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Cortical contributions to sensory gating in the ipsilateral
somatosensory cortex during voluntary activity
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Key points

e [t has long been known that the somatosensory cortex gates sensory inputs from the contra-
lateral side of the body. Here, we examined the contribution of the ipsilateral somatosensory
cortex (iS1) to sensory gating during index finger voluntary activity.

e The amplitude of the P25/N33, but not other somatosensory evoked potential (SSEP)
components, was reduced during voluntary activity compared with rest. Interhemispheric
inhibition between S1s and intracortical inhibition in the S1 modulated the amplitude of
the P25/N33. Note that changes in interhemispheric inhibition between S1s correlated with
changes in cortical circuits in the ipsilateral motor cortex.

e OQur findings suggest that cortical circuits, probably from somatosensory and motor cortex,
contribute to sensory gating in the iS1 during voluntary activity in humans.

Abstract An important principle in the organization of the somatosensory cortex is that it
processes afferent information from the contralateral side of the body. The role of the ipsilateral
somatosensory cortex (iS1) in sensory gating in humans remains largely unknown. Using electro-
encephalographic (EEG) recordings over the iS1 and electrical stimulation of the ulnar nerve
at the wrist, we examined somatosensory evoked potentials (SSEPs; P14/N20, N20/P25 and
P25/N33 components) and paired-pulse SSEPs between Sls (interhemispheric inhibition) and
within (intracortical inhibition) the iS1 at rest and during tonic index finger voluntary activity. We
found that the amplitude of the P25/N33, but not other SSEP components, was reduced during
voluntary activity compared with rest. Interhemispheric inhibition increased the amplitude of
the P25/N33 and intracortical inhibition reduced the amplitude of the P25/N33, suggesting
a cortical origin for this effect. The P25/N33 receives inputs from the motor cortex, so we
also examined the contribution of distinct sets of cortical interneurons by testing the effect of
ulnar nerve stimulation on motor-evoked potentials (MEPs) elicited by transcranial magnetic
stimulation over the ipsilateral motor cortex with the coil in the posterior—anterior (PA) and
anterior—posterior (AP) orientation. Afferent input attenuated PA, but not AP, MEPs during
voluntary activity compared with rest. Notably, changes in interhemispheric inhibition correlated
with changes in PA MEPs. Our novel findings suggest that interhemispheric projections between
Sls and intracortical circuits, probably from somatosensory and motor cortex, contribute to
sensory gating in the iS1 during voluntary activity in humans.
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Abbreviations AP, anterior—posterior; CS, conditioned stimulus; EMG, electromyography; FDI, first dorsal inter-
osseous; iS1, ipsilateral somatosensory cortex; ISI, inter-stimulus interval; M1, motor cortex; MEP, motor-evoked
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resting motor threshold; SAI, short-afferent inhibition; SSEP, somatosensory evoked potential; TMS, transcranial
magnetic stimulation; TS, test stimulus.
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Introduction

The somatosensory cortex gates sensory input from
the contralateral side of the body contributing to filter
irrelevant signals during a motor behaviour (for a review
see Borich et al. 2015). Although much of the current
literature reflects this long-standing view, evidence also
exists that activity in the ipsilateral somatosensory cortex
(iS1) can be modulated by a stimuli applied to the
ipsilateral limb. For example, electrical stimulation of a
peripheral nerve or mechanical stimulation of the skin
changes iS1 activity in non-human primates (Iwamura
et al. 2001; Lipton et al. 2006; Tommerdahl ef al. 2006)
and humans (Allison et al. 1989, 2000; Korvenoja et al.
1995; Hamzei et al. 2002; Stefanovic et al. 2004; Newton
et al. 2005; Nihashi et al. 2005; Hlushchuk & Hari,
2006). Neuroimaging data in humans showed clusters
of activation in the iS1 during a unilateral voluntary
contraction (Allison et al. 2000; Nirkko et al. 2001; Hamzei
et al. 2002; Stefanovic et al. 2004; Newton et al. 2005).
Concurrent tactile stimulation of both hands often results
in better recognition and identification patterns during a
motor behaviour (Essick & Whitsel, 1988; Craig & Qian,
1997), highlighting the need for information from both
S1s. Despite all this evidence, the role of the iS1 in sensory
gating during voluntary activity and its mechanisms of
action in humans remain largely unknown.

A critical question is which neural pathways might
contribute to modulate the activity in the iS1 during a
voluntary contraction by the ipsilateral limb. Evidence
showed that regions within the iS1 receive transcallosal
inputs from the contralateral hemisphere (for a review
see Iwamura, 2000). In non-human primates, area 2 of
the primary somatosensory cortex has relatively dense
interhemispheric connections (Pandya & Vignolo, 1969;
Killackey et al. 1983). In agreement, electrophysiological
studies in humans using paired-pulse peripheral nerve
electrical stimulation revealed the presence of inter-
hemispheric inhibitory interactions between S1s (Ragert
et al. 2011; Brodie et al. 2014). Neuroimaging studies also
showed that median nerve stimulation (Nihashi et al
2005) or a unilateral tactile stimulation to the fingers
(Hlushchuk & Hari, 2006) changes the activity in area
2 of the primary somatosensory cortex in the ipsilateral
hemisphere. GABAergic-mediated cortical mechanisms
play a role in modulating responses in the somatosensory
cortex when using a paired-pulse suppression paradigm
(Stude et al. 2016), and transmission in GABAergic
cortical circuits is modulated by sensory input (Tokimura
et al. 2000; Ni et al. 2011). We hypothesized that inter-
actions between interhemispheric projections between
S1s and intracortical circuits contribute to gate sensory
inputs in the iS1 during tonic voluntary activity. Electro-
physiological (Perez & Cohen, 2008, 2009) and neuro-
imaging (Dettmers et al. 1995; van Duinen et al
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2008) studies also showed that a unilateral voluntary
contraction, such as the one tested in this study, changes
activity in the ipsilateral motor cortex (M1). The M1 has
reciprocal connections to area 2 of the somatosensory
cortex (Yumiya & Ghez, 1984). Thus, we also expected
that interneuronal circuits within the M1 contribute to
sensory gating in the iS1 during tonic voluntary activity.

Methods

Subjects

Eighteen right-handed healthy volunteers (31.5 =+
11.2 years old, six females) participated in the study.
All subjects gave informed consent to the experimental
procedures, which were approved by the local ethics
committee at the University of Miami. The study was
performed in accordance with the Declaration of Helsinksi.

Electromyographic (EMG) recordings

EMG was recorded bilaterally from the first dorsal
interosseous muscle (FDI) through surface electrodes
(Ag-AgCl; 10 mm diameter) secured to the skin over
the belly of each muscle. EMG signals were amplified
and filtered (bandwidth 30-2000 Hz) with a bioamplifier
(Neurolog System, Digitimer, Welwyn Garden City, UK)
and then converted to digital data with a sampling rate
of 10 kHz with an A/D converter (CED Micro 1401,
Cambridge Electronic Design, Cambridge, UK) and stored
on a computer for off-line analysis.

Experimental paradigm

Subjects were seated in a custom chair with both arms
flexed at the elbow by 90 deg with the forearm pronated
and the wrist restrained by straps. The left and right
index fingers were attached to custom two axis load
cells (Honeywell), which measures the forces exerted by
the subject. At the beginning of the experiment, sub-
jects performed two or three brief maximal voluntary
contractions (MVCs) for 3-5 s with the right index
finger into abduction, separated by 60 s of rest. During
maximal contractions, subjects were verbally encouraged
to perform maximally and visual feedback was provided.
The maximal forces were used to set targets for sub-
sequent submaximal contractions. During testing, sub-
jects were instructed to remain at rest with the left hand
while the right hand was at rest or performed 30% or
70% of MVC into index finger abduction (Fig. 1A).
Custom software was written to acquire signals from
load cells to display visual feedback corresponding to
rest and MVC levels in real time (LabVIEW). Sub-
jects were instructed to control a cursor on a computer
monitor to a target line displaying the force target by

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society



J Physiol 595.18

performing index finger abduction. A familiarization trial
was completed at the beginning of each experiment to
ensure that subjects were able to complete the task. In
addition, verbal feedback was provided to the subjects to
ensure that the left hand remained at rest at all times.
A total of 1.9 + 3.9% trials in which mean rectified
EMG activity in the left FDI was 2 SD above the resting
baseline were excluded from further analysis. Physio-
logical measurements included somatosensory-evoked
potentials (SSEPs) in the iS1, paired-pulse SSEPs between
Sls, paired-pulse SSEP suppression within the iSI and
short-afferent inhibition (SAI) in the ipsilateral M1.

SSEPs

We recorded SSEPs from the right somatosensory cortex
following electrical stimulation of the left ulnar nerve at
the wrist (300 pulses at 5 Hz, 0.1 ms pulse duration), with
pairs of adhesive Ag-AgCl electrodes positioned 5 cm
lateral, 5 cm anterior (frontal component) and 2 cm post-
erior (parietal component) to the vertex (Fig. 1B). These
locations correspond to regions anterior and posterior
of the C3 area in the 10-20 system (Tsuji & Rothwell,
2002). The ground electrode was located on the forehead.
The peak-to-peak amplitudes of all SSEP components
(P14/N20, N20/P25 and P25/N33; Fig. 1C) were tested
while the right FDI was at rest or performed 30% or 70%
of MVC into index finger abduction. At rest, the amplitude
of the N20/P25 (4.7 £ 2.4 1V, P < 0.001) and P25/N33
(3.9 £ 1.6 uV, P < 0.001) was larger than the P14/N20
(1.4 & 0.6 V) SSEP component. Signals were amplified
(gain 50k, bandwidth 3 Hz to 2 kHz) and the stimuli
were delivered at an intensity of ~10% of the maximal

A Rest

Figure 1. Experimental setup

A, diagram showing the visual display presented
to all subjects during testing of unilateral isometric
index finger abduction. Subjects were instructed
to remain at rest with the left hand while the
right hand was at rest or performed 30% or 70%
of maximal voluntary contraction (MVC) into
index finger abduction. Colored bars represent
the targets to which subjects needed to move a
cursor. The distance between the bars represents
the magnitude of force required to accomplish
each task, normalized to the maximal index finger
abduction determined in each subject. B,
electrode positions for electroencephalographic
(EEG) recordings. C, somatosensory evoked
potential (SSEP) recorded over the ipsilateral
(right) somatosensory cortex (iS1) following left
ulnar nerve simulation for a representative
subject. Waveform shows the average of 300
trials. The peak-to-peak amplitudes of all SSEP
components (P14/N20, N20/P25 and P25/N33)
were measured as shown by the arrows.
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motor response (M-max) across tasks (rest = 9.9 + 4.3%
of M-max, 30% of MVC = 9.7 & 4.6% of M-max, 70%
of MVC = 11.3 + 6.3% of M-max; P = 0.6).

Paired-pulse SSEPs between S1s

A paired-pulse SSEP paradigm was used to measure inter-
hemispheric inhibition from the left to the right S1 (Ragert
et al. 2011). Here, a conditioning electrical stimulus (CS)
was given to the right ulnar nerve at the wrist at an intensity
needed to elicit a response in the right FDI muscle of
~10% of the M-max across tasks (rest = 11.3 & 4.9%
of M-max, 30% of MVC = 10.2 £+ 4.6% of M-max;
P = 0.4). A test electrical stimulus (TS) was given to
the left ulnar nerve at the wrist at an intensity needed to
elicit a motor response in the left FDI muscle of ~10%
M-max across tasks (rest = 12.8 £+ 4.9% of M-max,
30% of MVC = 11.4 4+ 5.8% of M-max; P = 0.2).
The CS was delivered at an inter-stimulus interval (ISI)
of 15, 20, 25, 30, 35 and 40 ms before the TS in a
randomized order. Because we did not find differences
in the magnitude of gating in the P25/N33 component
during 30% and 70% of MVC, interhemispheric inhibition
was only measured during 30% of MVC. As in other
studies the electrical stimuli to the left ulnar nerve did
not result in a visible SSEP and/or changes in background
EEG activity in the left S1 (Ragert et al. 2011). However, to
eliminate the potential influence of an ipsilateral response
from the CS on the contralateral response to the TS, the
response from the CS alone condition was subtracted
from the responses from each CS+TS condition (Ragert
et al. 2011). At rest, a conditioning pulse attenuated the
amplitude of the N20/P25 (ISIs of 20-35 ms, F) 14 = 6.3,

30% of MVC 70% of MVC

Left hand Left hand

Right hand Right hand

C N20

P25/N33
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<
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P = 0.02) and P25/N33 (ISIs of 15-30 ms, F; 4 = 28.1,
P < 0.001; Ragert et al. 2011; Brodie et al. 2014) but not
the P14/N20 component (F; ;4 = 3.1, P=0.1) compared
with a test pulse. In an additional control experiment
(n = 8), we recorded SSEPs from the left S1 following
electrical stimulation of the right ulnar nerve at the wrist
using an intensity of ~10% of the M-max across tasks
(rest =9.8 £ 3.6% of M-max, 30% of MVC = 11.7 - 4.6%
of M-max, 70% of MVC =10.4 £ 4.1% of M-max; P=0.5)
with and without a CS given to the left ulnar nerve at the
wrist atan IST of 25 ms in a randomized order. Paired-pulse
SSEPs between S1s were analyzed by expressing the size of
the conditioned SSEP as a percentage of the size of the test
SSEP [(conditioned SSEP x 100)/(test SSEP)]. The effect
of interhemispheric inhibition was measured in each of
the SSEP components. Three hundred test SSEPs and 300
conditioned SSEPs were tested in each condition.

Paired-pulse SSEP suppression within the iS1

Paired-pulse SSEP suppression was used to make
inferences about the contribution of intracortical
inhibitory mechanisms on SSEP components (Hoftken
et al. 2013; Stude et al. 2016). Paired-pulse SSEP
suppression was measured in the iS1 using a paired-pulse
paradigm where repeated paired pulses were applied to
the left ulnar nerve at the wrist at an ISI of 40 ms at
rest and during 30% of MVC. The stimulation was given
at an intensity needed to elicit a response in the left
EDI muscle of ~10% of the M-max across conditions
(rest=9.4 + 4.6% of M-max, 30% of MVC = 10.2 &= 7.5%
of M-max; P = 0.6). Paired-pulse SSEP suppression was
calculated as a ratio of the amplitude of the second
response (A2) and the amplitude of the first response (A1)
measured in each of the SSEP components. Three hundred
paired-pulses were applied at each condition.

SAl

We used a previously established paired-pulse paradigm
to test SAI (Ni ef al. 2011) at rest and during 30% of
MVC with the right index finger. A CS was given to the
left ulnar nerve at the wrist at an intensity needed to
elicit a motor response in the left FDI muscle of ~10%
M-max across tasks (rest = 9.4 4 5.5% of M-max, 30% of
MVC = 9.7 + 6.5% of M-max; P = 0.6). A test magnetic
stimulus (TS) was applied to the right hand representation
of the M1 using a Magstim 200 magnetic stimulator
(Magstim, Whitland, UK) through a figure-of-eight coil
(loop diameter, 7 cm, type number, 16342) with a mono-
phasic current waveform. During testing the transcranial
magnetic stimulation (TMS) coil was firmly held to the
head of the subject by a custom coil holder, with the head
secured to a headrest by straps to restrict head movements.
To further examine the effect of afferent input onto
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separate synaptic inputs to corticospinal neurons the TS
was given with the TMS coil in two different orientations.
Here, the TMS coil was held tangentially on the scalp at
an angle of 45 deg to the midline with the handle pointing
laterally and posteriorly [posterior—anterior (PA) induced
current in the brain] or with the coil handle reversed
around 180° to the PA currents [anterior—posterior (AP)
induced current in the brain]. The resting motor threshold
(RMT, determined as the minimum stimulus intensity
required to elicit MEP > 50 uV peak-to-peak amplitude
above the background EMG activity in at least 5 out of
10 consecutive trials in the relaxed muscle; Rothwell et al.
1999) was higher for MEPs elicited in the AP (61.7 + 10.5%
of the maximal stimulator output, MSO) compared with
the PA (47.9 + 8.0% of the MSO, P < 0.001; Federico
& Perez, 2016) orientation. Also, MEP onset latencies
(defined as the time when mean rectified EMG activity
was > 2 SD of the mean resting EMG activity, measured
100 ms before the stimulus artifact) were longer for MEPs
elicited in the AP compared with the PA orientation (rest:
AP=244+4+19ms,PA=22.8+1.4ms, P < 0.001;30% of
MVC: AP =24.0+ 1.7 ms, PA=22.8 £ 1.3 ms, P < 0.001).
PA and AP current directions were used for the TS at an
intensity needed to elicit a test MEP at rest of ~1 mV (PA:
rest=1.1+0.3mV,30% of MVC=1.8+1.4mV, P=0.04;
AP: rest = 1.1 £ 0.9 mV, 30% of MVC = 1.7 £ 0.9 mV,
P=0.01) and ~0.2 mV (PA: rest =0.28 &= 0.1 mV, 30% of
MVC=0.66+0.3mV, P=0.001; AP:rest=0.21 0.1 mV,
30% of MVC = 0.57 £ 0.5 mV, P=0.02) across conditions
because a smaller test MEP more selectively examines PA
and AP inputs. The CS was delivered at ISIs of 15, 20, 25,
30, 35 and 40 ms before the TS in a randomized manner. At
rest, a CS to the left ulnar nerve attenuated the amplitude
of test MEPs in the PA (MEP of ~1 mV: ISIs of 20 and
25 ms, Fy 14 = 6.8, P = 0.02; MEP of ~0.2 mV: ISIs of
20, 25 and 40 ms, F;;; = 6.9, P = 0.02) and the AP
orientation (MEP of ~1 mV: ISIs between 20, 25, 30 ms,
Fi,14 = 8.3, P=0.01; MEP of ~0.2 mV: ISIs of 20, 25, 30
and 40 ms, F;;; = 11.5, P = 0.01). MEPs in the left FDI
increased while the other index finger performed 30%
of MVC (Perez & Cohen, 2008), therefore, in a control
experiment SAI was tested by adjusting the test MEP size to
match MEP amplitudes produced at rest across tasks (PA:
rest=1.0+0.4mV,30% of MVC=1.2£0.7mV, P=10.8;
AP: rest = 1.1 £+ 0.6 mV, 30% of MVC = 1.3 &+ 0.8 mV,
P=0.3; n=8). SAI was calculated by expressing the size of
the conditioned MEP as a percentage of the size of the test
MEP [(conditioned MEP x 100)/(test MEP)]. Twenty test
MEPs and 20 conditioned MEPs were tested at each ISI, coil
orientation and task every 5 s separated by resting periods
as needed. In an additional control experiment (1 = 8),
we also measured MEPs in the left FDI by stimulating
the right ipsilateral M1 with the coil in the PA and AP
orientation at an intensity needed to elicit a test MEP of
~1mV (PA=1.09£0.37 mV, AP = 1.01 £ 0.57 mV) and
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~0.2 mV (PA =0.19 &+ 0.05 mV, AP = 0.21 &+ 0.05 mV)
when the right index finger was at rest or performed 30%
and 70% of MVC.

Data analysis

Normal distribution was tested by the Shapiro-Wilk’s
test and homogeneity of variances by the Levene’s test
of equality and Mauchly’s test of sphericity. When a
normal distribution could not be assumed, the data
were log transformed. When sphericity could not be
assumed, the Greenhouse—Geisser correction statistic was
used. Repeated-measures ANOVAs were performed to
determine the effect of TASK (rest, 30% and 70% of MVC)
and COMPONENT (P14/N20, N20/P25 and P25/N33)
on the peak-to-peak amplitude of SSEPs in the iS1. We
measured the effect of ISI (15, 20, 25, 30 and 40 ms) and
CONDITION (rest and 30% of MVC) on paired-pulse
SSEPs between Sl1s (from the left to the right) on each
SSEP component. The same analysis was used to determine
the effect of ISI, CONDITION and COIL ORIENTATION
(PA and AP) on SAI tested with a 1 mV and 0.2 mV
test MEP size. We also measured the effect of TASK on
paired-pulse SSEPs between Sls (from the right to the
left) on each SSEP component at an ISI of 25 ms. Paired
ttests were used to compare the size of the test MEP and the
effects of paired-pulse SSEP suppression across conditions
corrected for multiple comparisons as needed. We also
measured the effect of TASK and SIDE (left and right) on
mean EMG activity. Tukey post hocanalysis was used to test
for significant comparisons. Pearson correlation analysis
was used as needed corrected for multiple comparisons.
Significance was set at P < 0.05. Group data are presented
as the mean £ SD in the text.

Results
EMG

Figure 2A and B gives examples of rectified EMG activity
measured in the left and right FDI across tasks in a
representative subject. Note that EMG activity increased
during increasing levels of voluntary contraction with the
right FDI while the left FDI remained at rest.

Repeated-measures ANOVA showed a significant effect
of TASK (Fz,zg = 14004, P< 0001), SIDE (F1)14 = 28728,
P < 0.001) and in their interaction (F,p3 = 1431.5,
P < 0.001) on mean EMG activity in the FDI In the
right side, post hoc analysis showed that EMG activity
increased at 70% (P < 0.001) and 30% (P < 0.001) of MVC
compared with rest and it was higher at 70% compared
with 30% of MVC (P < 0.001; Fig. 2D). In the left side,
EMG activity remained similar across tasks (F,,s = 0.4,
P=0.7; Fig. 2C).
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SSEPs

Figure 3A illustrates raw SSEP traces in a representative
subject recorded from the iS1 at rest (green), and during
30% (blue) and 70% (orange) of MVC with the right index
finger. Note that in the iS1 the amplitude of the P25/N33,
but not other SSEP components, decreased during 30%
and 70% of MVC compared with rest.
Repeated-measures ANOVA showed an effect of TASK
(Fyps = 4.7, P = 0.01), COMPONENT (Fy 35, = 4.9,
P =0.01) and in their interaction (Fys¢ = 2.7, P = 0.04)
on SSEPs amplitude. Post hoc analysis revealed that

Rest 30 % of MVC

|0.1mv

[5uv

Rest 05s 70% of MVC
C D
10 100
) 8 (5) 80 i
2 s
=
5 6 5 60
8 k3
s 4 @ 40 —_——
g =
& |
2 20
0 —-—-—- 0
Rest 30% 70% Rest 30% 70%
. of MVC  of MVC L . of MVC  of MVC ;
Left hand Right hand

Figure 2. Electromyographic (EMG) activity

Rectified EMG activity in the first dorsal interosseous (FDI) muscle in
a representative subject when the left hand remained at rest (A)
while the right hand (B) remained at rest (green) or performed 30%
(blue) and 70% (orange) of MVC. C and D, group data (n = 15)
showing mean rectified EMG activity (expressed as % of MVC) in the
left (C) and right (D) hand during unilateral index finger abduction
with the right FDI. Error bars indicate SEMs. *P < 0.05, comparison
between rest and contraction.
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the amplitude of the P25/N33 (30% = 80.4 £+ 10.3%,
P < 0.001; 70% = 82.7 £ 13.3%, P < 0.001),
but not the P14/N20 (30% = 101.0 £ 26.7%,
P =0.9; 70% = 95.8 £ 29.3%, P = 0.6) or N20/P25
(30% = 99.1 £+ 13.4%, P = 0.8; 70% = 96.1 + 12.7%,
P = 0.3) components, was reduced during 30% and 70%
of MVC compared with rest (Fig. 3B) in the majority of
subjects (14/15, most values for P25/N33 below the dotted
linein Fig. 3C). No changes were observed in the amplitude
of the P25/N33 during 30% and 70% of MVC (P = 0.5).

Paired-pulse SSEPs between S1s

Figure 4A illustrates raw SSEP data showing the effect of a
CS over the right ulnar nerve on an SSEP tested in the iS1
by stimulation of the left ulnar nerve in a representative
subject. Note that a CS increased the amplitude of the
P25/N33 in the iS1 during 30% of MVC compared with
rest.

Repeated-measures ANOVA showed an effect of ISI
(Fs.70 = 4.4, P = 0.002) and CONDITION (F, ;4 = 13.2,
P = 0.003), but not their interaction (Fs;p = 0.4,
P = 0.8) on paired-pulse SSEPs from the left to the
right S1. Post hoc analysis showed that a CS resulted in
a larger amplitude of the P25/N33 component measured
in the iS1 at an ISI of 20 ms (rest = 73.4 + 16.4%,

P14

P14/N20 N20/P25 P25/N33

—_
o
o

'

!

I

|

Peak-to-Peak amplitude 0
(% of resting SSEP

a oo N o ©
o O O O o
L 1 L L

30% 70% 30% 70% 30% 70%
contraction strength (% of MVC)

Figure 3. Somatosensory evoked potentials (SSEPs)
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30% of MVC = 88.9 + 16.3%, P = 0.005), 25 ms
(rest = 69.9 £+ 19.1%, 30% of MVC = 82.7 £+ 16.0%,
P = 0.009), and 30 ms (rest = 76.5 £ 17.2%, 30% of
MVC = 91.6 + 10.3%, P = 0.003; Fig. 4D) during 30%
of MVC compared with rest in the majority of subjects
(20 ms: 14/15; 25 ms: 11/15; 30 ms: 12/15). Note that a CS
did not change the amplitude of the P14/N20 (F; 1, = 1.1,
P = 0.3, Fig. 4B) and N20/P25 (F, 4 = 0.6, P = 0.5,
Fig. 4C) SSEP components measured in the iS1 during
30% of MVC compared with rest.

Repeated-measures ANOVA also showed an effect of
TASK (F,; = 14.1, P = 0.007) on paired-pulse SSEPs
from the right to the left S1. Post hoc analysis showed that
a CS decreased the amplitude of the P25/N33, but not the
P14/N20 (F,; = 0.1, P = 0.7) and N20/P25 (F,; = 1.2,
P = 0.3) components, at an ISI of 25 ms during 30%
(rest = 93.2 £+ 8.1%, 30% of MVC = 81.8 + 13.8%,
7/8, P = 0.03) and 70% (rest = 94.4 & 10.1%, 30% of
MVC = 85.7 £ 12.3%, 7/8, P = 0.01) of MVC compared
with rest in the majority of subjects.

Paired-pulse SSEP suppression within the iS1

Figure 5A illustrates raw data showing paired-pulse SSEP
suppression of the P25/N33 component in the iS1 in a
representative subject. Note that paired-pulse suppression

70% of MVC

N33 N33
J 1uv
5ms
c 160 7 P14/N20  N20/P25 P25/N33
140 /
120] s -

[©2 3 o]
o O

Peak-to-Peak amplitude
(% of resting SSEP)
]

o
I
I
]
1|

30% 70% 30% 70% 30% 70%
contraction strength (% of MVC)

A, raw SSEP traces recorded from the iS1 in a representative subject when the right FDI was at rest (green) or
performed 30% (blue) and 70% (orange) of MVC. Each waveform represents the average of 300 SSEPs. B, group
data (n = 15) showing the amplitude of all SSEP components in the iS1 (expressed as % of resting SSEPs) during
30% (grey) and 70% (black) of MVC. The horizontal dotted line represents the amplitude of the SSEP components
at rest. Data from individual subjects are also shown (C). Error bars indicate SEMs. *P < 0.05, comparison between

rest and contraction.
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of the P25/N33 was more pronounced during 30% of
MVC compared with rest. We found that the A2/Al
ratio decreased during 30% of MVC compared with rest
for the P25/N33 component in the majority of sub-
jects [rest = 0.72 + 0.20, 30% of MVC = 0.64 £ 0.21,
(13/15), P = 0.002; Fig. 5D]. Note that paired-pulse SSEP
suppression of the other SSEP components (P14/N20:
P = 0.9, Fig. 5B; N20/P25: P = 0.4, Fig. 5C) remained
similar during rest and 30% of MVC.

SAl

Figures 6 and 7A and C illustrate examples of test
and conditioned MEPs recorded from the left FDI of a
representative subject. Note that the conditioned MEP
was more suppressed during 30% of MVC compared with
rest when the coil was in the PA compared with the AP
orientation.

Sensory gating in the iS1
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Repeated-measures ANOVA revealed an effect of
CONDITION (F;14 = 6.6, P = 0.02) and ISI
(Frg369 = 12.5, P < 0.001), but not COIL ORIENTATION
(Fi74 = 0.3, P = 0.6) or their interaction (F5;0 = 1.1,
P = 0.4) on SAI tested with a test MEP of ~1 mV. Post
hoc analysis showed that SAI increased during 30% of
MVC compared with rest at ISIs of 20 ms (P = 0.02),
25 ms (P = 0.004), 30 ms (P = 0.006), 35 ms (P = 0.02)
and 40 ms (P = 0.007) for the PA orientation (Fig. 6B).
In contrast, SAI remained similar during 30% of MVC
and rest at all ISIs (F,;4 = 0.6, P = 0.5, Fig. 6D) in
the AP orientation. Similar results were found when SAI
was tested using a test MEP of ~0.2 mV [CONDITION
(Fl,ll = 62, P= 003), ISI (F2.3,25_3 = 155, P < 0001),
but not COIL ORIENTATION (F;;; = 1.8, P=0.2) or
their interaction (Fss5 = 0.4, P = 0.8) on SAI]. Here, SAI
increased during 30% of MVC compared with rest at ISIs
of 20 ms (P=10.002), 25 ms (P=0.01), 30 ms (P=0.01),
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Figure 4. Paired-pulse SSEPs between S1s
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A, raw SSEP traces showing the effect of a conditioning stimulus over the right ulnar nerve on an SSEP tested in
the iS1 by stimulation of the left ulnar nerve in a representative subject at rest (red) and during 30% (blue) of MVC
at an inter-stimulus interval (ISI) of 25 ms. B-D, group data (n = 15) showing the amplitude of the conditioned
SSEP expressed as % of the test SSEP at rest (red line) and during 30% (blue line) of MVC at ISIs of 15, 20, 25,
30, 35 and 40 ms for the P14/N20 (B), N20/P25 (C) and P25/N33 (D) components. The horizontal dotted line
represents the amplitude of the test SSEP at rest. Note that a conditioning stimulus increased the amplitude of the
P25/N33 during 30% of MVC compared with rest, suggesting that interhemispheric inhibition between S1s was
decreased. *P < 0.05, comparison between rest and contraction; ¥P < 0.05, comparison between test SSEP and

conditioned SSEP at rest.
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35ms (P < 0.001) and 40 ms (P=0.01) in the PA (Fig. 7B)
but not AP (F; ;; = 0.4, P= 0.5, Fig. 7D) orientation. SAI
increased during 30% of MVC compared with rest when
adjusting the test MEP size to match MEP amplitudes
across conditions (F;; = 22.8, P = 0.002).

Figure 8A and Cillustrates MEPs elicited by stimulation
of theipsilateral M1 and SSEPs recorded from the iS1 at rest
(green), and during 30% (blue) and 70% (orange) of MVC
with the right index finger. Note that FDI MEPs increased
during 30% (MEP of ~1 mV: PA = 168.3 + 69.5%,
P = 0.008; AP = 142.5 £ 40.6%, P = 0.02; MEP
of ~0.2 mV: PA = 1669 + 443%, P = 0.004;
AP =164.5=+50.9%, P=0.009) and 70% (MEP of ~1 mV:
PA = 198.3 &+ 56.8%, P = 0.001; AP = 198.1 £ 72.5%,
P = 0.006; MEP of ~0.2 mV: PA = 212.7 + 40.6%,
P < 0.001; AP = 206.3 £ 64.4%, P = 0.002) of MVC
compared with rest (Fig. 8 B). By contrast, the amplitude of
the P25/N33 (30% = 80.2 & 8.2%, P < 0.001; 70% = 82.5
+ 10.2%, P < 0.001; Fig. 8D) but not the P14/N20
(30% = 106.2 £ 11.0%, P = 0.2; 70% = 100.6 & 13.2%,
P = 0.9) or N20/P25 (30% = 109.6 £ 25.6%, P = 0.3;
70% = 90.2 + 38.4%, P = 0.5) components decreased
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during 30% and 70% of MVC compared with rest. No
changes were observed in the amplitude of the P25/N33
during 30% and 70% of MVC (P = 0.7).

Correlation analysis

A positive correlation was found between changes in
the amplitude of the P25/N33 SSEP component and
paired-pulse SSEP suppression within the iS1 during
30% of MVC compared with rest (r = 0.64, P = 0.01;
Fig. 9A). Here, note that individuals with more attenuated
P25/N33 were those with more pronounced intracortical
inhibition of the P25/N33 in the iSI. We also found
a negative correlation between changes in paired-pulse
SSEPs between S1s and SAI tested in the PA (r = 0.69,
P = 0.004; Fig. 9B), but not in the AP (r = 0.32,
P = 0.24; Fig. 9C), orientation during 30% of MVC
compared with rest. This result indicated that individuals
with less pronounced interhemispheric inhibition of the
P25/N33 in the iS1 were those with larger suppression of
MEPs in the PA orientation. No correlation was found
between changes in MEPs elicited by stimulating the
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Figure 5. Paired-pulse SSEP suppression within the iS1

A, raw SSEP traces showing paired-pulse SSEP suppression of the P25/N33 component in the iS1 in a representative
subject at rest (red) and during 30% (blue) of MVC at an ISI of 40 ms. The amplitude of the P25/N33 component
(A1 and A2, see Methods for details) is marked. Each waveform represents the average of 300 SSEPs. B-D,
group data (n = 15) showing mean paired-pulse ratios (A2/A1) at rest (red) and during 30% of MVC (blue)
for the P14/N20 (B), N20/P25 (C) and P25/N33 (D) components. Note that paired-pulse SSEP suppression of the
P25/N33 but not other SSEP components was increased during 30% of MVC compared with rest, suggesting that
intracortical inhibition in the iS1 was increased. *P < 0.05, comparison between rest and contraction; ¥P < 0.05,
comparison between testSSEP and conditioned SSEP at rest.
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ipsilateral M1 and SSEPs measured in the iS1 (r = 0.24,
P=0.41).

Discussion

Our novel findings suggest that interhemispheric
projections between Sls and intracortical circuits
contribute to gate sensory inputs in the iS1 during
voluntary activity in humans. We found that the amplitude
of the P25/N33, but not other SSEP components, was
reduced in the iS1 during voluntary activity compared
with rest. Interhemispheric inhibition and intracortical
inhibition in the S1 modulated the amplitude of the
P25/N33, suggesting a cortical origin for this effect. The
P25/N33 receives inputs from the M 1, so we also examined
sensorimotor interactions by testing SAI in the ipsilateral
MI1. SAI was attenuated when tested with the TMS
coil in the PA but not AP orientation during voluntary
activity compared with rest. Notably, changes in inter-
hemispheric inhibition correlated with changes in SAI
tested in the PA orientation. We propose that cortical

Sensory gating in the iS1
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circuits in somatosensory and M1 contribute to sensory
gating in the iS1 during voluntary activity.

Gating of sensory input in the iS1 and its mechanisms
of action

Extensive evidence in animals and humans showed that
during voluntary activity sensory inputs are gated in
the somatosensory cortex contralateral to a moving limb
(Cohen & Starr, 1987; Jiang et al. 1990a,b; Schnitzler et al.
1995; Nakata et al. 2003; Wasaka et al. 2005; Ogata et al.
2009; Huttunen & Lauronen, 2012; Seki & Fetz, 2012;
Kirimoto et al. 2014; Sugawara et al. 2016). Here, we
report for the first time that the amplitude of SSEPs
is also gated in the iSP during a unilateral voluntary
contraction. Specifically, we found that the amplitude of
the P25/N33, but not other SSEP components, decreases
during voluntary activity compared with rest. This finding
agrees with evidence showing that electrical stimulation of
a peripheral nerve or a mechanical stimulation of the skin
changes the activity in the iS1 in non-human primates
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Figure 6. Short afferent inhibition (SAI) with a test MEP ~1 mV

A C, SAl tested with the transcranial magnetic stimulation (TMS) coil in the PA (A) and AP (C) orientation over
the right ipsilateral motor cortex (M1) in a representative subject at rest (left) and during 30% of MVC (right).
Test motor evoked potentials (MEPs) are indicated by black traces and arrows at rest and during 30% of MVC.
Conditioned (Cond.) MEPs are indicated by red and blue traces and arrows. Traces show the average of 20 MEPs.
Note that the latencies of MEPs were longer in the AP compared with the PA orientation. B and D, group data
(n = 15) showing the magnitude of the conditioned MEP expressed as % of the test MEP at rest (red) and during
30% (blue) of MVC at ISIs of 15, 20, 25, 30, 35 and 40 ms for PA (B) and AP (D) MEPs. The horizontal dotted
line represents the size of the test MEP. Results show that SAI tested with the coil in the PA but not AP orientation
increases during voluntary activity compared with rest. *P < 0.05, comparison between the test and conditioned
MEP ratio at rest and contraction; ¥P < 0.05, comparison between test MEP and conditioned MEP at rest.
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(Iwamura et al. 2001; Lipton et al. 2006; Tommerdahl
et al. 2006) and humans (Allison ef al. 1989; Korvenoja
et al. 1995; Nihashi et al. 2005; Hlushchuk & Hari,
2006). This also agrees with neuroimaging data in humans
showing some clusters of activation in the iS1 during
a unilateral voluntary contraction (Allison et al. 2000;
Nirkko et al. 2001; Hamzei et al. 2002; Stefanovic
et al. 2004; Newton et al. 2005). Evidence showed that
tactile stimulation of both hands often results in better
recognition and identification patterns during a motor
behaviour (Essick & Whitsel, 1988; Craig & Qian, 1997),
highlighting the need for information from both Sls.

A critical question is which neuronal pathways
contributed to sensory gating in the iS1 during a
voluntary contraction. Evidence showed that different
parts within the iS1 receive transcallosal inputs from
the contralateral hemisphere (Iwamura, 2000; Iwamura
et al. 2001). For example, in non-human primates area
2 has relatively dense interhemispheric connections
whereas areas 3b and 1 have only sparse connections
(Pandya & Vignolo, 1969; Killackey et al. 1983). In
agreement, electrophysiological studies in humans using

Y. Lei and M. A. Perez
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paired-pulse peripheral nerve electrical stimulation
revealed the presence of interhemispheric inhibitory
interactions between S1s (Ragert et al. 2011; Brodie et al.
2014). Neuroimaging studies also showed that electrical
stimulation of the median nerve (Nihashi et al. 2005) or a
unilateral tactile stimulation to the fingers (Hlushchuk &
Hari, 2006) results in activation of area 2 and deactivation
of area 3b and the M1 in both hemispheres. Thus, it
is possible that transcallosal connections between Sls
contributed to sensory gating in the iS1. This is supported
by our findings showing that interhemispheric inhibition
decreased the amplitude of the P25/N33, but not other
SSEP components. Previous studies conducted at rest
reported that interhemispheric inhibition between Sls
suppresses, at least to some extent, the amplitude of
earlier SSEP components in the iS1 (Ragert et al. 2011;
Brodie et al. 2014), which provides a possible route for
these bilateral effects. An intriguing question is why we
found that during voluntary activity the later P25/N33
SSEP component was gated in the iS1. We first consider
the possibility that this is related to its neural origin.
The P14/N20 results from subcortical contributions and
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Figure 7. SAIl with a test MEP ~0.2 mV

15 20 25 30 35 40
interstimulus interval (ms)

A and C, SAl was also tested with a test MEP of 0.2 mV with the TMS coil in the PA (A) and AP (C) orientation
over the right ipsilateral M1. See data from a representative subject at rest (left) and during 30% of MVC (right).
Test MEPs are indicated by black traces and arrows at rest. Conditioned (Cond.) MEPs are indicated by red and

blue traces and arrows. Traces show the average of 20
with PA MEPs. B and D, group data (n = 12) showing th

MEPs. The latencies of AP MEPs were longer compared
e magnitude of the conditioned MEP expressed as % of

the test MEP at rest (red) and during 30% (blue) of MVC at ISls of 15, 20, 25, 30, 35 and 40 ms for PA (B) and
AP (D) MEPs. The horizontal dotted line represents the size of the test MEP. As for larger test MEPs, SAI tested
with the coil in the PA but not AP orientation increases during voluntary activity compared with rest. *P < 0.05,

comparison between the test and conditioned MEP ratio
test MEP and conditioned MEP at rest.

at rest and contraction; ¥P < 0.05, comparison between
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probably reflects the arrival of medial lemniscal signals
to the thalamus (Desmedt & Cheron, 1981; Lee & Seyal,
1998). Whereas most studies agree that the N20/P25
reflects activation of area 3b (Allison et al. 1991; Forss
et al. 1994; Huttunen et al. 2006) while the P25/N33
reflects activation of area 1 (Jones et al. 1978; Allison et al.
1991; Ishikawa et al. 2007). Area 2, which has relatively
dense interhemispheric connections, communicates with
area 1 (Allison et al. 1991) and has reciprocal connections
with the M1 (Yumiya & Ghez, 1984). A possibility is that
transcallosal connections between area 2 and interactions
with area 1 and the M1 contributed to modulate the
P25/N33 component. This is supported by neuroimaging
(Dettmers et al. 1995; van Duinen et al. 2008) and electro-
physiological studies (Muellbacher et al. 2000; Perez &
Cohen, 2008, 2009) showing that activity in the ipsilateral
M1 increases during increasing levels of tonic voluntary
activity such as those tested in our study. Indeed, we
found, as in previous studies (Perez & Cohen, 2008, 2009),
that the size of MEPs in the ipsilateral M1 increased during
30% and 70% of MVC compared with rest. This may also
explain the lack of changes in the N20/P25 component
during voluntary activity. The N20/P25 component
probably reflects activation of area 3b, an area that does
not have direct connections with the M1 (Jones et al.
1978). It is also possible that the electrical stimuli applied
to the left ulnar nerve affected the excitability of the left S1
and therefore influenced the right S1, which is the iS1 for
our tasks. We found that interhemispheric inhibition from

A
30% of MVC

Rest

Figure 8. MEPs and SSEPs
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the right to the left SI increased gating of the P25/N33
but not other SSEP components during 30% and 70% of
MVC. Although possible, the lack of correlation between
these changes and the magnitude of sensory gating in
the right S1 and/or the magnitude of interhemispheric
inhibition from the left to the right S1 suggest that it
is less likely that this factor contributed to our results.
Also, bidirectional interhemispheric inhibitory effects
between Sls are continuously present during all tasks
when selective gating was detected in the iS1.

The next question to address is which mechanisms
within the iS1 contributed to the sensory gating in
this region. Two of our results support the view
that the reduced amplitude of the P25/N33 involved
cortical mechanisms. First, we found paired-pulse SSEP
suppression tested in the iS1 reduced the amplitude of
the P25/N33, but no other SSEP components, during
voluntary activity compared with rest. Evidence showed
that GABAergic-mediated cortical mechanisms play a role
in modulating responses in the somatosensory cortex
tested using the paired-pulse SSEP suppression paradigm
(Hoffken et al. 2010; Stude et al. 2016). This is also
supported by the correlation found between changes in
the amplitude of the P25/N33 and the paired-pulse SSEP
suppression. Thus, individuals with more suppression of
the P25/N33 also showed more intracortical inhibition in
the iS1. Second, we found that SAI tested in the ipsilateral
M1 increased during voluntary activity compared with
rest when tested with the coil in the PA but not in

70% of MVC

Rest 30% of 70% of
MVC MVC

D *

N WA o

SSEP size (pV)

o =

Rest 30% of 70% of
MVC MVC

MEPs were also tested with the TMS coil in the PA and AP (not shown) orientation by stimulating the right ipsilateral
M1 at rest (green) or at 30% (blue) and 70% (orange) of MVC. For comparisons between M1 and S1 responses
during the same motor tasks, here we also added the SSEP data recorded from the iS1 in the same subjects. A
and C, MEP (A) traces show the average of 20 MEPs and SSEP (C) traces show the average of 300 SSEPs. B and D,
group data (n = 8) showing the magnitude of MEPs (B) and the P25/N33 SSEP component (D) across conditions
(rest = green bars, 30% of MVC = blue bars, 70% of MVC = orange bars). *P < 0.05, comparison between rest

and contraction.
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Figure 9. Correlations

A, graph showing correlation between changes in the paired-pulse
SSEP suppression of the P25/N33 (rest — 30% of MVC) and the
amplitude of the P25/N33 elicited by single electrical nerve
stimulation (rest — 30% of MVC) in the iS1. Note that individuals
with a more attenuated P25/N33 component also showed more
intracortical inhibition in the P25/N33. B and C, graphs showing a
correlation between the effect of conditioning stimulus over the
right ulnar nerve on the P25/N33 in the iS1 (rest — 30% of MVC) and
SAl (rest — 30% of MVC) tested with the coil in the PA (B) and AP (C)
orientations. Note that individuals with larger suppression of the
P25/N33 by interhemispheric inhibition also showed a larger
suppression on MEP tested in the PA orientation in the ipsilateral M1.
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the AP orientation. Studies in humans showed that
different descending volleys can be elicited by a single
TMS pulse depending on the current flow across the hand
representation of the M1. TMS-induced electric currents
flowing from PA across the central sulcus preferentially
evoke highly synchronized corticospinal activity whereas
currents flowing from anterior to posterior preferentially
evoke less synchronized and, in some cases, delayed
corticospinal activity (Day et al. 1989; Sakai et al. 1997;
Di Lazzaro et al. 2001). Therefore, it has been suggested
that it is possible to activate two separate sets of synaptic
inputs to corticospinal neurons (Di Lazzaro et al. 2012).
Because PA inputs have lower threshold (Nakamura et al.
1996; Di Lazzaro et al. 1998) and are largely influenced
by cortical mechanisms (Cirillo & Perez, 2015) compared
with AP inputs, it might be easier to engage them in the
ipsilateral M1 during voluntary activity. In non-human
primates, afferent information influences M1 activity via
dense intracortical projections between the S1 and M1
(Goldring et al. 1970), so it is also possible that intra-
cortical circuits contributing to the paired-pulse SSEP
suppression and PA MEPs interact and/or overlapped.
Regardless of the precise nature of the cortical circuits
contributing to these effects, our findings show that inter-
actions between interhemispheric inhibition and intra-
cortical circuits contributed to a more selective gating
of the cortically mediated P25/N33 component during
voluntary activity compared with rest.

It is interesting to note that during a voluntary
contraction interhemispheric inhibition decreases and
intracortical inhibition increases in the iS1. The
modulation of these sensory-mediated pathways in the
iS1 is opposite to what has been reported in the ipsilateral
M1 during similar motor tasks. Evidence showed that a
unilateral voluntary contraction of similar magnitude to
that in our study increases interhemispheric inhibition
and decreases intracortical inhibition in the ipsilateral M 1
(Perez & Cohen, 2008). Notably, we found that MEPs
increased in the ipsilateral M1 while SSEPs decreased in
the iS1 during the same motor tasks. This might reflect
the complex interplay between pathways during a motor
behaviour. Although our montage targeted the S1 (Tsuji
& Rothwell, 2002) it is possible that SSEPs were influenced
by signals from the M1. Evidence showed that regions
of the hand M1 identified by electrical brain stimulation
coincide with sites showing large N20 SSEP peaks (Fukuda
et al. 2008), suggesting that the M1 and S1 areas involve
overlapping neural networks. Thus, it is possible that the
pronounced sensory gating in the iS1 and the increased
corticospinal excitability in the ipsilateral M 1 contribute to
balance the activity of sensory and motor cortices during
the same task. Our results might therefore be particularly
relevant for individuals with motor disorders such as
stroke where there is abnormal gating in somatosensory
cortices (Staines et al. 2002; Borich et al. 2015) and an
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abnormal activation in the ipsilateral M1 during voluntary
activity (Kokotilo ef al. 2010).
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