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Abstract

Paired-pulse suppression refers to attenuation of neural activity in response to a second stimulus and has a pivotal role in
inhibition of redundant sensory inputs. Previous studies have suggested that cortical responses to a somatosensory stimu-
lus are modulated not only by a preceding same stimulus, but also by stimulus from a different submodality. Using mag-
netoencephalography, we examined somatosensory suppression induced by three different conditioning stimuli. The test
stimulus was a train of electrical pulses to the dorsum of the left hand at 100 Hz lasting 1500 ms. For the pulse train, the
intensity of the stimulus was abruptly increased at 1200 ms. Cortical responses to the abrupt intensity change were recorded
and used as the test response. Conditioning stimuli were presented at 600 ms as pure tones, either innocuous or noxious
electrical stimulation to the right foot. Four stimulus conditions were used: (1) Test alone, (2) Test+ auditory stimulus,
(3) Test+ somatosensory stimulus, and (4) Test+ nociceptive stimulus. Our results showed that the amplitude of the test
response was significantly smaller for conditions (3) and (4) in the secondary somatosensory cortex contralateral (cSII) and
ipsilateral (iSII) to the stimulated side as compared to the response to condition (1), whereas the amplitude of the response
in the primary somatosensory cortex did not differ among the conditions. The auditory stimulus did not have effects on
somatosensory change-related response. These findings show that somatosensory suppression was induced by not only a
conditioning stimulus of the same somatosensory submodality and the same cutaneous site to the test stimulus, but also by
that of a different submodality in a remote area.
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Introduction

A preceding sensory stimulus makes the response to a fol-
lowing stimulus small, a phenomenon sometimes referred to
52 Nobuyuki Takeuchi as suppression and widely studied (Jadskeldinen et al. 2011).

jamjam053 @yahoo.co.jp By manipulating the conditioning-test interval (CTI), several
temporally distinct inhibitory mechanisms have been shown
(Inui et al. 2016), one of which is long-latency suppression
induced with a CTI of 500-700 ms. This type of sensory
suppression is usually observed in the auditory system by
using paired-pulse suppression paradigms, in which two
identical stimuli are successively presented, and is consid-
ered to represent processes that suppress redundant informa-
tion. Such suppression is clinically important, because previ-
ous studies have shown deficits in paired-pulse suppression
in patients with various conditions, including schizophrenia
(Bramon et al. 2004; Patterson et al. 2008; Potter et al. 2006;
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epilepsy (Becker et al. 2011), and attention-deficit/hyperac-
tive disorder (Holstein et al. 2013).

As for the somatosensory system, similar to auditory
paired-pulse suppression, responses to innocuous stimuli
in the secondary somatosensory cortex contralateral to the
stimulated side (cSII) are suppressed by insertion of a pre-
ceding stimulus prior to the test stimulus in healthy individu-
als (Arnfred et al. 2001; Nakagawa et al. 2014; Wiihle et al.
2010). Several studies of clinical patients using somatosen-
sory suppression paradigms have been conducted, including
patients with schizophrenia, who were found to have deficits
in SII suppression but not in the primary somatosensory
cortex (SI) (Thoma et al. 2007). Although the degree of
suppression showed a correlation between the auditory and
somatosensory systems in healthy subjects (Takeuchi et al.
2018), patients with fibromyalgia were reported to have dis-
crepancies between somatosensory and auditory suppression
(Montoya et al. 2006).

It is well known that pain as well as cortical responses
elicited by noxious stimuli are suppressed by innocuous
somatosensory inputs (Inui et al. 2006b; Testani et al. 2015;
Hayamizu et al. 2016). Although the underlying mechanisms
are not fully understood, somatosensory stimulation such as
peripheral nerve stimulation is an important tool for relief
of pain in patients with chronic neuropathic pain (Johnson
et al. 2015). Less is known about the effects of noxious input
on cortical responses to an innocuous somatosensory input,
though some studies have shown a significant impact of nox-
ious stimulation on cortical responses to innocuous stimuli
(Inui et al. 2006b) and tactile perception (Apkarian et al.
1994; Bolanowski et al. 2000), suggesting that somatosen-
sory suppression is induced not only by inputs from the same
modality but also a different submodality.

In addition to the hetero-submodal interaction, soma-
tosensory perception and somatosensory evoked cortical
responses are also known to be influenced by a condition-
ing somatosensory stimulus at sites different from that of
the test stimulus (Greenwood and Goff 1987; Bolanowski
et al. 2000; Hamada et al. 2001). In their study, Greenwood
and Goff investigated somatosensory suppression with dif-
ferent peripheral nerves and showed interactions, while that
of Hamada et al. found that responses in SII to stimulation of
the left index finger were suppressed by a preceding stimu-
lation to the right index finger. When test and condition-
ing stimuli are applied to the same cutaneous site, periph-
eral factors such as presynaptic events must be considered
(Hashimoto and Kano 1998). However, when a conditioning
stimulus of a different submodality or in a remote area is
effective to modulate the test response, mechanisms other
than simple recovery may be involved.

Change-related cortical responses are specifi-
cally elicited by abrupt changes in a continuous sen-
sory stimulus, and can be clearly recorded u sing
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magnetoencephalography (MEG) or electroencephalogra-
phy (EEG) without attention needed by the subject (Inui
et al. 2010a, b; Nishihara et al. 2011, 2014; Yamashiro
et al. 2011). These activities show high test-retest reli-
ability (Inui et al. 2013; Otsuru et al. 2012; Kodaira et al.
2013), thus such measurement is considered to be reli-
able for examining higher order brain functions. Change-
related activities are present in the somatosensory, vis-
ual, and auditory systems (Otsuru et al. 2011; Urakawa
et al. 2010a, b; Tanaka et al. 2009a, b). Furthermore, a
change-related cortical response is triggered by any kind
of sensory change. For example, in the auditory system,
very similar responses are elicited by changes in sound
pressure, frequency, and location (Inui et al. 2010a, b;
Yamashiro et al. 2011; Akiyama et al. 2011). Also, a test
response elicited by an auditory feature change can be sup-
pressed by a preceding stimulus caused by the change of
another auditory feature (Inui et al. 2012). Therefore, any
auditory feature change appears to activate a similar, or
even identical, group of neurons relating to generation of
the change-related response (Inui et al. 2012). In the soma-
tosensory system, such a change-related response is elic-
ited by stimulus onset and offset, as well as abrupt changes
in stimulus intensity (Yamashiro et al. 2009; Otsuru et al.
2011), and considered to be triggered by changes on the
body surface (Yamashiro et al. 2009).

Given that innocuous and noxious somatosensory stim-
uli activate very similar cortical regions (Mouraux et al.
2011) with very similar timing (Inui et al. 2003; Tanaka
et al. 2008), and that activation in the somatosensory cor-
tex mainly represents response to a new event (Tanaka
et al. 2008; Mouraux et al. 2009; Otsuru et al. 2011), it
is possible that somatosensory suppression is induced by
any kind of preceding event on the body surface. To test
that speculation, we examined long-latency somatosensory
suppression using somatosensory change-related response
with MEG. We recently developed a method to observe
sensory suppression based on change-related cortical
responses (Kodaira et al. 2013; Inui et al. 2012; Takeuchi
et al. 2018). A change-related cortical response is spe-
cifically evoked by a sensory change, thus it is considered
suitable to investigate the effects of other new sensory
events. In the present study, we focused on two points,
interactions between the innocuous and nociceptive soma-
tosensory systems, and effects of the location of the con-
ditioning stimulus on the body surface. Accordingly, we
compared the effects of three types of conditioning stimuli,
i.e., auditory, nociceptive, and innocuous somatosensory
stimuli on cortical response to an innocuous somatosen-
sory stimulus. In addition, we employed the right foot for
the site of the conditioning stimulus, while the test stimu-
lus was applied to the left hand.
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Methods

The study protocol was designed in accordance with the
Declaration of Helsinki (World Medical Association 2008)
and approved in advance by the Ethics Committee of the
National Institute for Physiological Sciences, Okazaki,
Japan. All subjects provided written consent prior to par-
ticipation. Thirteen healthy volunteers (4 women, 9 men;
age 23-40 years, mean 34.9 years) participated in this study.
None had a history of mental or neurological disorders, nor
substance abuse in the most recent 5 years, and all were free
of medication at the time of testing.

Stimulation
Test Stimulus

For the innocuous test stimulus, a train of current-constant
square wave pulses (pulse duration, 0.5 ms) at 100 Hz was
applied to the dorsum of the left hand between the first and
second metacarpal bones using a felt-tip bipolar electrode
for transcutaneous electrical stimulation (TS). The total
duration of the train stimulus was 1500 ms and the interval
between trials was 2000 ms. The intensity of the stimulus
was 1.2 times the sensory threshold until 1190 ms and then
1.8 times thereafter, with the result being that the abrupt
increase in stimulus intensity at 1200 ms evoked change-
related cortical responses.

Conditioning Stimuli

As a conditioning auditory stimulus, two 25-ms pure tones of
800 Hz (rise/fall, 5 ms) were presented at 600 ms without a
space. The auditory stimulus was created by a personal com-
puter (Panasonic CF-RZ6, Windows XP 32 bit) equipped
with a sound card (SE-200PC, Onkyo, Osaka, Japan) and
presented binaurally at a sound pressure level of 80 dB using
earpieces (E-A-Rtone 3A, Aero Company, Indianapolis,
IN). The intensity of the sound was measured with a 2-cc

(1)Test alone (Left hand)
1.8T 300ms

L 1.2T 1200ms ﬁ

(3)Test + Non-nociceptive (Right foot)

600ms R I

l \

coupler (Electa, Tokyo) using a sound-level meter (EL-42,
Rion, Tokyo) placed at the end of the tube. As a condition-
ing TS, we used an electrical stimulator (SEN-7203) and
isolator (SS-J104, Nihon Kohden, Tokyo) to apply double
current-constant square wave pulses (pulse duration, 0.5 ms)
at 100 Hz to the dorsum of the right foot at 600 ms after the
Test stimulus. The stimulus intensity was two times greater
than the sensory threshold. Thus, the foot TS was of the
same somatosensory submodality as that of the test stimulus,
but applied to a different area and the opposite side. For a
conditioning noxious stimulus, an intra-epidermal electrical
stimulation (IES) method was used for selective stimulation
of cutaneous A-delta fibers (Inui et al. 2002). That stimulus
was triple pulses at 50 Hz with a 0.9-ms duration (rise/fall,
0.2 ms) and the stimulus intensity was 1.5 times greater than
the sensory threshold (0.15 +0.06 mA) in each subject, and
applied to the dorsum of the right foot at 600 ms after the
onset of the Test stimulus. Thus, foot IES differed from the
Test stimulus in regard to somatosensory submodality, spinal
level, and side. Figure 1 shows the stimulation paradigm and
evoked cortical responses in a representative subject.

Procedures

We utilized four stimulus conditions; (1) Test TS alone, (2)
Test TS + auditory stimulus, (3) Test TS +foot TS, and (4)
Test TS + foot IES, which were randomly presented.

Recordings

Each subject sat in a chair and watched a silent movie on
a screen placed 2 m in front of them, and was instructed
to ignore all stimuli throughout the experiment. Magnetic
signals were recorded using a 306-channel whole-head type
MEG system (Vector-view, ELEKTA Neuromag, Helsinki,
Finland), which was comprised of 102 identical triple sen-
sor elements. Each sensor element consisted of 2 orthogonal
planar gradiometers and 1 magnetometer coupled to a multi-
superconducting quantum interference device (SQUID),

(2)Test + Auditory
600ms

(4)Test + Nociceptive (Right foot)
600ms

€ >

Fig. 1 Paired stimulation paradigm using somatosensory change-related cortical responses. Stimulation paradigm for each stimulus. Condition-

ing stimuli were presented at 600 ms. T, sensory threshold
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and thus provided 3 independent measurements of the mag-
netic fields. In the present study, we analyzed MEG signals
recorded from 204 planar-type gradiometers, which were
sufficiently powerful to detect the largest signal just over
local cerebral sources. Signals were recorded with a band-
pass filter of 0.1-330 Hz and digitized at 1000 Hz. Analyses
were conducted from 100 ms before to 1700 ms after the
onset of the stimulus. Epochs with MEG signals larger than
2.7 pT/cm in any gradiometer were automatically rejected
from averaging. The four stimulus conditions were presented
randomly, and at least 100 artifact-free epochs were averaged
for each condition after rejection. The waveform was digi-
tally filtered with a bandpass filter of 1.0-100 Hz.

Analysis

The abrupt increase in intensity of the test stimulus at
1200 ms elicited clear magnetic responses in three sensor
areas; the parietal area contralateral to the stimulation and
temporal areas in both hemispheres. Initially, we calculated
vector sums from the longitudinal and latitudinal derivatives
of the response recorded on the planar-type gradiometers at
each of the 102 sensor locations, which were obtained by
squaring the MEG signals for each of two planar-type gradi-
ometers at a sensor location, summing those squared signals,
and then calculating the root of the sum (RSS) (Kida et al.
2007). This calculation was performed for each of the 102
sensor locations. Next, we used the obtained RSS waveforms
and isocontour map of the RSS amplitude to search for a
peak channel with the greatest amplitude for each promi-
nent response, as the waveforms had a variety of responses
with a different spatial distribution of amplitude. From those
results, the peak amplitude and latency of the prominent
responses in the RSS waveforms were measured at the peak
channel. After obtaining four RSS waveforms for each loca-
tion in each subject, one-way repeated measures ANOVA of
the four conditions was performed.

Dipole analyses were performed using the Brain Elec-
trical Source Analysis (BESA) software package (GmbH,
Grafefling, Germany), as previously reported (Inui et al.
2004, 2006a). As described following, dipoles were esti-
mated to be located in SI and SII. The obtained two- and
three-dipole models were applied to MEG signals for all
conditions to simplify the data analysis, then the peak
latency and peak-to-peak amplitude for each cortical activ-
ity were measured using the source strength waveform.
The first peak was defined as the greatest response between
30-80, 85-130, and 85-145 ms for SI, cSII, and iSII,
respectively, while the second was defined as the polarity-
reversed greatest response following the first peak. Per-
cent suppression of the test response by the conditioning
stimulus (% suppression) was calculated as follows: (Test
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alone response—(Conditioning + Test response)/Test alone
response) X 100 (Takeuchi et al. 2017). Amplitude was com-
pared among the four conditions using one-way ANOVA.
When there was a significant difference, the amplitude of the
response for the Test+ conditioning stimulus was compared
with that for the Test alone response using a paired ¢ test
with Bonferroni correction.

Results

Magnetic responses to the test stimulus in a representative
subject are shown in Fig. 2a. As demonstrated in the top view
waveforms with a topography, there were three areas show-
ing peaks of activity in both temporal areas and the right
parietal area corresponding to the secondary somatosensory
(SII) and primary somatosensory (SI) cortices, respectively.
The procedures used for RSS analysis are shown in Fig. 2,
including the selection of the sensor locations in SI, cSII,
and iSII (2A), and waveforms of paired gradiometers and
RSS waveforms (2B). Figure 3a shows grand-averaged RSS
waveforms. Table 1 presents sensory threshold, peak ampli-
tude, and % suppression values, while Table 2 shows latency
in each brain area. The amplitudes of the SI (F;3,=0.39,
p=0.76), cSII (F; 35=0.42, p=0.74), and iSII (F; ;5=1.23,
p=0.31) activities did not differ significantly among the four
conditions. Furthermore, the first and second peak latencies
were not significantly different among the four conditions for
SI(F;36=0.59, p=0.62; F; 3,=0.62, p=0.61, respectively),
cSII (F3 3=0.69, p=0.56; F; 30=0.26, p=0.85), and iSII
(F336=0.100, p=0.41; F5 3,=0.79, p=0.51).

Based on source analysis results, the dipoles were esti-
mated to be located in the postcentral gyrus of the contralat-
eral hemisphere (SI) and parasylvian region, including SII
of both hemispheres. Among the 13 subjects, activities in
SI, cSII, and iSII were detected in 11, 12, and 8, respec-
tively, thus the analyses performed thereafter were based
on the source strength waveforms obtained from these data.
The grand-averaged source strength waveforms and mean
locations of for each dipole are shown in Fig. 3b and c,
respectively. The percent suppression for each condition is
shown in Fig. 4. Values for the peak amplitude and latency
are shown in Tables 3 and 4, respectively. The amplitude
of the SI activity was not significantly different among the
four conditions (F; 30=1.19, p=0.33). On the other hand,
the amplitude values for ¢SII (F; 33=6.42, p=0.002, partial
n*>=0.37) and iSII (F5,,=4.22,p=0.013, partial n>=0.38)
were significantly different among the conditions. Further-
more, post hoc test findings showed that foot TS significantly
attenuated the SII response for both c¢SII (p=0.045) and
iSII (p=0.036), and foot IES also significantly attenuated
the cSII (p=0.005) and iSII (p=0.027) responses. In con-
trast, the conditioning auditory stimulus did not have effects
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Pair gradiometers

RSS I 50fT/cm

MWmmmaN\’WV

s CoONtrol

s Auditory

Fig.2 Sensor level analyses. a Top view trace of all sensors, enlarged
waveform of selected sensors, and root sum square (RSS) wave-
forms obtained from selected sensor gradiometer, following the test

on the cSII (p=0.36) or iSII (p>0.9) amplitudes, and the
first and second peak latencies did not differ significantly
among the four conditions for SI (F;;,=0.168, p=0.92,
F;330=1.00, p=0.41, respectively), cSII (F;3;=1.84,
p=0.16; F333=1.87, p=0.15), and iSII (F;,,=0.454,
p=0.72; F3,;=2.11, p=0.13). Also, when % suppres-
sion was compared among the three conditioning stimuli,

s NON-NOCiCEPLive

100ms W

= NOCiCeplive

stimulus in a representative subject. b Comparison of RSS waveforms
among four events. Triangles indicate onset of test stimulus

there were no significant differences among SI (F, ,,=1.00,
p=0.39), ¢SII (F, 5,=2.97, p=0.72), and iSII (F, |, =2.42,
p=0.13).

The differing results between the dipole and sensor
level analyses were considered to be mainly because of
two factors. First, sensor level analysis was not able to
separate activities from distinct origins and it is possible

@ Springer
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Fig.3 Grand-averaged source strength waveforms and dipole loca-
tion. Grand averaged RSS waveforms (a) and source strength wave-
forms (b) for SI, ¢SII, and iSII are shown. Triangles indicate onset of

iSll

—Control
—Auditory .
—Non-nociceptive
——Nociceptive

3 —Control

iSll —Auditory
—Non-nociceptive
——Nociceptive

e S|
ecSll
eiSll

test stimulus. ¢ Mean locations of dipoles in SI, ¢SII, and iSII super-
imposed on slices of standard brain. Upper three slices show those for
the SI dipole and lower slices for the iSII dipole

Table 1 Mean peak amplitude, percent suppression, and sensory threshold in each brain area in sensor level analysis. In this and following

tables, data are shown in the mean (SD)

Threshold (mA) Amplitude (fT/cm)

% Suppression

SI cSII iSII SI cSII iSI
Control 3.5(1.5) 39.9 (23.4) 48.7 (37.2) 25.2(11.9)

Auditory 38.8 (23.6) 48.4 (38.1) 23.5(11.9) 3.3(19.0) —0.1(24.6) —4.2(50.0)
Non-nociceptive 8.9 (3.4) 37.0 (18.4) 46.3 (35.7) 25.1 (12.3) 0.3 (19.0) 0.0 (27.9) -5.2(36.1)
Nociceptive 0.08 (0.04) 39.4 (21.3) 45.4 (35.6) 20.7 (10.2) —2.2(24.0) 4.9 (25.3) 15.0 (29.8)

that overlapping activities from different groups of neu-
rons made the effects of conditioning stimuli unclear.
Second, for the sensor level analysis, we included data
from all subjects, even when only weak activity detected.
However, subjects with a low signal-to-noise ratio may
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have caused differences in the results between the dipole
and sensor level analyses.
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Table 2 Mean first and second

L. . Latency (ms)
peak latencies in each brain area

in sensor level analysis SI

cSII iSII

First peak

Second peak

First peak  Second peak  First peak  Second peak

Control 64.1 (14.8)
67.4 (12.3)
66.5 (12.6)

64.2 (15.1)

Auditory
Non-nociceptive

Nociceptive

138 (20.6)
134 (22.7)
138 (24.7)
135 (29.7)

105 (12.6)
108 (16.1)
108 (12.2)
104 (12.2)

163 (28.4)
168 (19.1)
168 (19.1)
164 (28.2)

112 (13.8)
113 (14.5)
124 (31.9)
117 (22.0)

155 (16.1)
158 (24.3)
163 (33.9)
167 (29.9)

%
40
O Auditory

& Non-nociceptive

3 Il Nociceptive

20

10

% suppression

Sl cSlli l isll

10 Dipole location

Fig.4 Mean percent suppression for each cortical activity. White,
grey, and black bars represent suppression rates following auditory
stimulus, TS to the foot (Non-nociceptive), and nociceptive IES to the
foot (nociceptive), respectively. Vertical bars indicate standard error

Discussion
Nature of Suppression

The present findings showed that a nociceptive stimulus
induced long-latency somatosensory suppression. Few stud-
ies regarding short-latency somatosensory suppression of
innocuous somatosensory responses by noxious inputs have
been reported (Inui et al. 2006b) and this is the first such to
show long-latency suppression. In contrast, a report with
details of an opposite effect has been presented (Ploner et al.
2004). In that study, a conditioning pain stimulus induced by
a laser facilitated responses in SII to an innocuous test stimu-
lus that was applied to the same cutaneous area. Although

there were some methodological differences between that
and the present investigation, those for the test response
might be important, as the previous study used an onset
response, while change-related response was utilized in the
present examinations. Given that change-related response is
triggered by any new sensory event, our findings suggested
that stimulus-driven activity is facilitated while change-
driven activity is inhibited by a submodality different from
the conditioning stimulus. This idea is consistent with other
previous findings showing that noxious and innocuous soma-
tosensory stimuli activated similar cortical regions (Tanaka
et al. 2008; Mouraux et al. 2011; Omori et al. 2013; Frot
et al. 2013) with similar timing (Inui et al. 2003; Tanaka
et al. 2008). We consider that common change-related corti-
cal activities among somatosensory submodalities account
for a large portion of the cortical activations observed with
noninvasive functional imaging techniques, such as MEG
and fMRI. Therefore, it is thought rational to conclude that
change-related responses have effects on following change-
related responses.

This idea is supported by the present findings showing
that both TS and IES applied to a cutaneous site remote
from the test stimulation suppressed TS-induced change-
relate responses. Because both of the conditioning stimuli
were spatially different from the test stimulus in regard to
spinal level and side, the results indicate that any somatosen-
sory event at the body surface suppresses somatosensory
change-related response. Although some studies have shown
a somatotopic arrangement of SII neurons, it is less clear
than that of SI (Maeda et al. 1999). In general, SII is consid-
ered to play a role in higher function, such as change detec-
tion, tactile leaning, and retention, rather than such sensory
aspects as encoding the stimulus intensity or location (Hari

Table 3 Mean peak amplitude

P Amplitude (nAm) % Suppression
and percent suppression in each
brain area in dipole analysis SI cSII iSII SI cSII iSII
Control 10.8(4.2) 226(11.1) 15.7(7.3)
Auditory 99(5.7) 20.7(10.7) 157(10.1) 10.6 (25.3) 8.1(20.4) 4.5 (29.0)
Non-nociceptive 9.3(5.4) 16.1 (5.8) 10.8 (5.5) 17.8 (20.2) 23.5 (20.0) 26.1 (31.0)
Nociceptive 10.7 (5.8) 17.6(8.3) 10.8 (5.7) 4.5(29.0) 20.2(20.5) 31.9(18.1)
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Table 4 Mean first and second

L. . Latency (ms)
peak latencies in each brain area

in dipole analysis SI cSII iSII
First peak ~ Second peak  First peak  Second peak  First peak  Second peak
Control 51.4 (18.6) 96.0 (59.5) 100 (21.0) 176 (27.7) 108 (17.8) 162 (28.8)
Auditory 52.3(22.2) 92.6(51.0) 105 (21.0) 168 (30.1) 104 (6.2) 160 (27.5)
Non-nociceptive ~ 51.9 (19.5) 92.3 (51.4) 103 (22.4) 165 (21.6) 109 (17.6) 159 (26.1)
Nociceptive 52.7(20.0) 94.1(57.7) 107 (21.7) 163 (17.0) 110(19.8) 153 (22.3)

and Forss 1999). For example, removal of SII in monkeys
impaired tasks of tactile learning and retention, despite the
finding that spatial alternation was not impaired (Garcha and
Ettlinger 1978). In another study, the activation pattern of
SII in humans showed a strong interaction between the right
and left fingers (Hamada et al. 2001). Given the role of SII in
change-detection (Otsuru et al. 2011), it seems likely that SIT
neurons respond to a new somatosensory event regardless of
the site of stimulation, thus responding to an event prevents
a full response to a following event. However, the degree of
suppression may be different if the condition stimulus site
changes and further studies are needed to elucidate effects
related to its location.

A previous anatomical study showed connections between
the somatosensory and auditory systems in Mongolian ger-
bils (Henschke et al. 2015), though little is known about their
functional interaction. In humans, a few studies have been
reported showing that cortical responses to tactile stimuli are
influenced by auditory inputs (Sugiyama et al. 2018). Given
the connection between the two systems, it is possible that the
somatosensory cortex receives inhibitory modulation from
the auditory cortex. However, to the best of our knowledge,
no study showing suppression of somatosensory responses
by sounds has been presented. Likewise, no significant effects
of the sound were found in the present study, suggesting that
projection from the auditory cortex to the somatosensory cor-
tex is mainly facilitatory (Schroeder et al. 2001).

Other studies have reported attentional modulation of
somatosensory processing (Bolton et al. 2011; Meftah
et al. 2002), thus it is possible that attentional effects were
involved in the present results. Nevertheless, all of the con-
ditioning stimuli were presented at 600 ms prior to the test
stimulus in the present study, thus the effects of attention
were likely similar with every condition. Therefore, we con-
sidered that the absence of auditory effects showed a modest
contribution of attention to long-latency suppression, at least
under the present experimental conditions. This is impor-
tant when such measures are used in clinical tests, because
some patients have difficulty with maintaining attention.
Although it was not significant, the sound reduced the Test
alone response by 8%, which might be due to the effects of
subject attention.

@ Springer

Discrepancies Among Sl and Sli, and iSlI

Conditioning stimuli attenuated SII activity but not that of SI
in the present study, similar to results noted in previous stud-
ies of somatosensory long-latency paired-pulse suppression,
which showed stronger effects on SII than SI (Wiihle et al.
2010; Hamada et al. 2002). Additionally, findings of previ-
ous anatomical (Burton et al. 1995; Vogt et al. 1978) and
electrophysiological (Inui et al. 2004; Pons et al. 1987, 1992)
studies have demonstrated the presence of serial and hierar-
chical processing through SI and SII, suggesting greater or
specific inhibitory mechanisms for SII. Some spatial over-
lapping in SII responses from different body parts has been
found (Avanzini et al. 2018), thus SII is thought to be more
sensitive to sensory changes than SI (Kodaira et al. 2013)
and considered to play an important role in change detection.

Our results showed that suppression was stronger for
iSII than cSII. The reason for this discrepancy may be
related to the different components of c¢SII and iSII activ-
ities, because it is known that activities in the opercu-
lar region come from several distinct sources (Disbrow
et al. 2000; Yamashiro et al. 2009). Particularly, differ-
ences between stimulus- and change-driven components
appear to be important. An abrupt increase in stimulus
strength was used to evoke change-related responses in
the present study, thus SII responses should include both
stimulus- and change-driven components, with the ratio of
the two components possibly different between cSII and
iSII. In previous studies, acute administration of nicotine
enhanced change-related responses in iSII (Kodaira et al.
2013), while that had scant effects on stimulus-driven
onset response (Otsuru et al. 2012). The neural origins are
also different, as Yamashiro et al. showed that the dipole
for stimulus-driven SII activity is located more anterior
as compared to that for change-driven SII activity. As a
candidate for the posterior source, they considered the
temporo-parietal junction (TPJ), which is located more
posterior than the stimulus-driven classical SII source and
known to be sensitive to sensory changes (Downar et al.
2000, 2002). Although we did not separate stimulus-driven
from change-driven components in the present study, this
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may explain our findings showing that suppression was
greater for iSII, followed in order by cSII and SI.

In conclusion, the present study showed somatosen-
sory suppression by conditioning stimuli from different
somatosensory submodalities, spinal levels, and sides. In
previous studies we used change-related cortical response
to detect somatosensory suppression (Otsuru et al. 2011;
Takeuchi et al. 2018). Because change-related response is
dependent on the length of the preceding sensory event
to be compared, haptic memory and comparison pro-
cesses are involved in its generation (Otsuru et al. 2011),
which also indicates that change-related response reflects
a higher brain function. In addition, that response shows
high test-retest reliability (Inui et al. 2013; Otsuru et al.
2012; Kodaira et al. 2013). We consider that the present
paradigm is useful for objective observation of higher
brain functions, including memory-based change detec-
tion and inhibitory interactions among somatosensory
submodalities within a shorter inspection time period.
Recently, we showed that the degree of suppression of
change-related cortical response under a paired-pulse
paradigm was correlated between the auditory and soma-
tosensory systems, suggesting that those measures reflect
inherent inhibitory abilities of individuals (Takeuchi et al.
2018). However, in some diseases, patients show deficits
in a specific sensory system (Thoma et al. 2007; Mon-
toya et al. 2006). Therefore, comparisons of suppression
among several sensory modalities or among submodalities
of a sensory system using a paired-pulse change-related
response paradigm may be useful for clinical testing.

Limitations

In the present study, the test stimulation was applied to
the left side in all subjects, thus results showing that the
inhibitory effect was greater for iSII than cSII might not
have been due to effects based on the side of stimulation,
but rather to functional differences between the left and
right hemispheres. In addition, we were not able to clarify
the effects of handedness because of the small sample size.
Additional studies with a larger cohort are needed to elu-
cidate these effects.

Funding Funding was funded by Japan Society for the Promotion of
Science (Grant Nos. JP18K 15498 and JP25351001).

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Akiyama LF, Yamashiro K, Inui K, Kakigi R (2011) Automatic corti-
cal responses to sound movement: a magnetoencephalography
study. Neurosci Lett 488:183—-187

Apkarian AV, Shi T (1994) Squirrel monkey lateral thalamus. L.
Somatic nociresponsive neurons and their relation to spinotha-
lamic terminals. J Neurosci 14:6779-6795

Arnfred SM, Eder DN, Hemmingsen RP, Glenthgj BY, Chen AC
(2001) Gating of the vertex somatosensory and auditory evoked
potential P50 and the correlation to skin conductance orienting
response in healthy men. Psychiatry Res 101:221-235

Avanzini P, Pelliccia V, Lo Russo G, Orban GA, Rizzolatti G (2018)
Multiple time courses of somatosensory responses in human
cortex. Neuroimage 169:212-226

Becker J, Silva Filho IG, Filho HF, Schuch A, Ramos FL, Ghisolfi
ES, Lara DR, Costa JC (2011) Pattern of paired pulse sup-
pression deficit in patients with epilepsy and individuals with
schizophrenia. Arq Neuropsiquiatr 69:460-465

Bolanowski SJ, Maxfield LM, Gescheider GA, Apkarian AV (2000)
The effects of stimulus location on the gating of touch by heat-
and cold-induced pain. Somatosens Mot Res 17:195-204

Bolton DA, Staines WR (2011) Transient inhibition of the dorso-
lateral prefrontal cortex disrupts attention-based modulation
of tactile stimuli at early stages of somatosensory processing.
Neuropsychologia 49:1928-1937

Bramon E, Rabe-Hesketh S, Sham P, Murray RM, Frangou S (2004)
Meta-analysis of the P300 and P50 waveforms in schizophrenia.
Schizophr Res 70:315-329

Burton H, Fabri M, Alloway K (1995) Cortical areas within the lat-
eral sulcus connected to cutaneous representations in areas 3b
and 1: a revised interpretation of the second somatosensory area
in macaque monkeys. J] Comp Neurol 355:539-562

Cheng CH, Chan PY, Liu CY, Hsu SC (2016) Auditory sensory gat-
ing in patients with bipolar disorders: a meta-analysis. J Affect
Disord 203:199-203

Disbrow E, Roberts T, Krubitzer L (2000) Somatotopic organization
of cortical fields in the lateral sulcus of Homo sapiens: evidence
for SII and PV. J Comp Neurol 418:1-21

Downar J, Crawley AP, Mikulis DJ, Davis KD (2000) A multimodal
cortical network for the detection of changes in the sensory
environment. Nat Neurosci 3:277-283

Downar J, Crawley AP, Mikulis DJ, Davis KD (2002) A cortical
network sensitive to stimulus salience in a neutral behavioral
context across multiple sensory modalities. J Neurophysiol
87:615-620

Frot M, Magnin M, Mauguiere F, Garcia-Larrea L (2013) Corti-
cal representation of pain in primary sensory-motor areas (S1/
MI1)—a study using intracortical recordings in humans. Hum
Brain Mapp 34:2655-2668

Garcha HS, Ettlinger G (1978) The effects of unilateral or bilateral
removals of the second somatosensory cortex (area SII): a pro-
found tactile disorder in monkeys. Cortex 14:319-326

Greenwood PM, Goff WR (1987) Modification of median nerve
somatic evoked potentials by prior median nerve, peroneal
nerve, and auditory stimulation. Electroencephalogr Clin Neu-
rophysiol 68:295-302

Hamada Y, Kado H, Suzuki R (2001) The temporal profile of
interactions between sensory information from both hands
in the secondary somatosensory cortex. Clin Neurophysiol
112:1326-1333

Hamada Y, Otsuka S, Okamoto T, Suzuki R (2002) The profile of the
recovery cycle in human primary and secondary somatosensory
cortex: a magnetoencephalography study. Clin Neurophysiol
113:1787-1793

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

792

Brain Topography (2019) 32:783-793

Hari R, Forss N (1999) Magnetoencephalography in the study of
human somatosensory cortical processing. Philos Trans R Soc
Lond B 354:1145-1154

Hashimoto K, Kano M (1998) Presynaptic origin of paired-pulse
depression at climbing fibre-Purkinje cell synapses in the rat cer-
ebellum. J Physiol 506:391-405

Hayamizu M, Hagiwara K, Hironaga N, Ogata K, Hoka S, Tobimatsu S
(2016) A spatiotemporal signature of cortical pain relief by tactile
stimulation: an MEG study. Neuroimage 130:175-183

Henschke JU, Noesselt T, Scheich H, Budinger E (2015) Possible
anatomical pathways for short-latency multisensory integration
processes in primary sensory cortices. Brain Struct 220:955-977

Holstein DH, Vollenweider FX, Geyer MA, Csomor PA, Belser N, Eich
D (2013) Sensory and sensorimotor gating in adult attention-defi-
cit/hyperactivity disorder (ADHD). Psychiatry Res 205:117-126

Inui K, Tran DT, Hoshiyama M, Kakigi R (2002) Preferential stimula-
tion of AJd fibers by intra-epidermal needle electrode in humans.
Pain 96:247-252

Inui K, Wang X, Qiu Y, Nguyen BT, Ojima S, Tamura Y, Nakata H,
Wasaka T, Tran TD, Kakigi R (2003) Pain processing within
the primary somatosensory cortex in humans. Eur J Neurosci
18:2859-2866

Inui K, Wang X, Tamura Y, Kaneoke Y, Kakigi R (2004) Serial
processing in the human somatosensory system. Cereb Cortex
14:851-857

Inui K, Okamoto H, Miki K, Gunji A, Kakigi R (2006a) Serial and
parallel processing in the human auditory cortex: a magnetoen-
cephalographic study. Cereb Cortex 16:18-30

Inui K, Tsuji T, Kakigi R (2006b) Temporal analysis of cortical mecha-
nisms for pain relief by tactile stimuli in humans. Cereb Cortex
16:355-365

Inui K, Urakawa T, Yamashiro K, Otsuru N, Takeshima Y, Nishihara
M, Motomura E, Kida T, Kakigi R (2010a) Echoic memory of a
single pure tone indexed by change-related brain activity. BMC
Neurosci 11:135

Inui K, Urakawa T, Yamashiro K, Otsuru N, Nishihara M, Takeshima
Y, Keceli S, Kakigi R (2010b) Non-linear laws of echoic memory
and auditory change detection in humans. BMC Neurosci 11:80

Inui K, Tsuruhara A, Kodaira M, Motomura E, Tanii H, Nishihara M,
Keceli S, Kakigi R (2012) Prepulse inhibition of auditory change-
related cortical responses. BMC Neurosci 13:135

Inui K, Tsuruhara A, Nakagawa K, Nishihara M, Kodaira M, Motomura
E, Kakigi R (2013) Prepulse inhibition of change-related P50 m
no correlation with P50 m gating. Springerplus 2:588

Inui K, Nakagawa K, Nishihara M, Motomura E, Kakigi R (2016) Inhi-
bition in the Human Auditory Cortex. PLoS ONE 11:¢0155972

Jadskeldinen IP, Ahveninen J, Andermann ML, Belliveau JW, Raij T,
Sams M (2011) Short-term plasticity as a neural mechanism sup-
porting memory and attentional functions. Brain Res 1422:66-81

Johnson M, Paley CA, Howe TE, Sluka KA (2015) Transcutaneous
electrical nerve stimulation for acute pain. Cochrane Database
Syst Rev 6:CD006142

Kida T, Inui K, Wasaka T, Akatsuka K, Tanaka E, Kakigi R (2007)
Time-varying cortical activations related to visual-tactile
cross-modal links in spatial selective attention. ] Neurophysiol
97:3585-3596

Kodaira M, Tsuruhara A, Motomura E, Tanii H, Inui K, Kakigi R
(2013) Effects of acute nicotine on prepulse inhibition of auditory
change-related cortical responses. Behav Brain Res 256:27-35

Maeda K, Kakigi R, Hoshiyama M, Koyama S (1999) Topography of
the secondary somatosensory cortex in humans: a magnetoen-
cephalo-graphic study. NeuroReport 10:301-306

Meftah el-M, Shenasa J, Chapman CE (2002) Effects of a cross-
modal manipulation of attention on somatosensory cortical neu-
ronal responses to tactile stimuli in the monkey. J Neurophysiol
88:3133-3149

@ Springer

Montoya P, Sitges C, Garcia-Herrera M, Rodriguez-Cotes A, Izquierdo
R, Truyols M, Collado D (2006) Reduced brain habituation to
somatosensory stimulation in patients with fibromyalgia. Arthritis
Rheum 54:1995-2003

Mouraux A, Iannetti GD (2009) Nociceptive laser-evoked brain poten-
tials do not reflect nociceptive-specific neural activity. J Neuro-
physiol 101:3258-3269

Mouraux A, Diukova A, Lee MC, Wise RG, Iannetti GD (2011) A
multisensory investigation of the functional significance of the
“pain matrix”. Neuroimage 54:2237-2249

Nakagawa K, Inui K, Yuge L, Kakigi R (2014) Inhibition of soma-
tosensory-evoked cortical responses by a weak leading stimulus.
Neuroimage 101:416-424

Nishihara M, Inui K, Motomura E, Otsuru N, Ushida T, Kakigi R
(2011) Auditory N1 as a change-related automatic response. Neu-
rosci Res 71:145-148

Nishihara M, Inui K, Morita T, Kodaira M, Mochizuki H, Otsuru N,
Motomura E, Ushida T, Kakigi R (2014) Echoic memory: inves-
tigation of its temporal resolution by auditory offset cortical
responses. PLoS ONE 9:e106553

Omori S, Isose S, Otsuru N, Nishihara M, Kuwabara S, Inui K,
Kakigi R (2013) Somatotopic representation of pain in the pri-
mary somatosensory cortex (S1) in humans. Clin Neurophysiol
124:1422-1430

Otsuru N, Inui K, Yamashiro K, Urakawa T, Keceli S, Kakigi R (2011)
Effects of prior sustained tactile stimulation on the somatosensory
response to the sudden change of intensity in humans: an magne-
toencephalography study. Neuroscience 182:115-124

Otsuru N, Tsuruhara A, Motomura E, Tanii H, Nishihara M, Inui K,
Kakigi R (2012) Effects of acute nicotine on auditory change-
related cortical responses. Psychopharmacology 224:327-335

Patterson JV, Hetrick WP, Boutros NN, Jin Y, Sandman C, Stern H,
Potkin S, Bunney WE Jr (2008) P50 sensory gating ratios in schiz-
ophrenics and controls: a review and data analysis. Psychiatry
Res 158:226-247

Ploner M, Pollok B, Schnitzler A (2004) Pain facilitates tactile pro-
cessing in human somatosensory cortices. J Neurophysiol
92:1825-1829

Pons TP, Garraghty PE, Friedman DP, Mishkin M (1987) Physiological
evidence for serial processing in somatosensory cortex. Science
237:417-420

Pons TP, Garraghty PE, Mishkin M (1992) Serial and parallel pro-
cessing of tactual information in somatosensory cortex of rhesus
monkeys. J Neurophysiol 68:518-527

Potter D, Summerfelt A, Gold J, Buchanan RW (2006) Review of clini-
cal correlates of P50 sensory gating abnormalities in patients with
schizophrenia. Schizophr Bull 32:692-700

Schroeder CE, Lindsley RW, Specht C, Marcovici A, Smiley JF, Javitt
DC (2001) Somatosensory input to auditory association cortex in
the macaque monkey. J Neurophysiol 85:1322-1327

Sugiyama S, Takeuchi N, Inui K, Nishihara M, Shioiri T (2018) Effect
of acceleration of auditory inputs on the primary somatosensory
cortex in humans. Sci Rep 8:12883

Takeuchi N, Sugiyama S, Inui K, Kanemoto K, Nishihara M (2017)
New paradigm for auditory paired pulse suppression. PLoS ONE
12:e0177747

Takeuchi N, Sugiyama S, Inui K, Kanemoto K, Nishihara M (2018)
Long-latency suppression of auditory and somatosensory change-
related cortical responses. PLoS ONE 13:¢0199614

Tanaka E, Inui K, Kida T, Miyazaki T, Takeshima Y, Kakigi R (2008)
A transition from unimodal to multimodal activations in four sen-
sory modalities in humans: an electrophysiological study. BMC
Neurosci 9:116

Tanaka E, Inui K, Kida T, Kakigi R (2009a) Common cortical
responses evoked by appearance, disappearance and change of
the human face. BMC Neurosci 10:38



Brain Topography (2019) 32:783-793

793

Tanaka E, Kida T, Inui K, Kakigi R (2009b) Change-driven cortical
activation in multisensory environments: an MEG study. Neuro-
image 48:464—474

Testani E, Le Pera D, Del Percio C, Miliucci R, Brancucci A, Pazzaglia
C, De Armas L, Babiloni C, Rossini PM, Valeriani M (2015) Cor-
tical inhibition of laser pain and laser-evoked potentials by non-
nociceptive somatosensory input. Eur J Neurosci 42:2407-2414

The World Medical Association (2008) Declaration of Helsinki. https
//[www.wma.net/what-we-do/medical-ethics/declaration-of-helsi
nki/doh-oct2008/. Accessed 12 Feb 2019

Thoma RJ, Hanlon FM, Huang M, Miller GA, Moses SN, Weisend
MP, Jones A, Paulson KM, Irwin J, Caifiive JM (2007) Impaired
secondary somatosensory gating in patients with schizophrenia.
Psychiatry Res 151:189-199

Turetsky BI, Calkins ME, Light GA, Olincy A, Radant AD, Swerdlow
NR (2007) Neurophysiological endophenotypes of schizophre-
nia: the viability of selected candidate measures. Schizophr Bull
33:69-94

Urakawa T, Inui K, Yamashiro K, Kakigi R (2010a) Cortical dynam-
ics of the visualchange detection process. Psychophysiology
47:905-912

Urakawa T, Inui K, Yamashiro K, Tanaka E, Kakigi R (2010b) Cortical
dynamics of visual change detection based on sensory memory.
Neuroimage 52:302-308

Vogt BA, Pandya DN (1978) Cortico-cortical connections of somatic
sensory cortex (areas 3, 1 and 2) in the rhesus monkey. J] Comp
Neurol 177:179-192

Wiihle A, Mertiens L, Rter J, Ostwald D, Braun C (2010) Cortical
processing of near-threshold tactile stimuli: an MEG study. Psy-
chophysiology 47:523-534

Yamashiro K, Inui K, Otsuru N, Kida T, Kakigi R (2009) Soma-
tosensory off-response in humans: an MEG study. Neuroimage
44:1363-1368

Yamashiro K, Inui K, Otsuru N, Kakigi R (2011) Change-related
responses in the human auditory cortex: an MEG study. Psycho-
physiology 48:23-30

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/doh-oct2008/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/doh-oct2008/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/doh-oct2008/

	Suppression of Somatosensory Evoked Cortical Responses by Noxious Stimuli
	Abstract
	Introduction
	Methods
	Stimulation
	Test Stimulus
	Conditioning Stimuli

	Procedures
	Recordings
	Analysis
	Results
	Discussion
	Nature of Suppression
	Discrepancies Among SI and SII, and iSII
	Limitations

	References




