The Journal of Neuroscience, August 15, 2018 - 38(33):7237-7247 - 7237

Systems/Circuits

Gating of Sensory Input at Subcortical and Cortical Levels
during Grasping in Humans

Yuming Lei, Recep A. Ozdemir, and Monica A. Perez
University of Miami, Department of Neurological Surgery, The Miami Project to Cure Paralysis, Miami, Florida 33136, and Bruce W. Carter Department of
Veterans Affairs Medical Center, Miami, Florida 33125

Afferent input from the periphery to the cortex contributes to the control of grasping. How sensory input is gated along the ascending
sensory pathway and its functional role during gross and fine grasping in humans remain largely unknown. To address this question, we
assessed somatosensory-evoked potential components reflecting activation at subcortical and cortical levels and psychophysical tests at
rest, during index finger abduction, precision, and power grip. We found that sensory gating at subcortical level and in the primary
somatosensory cortex (S1), as well as intracortical inhibition in the S1, increased during power grip compared with the other tasks. To
probe the functional relevance of gating in the S1, we examined somatosensory temporal discrimination threshold by measuring the
shortest time interval to perceive a pair of electrical stimuli. Somatosensory temporal discrimination threshold increased during power
grip, and higher threshold was associated with increased intracortical inhibition in the S1. These novel findings indicate that humans gate
sensory input at subcortical level and in the S1 largely during gross compared with fine grasping. Inhibitory processes in the S1 may

increase discrimination threshold to allow better performance during power grip.
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ignificance Statement

Most of our daily life actions involve grasping. Here, we demonstrate that gating of afferent input increases at subcortical level and
in the primary somatosensory cortex (S1) during gross compared with fine grasping in intact humans. The precise timing of
sensory information is critical for human perception and behavior. Notably, we found that the ability to perceive a pair of electrical
stimuli, as measured by the somatosensory temporal discrimination threshold, increased during power grip compared with the
other tasks. We propose that reduced afferent input to the S1 during gross grasping behaviors diminishes temporal discrimination
of sensory processes related, at least in part, to increased inhibitory processes within the S1.
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Introduction

Somatosensory information plays a critical role in the control of
grasping behaviors (for review, see Kaas, 1993; Johansson and
Flanagan, 2009). For example, lesion studies in monkeys showed
significant deficits in the control of finger movements during
precision grip after temporary inactivation of area 3b, a region
that is involved in processing of cutaneous and proprioceptive
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input (Hikosaka et al., 1985; Brochier et al., 1999). In agreement,
patients with partial (Blennerhassett et al., 2007; Enders and Seo,
2017) and complete (Rothwell et al., 1982) somatosensory loss
showed an impaired ability for surface discrimination and grip
force control during grasping. Gating of sensory input occurs at
cortical and subcortical levels in the ascending sensory pathway
in a task-dependent manner (Ghez and Pisa, 1972; Coulter et al.,
1974; Tsumoto et al., 1975; Chapman et al., 1988; Hantman and
Jessell, 2010; Seki and Fetz, 2012). Despite all this evidence, the
mechanisms contributing to somatosensory gating during fine
and gross grasping in humans remain unknown.
Somatosensory-evoked potentials (SSEPs) are commonly
used to assess transmission at different levels of the ascending
sensory pathway. SSEP components, such as the P14, likely reflect
the arrival of medial lemniscal signals to the thalamus (Desmedt
and Cheron, 1981; Lee and Seyal, 1998), whereas the N20 and P25
likely reflect activation of cortical area 3b (Allison et al., 1991;
Forss et al., 1994; Huttunen et al., 2006) and area 1 (Jones et al.,
1978; Allison et al., 1991; Ishikawa et al., 2007), respectively.
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SSEPs are attenuated during voluntary ac-
tivity compared with rest, reflecting gat-
ing of afferent input to filter irrelevant
signals during a motor behavior, and the
magnitude of sensory gating depends on
the nature of the motor task (Starr and
Cohen, 1985; Borich et al., 2015; Sug-
awara et al., 2016; Lei and Perez, 2017).
Here, we used SSEPs to assess contribu-
tions from cortical and subcortical re-
gions to sensory gating during fine and B
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gross grasping in humans.

Neuroimaging studies showed differ-
ential activation in the primary somato-
sensory cortex (S1) during both fine and
gross grasping (Ehrsson et al., 2000) and
during grasping tasks involving activation
of different number of digits (Begliomini
etal.,, 2007; Fabbri et al., 2016). The long-
latency component of the cutaneous re-
flex, which likely reflects activity in the S1
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(Jenner and Stephens, 1982), is reduced
during power grip compared with more
isolated finger voluntary contractions

(Datta etal., 1989). Moreover, corticospi-
nal excitability is reduced during power
grip compared with more fine hand mo-
tor tasks, and subcortical pathways con-
tribute, at least in part, to this effect
(Tazoe and Perez, 2017). We hypothe-
sized a more pronounced gating of sen-
sory input at the S1 and at subcortical
levels during power grip compared
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I
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with precision grip. Electrophysiological
(Conte et al., 2012) and neuroimaging
(Pastor et al., 2004) studies showed that
the S1 contributes to somatosensory tem-
poral discrimination threshold (STDT).
Behavioral studies showed that STDT
changes in a task-dependent manner, and
its modulation occurs via sensory gating
processes in the S1 (Conte et al., 2016).
Therefore, to examine the functional role
of somatosensory gating, we tested the STDT, measured by the
shortest time interval to perceive a pair of electrical stimuli, dur-
ing power and precision grip.

Figure1.

N20/P25, and P25/N33).

Materials and Methods

Subjects. Twenty-two right-handed healthy volunteers (31.2 * 10.1 years
old, 7 females) participated in the study. The study was performed in
accordance with the Declaration of Helsinki. All subjects gave informed
consent to the experimental procedures, which were approved by the
local ethics committee at the University of Miami. A total of 18 subjects
participated in all main experiments and 4 additional subjects were
added to the control experiments since some of the original subjects
could not return for more testing.

EMG recordings. EMG was recorded from the first dorsal interosseous
(FDI) muscle through surface electrodes (Ag-AgCl; 10 mm diameter)
secured to the skin over the belly of the muscle. EMG signals were am-
plified and filtered (bandwidth 30—2000 Hz) with a bioamplifier (Neu-
rolog System, Digitimer) and then converted to digital data with a
sampling rate of 5 kHz with an A/D converter (CED Micro 1401, Cam-
bridge Electronic Design) and stored on a computer for off-line analysis.

Experimental setup. 4, Schematic of the hand posture used during testing in the index finger abduction, precision grip
(grasping a small cylinder between the index finger and thumb), and power grip (grasping a small cylinder with a palmar
opposition grasp with all finger flexed) task. B, Subjects were instructed to remain at rest or performed 5% or 30% of MVC with the
FDI muscle during index finger abduction, precision, and power grip. Colored bars represent the targets to which subjects needed
to move a cursor. Distance between the bars represents the percentage of MVCin the FDI muscle required to accomplish each task.
€, Electrode positions for EEG recordings. D, SSEP recorded over S1 following ulnar nerve simulation for a representative subject.
Waveform shows the average of 300 trials. Arrows indicate the peak-to-peak amplitude of all SSEP components (P14/N20,

Experimental paradigm. Subjects were seated in a custom chair with
both arms flexed at the elbow by 90°. Testing was completed when sub-
jects performed index finger abduction, precision, and power grip (Fig.
1A) in a randomized order. During index finger abduction, subjects were
instructed to press with their index finger against a custom lever in the
abduction direction with the forearm pronated and the wrist restrained
by straps. During precision grip, subjects were instructed to grasp a small
cylinder (diameter, 6 mm; length, 31 mm; weight, 1.36 g) (Bunday et al.,
2014) between the thumb and index finger while the forearm was main-
tained in the neutral position and the wrist was restrained by straps.
During power grip, subjects were instructed to grasp the same small
cylinder within the hand while all fingers were flexed at the metacarpo-
phalangeal and proximal interphalangeal joints, with the forearm main-
tained in the neutral position and the wrist restrained by straps (Tazoe
and Perez, 2017). The cylinder was maintained in vertical position during
precision and power grip. During testing, subjects were instructed to
maintain 5% and 30% of maximal voluntary contraction (MVC; Fig. 1B)
in the FDI muscle during index finger abduction, precision, and power
grip. At the beginning of the experiment, subjects performed two or three
brief MVCs for 3-5 s into index finger abduction, separated by 60 s of
rest. EMG activity from the FDI muscle was displayed continuously on an
oscilloscope, and verbal feedback was provided to the subjects to ensure
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2011). Therefore, the data were analyzed for all
SSEP components (n = 10) and for the N20/
P25 and P25/N33 separately (n = 18). When
the P14 was present, its amplitude was mea-
sured from the P14 to the N20 peak (P14/N20),
the N20 was measured from the N20 to the P25
peak (N20/P25), and the P25 was measured
from the P25 to the N33 peak (P25/N33).
When the P14 was not present, the N20 was
measured from the baseline to the P25 peak
(N20/P25) and the P25 was measured from the
P25 to the N33 peak (P25/N33). Baseline was
defined as the mean amplitude 100 ms before
the stimulus artifact and onset latency as values
2 SD above the mean baseline. At rest, the P14/
N20 (1.1 £ 0.5 wV) was smaller compared with
the N20/P25 (2.9 £ 1.5 uV, p < 0.001) and
P25/N33 (2.5 = 1.1 uV, p <0.001; 7 = 10). No
difference was found between the amplitude of
the N20/P25 (3.1 £ 1.4 pV) and P25/N33
(29 = 1.1 uV, p = 0.4, n = 18). To assess
possible spillover effects from a previous com-
ponent, the N20/P25 and P25/N33 were also
measured from baseline to the P25 and N33
peak, respectively (Cohen and Starr, 1987).
Similarly, no differences were found between
the amplitude of the N20/P25 (1.6 = 1.2 uV)
and P25/N33 (1.3 = 1.7 uV, p = 0.3) measured
from baseline to the P25 and N33 peak (n =
10). Signals were amplified (gain 50 K, band-
width 3 Hz to 2 kHz), and the stimuli were
delivered at an intensity of ~10% of the maxi-
mal motor response (M-max) across tasks dur-
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Figure 2.

Error bars indicate SE. *p << 0.05, comparison between 5% and 30% of MVC.

that physiological measurements were acquired at similar levels of back-
ground EMG activity during 5% of MVC (index finger abduction =
6.3 = 1.9%, precision grip = 5.9 * 1.3%, power grip = 5.6 = 1.6%;
F13, 206 = 1.7, p = 0.2) and 30% of MVC (index finger abduction =
27.5 * 3.6%, precision grip = 27.0 * 6.3%, power grip = 27.2 * 4.9%;
F5 35 = 0.1, p = 0.9; Fig. 2A, C). A total of 6.5 * 2.3% trials in which
mean rectified EMG activity was =2 SD of the mean EMG, measured 100
ms before the stimulus artifact, were excluded from the analysis (Bunday
et al., 2014). We examined motor output steadiness by measuring the
coefficient of variation (CV) of the rectified EMG (SD/mean EMG) sig-
nals from the FDI muscles during all tasks (Perez and Rothwell, 2015).
Physiological measurements included SSEPs (P14/N20, N20/P25, and
P25/N33 SSEP components) and paired-pulse SSEP suppression within
the S1. STDT was measured to analyze temporal process of sensory in-
puts in the S1 as described below.

SSEPs. We recorded SSEPs from the left S1 following electrical stimu-
lation of the right 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 posterior (parietal
component) to the vertex. These locations correspond to regions ante-
rior and posterior of the C3 area in the 10-20 system (Fig. 1C) (Lei and
Perez, 2017). The ground electrode was located on the forehead. The
peak-to-peak amplitude of SSEP components (P14/N20, N20/P25, and
P25/N33; Fig. 1D) was tested while the FDI was at rest or maintain 5%
and 30% of MVC during index finger abduction, precision, and power
grip (Fig. 2A, C). The P14 component could be reliably identified in 10 of
18 subjects in all tasks, consistent with previous results (Ragert et al.,

Index Finger Precision
Grip

EMG activity and M-wave. A, B, Rectified EMG activity (A) and M-wave (B) measured in the right FDI muscle in a
representative subject when the right hand performed 5% (teal) and 30% (pink) of MVC. Colored lines indicate the smoothed
rectified EMG when the right hand performed 5% (teal) and 30% (pink) of MVC. €, D, Group data (n = 18) showing mean rectified
EMG activity (expressed as percentage of MVC) (€) and mean M-wave (D) during index finger abduction, precision, and power grip.

Power
Grip

ing 5% of MVC (index finger abduction =
11.3 £ 2.0% of M-max, precision grip =
12.0 = 3.1% of M-max, power grip = 11.7 *
2.9% of M-max; F, 5, = 1.3,p = 0.3) and 30%
of MVC (index finger abduction = 11.4 *
2.1% of M-max, precision grip = 11.5 = 2.3%
of M-max, power grip = 11.7 * 2.5% of M-
max; F, 55, = 0.1, p = 0.9; Fig. 2 B, D). Because
we found that sensory gating increased during
power grip compared with the other tasks, we
performed two control experiments to assess the contribution of differ-
ent fingers to our effects. First, we examined the effect of the number of
digits used during a precision grip on SSEP measurements by testing
SSEPs during a precision grip using the index finger and thumb and a
precision grip with all five digits (n = 8). Second, we examined the
contribution of afferent input from different fingers during precision
grip by testing SSEPs during a precision grip using index finger and
thumb, middle finger and thumb, ring finger and thumb, and little finger
and thumb (n = 8).

Paired-pulse SSEP suppression. Paired-pulse SSEP suppression was
measured to make inferences about the contribution of intracortical in-
hibitory mechanisms on SSEP components (Hoffken et al., 2013).
Paired-pulse SSEP suppression was measured in the left SI using a
paired-pulse paradigm where repeated paired pulses were applied to the
right ulnar nerve at the wrist at an interstimulus interval (ISI) of 40 ms,
whereas the FDI maintained 30% of MV C during index finger abduction,
precision grip, and power grip (n = 12). The stimulation was given at an
intensity needed to elicit a response in the left FDI muscle of ~10% of the
M-max across conditions (index finger abduction = 11.2 = 2.9% of
M-max, precision grip = 11.9 * 2.4% of M-max, power grip = 12.2 *
2.8% of M-max; F(, 5,y = 1.3, p = 0.3). 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. Because the amplitude of Al decreased during power grip
compared with index finger abduction and precision grip, paired-pulse
SSEP suppression was also tested adjusting the size of Al by asking sub-
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Table 1. SSEP latency”
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Rest Index finger abduction Precision grip Power grip p”
SSEP latency in subjects showing all SSEP components (n = 10)
5% of MVC
P14 (ms) 16.8 £ 1.3 165 £ 1.1 16.8 = 1.2 166 = 1.4 0.9
N20 (ms) 20.6 = 1.0 205+ 038 209 =08 205+ 1.0 0.7
P25 (ms) 252 %30 247 £29 251%£19 257 %123 0.8
30% of MVC
P14 (ms) 16.6 = 1.3 16.7 = 1.6 16.8 = 0.8 17113 0.9
N20 (ms) 201 £1.0 20.0 £0.7 203 =09 207 £1.2 0.4
P25 (ms) 25026 247 £ 25 253+£29 249 +28 0.9
Latency of N20 and P25 in all subjects tested (n = 18)
5% of MVC
N20 (ms) 206 = 1.2 204 1.5 205*14 207 £1.2 0.8
P25 (ms) 248 £ 3.0 245+28 247 22 249 £ 2.7 0.9
30% of MVC
N20 (ms) 203*14 203 £ 1.5 20313 205+14 0.9
P25 (ms) 246 £ 26 244+ 27 246 £ 2.6 244 +28 0.8

“Mean SSEP latency for all components (n = 10) and for the N20 and P25 separately (n = 18).
®p values represent ANOVA tests performed across tasks at each force level.

jects to perform 5% of MVC during power grip. A total of 300 paired-
pulses were applied during each task.

STDT. We used a previously established paired-pulse paradigm to test
STDT (Conte et al., 2010, 2012) at rest and during 30% of MVC while
performing index finger abduction, precision, and power grip (n = 12).
The electrical perceptual threshold (EPT) was measured by using con-
stant current square wave electrical pulses (0.5 ms pulse width duration,
3 Hz stimulation frequency, DS7A, Digitimer) through surface elec-
trodes with the anode located 0.5 cm distally to the cathode. The elec-
trodes were applied on the distal phalanx of the right index finger. The
EPT was defined for each subject by delivering series of stimuli that were
manually increased in increments of 0.1 mA up to 10 mA. Subjects were
asked to report verbally when the first sensation was felt. The intensity
used for STDT was 1.5 X EPT. Each subject was given practice trials to
recognize the electrical pulses and familiarize with the task. STDT was
assessed by delivering pairs of stimuli starting with ISI of 0 ms and pro-
gressively increasing the ISI steps by 10 ms. Subjects were asked to report
verbally whether they perceived a single stimulus or two temporally sep-
arate stimuli. The first of three consecutive ISIs at which participants
recognized the stimuli as temporally separated was considered STDT. To
keep the subject’s attention level constant during the test and to mini-
mize the risk of perseverative responses, the STDT testing procedure
included “catch” trials consisting of a single stimulus delivered
randomly.

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 normal distribution could not be
assumed, data were log transformed. When sphericity could not be as-
sumed, the Greenhouse—Geisser correction statistic was used. Repeated
measures ANOVAs were performed to determine the effect of FORCE
(5% and 30% of MVC) and TASK (index finger abduction, precision and
power grip) on the CV EMG. The same analysis was used to determine
the effect of CONDITION (rest, index finger abduction, precision grip,
and power grip) and FORCE on the M-wave, and mean rectified EMG
activity and the effect of FORCE, CONDITION and COMPONENT
(P14/N20, N20/P25, and P25/N33) on the latency and amplitude of each
SSEP component when measured from baseline and from the preceding
peak. We also examined the effect FORCE and CONDITION on the
latency and amplitude of the N20/P25 and P25/N33 SSEP components.
In addition, repeated measures ANOVAs were used to determine the
effect of FORCE, TASK, and COMPONENT on the amplitude of each
SSEP component and the effect of TASK on paired-pulse SSEP suppres-
sion and STDT and the effect of DIGITS (thumb and middle finger,
thumb and ring finger, and thumb and little finger) and NUMBER OF
DIGITS (precision grip with two and five digits) on the amplitude of each
SSEP component as needed. Tukey post hoc analysis 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 mean * SD.

Results

EMG and M-wave

Figure 2A, B illustrate examples of rectified EMG activity and
M-wave measured in the right FDI across force levels in a repre-
sentative subject. EMG activity increased during increasing levels
of voluntary contraction, whereas the M-wave remained similar.

Repeated-measures ANOVA showed an effect of FORCE
(Fi17) = 1046.2, p < 0.001), CONDITION (Fs 5, = 306.7, p <
0.001), and in their interaction (F 5,, = 162.0, p < 0.001) on
mean rectified EMG activity in the FDI. Post hoc analysis showed
that EMG activity increased at 30% and 5% of MVC compared
with rest during all tasks (index finger abduction: 5% of MVC =
6.4 = 1.7%, p < 0.001, 30% of MVC = 26.8 = 3.5; p < 0.001;
precision grip: 5% of MVC = 5.9 = 1.3%, p < 0.001, 30% of
MVC = 27.1 = 5.7; p < 0.001; power grip: 5% of MVC = 5.7 =
1.7%, p < 0.001; 30% of MVC = 25.8 = 3.3; p < 0.001). Mean
rectified EMG activity was larger at 30% compared with 5% of
MVC during index finger abduction (p < 0.001), precision (p <
0.001), and power grip (p < 0.001; Fig. 2C). We found no effect
of FORCE (F,,,,, = 0.07, p = 0.8), CONDITION (F, 4., =
0.4,p = 0.7),and in their interaction (F(, 4,4,y = 1.0, p = 0.4; Fig.
2D) on the M-wave amplitude used during testing.

We also found an effect of TASK (F, 3,y = 3.8, p = 0.03), but
not FORCE (F,,,y = 3.0, p = 0.1), or in their interaction
(F234 = 0.1,p = 0.9) on the CV of the EMG. The CV decreased
during power grip (0.92 *= 0.06) compared with index finger
abduction (0.96 * 0.07, p = 0.01) and precision grip (0.95 =
0.09, p = 0.03) at 30% of MVC. The CV increased during power
grip (p = 0.04), but not index finger abduction (p = 0.2) or
precision grip (p = 0.2), at 30% of MVC compared with 5% of
MVC.

SSEP latency

Repeated-measures ANOVA showed an effect of COMPONENT
(Fous) = 117.1, p < 0.001), but not FORCE (F(,4) = 1.2, p =
0.3), CONDITION (F; 55y = 2.3, p = 0.1), or in their interaction
(F6,54) = 1.4, p = 0.2) on SSEP latency. The latency of the P14
(p=10.9),N20 (p = 0.4), and P25 (p = 0.9) was similar across
conditions (Table 1). Repeated-measures ANOVA also revealed
an effect of COMPONENT (F, ;,y = 42.5, p < 0.001), but not
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FORCE (F,, ,,, = 2.3,p = 0.1), CONDITION (F 5, = 1.7, p =
0.2), or in their interaction (F3 5,y = 0.4, p = 0.8) on the latency
of N20 and P25. No differences were found across conditions for
the N20 (p = 0.9) and P25 (p = 0.8; Table 1).

SSEP amplitude

Repeated-measures ANOVA showed an effect of COMPONENT
(Fong) = 4.1, p = 0.03), FORCE (F 4, = 21.2, p < 0.001),
CONDITION (F; 7y = 32.9, p < 0.001), but not in their inter-
action (F4 54y = 1.8, p = 0.1) on SSEP amplitude. The P14/N20
amplitude was reduced at 5% and 30% of MVC compared with
rest during index finger abduction (5% of MVC = 85.9 = 15.9%,
p = 0.02;30% of MVC = 62.7 + 21.0; p < 0.001), precision grip
(5% of MVC = 84.9 = 14.9%, p = 0.02; 30% of MVC = 62.3 *
25.7; p = 0.001), and power grip (5% of MVC = 68.6 * 24.7%,
p =0.003;30% of MVC = 40.3 = 20.7; p < 0.001). The P14/N20
amplitude was reduced largely during 30% compared with 5% of
MVC during all tasks (index finger abduction, p = 0.006; preci-
sion grip, p = 0.02; power grip, p = 0.02; Fig. 3A). We also found
that the N20/P25 and P25/N33 amplitudes were reduced at 5%
and 30% of MVC compared with rest during index finger abduc-
tion (N20/P25: 5% of MVC = 90.8 = 9.1%, p = 0.01; 30% of
MVC = 75.7 £ 15.3; p < 0.001; P25/N33: 5% of MVC = 89.7 =
10.5%, p = 0.01; 30% of MVC = 78.0 = 16.2; p = 0.002), preci-
sion (N20/P25: 5% of MVC = 85.5 = 13.9%, p = 0.009; 30% of
MVC = 69.8 * 16.7; p < 0.001; P25/N33: 5% of MVC = 83.3 =
17.2%, p = 0.01; 30% of MVC = 76.1 = 18.4; p = 0.002), and
power (N20/P25: 5% of MVC = 84.4 * 15.1%, p = 0.01; 30% of
MVC = 57.2 = 13.7; p < 0.001; Fig. 3B; P25/N33: 5% of MVC =
81.1 = 25.4%, p = 0.04; 30% of MVC = 76.7 = 16.6; p = 0.002;
Fig. 3C) grip. However, the N20/P25, but not P25/N33, ampli-
tude was more suppressed at 30% compared with 5% of MVC
across tasks when the components were analyzed from the previ-
ous peak (index finger abduction, N20/P25: p = 0.03; P25/N33:
p = 0.08; precision grip, N20/P25: p = 0.002; P25/N33: p = 0.4;
power grip, N20/P25: p < 0.001; P25/N33: p = 0.8) and from the
baseline (index finger abduction, N20/P25: p = 0.02; P25/N33:
p = 0.2; precision grip, N20/P25: p = 0.01; P25/N33: p = 0.1;
power grip, N20/P25: p = 0.005; P25/N33: p = 0.5). Similar
results were found in subjects who showed the N20/P25 and
P25/N33 without the P14 [FORCE (F, ,, = 5.1, p = 0.03),
CONDITION (Fg; 5, = 21.3, p < 0.001), not COMPONENT
(F1,17) = 0.3, p = 0.6), but in their interaction (F; 5,) = 3.9, p =
0.01) on the N20/P25 and P25/N33 amplitude] and when the
amplitude of the N20/P25 and P25/N33 was analyzed from the
baseline [FORCE (F,,,, = 7.2, p = 0.01), CONDITION
(Fi3.51) = 16.7,p < 0.001), not COMPONENT (F,, ,,, = 0.8, p =
0.5), but in their interaction (F;5,) = 4.5, p = 0.008) on the
N20/P25 and P25/N33 amplitude].

Figure 4A illustrates examples of SSEP traces recorded in a
representative subject at rest (black) and during index finger ab-
duction (blue), precision (gray), and power (orange) grip at 5%
of MVC. The amplitude of the P14/N20, but not N20/P25 and
P25/N33, decreased during power grip compared with index fin-
ger abduction and precision grip. Repeated-measures ANOVA
showed an effect of TASK (F, 5y = 3.7, p = 0.04), but not
COMPONENT (F, 5y = 0.9, p = 0.4) or in their interaction
(Fa36) = 1.3, p = 0.3) on SSEP amplitude at 5% of MVC. The
P14/N20 was more suppressed during power grip compared with
index finger abduction and precision grip (power grip = 68.6 =
24.7%; index finger abduction = 85.9 * 15.9%, p = 0.02; preci-
sion grip = 84.9 = 14.9%, p = 0.01; Fig. 4C), whereas no differ-
ences were observed in the P14/N20 between index finger
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Figure3. SSEPamplitude. Group data show the amplitude of P14/N20 (4), N20/P25 (B), and
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indicates the amplitude of the SSEP components at rest. Error bars indicate SE. *p << 0.05,
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contraction.

abduction and precision grip (p = 0.7). No differences were also
found in the N20/P25 (p = 0.5) and P25/N33 (p = 0.6) ampli-
tude across tasks. Similar results were found in subjects who
showed the N20/P25 and P25/N33 without the P14/N20 [TASK
(Fongy = 1.9, p = 02)].

At 30% of MVC, the amplitude of the P14/N20 and N20/P25,
but not P25/N33, was reduced during power grip compared with
index finger abduction and precision grip (Fig. 4B). Repeated-
measures ANOVA showed an effect of TASK (F(, 5y = 4.0, p =
0.03), COMPONENT (F, ) = 6.4, p = 0.008), and in their
interaction (F, 35 = 2.9, p = 0.03) on SSEP amplitude at 30% of
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precision (gray), and power grip (orange) at 5% (4) and 30% (B) of MVC. Each waveform represents the average of 300 SSEPs. Group data show the amplitude of all SSEP components (expressed as
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motor tasks.

MVC. The amplitude of the P14/N20 (power grip = 40.3 =
20.7%; index finger abduction = 62.7 = 21.0%, p = 0.004; pre-
cision grip = 62.3 * 25.7%, p = 0.02) and the N20/P25 (power
grip = 57.2 = 13.7%; index finger abduction = 75.7 * 15.3%,
p < 0.001; precision grip = 69.8 £ 16.7%, p = 0.03), but not
P25/N33 (power grip = 76.7 * 16.6%; index finger abduction =
78.0 = 16.2%, p = 0.8; precision grip = 76.1 = 18.4%, p = 0.9)
were more attenuated during power grip compared with index
finger abduction and precision grip amplitude (Fig. 4D). No dif-
ferences were found in the amplitude of the P14/N20 (p = 0.9),
N20/P25 (p = 0.4), and P25/N33 (p = 0.7) between index finger
abduction and precision grip. The same results were found in
subjects who showed the N20/P25 and P25/N33 without the P14/
N20 [TASK (F(, s = 3.8, p = 0.03), COMPONENT (F,, ,,, =
4.6, p = 0.04), and in their interaction (F, 34, = 3.6, p = 0.03) on
the N20/P25 and P25/N33 amplitude at 30% of MVC]. In addi-
tional experiments, we found no effect of DIGITS (index finger
and thumb, middle finger and thumb, ring finger and thumb, or
little finger and thumb, F;,,, = 0.5, p = 0.7; Fig. 5A,C) and
NUMBER OF DIGITS (precision grip with two or five digits,
F,; = 0.4, p = 0.6; Fig. 5B, D) on SSEP amplitude.

Paired-pulse SSEP suppression
Figure 6A illustrates raw data showing paired-pulse SSEP sup-
pression of the N20/P25 during index finger abduction (blue),
precision grip (gray), and power grip (orange) at 30% of MVC in
a representative subject. Paired-pulse suppression of the N20/
P25 was more pronounced during power grip compared with
index finger abduction and precision grip.

Repeated-measures ANOVA showed an effect of TASK
(F(2,22) = 5.1, p = 0.01) on paired-pulse SSEPs within the S1. We

found that the A2/A1 ratio decreased during power grip com-
pared with index finger abduction and precision grip for the
N20/P25 (power grip = 65.4 * 16.6%; index finger abduction =
77.8 £ 18.9%, p = 0.02; precision grip = 76.3 £ 18.5%, p =
0.002; Fig. 6B). No differences were found in the A2/Al ratio
(p = 0.7) between index finger abduction and precision grip.
Paired-pulse SSEP suppression of the other SSEP components
remained similar during index finger abduction, precision, and
power grip (P14/N25: p = 0.5; P25/N33: p = 0.6). The majority of
subjects showed higher paired-pulse SSEP suppression for the
N20/P25 during power grip compared with index finger abduc-
tion (9 of 12 subjects) and precision grip (10 of 12 subjects; Fig.
6C). Because Al size decreased during power grip compared with
index finger abduction and precision grip, we also tested paired-
pulse SSEP suppression by adjusting the size of Al (see Materials
and Methods). Similar to our previous results, we found that the
A2/A1 ratio decreased during power grip compared with index
finger abduction (p = 0.02) and precision grip (p = 0.02) for the
N20/P25.

STDT and correlation analysis

Repeated-measures ANOVA showed an effect of TASK on STDT
(F220) = 19.8, p < 0.001; Fig. 7A). STDT was higher during
power grip (142 * 50 ms) compared with index finger abduction
(100 = 34 ms, p < 0.001) and precision grip (105 * 39 ms, p <
0.001), whereas no differences were found between index finger
abduction and precision grip (p = 0.3). The majority of subjects
showed higher STDT during power grip compared with index
finger abduction (11 of 12 subjects) and precision grip (10 of 12
subjects; Fig. 7B). A correlation was found between STDP and
paired-pulse SSEP suppression during power grip (r = 0.69, p =
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intracortical inhibition in the S1. Thus, we
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0.01; Fig. 7C). Here individuals with higher STDT were those
with more pronounced intracortical inhibition of the N20/P25 in
the S1.

Discussion

We provide evidence that humans gate sensory input at subcor-
tical level and in the S1 more pronouncedly during gross com-
pared with fine grasping. We found that the amplitude of the
P14/N20 and N20/P25, SSEP components reflecting contribu-
tions from subcortical pathways and the SI, respectively, de-
creases during power grip compared with the other tasks and rest.
Intracortical inhibition in the S1 reduced the amplitude of the
N20/P25 SSEP component during power grip consistent with a
cortical origin for this effect. We also found that STDT, reflecting
the ability to perceive a pair of electrical stimuli, increased during
power grip and higher threshold was associated with increased

Middle Finger and Thumb

Little Finger and Thumb

= Index Finger and Thumb

P14/N20 N20/P25 P25/N33

SSEPs during control experiments. SSEPs were tested during a precision grip using index finger and thumb, middle
finger and thumb, ring finger and thumb, and little finger and thumb (A) and during a precision grip using the index finger and
thumb and a precision grip with all five digits (B) at 30% of MVC. Group data (n = 8) show the amplitude of all SSEP components
(P14/N20, N20/P25, and P25/N33 in microvolts) during a precision grip using index finger and thumb (blue bars), middle finger
and thumb (gray bars), ring finger and thumb (black bars), and little finger and thumb (green bars; €) and during a precision grip
using the index finger and thumb (black bars) and a precision grip with all five digits (gray bars; D). Error bars indicate SE.

hypothesize that power grip increases in-
hibitory processes in the S1 diminishing
the ability to discriminate sensory signals
during the task.

Mechanisms of sensory gating

during grasping

Somatosensory information is filtered
(“gated”) at different levels of the ascend-
ing sensory pathway during voluntary
movement (Ghez and Pisa, 1972; Coulter
et al., 1974; Tsumoto et al., 1975; Chap-
man et al., 1988; Hantman and Jessell,
2010; Seki and Fetz,2012) and plays a crit-
ical role in the control of grasping (Kaas,
1993; Johansson and Flanagan, 2009).
Here, we examined, for the first time, the
contribution of cortical and subcortical
sites to sensory gating during gross and
fine grasping in intact humans. We found
that gating of the P14/N20 and N20/
P25 SSEP components increased during
power grip compared with the other tasks.
This agrees with previous findings show-
ing that the magnitude of sensory gating
changes according to the nature and char-
acteristics of the motor task (Starr and
Cohen, 1985; Borich et al., 2015; Sug-
awara et al., 2016; Lei and Perez, 2017).
The P14/N20 likely reflects the arrival of
medial lemniscal signals to the thalamus
(Desmedt and Cheron, 1981; Lee and
Seyal, 1998), whereas the N20/P25 likely
reflects activation of cortical area 3b (Alli-
son et al., 1991; Forss et al., 1994; Hut-
tunen etal., 2006). The N20/P25 might be
generated by EPSPs in the apical dendrites
of somatosensory pyramidal neurons,
which are caused by excitatory input from
the thalamus (Hashimoto et al., 1996).
Power grip could presumably reduce in-
puts to the thalamus and the S1. Animals
(Riddle et al., 2009) and human (Baker
and Perez, 2017; Dean and Baker, 2017;
Tazoe and Perez, 2017) studies showed
that subcortical networks, such as the re-
ticulospinal pathway, contribute to the
control of gross grasping behaviors. The ascending reticular sys-
tem located in the midbrain projects to thalamic neurons (Paré et
al., 1988; Steriade et al., 1988) and transmission at the dorsal
column nuclei as evidenced by gross lemniscal response is atten-
uated by reticular stimulation (Dawson, 1958). Therefore, flow of
sensory input to the thalamus and thalamocortical networks to
the S1 could be diminished during power grip. The reticular nu-
clei can process sensory input from the periphery without the
need to pass through the cortex (Leiras et al., 2010). Thus, an-
other possibility is that sensory gating at the cortex is greater for
power grip, as integration of sensory feedback, is managed at a
subcortical level. We also found that paired-pulse SSEP suppres-
sion in the S1 reduced the amplitude of the N20/P25, but not
other SSEP components, during power grip compared with the
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other tasks. GABAergic-mediated cortical mechanisms play a  tributed to the pronounced sensory gating during power grip.
role in modulating responses in the S1 during paired-pulse SSEP  This is supported by the reduced STDT during power grip com-
suppression (Hoftken et al., 2010; Stude et al., 2016). Then, an-  pared with the other tasks. Electrophysiological (Conte et al.,
other possibility is that intracortical circuits within the S1 con-  2012) and neuroimaging (Pastor et al., 2004) studies showed that
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the S1 contributes to STDT, likely involving inhibitory interneu-
rons within the S1 (Rocchi et al., 2016). This is also supported by
the positive correlation that we found where participants with
higher STDT showed stronger intracortical inhibition in the S1.

The S1 is one of the first cortical receiving stations for propri-
oceptive afferents (Corkin et al., 1970; Lemon and van der Burg,
1979). Thus, cortical processing of sensory input at the S1 might
have a limited contribution to the control of power grip as re-
flected by the pronounced gating of the N20/P25, whereas gating
of the N20/P25 was less pronounced during precision grip and
more individuated finger voluntary contractions compared with
power grip. This is consistent with evidence showing that so-
matosensory input is important to accomplish more skilled com-
pared with less skilled behaviors (Gentilucci et al., 1994). It is also
possible that the number of fingers active during the task contrib-
uted to our results. Evidence showed that the S1 is more active
during three- and five-digit than two-digit grasps, possibly be-
cause of the recruitment of the somatotopic zones associated with
these additional digits (Cavina-Pratesi et al., 2018). Our control
experiments showed that gating of the N20/P25 was similar dur-
ing a precision grip using two and five fingers, suggesting that it is
less likely that this factor contributed to our results. This is con-
sistent with evidence showing that the S1 can reflect differential
activation during a precision grip and more gross coarse grasping
regarding of the number of fingers active (Fabbri et al., 2016).
Different fingers transmit different sensory information to the S1
(Overduin and Servos, 2004; van Westen et al., 2004; Choi et al.,
2015). Because we found no differences in the magnitude of sen-
sory gating during a precision grip completed between the thumb
and index finger as well as the thumb and any of the other fingers,
it is less likely that this factor affected our results. This is also
consistent with evidence showing that the N20/P25 is suppressed
during finger movements compared with rest independent of
which finger was active (Turner et al., 2002).

We also found that the amplitude of the P25/N33 decreased
during all tasks compared with rest, but not in a task-dependent
manner as for the other SSEP components. This is consistent with
evidence showing that the P25/N33 is less affected by task context
(Palmer et al., 2016; Lei and Perez, 2017). The N20/P25 can re-
flect activation of area 3b (Allison et al., 1991; Forss et al., 1994;
Huttunen et al., 2006) and the P25/N33 of area 1 (Jones et al.,,
1978; Allison et al., 1991; Ishikawa et al., 2007). Although so-
matosensory cortical areas 3b and 1 represent the initial stages for
tactile information processing, these areas also exhibit distinct
structural and functional organizational features (Iwamura,
1998). Area 3b has small receptive fields confined to single-digit
tips, whereas the fields of area 1 neurons are typically larger and
span more than one digit (Ashaber et al., 2014). A possibility
would be that the P25/N33 is not largely gated during power grip
and other tasks because sensory information from all fingers is
needed to be sent to another part of the brain for use or further
processing. This agrees with results showing that larger receptive
fields of area 1 could be responsible for greater digit integration
and complexity on sensory processing (Iwamura et al., 1983,
1993; Sinclair and Burton, 1991; Sripati et al., 2006; Bensmaia et
al., 2008; Pei et al., 2010). It is also important to consider that the
amplitude of the N20/P25 and P25/N33 could be affected by a
spillover effect from a previous component. However, we ob-
served similar results when the amplitude of the N20/P25 and
P25/N33 was measured from baseline to the P25 and N33 peak,
suggesting that it is less likely that this factor affected our results.
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Functional considerations

A main function of the hand in power grip is to provide a means
of resisting forces that may be applied to the object (Napier,
1956). Lesser afferent input might well reflect the increased re-
sisting forces required during power grip. This agrees with previ-
ous data (Sugawara etal., 2016) and with our results showing that
sensory gating increases with increased level of force generation
during power grip. However, during power grip, sensory gating is
larger than during the other tasks, even at higher levels of force
generation, suggesting that the increased sensory gating might
also serve other purposes. A possibility is that lesser afferent input
during gross grasping contributes to decreased neural noise in the
system to better respond to external loads applied to the hand
(Kirimoto et al., 2014) and unexpected motor events (Bernier et
al., 2009). This agrees with results showing advantages in motor
performance when the proprioceptive input is low (Jones et al.,
2001; Balslev et al., 2004) or absent (Lajoie et al., 1992; Guedon et
al., 1998). Pronounced sensory gating during power grip and
increased inhibition in the S1 might also reflect the engagement
of different cortical neuronal networks according to the nature of
the grasping task (Tazoe and Perez, 2017). Evidence showed that
distinct sets of cortical circuits and cortical areas could be en-
gaged when humans perform a power grip compared with a pre-
cision grip (Groppa et al., 2012; Volz et al., 2015; Federico and
Perez, 2017).

On the other side, patients with motor disorders showed ab-
normal processing of sensory signals (Bradley et al., 2009; Scon-
trini et al., 2009; Conte et al., 2010, 2014; Kimmich et al., 2014).
For example, in patients with Parkinson’s disease, increases in
STDT have been associated with impaired finger dexterity (Lee et
al., 2010), suggesting that the ability to process temporal sensory
inputs contributes to motor tasks requiring fine fractionated fin-
ger movements. In agreement, we found that STDT values were
lower during precision grip compared with power grip. Our re-
sults suggest that sensory thresholds in patients need to be con-
sidered in a task-dependent manner. Although noninvasive
stimulation has been used to change discrimination thresholds in
the S1 (Conte etal., 2012, 2016; Rocchietal., 2016), we show here
that discrimination thresholds can be also manipulated by simply
modifying the grasping behavior.
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