 mg/kg, i.m.), midazolam (0.3 mg/kg,
i.m.), and butorphanol (0.4 mg/kg, i.m.). A three-dimensional (3D) model of the brain and skull were
reconstructed for each monkey on the basis of these images (Osirix, Pixmeo SARL, Geneve, Switzerland).
For the implantation surgery, the animals were anesthetized initially with ketamine (10 mg/kg, i.m.) and
xylazine (0.5 mg/kg, i.m.), which was followed by isoflurane (1-2%) inhalation for maintenance. In
monkey A, the ECoG electrode arrays were implanted subdurally over the primary motor and sensory
cortices (MI/SI), dorsolateral prefrontal cortex (DLPFC), and posterior parietal cortex (PPC). A 3 x 2 array
was used for the MI/SI, and 2 x 2 arrays were used for the DLPFC and PPC. In monkey B, a 4 x 5 array
was implanted subdurally over the MI/SI. The lead connector was set in an acrylic chamber and fixed to
the posterior part of the skull with dental cement (Super-Bond, Sun Medical, Shiga, Japan). After the
implantation of the electrodes and the installation of the connector and the chamber on the skull, the opening
of the skull was covered by fixing the original bone flap, and the muscle and skin were sutured back in
place to cover the entire skull. After recovery from the surgery, X-ray images of the head were taken for
monkey A (Figure 2B). The precise locations of the electrodes were estimated by superimposing the X-ray
images onto the 3D model constructed from the MR and CT images (Figure 2C). The locations of the
electrodes in monkey B were estimated by digital photographs taken during the surgery (Figure 3B).

Monkey B served for an additional experiment which was conducted to evaluate the two-
dimensional spread of the TMS effect over the cortical surface. Under a surgical procedure, the 4 x 5
electrode array was removed from the right hemisphere and a new 5 x 6 electrode array with intervals of 5
mm between each electrode was implanted to the contralateral (left) hemisphere to cover a wide area
centering in the MI/SI (Figure 3C). The locations of the electrodes were estimated using X-ray images as

described above (Figures 3D-E).



(B) (C)

Figure 2. Implantation of ECoG electrode sheets (monkey A). (A) ECoG electrode sheets used in the
study. (B) X-ray image of the monkey head taken after the ECoG electrode implantation. Red arrows
indicate the ECoG electrode sheets. (C) Location of the ECoG electrode arrays on the brain reconstructed
from the postoperative X-ray image and the preoperative CT and MR images. Three ECoG electrode sheets
were implanted over the DLPFC, MI/SI, and PPC. We analyzed the data obtained from the electrode

covering the MI hand area (marked in red) and those covering the DLPFC and PPC (marked in blue).



Figure 3. Implantation of ECoG electrode sheets (monkey B). (A) The first ECoG electrode sheet used
in the study. (B) The location of the first ECoG electrode array on the brain estimated from pictures taken
during the surgery for the electrode implantation. The ECoG electrode sheet was implanted over the ML
We analyzed the data obtained from the electrode covering the MI hand area (marked in red). (C) The
second electrode sheet used in the additional experiment. (D) The X-ray image of the monkey head taken
after the ECoG electrode implantation. (E) The location of the second ECoG electrode arrays on the brain

reconstructed from the postoperative X-ray image and the preoperative CT and MR images. An electrode

10



covering the MI hand area is marked in red.

2-4. TMS protocols

Repetitive and singe-pulse TMS was applied targeting the unilateral MI through a 70-mm figure-of-eight
coil with a Magstim Rapid? stimulator (Magstim, UK). The coil was placed tangentially to the scalp with
the handle pointing backwards and laterally at a 45° angle to the sagittal plane inducing a posterior—anterior
current in the brain (Gilio et al., 2003; Laakso et al., 2018). The location of the coil was determined so that
the maximum amplitude of MEP can be obtained in the abductor pollicis brevis (APB) muscle contralateral
to the TMS site. The orientation and location of the TMS coil were kept constant during the entire daily
session. The intensities of TMS pulses were set to 150% and 100% of the resting motor threshold (rtMT) of
each monkey for rTMS and single-pulse TMS, respectively. The rMT of each monkey was defined as the
minimal machine output required to induce MEPs of at least 50 uV amplitude in 5 out of 10 TMS pulses
delivered to the MI while the monkey quietly sat on the monkey chair. The stimulation frequency was set
to 0.5, 1,2, 5 and 10 Hz (Figure 3A). In 0.5- and 1-Hz conditions, TMS pulses were delivered continuously
for 40 and 20 min, respectively. In 2-, 5- and 10-Hz conditions, a 10-, 4- and 2-s train of TMS pulses at
each frequency (20 pulses) were delivered 60 times at 10-, 16- and 18-s intervals, respectively. At all
stimulation frequencies, a total of 1200 pulses of rTMS were given in 20 min (except the 0.5-Hz condition:
40 min). Before and after an rTMS session, single-pulse TMS was applied at 1-min intervals for 60 min
and 120 min, respectively (Figure 3B). In 1- and 10-Hz conditions, we conducted additional experiments
with the stimulation intensity of rTMS set to 125, 100 and 75% of tMT (The experiment with 75%-intensity
condition was conducted only for monkey A.). In monkey A, 1-Hz rTMS with 10-s intervals for every 10 s
(1200 pulses, 40 min) and 2-Hz rTMS without intervals (1200 pulses, 10 min) were applied as additional

conditions.
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Figure 3. rTMS protocols. (A) In 0.5- and 1-Hz rTMS protocol, TMS pulses were continuously delivered
for 40 and 20 min, respectively. In 2-, 5- and 10-Hz rTMS protocol, a 10-, 4- and 2-s application of each
frequency rTMS (20 pulses) was repeated with a 10-, 16- and 18-s interval, respectively. Note that the
numbers of TMS pulses per unit time were the same between these protocols (20 pulses per 20 s, *except
the 0.5-Hz protocol: 10 pulses per 20 sec for 40 min). In 1-Hz rTMS with interval, a 10-s application of
rTMS (10 pulses) was repeated with a 10-s interval (totally 1200 pulses in 40 min). In 2-Hz continuous
rTMS, TMS pulses were continuously delivered for 10 min (totally 1200 pulses). (B) Before and after the
rTMS session, single-pulse TMSs were applied with 1 min intervals for 60 and 120 min, respectively, while

the resting-state ECoG signals and the evoked MEPs were recorded.

2-5. Data acquisition and analysis

In a daily session, ECoG and electromyogram (EMG) signals were recorded for 60 and 120 min, before
and after the application of rTMS, respectively, as single-pulse TMS was applied at 1-min intervals. Each
daily experimental session was followed by a minimum of 2 days of rest to ensure the complete recovery

from rTMS aftereffects. The order of all frequency and intensity conditions was pseudorandomized. ECoG
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signals from each electrode were amplified and digitalized at 10 kHz using a digital signal processing unit
(Cerebus™ system, Blackrock Microsystems, USA) and stored in a computer for offline analysis. The EMG
signals from two disposable surface electrodes (Vitrode F-150S G210C, Nihon Kohden, Japan) attached
along the APB muscle contralateral to the stimulated hemisphere were amplified (BA1104, TEAC, Japan),
digitalized at 10 kHz, and stored in the computer.

The ECoG signals obtained 100 ms before and 500 ms after the onset of each TMS pulse were
excluded from analysis to exclude artifacts of TMS pulses. In addition, to exclude segments of ECoG or
EMG signals with apparently large noise, such as movements of the monkey, we conducted automated
artifact rejections by using a homemade software written in MATLAB (Math Works Inc., MA, USA). For
the ECoG data, following notch filtering (50, 100, 150, and 200 Hz) and band-pass filtering (low-cut
filtering, 3 Hz; high-cut filtering, 500 Hz), frequency spectrograms were obtained using a signal processing
toolbox in MATLAB (sliding window size, 200 ms; overlap, 100 ms). ECoG frequency bands were defined
as follows: beta (12-32 Hz), low-gamma (32—80 Hz), and high-gamma (80-200 Hz) (Buzsaki & Draguhn,
2004; Ray & Maunsell, 2011). The MEP was defined as a biphasic EMG wave evoked around 12 ms after

single-pulse TMS, and the peak-to-peak amplitude was measured for every MEP wave induced.

2-6. Simulation of the electric field induced by single-pulse TMS

A three-dimensional model was created from a standard monkey brain template MRIs (National Institute
of Mental Health Macaque Template: NMT) by using simNIBS (simulation of Non-invasive Brain
Stimulation Methods (Opitz et al., 2011; Romero et al., 2019; Thielscher et al., 2015)). Five different tissue
types were defined, and the conductivity values were fixed: 0.126 S/m (white matter; WM), 0.275 S/m
(gray matter; GM), 1.654 S/m (CSF), 0.01 S/m (skull), 0.465 S/m (scalp). The rate of change of the coil
current (d//df) was set to 1.0 x 10° A/s (70 % of maximum stimulator output = 150% of tMT of monkey B).
A Magstim 70 mm figure-of-eight coil with 15 mm distance from MI surface, as measured in the standard

brain MRIs, was applied in this simulation.
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3. Results

The effects of each rTMS condition on resting-state ECoG signals in the stimulated MI and the MEPs in
the APB muscle in the contralateral hand were repeatedly monitored in the two monkeys. Typical examples
of frequency spectrograms derived from ECoG signals and EMG traces recorded before and after the 1-Hz
and 10-Hz rTMS are shown in Figure 4. As shown in the spectrograms (Figure 4, top in each panel), 1-Hz
rTMS induced an overall decrease in the low-frequency band power, whereas 10-Hz rTMS induced an
overall increase in the high-frequency band power. The MEP amplitude decreased following the 1-Hz rTMS,

whereas it increased after the 10-Hz rTMS (Figure 4, bottom in each panel).
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Figure 4. Typical ECoG spectrograms and MEP traces before and after applying rTMS over MI.
Color maps illustrate frequency analysis (spectrograms) of ECoG signals recorded before and after
the rTMS sessions with 1 Hz (top) and 10 Hz (bottom). Data around single pulses was excluded from the
analysis because of stimulation artifacts (white area in each plot). Lower traces in the panels illustrate EMG
signals recorded simultaneously with ECoG signals. Insets show enlarged traces of post-TMS EMG signals,

in which the MEPs clearly appeared approximately 12 ms after the onset of stimulation artifacts.

3-1. Changes in different ECoG band powers and MEP amplitude.

Average percent changes of ECoG signals of different frequency bands [beta (12—32 Hz), low-gamma (32—
80 Hz), and high-gamma (80-200 Hz)] and those of the amplitudes of MEPs in the two monkeys are shown
in Figure 5. Following the 1-Hz rTMS application, significant decreases in ECoG beta band power and
MEP amplitude were observed in both monkeys. Following the 10-Hz rTMS application, significant

increases in ECoG high-gamma power and MEP amplitude were observed in both monkeys.
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Figure 5. Changes in ECoG band powers and MEP amplitude following 1-Hz and 10-Hz rTMS.

Percent changes in beta (12—32 Hz), low-gamma (32-80 Hz), and high-gamma (80-200 Hz) band powers
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and MEP amplitude for the 1-Hz (top) and 10-Hz (bottom) rTMS. Significant decreases were observed in
the beta power (p = 4.1 x 102 and 8.5 x 10~ for monkeys A and B, respectively) and MEP amplitude (p =
1.2 x 102 and 2.5 x 10~ for monkeys A and B, respectively) after the 1-Hz rTMS, whereas significant
increases were observed in the high-gamma power (p = 1.1 x 102 and 3.0 x 10" for monkeys A and B,
respectively) and MEP amplitude (p = 7.4 x 10~ and 8.3 x 10~ for monkeys A and B, respectively) after
the 10-Hz rTMS. Error bars represent SEM. *p < 0.05, paired t-test (uncorrected) between 60 min before

and 60 min after rTMS on the MI.

3-2. Changes in ECoG band powers and MEP amplitude following rTMS sessions of different
stimulation frequencies.

Average percent changes of beta and high-gamma powers and MEP amplitude in the two monkeys after the
various stimulation frequencies of rTMS are shown in Figure 6. A significant decrease in the beta band
power was observed after 1-Hz rTMS with a significant decrease in the MEP amplitude, whereas a
significant increase in the high-gamma band power was observed after 10-Hz rTMS with a significant
increase in the MEP amplitude. There were no significant changes in each ECoG band power and the
amplitude of MEP after 0.5, 2, and 5-Hz rTMS. To confirm whether intervals affect the efficacy of low-
frequency rTMS, 1-Hz rTMS with 10-s intervals for every 10 s (1200 pulses, 40 min) and 2-Hz rTMS
without intervals (1200 pulses, 10 min) were applied to monkey A (Figure 7). There were no significant

changes in either condition.
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Figure 6. Changes in ECoG band powers and MEP amplitude following rTMS sessions of different

stimulation frequencies. Percent changes in beta (12—32 Hz) and high-gamma (80-200 Hz) band powers

and MEP amplitude for 0.5-, 1-, 2-, 5- and 10-Hz rTMS. Significant decreases were observed in the beta

power (p=2.7 x 102 and 7.1 x 10 for monkeys A and B, respectively) and MEP amplitude (p = 3.6 x 10-

3 and 3.7 x 1073 for monkeys A and B, respectively) after the 1-Hz rTMS, whereas significant increases

were observed in the high-gamma power (p = 1.2 x 102 and 8.5 x 107 for monkeys A and B, respectively)

and MEP amplitude (p = 9.6 x 103 and 1.1 x 102 for monkeys A and B, respectively) after the 10-Hz rTMS.

Error bars represent SEM. *p < 0.05 and **p <0.01, paired t-test (uncorrected) between 30 min before and

30 min after rTMS on the MI.
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3-3. Changes in ECoG band powers and MEP amplitude following rTMS sessions of different
stimulation frequencies.

Average percent changes of beta and high-gamma powers and MEP amplitude in the two monkeys after the
various stimulation intensities of rTMS are shown in Figure 8. Although significant decreases in the beta
band power were observed in monkey B after 1-Hz and 10-Hz rTMS with 125% intensity of tMT, consistent
changes in ECoG and MEP, such as those observed with 150% intensity of rMT, were not observed at lower

stimulus intensities.

Monkey A Monkey B
1 Hz rTMS 10 Hz rTMS 1 Hz rTMS 10 Hz rTMS
20 20 20 20
b s _
g o g 0 _I___]_mm, 0 J:I:LI:I:L=F_|_ 0 _:Flm_m, 0 ——'——m—cpr
=) ©
g} @ - .
S 2 £ 20 ) -20 -20 " -20
82 g E 5 20 20 20
Q° g & . .
=]
s E§ ¢ |i‘| )
w o 2 0 = 0 0 —=pr—t——f= 0
5 =
—
-20 -20 -20 -20

) 60 60 - 60 60 v
=1
= ‘ |
£ < 0 4 01 0 t 0 !
i =L () ==
o © .
< 60 . 60 -60 -60

75 100 125 150 75 100 125 150 75 100 125 150 75 100 125 150

& @ G © & ® ©& ® @ © ® O © ® (6 (®

TMS pulse intensity TMS pulse intensity TMS pulse intensity TMS pulse intensity
based on Motor Threshold (%) based on Motor Threshold (%) based on Motor Threshold (%) based on Motor Threshold (%)

Figure 8. Changes in ECoG band powers and MEP amplitude following rTMS sessions of different
stimulation intensities. Percent changes in beta (12—32 Hz) and high-gamma (80-200 Hz) band powers
and MEP amplitude for 75, 100, 125 and 150% rMT of rTMS. Significant decreases and increases were
observed in the conditions of 150% intensity of tMT (see a legend of Figure 5). Significant decreases were
observed in the beta power (p = 1.6 x 102 and 5.6 x 10~ for 1-Hz and 10-Hz rTMS, respectively, with
125% intensity of rtMT). Error bars represent SEM. *p < 0.05 and **p < 0.01, paired t-test (uncorrected)

between 30 min before and 30 min after rTMS on the MI.
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3-4. Time courses of Changes in ECoG band powers and MEP amplitude.

Time courses of average percent changes of beta and high-gamma powers and MEP amplitude in the two

monkeys after rTMS (1- and 10-Hz, 150% of rMT) are shown in Figure 9. After 1-Hz rTMS, significant

decreases in the beta power lasted for 120 min in monkey A and B, respectively, whereas significant

decreases in MEP amplitude lasted for 60 and 90 min in monkey A and B, respectively. After 10-Hz rTMS,

significant increases in the high-gamma power lasted for 30 and 90 min in monkey A and B, respectively,

whereas significant increases in MEP amplitude lasted for 90 and 120 min in monkey A and B, respectively.

The beta band power in monkey B after the 10-Hz rTMS tended to keep lower for 120 min.
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Figure 9. Time courses of changes in ECoG band powers and MEP amplitudes following the rTMS
sessions of different protocols. Percent changes in beta (12-32 Hz) and high-gamma (80-200 Hz) power
and the MEP amplitude at each time point after the 1-Hz and 10-Hz rTMS. In monkey A, significant
decreases in the beta power (p = 2.7 x 102, 4.5 x 103 and 3.1 x 10 at 30, 90 and 120 min, respectively)
and MEP amplitude (p = 1.9 x 102 and 8.7 x 1073 at 30 and 60 min, respectively) after the 1-Hz rTMS,
whereas significant increases in the high-gamma power (p = 1.2 x 102 at 30 min) and MEP amplitude (p =
4.8 x107,1.5 x 102 and 1.5 x 10~ at 30, 60 and 90 min, respectively) after the 10-Hz rTMS. In monkey
B, significant decreases in the beta power (p = 7.1 x 10, 1.4 x 102 and 7.4 x 103 at 30, 90 and 120 min,
respectively) and MEP (p = 1.1 x 10" and 1.7 x 102 at 30 and 60 min, respectively) amplitude after the 1-
Hz rTMS, whereas significant increases in the high-gamma power (p = 3.4 x 102 and 4.1 x 102 at 30 and
90 min, respectively) and MEP amplitude (p = 3.7 x 10 and 3.3 x 102 at 30 and 120 min, respectively)
after the 10-Hz rTMS. The beta power from 30 to 60 min after the 10-Hz rTMS in monkey was also
significantly decreased (p = 3.0 x 102). Error bars represent SEM. *p < 0.05 and **p < 0.01, paired t-test

(uncorrected) between 30min before and 30 min at each time point after the rTMS on the MI.
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3-5. The range of rTMS effects

In monkey A, ECoG signals were recorded from the electrode over the DLPFC and PPC (Figure 10). We
found no significant changes in ECoG signals from the remote electrodes in terms of power of two
frequency bands (beta and high-gamma) following either of the 1-Hz or 10-Hz rTMS application. In
monkey B, ECoG signals from were recorded from the 5 x 6 electrode array (Figure 11). For both 1-Hz
and 10-Hz rTMS, the range of rTMS effects tended to be localized in 10 mm and 5 mm parallel and
perpendicular to the electric field, respectively. Note that statistical tests were not applied due to the low

number of sessions (n = 3).
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Figure 10. Changes in ECoG band powers recorded from different areas after rTMS session
on the MI (monkey A). Percent changes in beta (12-32 Hz), and high-gamma (80-200 Hz) band power
for the 1 Hz (top) and 10 Hz (bottom) rTMS recorded in DLPFC (left) and PPC (right). Error bars represent

SEM.

22



1-Hz rTMS 10-Hz rTMS

Beta High-gamma
10
£
<
= 5
0D
- - ;- 0 B2
5 8
|| =
-10
he) 20 20
(0]
=
]
88 3 0O 0 —_—
T —
£ ®©
e ‘E’-zo 20
o
o 20 20
-3 2
G4 g
30 <
05 © — .
B8 X 0 0
5o
[ 3=
e -20 20
0 5 10 15 0 5 10 15

Distance from stimulation site (mm)

Figure 11.The range of rTMS effects after 1-Hz and 10-Hz rTMS session (monkey
B). Color maps illustrate averaged percent changes recorded from all of electrodes 30 min before and 30
min after the 1-Hz (top left) and 10-Hz (top right) rTMS (n=3). The electrode marked by an asterisk (*)
means the location targeted by rTMS. The middle and bottom panels show the percent changes recorded
from the electrodes which located parallel and perpendicular, respectively, to the electric field. X-axis

shows the distance from the electrode targeted by rTMS.
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3-6. The simulation of the electric field induced by single-pulse TMS

To study the range of TMS effects on neural activity, I performed simulations of electric field induced by
single-pulse TMS by using SimNIBS. The coil was positioned over the MI hand area, and stimulation
intensity was set to 70% of maximum of stimulator output (= 150% of rtMT in monkey B). Figure 12 shows
the distribution of the electric field induced by single-pulse TMS. With this electromagnetic simulation, the

spread width measured ~20 mm in the AP direction and ~10 mm in the medio-lateral direction, respectively.

(A) (B)

NormE (E/Emax)

0 100

Figure 12. The model of electric field induced by single-pulse TMS. (A) A brain model reconstructed
by using MRI data of a standard monkey brain template (National Institute of Mental Health Macaque
Template: NMT). A yellow marker shows the target point (MI) in this simulation. The red and green line
shows the direction parallel and perpendicular to the electrical current flow, respectively. (B) The
distribution of simulated electric field induced by single-pulse TMS with the figure-of-eight coil. The color

bar indicates the normalized electric field from minimum (blue) to maximum (red).
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Discussion

Using two awake and unanesthetized macaque monkeys as subjects, we conducted a study to evaluate the
effect of rTMS at different frequencies and intensities parametrically on the neural activity of the MI.
Resting-state ECoG signals in the stimulation site as well as MEPs in the contralateral hand were recorded
before and after the rTMS application. The amplitude of MEPs decreased and increased after the application
of the 1-Hz and 10-Hz rTMS, respectively, in both monkeys. This result was consistent with a part of
previous human studies evaluating the changes in MEP amplitude following rTMS application (Chen et al.,
1997; Maeda et al., 2000a, 2000b; Pascual-leone et al., 1994), indicating the inhibitory and facilitatory
effects of low-frequency and high-frequency rTMS on cortical neural activity, respectively. We found no
significant changes in MEP amplitude after the application of the 0.5-, 2- and 5-Hz rTMS. We also found
no significant changes after intermittent 1-Hz rTMS and continuous 2-Hz rTMS. These results indicate that
the inhibition of local neural activity is a very specific phenomenon induced by continuous 1 Hz stimulation.

In the resting-state ECoG signals of the stimulation site, the decrease in beta band power and the
increase in high-gamma band power were induced after the 1-Hz and 10-Hz rTMS, respectively, in both
monkeys. Such effects were limited to (the vicinity of) the stimulation site (Figure 11), and no change was
found in the power of beta or high-gamma band in the ECoG signals from remote electrodes such as those
in the DLPFC or PPC (Figure 10). This finding is inconsistent with the electromagnetic simulation that
showed the electrical current induced by single-pulse TMS was broadly spread around the stimulation site.
The results of this simulation was consistent with previous simulation study in human (Opitz et al., 2011;
Thielscher & Kammer, 2004). Recently, Romero et al., (2019) reported that the single-pulse TMS induced
a highly localized excitation of single neurons in monkeys and mentioned that there was a gap of the spatial
selectivity of the TMS effect between the results of simulation and neurophysiological experiments. Further
studies are needed to elucidate the inconsistencies between real measurements and the results of simulations
concerning the spread of the effect of TMS.

In previous human studies, scalp EEG with surface electrodes has been used to evaluate the
changes in resting-state neural activity after rTMS (Berger et al., 2013; Brignani et al., 2008; Cincotta et
al., 2015; Kim et al., 2012; Piccione et al., 2011; Pripfl et al., 2014; Qiu et al., 2019; Wozniak-Kwasniewska
et al., 2014). Many of those studies showed some changes in specific frequency bands, but the effect was
generally weak and inconsistent across studies. In contrast, we took advantage of the possibilities provided

by more invasive animal research. Specifically, we used a higher rTMS intensity (150% of tMT, compared

25



to 90% to 120% of rMT generally used in humans) and higher signal-to-noise ratios enabled by subdurally
implanted electrodes. The combination of these two factors may explain why we observed robust changes
in neural activity following the 1-Hz and 10-Hz rTMS in two subjects. As shown in Figure 8, the intensity
of 150% of tMT in both of 1-Hz and 10-Hz significantly affected in ECoG band power and MEP amplitude
consistently in two monkeys, and we found no consistent changes in the lower intensity of rTMS. The
tendency that the higher intensity of rTMS induced the larger changes in MEP amplitude appear to be
characterized in several studies (Chen et al., 1997; Fitzgerald et al., 2002, 2005, 2006; Gerschlager et al.,
2001; Stinear & Byblow, 2004). However, since the higher intensity of rTMS can cause epileptic seizures,
there is a trade-off between the strong effects of rTMS and the risk of causing epilepcy. Recently, continuous
and intermittent theta burst stimulation (cTBS/iTBS), specific patterned rTMS protocols, have got known
to produce a very powerful effect with lower stimulation intensity (usually 80% of the tMT) (Huang et al.,
2005; Klomjai et al., 2015; Simonetta-Moreau, 2014). These methods may solve the problem of the trade-
off in conventional rTMS.

To the best of our knowledge, this is the first electrophysiological recording study using awake
and unanesthetized subjects demonstrating the differential changes in the resting-state neural activity
following low- and high-frequency rTMS. Papazachariadis et al., (2014) reported the increase in high-
gamma band power in ECoG after intermittent theta-burst rTMS using anesthetized monkeys. Benali et al.,
(2011) also reported the increase in gamma band power in LFP after iTBS using anesthetized rodents.
However, it has been known that the resting-state neural activity can be greatly altered by the application
of anesthesia (Alkire et al., 2008). To study the resting-state neural activity, it is desirable to conduct
experiments in the unanesthetized state. We consider that the key to the success of this study was the
development of an rTMS-compatible non-invasive head fixation device combined with behavioral training
until monkeys remained relaxed during rTMS application.

This study may be one important step forward understanding the mechanisms by which rTMS
works. By the simultaneous recordings of ECoG and single unit activity, it was suggested that beta and
high-gamma signals in the ECoG reflect the synchronous firing and firing frequency, respectively, of cell
assembly in local neural circuits (Buzséki et al., 2012; Kramer et al., 2008; Rasch et al., 2008; Ray &
Maunsell, 2011; Roopun et al., 2006; Yamawaki et al., 2008). Therefore, the results of this study suggest
that the low-frequency rTMS inhibits neural excitability by desynchronizing the firing activity of the local
circuits, whereas the high-frequency rTMS facilitates the neural excitability by increasing the firing rate in

the local circuits. In vitro studies using rodents have provided important results that clarify the mechanisms
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by which rTMS modulates neural excitability at the local circuit level. The expression of the calcium-
binding proteins parvalbumin (PV) and calbindin (CB) has been reported to be changed differently by low-
frequency rTMS or cTBS/iTBS, which may reflect the changes in the activity of PV- or CB-containing
interneurons (Benali et al., 2011; Funke & Benali, 2011). Further investigation is required to clarify why
different rTMS protocols induce changes in the different parts of the local neural circuits, and how such
changes lead to the increase or decrease in specific frequency bands in ECoG signals or the inhibition or
facilitation of the overall local neural activity.

For clinical applications, the results of this study suggest that the resting-state scalp EEG could
be a reliable measure of the effectiveness of rTMS. To date, the most reliable measure of the effectiveness
of r'TMS on the neural activity of the stimulation site has been the MEP (Fitzgerald et al., 2006). However,
the MEP can only be used in the motor-related cortices, typically in the MI. Alternatively, somatosensory
evoked potentials (SEPs), or event-related potentials (ERPs) such as P300 have been used as measures of
the effectiveness of rTMS (Enomoto et al., 2001; Jing, Takigawa, Hamada, et al., 2001; Jing, Takigawa,
Okamura, et al., 2001; Restuccia et al., 2007). If the rTMS-induced changes in the intensities of ECoG
signals shown in this study commonly occur in different parts of the cerebral cortex, it can be used as a
general measure of the effectiveness of rTMS on local neural activity in different parts of the cerebral cortex.
Considering the recent technological advancement of scalp EEG measurement (Mitra et al., 2015; Tikka et
al., 2015), both in the fields of recording devices and computational data processing, the measurement and

evaluation of beta and high-gamma band power of scalp EEG data in clinical practice may become possible.
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Conclusions

The effects of 1-Hz and 10-Hz rTMS on the resting-state ECoG signals in the stimulated MI and the MEPs
in the muscle in the contralateral hand were evaluated in awake, unanesthetized monkeys. Following the 1-
Hz rTMS application, significant decreases in ECoG beta band power and MEP amplitude were observed.
Following the 10-Hz rTMS application, significant increases in ECoG high-gamma power and MEP
amplitude were observed. The intensity of 150% of the tMT induced significant changes in ECoG band
power and MEP amplitude, whereas the effects were not clear-cut with lower intensities. Combined with
previous studies showing that beta and high-gamma activities reflect the synchronous firing and firing
frequency, respectively, of cell assembly in the local neural circuits, these results suggest that low-frequency
rTMS inhibits neural excitability by desynchronizing local circuit activity, whereas high-frequency rTMS

facilitates neural excitability by increasing the firing of neurons in the local circuits.
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