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Inhibiting the responses to irrelevant stimuli is an essential component of human cognitive function.
Pre-attentive auditory sensory gating (SG), an attenuated neural activation to the second identical
stimulus, has been found to be related to the performance of higher-hierarchical brain function.
However, it remains unclear whether other cortical regions, such as somatosensory cortex,
also possess similar characteristics, or if such a relationship is modality-specific. This study used
magnetoencephalography to record neuromagnetic responses to paired-pulse electrical stimulation
to median nerve in 22 healthy participants. Somatosensory SG ratio and cortical brain oscillations
were obtained and compared with the behavioral performance of inhibition control, as evaluated by
somatosensory and auditory Go-Nogo tasks. The results showed that somatosensory P35m SG ratio
correlated with behavioral performance of inhibition control. Such relationship was also established in
relation to the auditory Go-Nogo task. Finally, a higher frequency value of evoked gamma oscillations
was found to relate to a better somatosensory SG ability. In conclusion, our data provided an empirical
link between automatic cortical inhibition and behavioral performance of attentive inhibition control.
This study invites further research on the relationships among gamma oscillations, neurophysiological
indices, and behavioral performance in clinical populations in terms of SG or cortical inhibition.

Inhibiting responses to irrelevant stimuli or inappropriate behaviors is an essential cognitive ability for humans in
everyday life. For example, to precisely execute certain tasks in a distractible environment, task-relevant informa-
tion is not only enhanced but task-irrelevant information is selectively inhibited at the same time. The Go-Nogo
paradigms have been extensively used to study response inhibition processes!. In addition to attentive response
inhibition, pre-attentive cortical inhibition is also of scientific and clinical importance, as it may be an indicator
of central inhibitory function in patients who do not bear sustained attention or lack of cooperation during the
examination.

Sensory gating (SG), or paired-pulse inhibition, referring to an attenuated neural response to the second iden-
tical stimulus, is considered as an automatic cortical inhibition function®?. In the auditory modality, paired-click
paradigms, in which two stimuli in close succession are presented, have been widely applied in the basic and
clinical research®". It serves as a protective mechanism against flooding of the higher-order cortical centers with
unnecessary information*®. Although SG occurs at the early stage of perceptual processing, this mechanism may
influence later cognitive processes. Previous studies have demonstrated a relationship between auditory SG and a
variety of cognitive functions, such as visual attention”'?, visual-related memory task'!, and visual-driven inhibi-
tion control'?, suggesting a modality-independent relationship. However, up to the present, there is no empirical
evidence to apply the same modality to elaborately assess the relationship between SG and behavioral response
inhibition. Therefore, it remains an open question whether or not such relationships are modality-dependent
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or -independent. Besides auditory modality, SG has been also observed in the somatosensory cortical system!*14,

Furthermore, it remains unknown whether pre-attentive SG in the somatosensory modality is also associated
with behavioral performance of inhibition control.

Magnetoencephalography (MEG), providing excellent temporal resolution and reasonable spatial resolution,
has been widely used to study sensory processes in the brain. Electrical stimulation to the median nerve acti-
vates the contralateral primary somatosensory cortex (SI), contralateral (SIIc) and ipsilateral (SIIi) secondary
somatosensory cortices!®>"18. Paired-pulse electrical stimulation has previously been used to study the functional
integrity of somatosensory cortical inhibition'#!*-?!. In addition to the time-domain waveforms, brain oscillations
represent another aspect of brain function. Oscillations in the gamma frequency band (30 to 100 Hz) are mod-
ulated during various aspects of cognitive functions, including inhibition control??~%*. Even in the resting state,
it has been suggested that the peak value of gamma frequency, instead of power strength, in the visual cortex is
closely related to the GABA concentration in the corresponding area®>?’. Evidence also indicates that the gen-
eration of gamma oscillations is attributed to the balance setting of pyramidal cells and GABAergic inhibitory
interneurons®®%. Through the link of GABA concentration between gamma oscillations and inhibition processes,
it is reasonable to postulate that gamma oscillations in the somatosensory cortices may be associated with the SG
ability and behavioral performance of response inhibition. However, there has been no study, to the best of our
knowledge, to test this hypothesis.

More specifically, the goals of the present study were 3-fold. First, we sought to examine the somatosensory
SG and its relation to the behavioral inhibition control. Second, we aimed to study whether the aforementioned
potential link is modality-dependent or -independent. Third, due to the important role of gamma oscillations in
the inhibition control, we further explored whether the peak value of gamma oscillations in the SI is associated
with the somatosensory SG and performance of inhibition control. To these aims, somatosensory SG and gamma
oscillations was recorded in the MEG laboratory, and auditory-driven and somatosensory-driven Go-Nogo tasks
were assessed in the behavioral research laboratory.

Results

Figure 1 demonstrates the spatial distribution of SEFs elicited by paired-pulse electrical stimulation of the left
median nerve in a representative subject. In the human SI region, the N20m is the first deflection, followed by the
P35m. The magnetic field patterns at the peak latencies of SI (P35m), SIlc, and SIli are also presented. The lower
panel shows the location of SEF sources superimposed on the magnetic resonance images (MRI) of the same
subject. The P35m was located in the postcentral wall of the central fissure, and the generators of SII activity were
located in the upper bank of the Sylvian fissure in the parietal operculum. In the time-domain analysis, the SG
ratios of N20m, P35m, SIlc, and SIIi were 0.91 & 0.05, 0.54 == 0.03, 0.55 4 0.03, and 0.35 & 0.04, respectively. The
time-frequency analysis revealed that the gating ratio of the gamma power in SI was 0.81 & 0.07.

Table 1 shows the behavioral data in terms of accuracy rate of Go and Nogo stimuli, as well as the reaction
time (RT) of correct Go trials. Subjects demonstrated a lower accuracy rate of Nogo stimuli compared to that of
Go stimuli, for both the somatosensory-driven (Wilcoxon Sign Ranks Z = —3.68, p < 0.01) and auditory-driven
(Wilcoxon Sign Ranks Z = —4.07, p < 0.01) tasks.

Table 2 shows the correlation coeflicients of the relationship between somatosensory SG ratios and behavioral
performance of Go-Nogo tasks. P35m S2/S1 ratios were significantly correlated with the accuracy rate of Nogo
stimuli for both the somatosensory-driven (R = —0.498, p=10.018), and auditory-driven (R= —0.528, p=0.012)
Go-Nogo tasks (Fig. 2). However, SG ratios of SIIc and SIIi were not significantly correlated with the performance
of inhibition control.

In the SI, robust evoked gamma oscillations were observed in all participants. Figure 3(A,B) exhibit the
time-frequency map and the spectral responses of SI region for the same representative subject in Fig. 1. The peak
frequency value of gamma oscillations showed considerable variability across all the participants, ranging from
40 to 89 Hz. Figure 3(C) reveals that the peak frequency value of the gamma oscillations was significantly and
inversely correlated with somatosensory SG, as indexed by P35m S2/S1 ratio (R= —0.568, p = 0.006). However,
P35m SG ratio was not associated with the power ratio (52/S1) of evoked gamma oscillations in the SI, as shown
in Fig. 3(D). We also did not observe significant relationship between peak frequency value of the gamma oscil-
lations and behavioral performance of somatosensory-driven inhibition response.

Discussion

This study examined the relationship between pre-attentive somatosensory SG ability by using MEG recordings
and response inhibition through the evaluation of behavioral Go-Nogo tasks. Our results demonstrated that the
somatosensory SG ability of the P35m component was correlated with the behavioral competence of inhibition
control. Also, the aforementioned relationships were observed in the somatosensory-driven and auditory-driven
Go-Nogo tasks, suggesting the association between SG and inhibition control was modality independent. In
addition, by using time-frequency analysis from single trials, we found that a higher frequency value of evoked
gamma oscillations in the SI was related to a better P35m SG ability.

SG has been considered as a protective mechanism to prevent higher-hierarchical centers from sensory over-
load®. It is, therefore, necessary to study whether pre-attentive SG ability correlates with the performance of
cognitive function, such as attention, memory, and inhibition control. Wan and colleagues (2008) have reported
a significant association of auditory P50 SG with performance on visual attention, as examined by the Attention
Network Test and Stroop task!®. Moreover, another study has demonstrated that a stronger auditory P50 gating
ability correlated with fewer commission errors on the visual-driven Delayed Memory Task!!, although some oth-
ers have shown contradicting results®*2. With regards to the inhibition control, the Go-Nogo paradigm requires
more inhibitory processes, and thus is more suitable to investigate the relationship between SG and inhibition
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Figure 1. MEG signals for the paired-pulse electrical stimulation on the left median nerve in one
representative subject. Upper panel: Spatial distribution of somatosensory evoked fields (SEFs) over 204
planar coils, viewed from the top of the head. Middle panel: The enlarged inserts from the encircled channels
illustrate the magnetic field patterns at the peak latencies of the primary somatosensory cortex (P35m of SI, A),
contralateral (SIIc, B) and ipasilateral (SIIi, C) secondary somatosensory cortex. Lower panel: The location of
SEFs to Stimulus 1 on the MRI scans of the subject. R, right, L, left, An, anterior, Po, posterior.

Somatosensory 95.4 (1.5) 85.2 (2.2)* 355.3 (144.7)
Auditory 95.9(1.1) 84.7 (2.3)* 371.4(209.8)

Table 1. Mean values (SEM) of behavioral Go-Nogo tasks. *p < 0.001 compared with Go accuracy,
SEM = standard error of the mean, RT = reaction time.
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0.062
0.041

Somatosensory Nogo accuracy (%) —0.498*%

—0.528*

0.207
0.227

0.007
—0.070

0.171
—0.178

Auditory Nogo accuracy (%)

Table 2. Correlation coefficients between behavioral performance of inhibition control and
somatosensory SG ratio. *p < 0.05. SG, sensory gating; SI, primary somatosensory cortex; SIIc, contralateral
secondary somatosensory cortex; SIIi, ipsilateral secondary somatosensory cortex.
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Figure 2. Correlation between cortical somatosensory P35m sensory gating (SG) ratio and accuracy rate
of responses to Nogo stimuli. Somatosensory P35m SG ability is significantly associated with behavioral
performance on inhibition control for both the somatosensory and auditory Go-Nogo tasks.
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Figure 3. (A) Time-frequency maps of the primary somatosensory cortex (SI) region in the representative
subject. A robust oscillatory activity peaks round 20 to 30 ms after the stimulus onset. (B) The power spectrum
is derived from (A). The peak frequency value of the maximal gamma power is around 73 Hz. (C) The scatter
plot, with best-fit linear regression, shows that the individual peak gamma frequency is correlated with P35m
gating ratio. (D) There is no significant association between P35m and gamma power S2/S1 gating ratios in the
SI region.
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execution. By applying this method, it has been shown that children with a stronger auditory P50 or N100 SG had
ashorter RT in the visual Go-Nogo task'2. Our current study, extending previous auditory event-related potential
research, indicates that cortical somatosensory SG in SI is closely correlated with inhibition control as evaluated
by the somatosensory Go-Nogo task, suggesting a better somatosensory SG relates to less commission errors.
Such a relationship was, however, not found in the N20m of SI, SIlc and SIIi, despite an obvious gating ability in
the SIT areas. In the Go-Nogo experiment, the participants were required to respond to the electrical stimuli on
the second digit as quickly and accurately as possible, and this rapid behavioral reaction or inhibition (if electrical
stimuli were delivered to the fifth digit), might be primarily modulated by earlier cognitive operation occurring
in the SI, rather than SII. A relatively larger variability of SII responses might also leads to a lower signal-to-noise
ratio compared with the SI signals. With regards to the N20m, previous studies by using paired-stimulus para-
digms have shown an almost complete recovery of N20m amplitude when an ISI of <100 ms was applied®*34,
With the ISI of 500 ms in the current study, it was not surprised to find that N20m S2/S1 gating ratio nearly
reached 1. Such the homogeneous values of SG ratio among the subjects fail to establish a significant relationship
with behavioral performance.

With an established relationship between somatosensory P35m SG ability and behavioral performance on
inhibition control, we further examined whether such an association corresponds to a modality-dependent or
modality-independent manner. Previous studies have so far shown that the auditory SG ability was correlated
with performance on visual-driven memory, attention, and response inhibition paradigms!°2. Our results
extended the previous findings and, most importantly, provided empirical evidence to show that the somatosen-
sory P35m SG ability was significantly correlated with both the somatosensory-driven and auditory-driven
Go-Nogo tasks, suggesting a modality-independent relationship.

Brain rhythmic activity in the gamma range has been related to inhibition function. The link between higher
gamma-frequency value and better inhibition response is potentially due to the intermedium of GABA™®. It
has been shown that the GABA levels decrease with the increment of age36. Furthermore, a positive association
between peak value of gamma oscillations and GABA concentration was observed in the motor cortex®. Most
importantly, there has been evidence showing that the intravenous injection of lorazepam, a GABA ,-receptor
agonist, modulated the somatosensory P35m SG ratio. Therefore, the aforementioned data suggest a possible
link between gamma-frequency value and SG ability, and our current results confirmed this notion. In this study,
however, the value of the peak gamma oscillations in SI was only related to the somatosensory SG ability, but not
to behavioral performance of somatosensory-driven inhibition execution. The current design of Go-Nogo par-
adigms might not be sensitive enough to directly reflect the neural activity. For example, Edden and colleagues
(2009) showed a correlation of the peak frequency value of gamma oscillations only with oblique orientation
threshold, but not with vertical orientation threshold?.

It is noteworthy that correlational neuroimaging data do not necessarily reflect a direct causal relationship.
Although our research suggests that pre-attentive somatosensory SG might predict attentive inhibition control,
further investigations using pharmacological interventions or virtual lesions induced by transcranial magnetic
stimulation, for example, will provide important additional information on the causal mechanisms. With regards
to methodological considerations, one might argue that the inter-pair interval of 6s in the current experiment
was not long enough for neuronal activation to return to baseline. However, our previous research, wherein the
traditional inter-pair interval of 8 s was applied, revealed similar somatosensory P35m gating ratios, using either
equivalent current dipole (ECD) modeling (around 0.58)'* or the minimum norm estimate method (around
0.61)7.

Several limitations should be addressed. First, we only collected the behavioral results from Go-Nogo tasks
and compared them with the pre-attentive somatosensory SG ability. Nakata and colleagues established the soma-
tosensory Go-Nogo protocols recorded by EEG or MEG, and provided convincing results of neural correlates of
inhibition control, such as prefrontal cortex®*-%. In addition, inferior frontal gyrus, supplementary motor area,
anterior cingulate cortex, and inferior parietal cortex have been proposed to involve in the inhibition process-
ing by using functional MRI*"*2, It merits future research to obtain neuromagnetic responses to somatosensory
Go-Nogo and paired-pulse paradigms to have a more in-depth examination of the relationships between SG and
inhibition control. Second, in addition to gamma oscillations, the endogenous resting concentration of GABA,
though not presented in the current study, has been hypothesized as a key property to reflect the inhibition mech-
anisms?”*. There is convincing evidence showing the association between GABA concentration and inhibition
function in the visual cortex®, anterior cingulate cortex*$, and prefrontal cortex**. It is important to extend pre-
vious findings to have further investigation on human inhibition mechanisms, from scopes of neurotransmitters,
brain oscillations, to behaviors in the somatosensory system.

In summary, the current study demonstrated a correlation between the somatosensory SG ability and the
performance competence of inhibition control, suggesting an association of the automatic cortical inhibi-
tion function with the attentive inhibition response. Furthermore, such a relationship was presented in either
modality-dependent or modality-independent manner. Notably, the peak frequency value of evoked gamma
oscillations in the SI was correlated with the somatosensory SG ability. These results might support further
research on the relationships among gamma oscillations, neurophysiological indices, and behavioral performance
in the clinical populations.

Methods

Participants. To exclude the potential impact of gender differences on the SG profiles, 22 healthy male vol-
unteers (mean age 25.9 years old; rang 20-34 years old) participated in the present study. All subjects were right-
handed and none had a history of neurological or psychiatric disorders. All refrained from smoking at least
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12hours before MEG recordings to avoid smoking-related confounding effects?”. The study was approved by the
Institutional Review Board of the Taipei Veterans General Hospital, with written informed consent obtained from
all subjects. All experiments were performed in accordance with approved guidelines and regulations.

MEG. Neuromagnetic recordings were made by using a whole-head 306-channel MEG (Vectorview, Elekta,
Neuromag, Helsinki, Finland). The coil locations in relation to anatomical landmarks (nasion, left preauricular
point, and right preauricular point) were determined with a 3D digitizer. The sampling rate was set at 1000 Hz
with an online bandpass of [0.1, 200] Hz.

The left median nerve was stimulated at the wrist with 0.2 constant-current square-wave pulses by an electrical
stimulator (Konstantstrom Stimulator, Schwind, Erlangen, Germany). The stimulus intensity was set at 20% above
the motor threshold to elicit a visible twitch of the abductor pollicis muscles. Electrical stimulation was delivered
in pairs with an inter-stimulus interval (ISI) of 500 ms, and an inter-pair interval of 6. The ISI of 500 ms allowed
us to simultaneously examine the whole somatosensory system, including SI and bilateral SII regions'*2*2!,
During the somatosensory evoked field (SEF) recordings, subjects were instructed to focus on watching a silent
movie they had selected to ignore the somatosensory stimulation. At least 100 trials for each stimulus type were
collected for further analyses.

The averaged SEF data were offline filtered with a bandpass of [0.1, 120] Hz and a 100 ms pre-stimulus baseline
correction. The source analysis was based on signals recorded by 204 gradiometers. Cortical sources of the SEFs
were modeled using equivalent current dipoles (ECD) and a least-squares fit using subsets of 16-18 channels
around the maximal responses. The goodness of fit value of the ECD model was estimated, and those values above
80% for the ST and 70% for the SII response were accepted for subsequent analyses. After identifying the individ-
ual dipoles in SI, SIIc, and SIIi, the ECDs were evaluated by a time-varying multiple-dipole model in which all the
204 gradiometers were taken into account'®#. The SG ratio was calculated according to the responses to Stimulus
2 (S2) over the responses to Stimulus 1 (S1) (S2/S1).

Although the evoked gamma oscillations might be superimposed on the N20m and/or P35m components
regarding the time frame, the time-frequency responses provide additional information and solve the ques-
tions that SEFs could not answer*’. Compared to the lower frequency bands, the somatosensory-evoked gamma
oscillations represent the short-latency, early-stage information processing of the human SI. To assess the
evoked gamma oscillations in the SI region, each raw single trial was analyzed by using Morlet wavelet-based
time-frequency analysis from 1 to 100 Hz in 1 Hz steps (Brainstorm software®®). The central frequency and time
resolution were set at 1 Hz and 3 s, respectively. The peak value of gamma oscillations evoked by S1 and SG ratio
of the gamma power strength (S2/S1) were calculated.

Behavioral Go-Nogo tasks. The behavioral experiments were conducted after MEG recordings. The
sequence of somatosensory-driven and auditory-driven Go-Nogo tasks were randomized and counterbalanced
across participants. Each modality consisted of two blocks, each with 160 Go trials and 40 Nogo trials.

In the somatosensory-driven Go-Nogo task, stimuli (0.2 ms square wave current) were delivered to the second
or fifth digit of the left hand. The stimulus intensity was 2.5 times the sensory threshold®. The anode was placed at
the distal interphalangeal joint and the cathode at the proximal interphalangeal joint of the corresponding digit.
Subjects were instructed to press the button with their right hand to stimuli on the left second digit (Go, 80%) as
quickly and accurately as possible, and to withhold the responses to stimuli on the left fifth digit (Nogo, 20%). The
ISIs varied between 1.0 and 1.2s.

In the auditory-driven Go-Nogo task, the stimuli were delivered binaurally with 50 ms-duration sine-wave
tones. Subjects were instructed to press the button with their right hand to the frequent low-pitched (800 Hz)
tones (Go, 80%) as quickly and accurately as possible, and to withhold the responses to the infrequent
high-pitched (850 Hz) tones (Nogo, 20%). The ISI also varied between 1.0 and 1.2s, and the sound intensity was
around 70 dB above the individual’s hearing threshold.

For each modality of the Go-Nogo tasks, the accuracy rate of Nogo stimuli was defined as [(trial number of
successful inhibition/total Nogo stimuli) x 100%].

Statistical analysis. All the data were presented as means + standard error of the mean (SEM). To avoid
spurious type I errors, nonparametric Spearman’s correlation coefficients were used to evaluate the relationships
among SG, behavioral performance of inhibition control, and peak values of evoked gamma frequency bands.
Two-tailed tests were conducted to determine the significant level, set as p values < 0.05.

References

1. Falkenstein, M., Hoormann, J. & Hohnsbein, J. ERP components in Go/Nogo tasks and their relation to inhibition. Acta Psychol
(Amst) 101, 267-291 (1999).

2. Freedman, R. et al. Neurobiological studies of sensory gating in schizophrenia. Schizophr Bull 13, 669-678 (1987).

3. Freedman, R., Adler, L. E., Waldo, M. C,, Pachtman, E. & Franks, R. D. Neurophysiological evidence for a defect in inhibitory
pathways in schizophrenia: comparison of medicated and drug-free patients. Biol Psychiatry 18, 537-551 (1983).

4. Boutros, N. N. & Belger, A. Midlatency evoked potentials attenuation and augmentation reflect different aspects of sensory gating.
Biol Psychiatry 45, 917-922 (1999).

5. Matsuzaki, J. et al. Progressively increased M50 responses to repeated sounds in autism spectrum disorder with auditory
hypersensitivity: a magnetoencephalographic study. PLoS One 9, €102599 (2014).

6. Patterson, J. V. et al. P50 sensory gating ratios in schizophrenics and controls: a review and data analysis. Psychiatry Res 158, 226-247
(2008).

7. Siniatchkin, M., Kropp, P. & Gerber, W. D. What kind of habituation is impaired in migraine patients? Cephalalgia 23, 511-518
(2003).

SCIENTIFICREPORTS | 6:20437 | DOI: 10.1038/srep20437 6



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
. Fries, P, Reynolds, J. H., Rorie, A. E. & Desimone, R. Modulation of oscillatory neuronal synchronization by selective visual

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
. Lin, Y. Y. et al. Differential effects of stimulus intensity on peripheral and neuromagnetic cortical responses to median nerve

. Freedman, R., Waldo, M., Bickford-Wimer, P. & Nagamoto, H. Elementary neuronal dysfunctions in schizophrenia. Schizophr Res

4,233-243 (1991).

. Potter, D., Summerfelt, A., Gold, J. & Buchanan, R. W. Review of clinical correlates of P50 sensory gating abnormalities in patients

with schizophrenia. Schizophr Bull 32, 692-700 (2006).

Wan, L., Friedman, B. H., Boutros, N. N. & Crawford, H. J. P50 sensory gating and attentional performance. P50 sensory gating and
attentional performance. Int ] Psychophysiol 67, 91-100 (2008).

Lijffijt, M. et al. P50, N100, and P200 sensory gating: relationships with behavioral inhibition, attention, and working memory.
Psychophysiology 46, 1059-1068 (2009).

Liu, T., Xiao, T., Shi, J. & Zhao, L. Sensory gating, inhibition control and child intelligence: an event-related potentials study.
Neuroscience 189, 250-257 (2011).

Cheng, C. H. & Lin, Y. Y. Aging-related decline in somatosensory inhibition of the human cerebral cortex. Exp Brain Res 226,
145-152 (2013).

Lenz, M. et al. Increased excitability of somatosensory cortex in aged humans is associated with impaired tactile acuity. ] Neurosci
32,1811-1816 (2012).

Lim, M., Kim, J. S. & Chung, C. K. Modulation of somatosensory evoked magnetic fields by intensity of interfering stimuli in human
somatosensory cortex: an MEG study. Neuroimage 61, 660-669 (2012).

Hagiwara, K. et al. Oscillatory gamma synchronization binds the primary and secondary somatosensory areas in humans.
Neuroimage 51, 412-420 (2010).

Hari, R. et al. Somatosensory evoked cerebral magnetic fields from SI and SII in man. Electroencephalogr Clin Neurophysiol 57,
254-263 (1984).

Lin, Y. Y., Simoes, C., Forss, N. & Hari, R. Differential effects of muscle contraction from various body parts on neuromagnetic
somatosensory responses. Neuroimage 11, 334-340 (2000).

Huttunen, J., Pekkonen, E., Kivisaari, R., Autti, T. & Kahkonen, S. Modulation of somatosensory evoked fields from SI and SII by
acute GABA A-agonism and paired-pulse stimulation. Neuroimage 40, 427-434 (2008).

Stevenson, C. M. et al. Paired pulse depression in the somatosensory cortex: associations between MEG and BOLD fMRI
Neuroimage 59, 2722-2732 (2012).

Thoma, R. . et al. Impaired secondary somatosensory gating in patients with schizophrenia. Psychiatry Res 151, 189-199 (2007).

attention. Science 291, 1560-1563 (2001).

Fries, P, Schroder, . H., Roelfsema, P. R., Singer, W. & Engel, A. K. Oscillatory neuronal synchronization in primary visual cortex as
a correlate of stimulus selection. | Neurosci 22, 3739-3754 (2002).

Jensen, O., Kaiser, J. & Lachaux, J. P. Human gamma-frequency oscillations associated with attention and memory. Trends Neurosci
30, 317-324 (2007).

Vierling-Claassen, D., Siekmeier, P, Stufflebeam, S. & Kopell, N. Modeling GABA alterations in schizophrenia: a link between
impaired inhibition and altered gamma and beta range auditory entrainment. ] Neurophysiol 99, 2656-2671 (2008).

Edden, R. A., Muthukumaraswamy, S. D., Freeman, T. C. & Singh, K. D. Orientation discrimination performance is predicted by
GABA concentration and gamma oscillation frequency in human primary visual cortex. ] Neurosci 29, 15721-15726 (2009).
Muthukumaraswamy, S. D., Edden, R. A., Jones, D. K., Swettenham, J. B. & Singh, K. D. Resting GABA concentration predicts peak
gamma frequency and fMRI amplitude in response to visual stimulation in humans. Proc Natl Acad Sci USA 106, 8356-8361 (2009).
Bartos, M., Vida, I. & Jonas, P. Synaptic mechanisms of synchronized gamma oscillations in inhibitory interneuron networks. Nat
Rev Neurosci 8, 45-56 (2007).

Brunel, N. & Wang, X. ]. What determines the frequency of fast network oscillations with irregular neural discharges? I. Synaptic
dynamics and excitation-inhibition balance. ] Neurophysiol 90, 415-430 (2003).

Croft, R.].,, Lee, A., Bertolot, J. & Gruzelier, J. H. Associations of P50 suppression and desensitization with perceptual and cognitive
features of “unreality” in schizotypy. Biol Psychiatry 50, 441-446 (2001).

Cullum, C. M. et al. Neurophysiological and neuropsychological evidence for attentional dysfunction in schizophrenia. Schizophr
Res 10, 131-141 (1993).

Thoma, R. J. et al. Neuropsychological and sensory gating deficits related to remote alcohol abuse history in schizophrenia. J Int
Neuropsychol Soc 12, 34-44 (2006).

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

Hoshiyama, M. & Kakigi, R. Two evoked responses with different recovery functions in the primary somatosensory cortex in
humans. Clin Neurophysiol 112, 1334-1342 (2001).

Gaetz, W., Edgar, J. C., Wang, D. J. & Roberts, T. P. Relating MEG measured motor cortical oscillations to resting gamma-
aminobutyric acid (GABA) concentration. Neuroimage 55, 616-621 (2011).

Grachev, I. D. & Apkarian, A. V. Aging alters regional multichemical profile of the human brain: an in vivo IH-MRS study of young
versus middle-aged subjects. ] Neurochem 76, 582-593 (2001).

Cheng, C. H., Chan, P. Y, Baillet, S. & Lin, Y. Y. Age-related reduced somatosensory gating is associated with altered alpha frequency
desynchronization. Neural Plast 2015, 302878 (2015).

Nakata, H., Inui, K., Wasaka, T., Akatsuka, K. & Kakigi, R. Somato-motor inhibitory processing in humans: a study with MEG and
ERP. Eur ] Neurosci 22, 1784-1792 (2005).

Nakata, H. et al. Effects of ISI and stimulus probability on event-related go/nogo potentials after somatosensory stimulation. Exp
Brain Res 162, 293-299 (2005).

Nakata, H., Sakamoto, K., Honda, Y. & Kakigi, R. Temporal dynamics of neural activity in motor execution and inhibition
processing. Eur ] Neurosci 41, 1448-1458 (2015).

Chikazoe, J., Konishi, S., Asari, T., Jimura, K. & Miyashita, Y. Activation of right inferior frontal gyrus during response inhibition
across response modalities. ] Cogn Neurosci 19, 69-80 (2007).

Tabu, H., Mima, T., Aso, T., Takahashi, R. & Fukuyama, H. Common inhibitory prefrontal activation during inhibition of hand and
foot responses. Neuroimage 59, 3373-3378 (2012).

Muthukumaraswamy, S. D., Evans, C. J., Edden, R. A., Wise, R. G. & Singh, K. D. Individual variability in the shape and amplitude
of the BOLD-HREF correlates with endogenous GABAergic inhibition. Hum Brain Mapp 33, 455-465 (2012).

Silveri, M. M. et al. Frontal lobe gamma-aminobutyric acid levels during adolescence: associations with impulsivity and response
inhibition. Biol Psychiatry 74, 296-304 (2013).

Ribeiro, M. J., Violante, I. R., Bernardino, I., Edden, R. A. & Castelo-Branco, M. Abnormal relationship between GABA,
neurophysiology and impulsive behavior in neurofibromatosis type 1. Cortex 64, 194-208 (2015).

Hetrick, W. P. et al. Gender differences in gating of the auditory evoked potential in normal subjects. Biol Psychiatry 39, 51-58
(1996).

Brinkmeyer, J. et al. P50 sensory gating and smoking in the general population. Addict Biol 16, 485-498 (2011).

stimulation. Neuroimage 20, 909-917 (2003).

SCIENTIFICREPORTS | 6:20437 | DOI: 10.1038/srep20437 7



www.nature.com/scientificreports/

49. Cimatti, Z. et al. Time-frequency analysis reveals decreased high-frequency oscillations in writer’s cramp. Brain 130, 198-205
(2007).

50. Tadel, E, Baillet, S., Mosher, J. C., Pantazis, D. & Leahy, R. M. Brainstorm: a user-friendly application for MEG/EEG analysis.
Comput Intell Neurosci 2011, 879716 (2011).

Acknowledgements

We thank Yu-Jui Ho and Tse-Ming Chou for help during data collection. This work was supported by the Ministry
of Science and Technology (MOST-103-2420-H-182-003-MY2, MOST-104-2314-B-182-001-MY2), Chang Gung
Memorial Hospital (CMRPD1E0291, CMRPD1A0023), Chang Gung University (BMRPE25), and Healthy Aging
Research Center at Chang Gung University (EMRPD1D0291, CMRPD1B0331, EMRPD1E1711), Taiwan.

Author Contributions
C.H.C. conceived and designed the experiments. C.H.C. analyzed the data. D.M.N,, S.Y.T., S.C.H., C.Y.L. and
C.H.C. interpreted the data. C.H.C. and P.Y.S.C. wrote the manuscript. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Cheng, C.-H. et al. Sensory gating, inhibition control and gamma oscillations in the
human somatosensory cortex. Sci. Rep. 6, 20437; doi: 10.1038/srep20437 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:20437 | DOI: 10.1038/srep20437 8


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

	Sensory gating, inhibition control and gamma oscillations in the human somatosensory cortex

	Results

	Discussion

	Methods

	Participants. 
	MEG. 
	Behavioral Go-Nogo tasks. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ MEG signals for the paired-pulse electrical stimulation on the left median nerve in one representative subject.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Correlation between cortical somatosensory P35m sensory gating (SG) ratio and accuracy rate of responses to Nogo stimuli.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) Time-frequency maps of the primary somatosensory cortex (SI) region in the representative subject.
	﻿Table 1﻿﻿. ﻿  Mean values (SEM) of behavioral Go-Nogo tasks.
	﻿Table 2﻿﻿. ﻿  Correlation coefficients between behavioral performance of inhibition control and somatosensory SG ratio.



 
    
       
          application/pdf
          
             
                Sensory gating, inhibition control and gamma oscillations in the human somatosensory cortex
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20437
            
         
          
             
                Chia-Hsiung Cheng
                Pei-Ying S. Chan
                David M. Niddam
                Shang-Yueh Tsai
                Shih-Chieh Hsu
                Chia-Yih Liu
            
         
          doi:10.1038/srep20437
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20437
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20437
            
         
      
       
          
          
          
             
                doi:10.1038/srep20437
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20437
            
         
          
          
      
       
       
          True
      
   




