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Somatosensory Gating Is Modulated by Anodal Transcranial Direct Current Stimulation
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Background: Anodal transcranial direct current stimulation (tDCS) of the somatosensory cortex causes cerebral hyperexcitability and a significant enhancement in pain thresholds and tactile spatial acuity. Sensory gating is a brain mechanism to suppress irrelevant incoming inputs, which is elicited by presenting pairs of identical stimuli (S1 and S2) within short time intervals between stimuli (e.g., 500 ms).

Objectives/Hypothesis: The present study addressed the question of whether tDCS could modulate the brain correlates of this inhibitory mechanism.

Methods: Forty-one healthy individuals aged 18–26 years participated in the study and were randomly assigned to tDCS (n = 21) or SHAM (n = 20). Somatosensory evoked potentials (SEP) elicited by S1 and S2 pneumatic stimuli (duration of 100 ms, ISI 550 ± 50 ms) and applied to the index finger of the dominant hand were recorded before and after tDCS.

Results: Before the intervention, the second tactile stimuli significantly attenuated the amplitudes of P50, N100, and the late positive complex (LPC, mean amplitude in the time window 150–350) compared to the first stimuli. This confirmed that sensory gating is a widespread brain inhibitory mechanism that can affect early- and middle-latency components of SEPs. Furthermore, our data revealed that this response attenuation or sensory gating (computed as S1 minus S2) was improved after tDCS for LPC, while no changes were found in participants who received SHAM.

Conclusion: All these findings suggested that anodal tDCS might modulate brain excitability leading to an enhancement of inhibitory mechanisms elicited in response to repetitive somatosensory stimuli during late stages of information processing.
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INTRODUCTION

Transcranial Direct Current Stimulation (tDCS) involves the safe, painless, and non-invasively application of weak electrical current (commonly ≤ 2 mA) to the cerebral cortex (Antal et al., 2017; Lefaucheur et al., 2017; Matsumoto and Ugawa, 2017). tDCS influences excitability by inducing long-lasting and widespread changes in the brain (Lefaucheur, 2008; Paulus, 2011; Moliadze et al., 2012). Indeed, several studies have suggested that tDCS may cause polarity-dependent shifts of the resting membrane potential and, therefore, changes in neuron firing rates (Furubayashi et al., 2008; Zaghi et al., 2010; Stagg and Nitsche, 2011; Zaehle et al., 2011). Furthermore, it seems that anodal tDCS would enhance cortical excitability by depolarizing neurons, while cathodal tDCS would reduce cortical excitability by inducing hyperpolarization (Nitsche and Paulus, 2000, 2001; Nitsche et al., 2008). Accordingly, it has been shown that tDCS can elicit changes in perfusion and functional connectivity of several cerebral areas (Stagg et al., 2013).

Although most tDCS studies have focused on the stimulation effects of primary motor and dorsolateral prefrontal cortices (Nitsche et al., 2003; Fregni et al., 2005, 2008; Antal et al., 2011; Ahn et al., 2017; Lefaucheur et al., 2017; Vanderhasselt et al., 2017; Angius et al., 2019; Shilo and Lavidor, 2019; Chrysikou et al., 2019; Gallucci et al., 2020), there is evidence that tDCS of the somatosensory cortices can also elicit neurophysiological and psychological after-effects on body processing (Antal et al., 2006, 2008; Dieckhöfer et al., 2006; Lenoir et al., 2017; Saito et al., 2019). Previous research has established that anodal tDCS of the somatosensory cortex elicits brain hyperexcitability, significant enhancement of pain thresholds (Matsunaga et al., 2004; Antal et al., 2008; Grundmann et al., 2011; Vaseghi et al., 2015), and tactile spatial acuity (Ragert et al., 2008; Fujimoto et al., 2014, 2016), whereas cathodal tDCS can reduce the responsiveness of the primary somatosensory cortex to painful and non-painful stimuli (Grundmann et al., 2011; Lenoir et al., 2017).

An easy, reliable, and robust tool for examining the excitability of the somatosensory system and psychological variables involved in the processing of bodily information is the recording of somatosensory evoked potentials (SEPs) (Gibson et al., 1994; Lorenz et al., 1996; Montoya et al., 2005). It is known that SEP amplitudes at early latencies (20–200 ms, depending on stimulation modality) appear to originate in the primary somatosensory cortex and are associated with sensory and attentional processing of somatosensory information (Freedman et al., 1987; Näätänen and Picton, 1987), whereas SEP amplitudes at later latencies (200–500 ms) are linked to more complex cognitive processes such as memory and stimulus evaluation (Polich and Herbst, 2000). Previous studies from our lab have further demonstrated that early- and late-latency SEP amplitudes elicited by non-painful tactile stimulation can be modulated by affect (Montoya et al., 2006), the observation of other’s pain and touch (Martínez-Jauand et al., 2012), chronic pain (Montoya et al., 2005), or aging (Terrasa et al., 2018). Moreover, studies examining the modulatory effects of tDCS of the sensorimotor cortex on SEP amplitudes have demonstrated that cathodal tDCS significantly diminished the amplitudes of early SEP components elicited by electrical (Dieckhöfer et al., 2006), laser (Antal et al., 2008), and vibrotactile stimulation (Lenoir et al., 2017), whereas anodal tDCS resulted in long lasting increase in the amplitudes of early SEP components (P22/N30, P25/N33, and N33/P40) elicited by electrical stimulation (Matsunaga et al., 2004). In the present study, we addressed the question of whether anodal tDCS could also influence amplitudes of early and late SEP components elicited by non-painful tactile stimulation.

It is well-known that the repetitive presentation of paired stimuli can provoke the so-called sensory gating phenomenon, which refers to the ability of the central nervous system to inhibit the processing of irrelevant sensory inputs and represents an essential protective mechanism that prevents flooding of the upper brain centers (Freedman et al., 1987; Cromwell et al., 2008). Sensory gating is elicited by presenting pairs of identical stimuli (S1 and S2) within short time intervals between stimuli (e.g., 500 ms), and is usually calculated as the difference in SEP amplitudes (S1 and S2) or the ratio between SEP amplitudes elicited by S2 and S1 stimuli (S2/S1) (Fuerst et al., 2007). It has been argued that the first stimulus of the pair could activate some inhibitory brain pathways that suppress the response to the second stimulus presented a short time later and, hence, lower ratios or larger differences may indicate greater gating or inhibition of irrelevant inputs (Boutros and Belger, 1999). Consistent with previous findings showing that anodal tDCS causes brain hyperexcitability and significant changes in pain sensitivity and somatosensory processing, we hypothesize here that anodal tDCS of the somatosensory cortex would also result in increased sensory gating due to enhancement of cortical excitability.



MATERIALS AND METHODS


Participants

Forty-one university students (31 women and 10 men) aged between 19 and 44 years were enrolled in the study. None of the participants suffered from any psychiatric, neurological or cardiovascular disease, had contraindications for tDCS or a history of drug abuse, or was receiving pharmacological treatment that affected the cardiovascular or central nervous systems. Thirty-six participants were right-handed and five left-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). All individuals were naive to the experiment, gave written informed consent, and received course credits for their participation.

The study was conducted in accordance with the Declaration of Helsinki (1991) and was approved by the Ethics Committee of the Balearic Islands (protocol IB3681/18PI).



Psychological Assessment

A clinical psychologist obtained data about clinical symptoms, medication use, sociodemographic, and psychological characteristics. Depression and anxiety were evaluated by using the Spanish versions of the Beck’s Depression Inventory (BDI; Beck et al., 1961) and the State–Trait Anxiety Inventory (STAI; Spielberger et al., 1970). In addition, all participants completed the Spanish version of the Toronto Alexithymia Scale (TAS-20; Bagby et al., 1994). The TAS-20 is a self-report scale that is comprised of 20 items grouped into three subscales: difficulty identifying feelings (seven items), difficulty describing feelings (five items), and externally oriented thinking (eight items). Items are rated using a 5-point Likert scale (whereby 1 = strongly disagree and 5 = strongly agree). The total alexithymia score was also obtained.



Transcranial Electrical Stimulation

Transcranial Direct Current Stimulation was delivered by a battery-driven constant-current stimulator (NeuroConn GmbH, Ilmenau, Germany) through two gel conductive-rubber electrodes (diameter: 20 mm; area: 3 cm2; thickness of 1 mm). The stimulation electrode (anode) was placed on the scalp over the left (right-handed participants) or right (left-handed participants) somatosensory cortex (CP3 or CP4 electrode location, respectively), while the reference electrode (cathode) was placed over the contralateral supraorbital ridge. Anodal tDCS was applied during 20 min with a current intensity of 1.5 mA and fade-in/fade-out periods of 30 s. The SHAM (non-electrical stimulation) procedure consisted of an initial ramp-up in which the stimulator reached the maximum programmed current (30 s to reach 1.5 mA) followed by a a short stimulatory period (40 s) and a final ramp-down (30 s) involving the current gradually being switched off. The current remained off (i.e. without electrical stimulation) for the rest of the session (19 min 20 s). The impedance was kept under 5 kΩ during the stimulation session. During SHAM session a continuous impedance control was performed in order to detect electrodes slipping off and to show real values at the display (see Figure 1). Participants were instructed to sit comfortably and to rest during all the experimental session. All the parameters used for the electrical stimulation were chosen following the standard guides for design and implementation of the tDCS (Thair et al., 2017). Participants completed a self-report questionnaire after the stimulation to explore the bodily sensations elicited by the intervention (Antal et al., 2017).
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FIGURE 1. Experimental design of the study. Participants were randomly assigned to either a transcranial direct current stimulation (tDCS) (A) or a SHAM group (B). EEG = Electroencephalography.




Non-painful Paired-Pulse Stimulation Task

Before and after the tDCS session, participants received tactile paired-pulse stimuli to the forefinger of the dominant hand in order to analyze somatosensory brain processing. The tactile stimulation task consisted of two identical non-painful pneumatic stimuli (S1 and S2) of 100 ms duration. Stimulation was applied with a constant pressure of 2 bars, a randomized inter stimulus interval of 550 ms (±50 ms) and separated by a fixed interval of 12 s. The pneumatic stimulator was used in previous research under the same procedure (Montoya et al., 2006; Terrasa et al., 2018) and consisted of a small membrane attached to the body surface by a plastic clip and fixated with adhesive strips. Forty trials were presented before and 5 min after the application of anodal tDCS or SHAM, respectively, by the usage of a standard software (Presentation version 18.3, Neurobehavioral Systems, Inc., Berkeley, CA, United States)1. During this non-painful paired-pulse stimulation task, participants were instructed to rest and attend to the tactile stimuli. The experimental design of the study is shown in the Figure 1.



Electroencephalography Recording and Data Reduction

Electroencephalography (EEG) was recorded with a commercial amplifier (QuickAmp, Brain Products GmbH, Munich, Germany) with 62 Ag/AgCl electrodes placed according to the 10–10 International System with common average reference, at a sampling rate of 1,000 Hz. A ground electrode was located at position AFz. An electroculogram (EOG) was also recorded by placing one electrode above and one below the left eye. All electrode impedances were kept lower than 10 kΩ.

EEG signals were segmented offline in epochs of 600 ms (–100 to 500 ms relative to the stimulus onset), digitally filtered (high-pass at 0.10 Hz, low-pass at 30 Hz), and baseline corrected (from –100 to 0 ms). Eye movement artifacts were corrected by using the Gratton and Coles algorithm (Gratton et al., 1983). An artifact rejection protocol with the following criteria was applied: maximal allowed voltage step/sampling point = 75 μV, minimal allowed amplitude = –75 μV, maximal allowed amplitude = 75 μV, and maximal allowed absolute difference in the epoch = 75 μV. All participants fulfilled the further analyses inclusion criteria of keeping at least 75% of the epochs free of artifacts for each stimulus. Then, EEG epochs were separately averaged for S1 and S2.

The amplitudes of the following components of these SEPs were determined: P50, N100, and late positive complex (LPC). The peak amplitude of P50 and N100 was calculated by searching the global maxima at Cz within two time windows after stimulus onset: 20–80 ms for P50, and 80–135 ms for N100. The area under the curve for the time window 150–350 ms was computed for LPC amplitudes. All the reported data pre-processing was done by the software Brain Vision Analyzer version 1.05 (Brain Products GmbH, Munich, Germany).



Procedure

Participants were randomly assigned to either a SHAM (n = 20) or an active tDCS (n = 21) intervention. Randomization was performed using the order of entry to the study and a previous computer-generated randomization list with blinded stimulation codes for the investigator and the participants. After the participants signed the informed consent form and completed the psychological questionnaires, they were taken to the EEG laboratory, sat comfortably in a recording chamber, and electrodes for EEG recording and tDCS were placed on the scalp. The EEG recording session started with a 5-min eyes-open resting baseline, followed by the non-painful paired-pulse stimulation task as described above. After a short break (less than 2 min), participants received 20 min of brain stimulation (anodal tDCS or SHAM), followed by a short break to complete the Transcranial Electrical Stimulation Sensation Questionnaire (Antal et al., 2017). The EEG recording session ended with a 5-min rest eyes open baseline and a repetition of the paired pulse stimulation task as described above.

All EEG recording sessions started at 9:00 a.m., 12:00 p.m., or 4 p.m. Participants were instructed to refrain from caffeine, alcohol, nicotine, and vigorous exercise at least 2 h before arriving at the laboratory. Furthermore, they were told to have their breakfast (for morning participants) or lunch (for afternoon participants) as soon as possible and refrain from eating immediately before the experiment.



Statistical Analyses

Group differences in sociodemographic data and self-report questionnaires were analyzed with non-parametric tests (Chi-Square, Mann–Whitney). For statistical analyses of SEP amplitudes, two separated analyses were performed. The first analysis aimed to examine the effects of the tDCS intervention on the SEP amplitudes of the components (P50, N100, and LPC) elicited by S1 and S2. For this purpose, multivariate analyses of variance (MANOVA) for repeated-measures with the factors “group” (tDCS vs. SHAM), “time” (pre vs. post), and “stimulus” (S1 and S2) were computed on a subset of 12 electrodes (F1, F2, F3, F4, C1, C2, C3, C4, P1, P2, P3, and P4). In addition, the electrodes were grouped according to within-subject factors “Region of Interest (ROI)” (frontal, central, and parietal) and “hemisphere” (left vs. right) for testing topographical effects. The second analysis was aimed to examine the effects of the tDCS intervention on the sensory gating scores obtained for the P50, N100, and LPC amplitudes. For this purpose, the sensory gating scores for each SEP component was computed as the difference between the amplitudes elicited by the first and the second stimuli (S1–S2) at nine electrode locations grouped into three ROIs: frontal (F3, Fz, and F4), central (C3, Cz, and C4) and parietal (P3, Pz, and P4). Thus, these MANOVAs were computed with the factors “group” (tDCS vs. SHAM), “time” (pre vs. post), and “ROI” (frontal, central, and parietal). Post hoc mean comparisons were used to further explore significant effects. The level of significance was set at p ≤ 0.05 (2-tailed). Greenhouse-Geisser adjustments and Bonferroni corrections were applied if necessary.



RESULTS

Analyses revealed no significant differences on sociodemographic and psychological data between participants receiving tDCS or SHAM (Table 1). After the intervention, there were no significant group differences in treatment beliefs: eight out of 21 subjects in the tDCS and eleven out of 20 subjects in the SHAM group believed that they were receiving real tDCS [χ2 (1) = 1.18, p = 0.278]. Furthermore, 10 subjects in the tDCS and 10 in the SHAM group reported the perception of sensations located around either the anodal or the cathodal electrodes [χ2 (1) = 0.023, p = 0.879]. The mean intensity of any perceived sensations during the procedure according to the questionnaire of sensations related to transcranial electrical stimulation (Antal et al., 2017) is displayed in Table 2. No significant group differences on the intensity of perceived sensations were observed.


TABLE 1. Psychological and sociodemographic data.
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TABLE 2. Group comparisons on intensity of perceived sensations from the Questionnaire of sensations related to transcranial electrical stimulation (Antal et al., 2017).
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Effects of Anodal tDCS on SEP Amplitudes Elicited by Non-painful Paired-Pulses

Figure 2 displays the grand averages of the SEP elicited by the first (S1) and the second stimuli (S2) before the brain stimulation condition at the three ROIs (frontal, central, and parietal).
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FIGURE 2. Grand averages of the somatosensory ERPs elicited by the first (S1) and the second stimuli (S2) of all the participants before the brain stimulation (pre) at the three regions of interest (ROI). Topographical maps of the P50 and N100 amplitudes at specific latencies, and late positive complex (LPC) mean amplitude were also included.



P50 Amplitudes

As expected, the first MANOVA revealed that overall P50 amplitudes elicited by S1 (0.29 ± 0.08 μV) were greater than those elicited by S2 (−0.04 ± 0.03 μV) [F(1,39) = 17.57, p ≤ 0.001, η2 = 0.310]. In addition, significant effects due to hemisphere [F(1,39) = 8.28, p = 0.006, η2 = 0.175] and hemisphere × stimulus [F(1,39) = 9.33, p = 0.004, η2 = 0.193] indicated that greater P50 amplitudes were elicited by S1 over the right (0.44 ± 0.09 μV) than over the left hemisphere (0.14 ± 0.09 μV; p = 0.002), while no hemispheric differences were observed on P50 amplitudes elicited by S2 (p = 0.374). Finally, a significant effect due to ROI × stimulus [F(2,38) = 3.73, p = 0.047, η2 = 0.087] indicated that greater P50 amplitudes were elicited by S1 than by S2 at frontal (0.38 ± 0.13 μV for S1 vs. −0.01 ± 0.05 μV for S2; p = 0.001) and central regions (0.39 ± 0.09 μV for S1 vs. −0.06 ± 0.05 μV for S2; p ≤ 0.001), while no differences were observed at parietal ones (p = 0.09). No effects due to time or to group were found at any of the three ROIs.



N100 Amplitudes

A significant effect due to stimulus was found [F(1,39) = 9.05, p = 0.005, and η2 = 0.188], indicating that S1 elicited greater N100 amplitudes (−0.31 ± 0.06 μV) than S2 (−0.14 ± 0.04 μV). Furthermore, significant effects due to hemisphere × time [F(1,39) = 5.29, p = 0.027, and η2 = 0.120] and ROI × hemisphere × stimulus [F(2,38) = 3.97, p = 0.025, and η2 = 0.092] were found. However, post hoc mean comparisons revealed that there were no hemispheric differences in N100 amplitudes elicited by either S1 or S2, and that there were no differences between N100 amplitudes elicited by S1 and S2 over either the right or left hemisphere at any ROI. No effects due to time, group or time × group were found at any of the three ROIs.



LPC Amplitudes

A significant effect due to stimulus was found [F(1,39) = 32.62, p ≤ 0.001, and η2 = 0.455], indicating that S1 elicited overall greater LPC amplitudes (167.04 ± 25.32 μV × ms) than S2 (10.63 ± 6.55 μV × ms). Significant effects due hemisphere × stimulus [F(1,39) = 4.35, p = 0.044, and η2 = 0.100] further indicated that S2 elicited higher LPC amplitudes over the left (26.50 ± 8.06 μV × ms) than over the right hemisphere (−5.24 ± 11.66 μV × ms; p = 0.043), whereas no hemispheric differences were observed on LPC amplitudes elicited by S1 (p = 0.277). Additionally, significant effects due to ROI [F(2,38) = 7.63, p = 0.001, and η2 = 0.164], and ROI × stimulus [F(2,38) = 4.64, p = 0.013, and η2 = 0.106] revealed that LPC amplitudes elicited by S1 were higher than those elicited by S2 at frontal (S1: 176.83 ± 31.51 μV × ms; S2: 30.18 ± 10.10 μV × ms; p ≤ 0.001), central (S1: 245.84 ± 50.65 μV × ms; S2: 9.30 ± 10.30 μV × ms; and p ≤ 0.001) and parietal electrode locations (S1: 78.45 ± 25.01 μV × ms; S2: −7.59 ± 9.67 μV × ms; and p = 0.002). Finally, significant differences due to ROI × time [F(2,38) = 5.38, p = 0.019, and η2 = 0.121], hemisphere × group [F(1,39) = 5.38, p = 0.026, and η2 = 0.121], stimulus × time [F(1,39) = 5.65, p = 0.022, and η2 = 0.127] and stimulus × time × group [F(1,39) = 4.82, p = 0.034, and η2 = 0.110] indicated that LPC amplitudes elicited by S1 were higher after (181.41 ± 37.09 μV × ms) than before tDCS (135.60 ± 35.34 μV × ms; and p = 0.006), while no pre-post differences were observed in SHAM (p = 0.993). No pre-post differences were observed on LPC amplitudes elicited by S2 in tDCS or SHAM groups (all ps ≥ 0.196).

The additional MANOVAs on LPC amplitudes for each ROI yielded significant effects only at frontal and/or central electrode locations. Thus, significant effects were observed due to time [frontal: F(1,39) = 11.82, p = 0.001, and η2 = 0.233], stimulus × time [frontal: F(1,39) = 5.74, p = 0.022, and η2 = 0.128; central: F(1,39) = 7.12, p = 0.011, and η2 = 0.154], hemisphere × group [central: F(1,39) = 4.56, p = 0.039, and η2 = 0.105] and stimulus × time × group [frontal: F(1,39) = 10.64, p = 0.002, and η2 = 0.214; central: F(1,39) = 5.10, p = 0.030, and η2 = 0.116]. Post hoc mean comparisons further revealed that LPC amplitudes elicited by S1 were higher after than before tDCS at frontal (p ≤ 0.001) and central (p = 0.009).



Effects of Anodal tDCS on Sensory Gating of P50, N100, and LPC Amplitudes

Figure 3 displays the difference waveforms elicited by S1 minus S2, before and after intervention for both groups (tDCS vs. SHAM) at the three ROIs (frontal, central, and parietal). Table 3 displays mean and standard deviations of the sensory gating scores for all SEP components.


[image: image]

FIGURE 3. Difference waveforms (S1 minus S2) before and after the intervention in both groups (tDCS vs. SHAM) at three regions of interest (ROI) (frontal: Fz, F3, F4; central: Cz, C3, C4; and parietal: Pz, P3, P4) representing the sensory gating of the somatosensory evoked potentials (SEPs).



TABLE 3. Mean (±SD) of the sensory gating scores (S1 minus S2) in the tDCS and SHAM group, before and after stimulation.
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P50 Sensory Gating

The ANOVA revealed a significant main effect of ROI [F(2, 38) = 3.99, p = 0.042, and η2 = 0.093]. However, post hoc mean comparison analyses did not reveal significant differences between ROIs on sensory gating scores regarding the P50 amplitudes (all ps ≥ 0.079). Moreover, no significant effects due to time, group or time × group were observed on P50 amplitudes at any of the three ROIs.



N100 Sensory Gating

No significant effects were observed on sensory gating of N100 amplitudes.



LPC Gating

Significant effects due to ROI [F(2, 38) = 5.77, p = 0.006, and η2 = 0.129], time (pre vs. post) [F(1, 39) = 5.01, p = 0.031, and η2 = 0.114], and time × group [F(1, 39) = 5.04, p = 0.031, and η2 = 0.114] were found. Post hoc mean comparisons of the time × group effect indicated that sensory gating was more increased after (186.13 ± 41.16 μV × ms) than before tDCS (127.48 ± 36.28 μV × ms; p = 0.003), whereas no significant difference was observed in the SHAM group (p = 0.997). Finally, separate MANOVAs at each ROI revealed that the significant effects due to time, group and time × group appeared only over frontal and/or central regions: time [central: F(1,39) = 6.50, p = 0.015, and η2 = 0.143], group [frontal: F(1,39) = 6.69, p = 0.014, and η2 = 0.146] and time × group were found [frontal: F(1,39) = 5.59, p = 0.023, and η2 = 0.125; central: F(1,39) = 5.22, p = 0.028, and η2 = 0.118]. Again, post hoc mean comparisons indicated that sensory gating was significantly augmented after than before tDCS at frontal (p = 0.009) and central electrode locations (p = 0.006).



DISCUSSION

In the present study, we examined the effects of anodal tDCS over the somatosensory cortex on brain processing of repetitive tactile stimuli in healthy individuals. For this purpose, SEPs elicited by the tactile stimulation of the dominant hand were recorded by using a S1/S2 paired stimulus paradigm before and after tDCS was applied over the contralateral somatosensory cortex (CP3 or CP4 electrode location). Consistent with previous studies using electrical, laser or vibrotactile stimulation (Dieckhöfer et al., 2006; Antal et al., 2008; Lenoir et al., 2017), we found that anodal tDCS was able to modulate brain excitability by enhancing SEP amplitudes to non-painful tactile stimuli. In the present study, anodal tDCS led to increased sensory gating of the late positive complex (LPC; 150–350 ms after stimulus onset) at frontal and central regions, whereas sham stimulation did not produce any changes in sensory gating. Our results further suggested that this sensory gating enhancement could be due to augmented LPC amplitudes in response to S1 elicited by tDCS intervention.

Sensory gating is an inhibitory mechanism of the central nervous system to reduce brain processing of repetitive and redundant sensory information (Freedman et al., 1987; Cromwell et al., 2008). This phenomenon is usually observed in the auditory system by using paired-pulse stimulation tasks, in which two identical stimuli are successively presented. It has been suggested that the first stimulus of each S1/S2 pair could activate some inhibitory brain pathways that suppress or attenuate the response to the second stimulus presented a short time later (e.g., 500 ms; Boutros and Belger, 1999). Indeed, animal research has demonstrated that the first stimulus in such pulse-paired stimulation tasks activates excitatory pyramidal cells, as well as inhibitory hippocampal interneurons, that would suppress the activity in the pyramidal neurons elicited by subsequent presentations of the second stimulus (Miller and Freedman, 1995). Neuropharmacological research has further revealed that cholinergic, dopaminergic, and noradrenergic neurotransmitter systems are involved in the modulation of brain responses to repetitive stimulation (Leonard et al., 1996). Furthermore, this inhibitory mechanism toward repetitive stimuli has been linked to different cognitive functions underlying information processing such as discriminability, response bias, behavioral inhibition, working memory, and attention (Lijffijt et al., 2009), and it has been suggested that widespread attentional cerebral networks, including frontal and inferior parietal lobes, dorsal anterior cingulate, thalamus, and brainstem could be involved (Sturm and Willmes, 2001; Fan et al., 2005, 2007; Kellermann et al., 2011). Our findings of lower amplitudes of early- (P50) and middle-latency components (N100 and LPC) of SEPs elicited by S2 after presenting S1 are in agreement with previous studies examining sensory gating in the auditory (Johnson and Adler, 1993; Lijffijt et al., 2009) and other somatosensory modalities such as the electrical stimulation to the median nerve (Stevenson et al., 2012; Cheng et al., 2016, 2017; Panther et al., 2019; Takeuchi et al., 2019), thus confirming that our repetitive tactile paired-pulse stimulation task was appropriate to elicit this central inhibitory mechanism (Montoya et al., 2006; Terrasa et al., 2018). In the present study, the fact that the amplitude reductions elicited by the second stimulus with respect to the first stimulus appeared in all three SEP components (P50, N100, and LPC) further reveals that this inhibitory mechanism recruit widespread regions of the brain (Zhang et al., 2011; Terrasa et al., 2018). Indeed, previous studies have shown that somatosensory P50 responses represent the primary evoked cortical response to tactile stimulation (Hari et al., 1984), whereas N100 amplitudes seem to be generated in the secondary somatosensory cortex, distributed mostly over fronto-central regions and modulated by attentional processes (Näätänen and Picton, 1987). Moreover, LPC amplitudes have been associated with more complex cognitive functioning, such as orienting, stimulus evaluation, memory, and decision making (Pritchard, 1981; Johnson, 1986; Polich and Herbst, 2000), and are generated in precentral and postcentral gyri, anterior cingulate cortex and insula during paired-pulse stimulation tasks (Annic et al., 2016; Terrasa et al., 2018). To the best our knowledge, this is the first study demonstrating tDCS modulation effects in both early and late SEP components compared with previous studies only observing modulatory effects restricted to early components.

More interestingly, our findings demonstrated that anodal tDCS of the somatosensory cortex may lead to a significant improvement of the inhibitory mechanism associated with repetitive and redundant somatosensory information processing in healthy individuals. Thus, we observed that the sensory gating response (S1 minus S2) increased after tDCS, but not after SHAM. Nevertheless, this modulatory effect was statistically significant only for LPC amplitudes at frontal and central electrodes, indicating that anodal tDCS caused a stronger attenuation of brain responses to redundant stimuli by improving cognitive processes such as attention, evaluation, decision making, and orientation toward somatosensory information. In agreement with these findings, previous research has shown that anodal tDCS may enhance tactile spatial acuity (Ragert et al., 2008; Fujimoto et al., 2014, 2016), as well as visuospatial attention and alerting (Sparing et al., 2009; Bolognini et al., 2010; Coffman et al., 2012). Thus, our data appear to confirm that the enhancement of cortical excitability caused by anodal tDCS would also result in an improvement of brain processing linked to cognitive processes such as attention and evaluation of bodily information. Moreover, considering that source generators of LPC amplitudes during a paired-pulse stimulation task seem to be located within precentral and postcentral gyri, anterior cingulate cortex and insula (Annic et al., 2016; Terrasa et al., 2018), it could be that anodal tDCS was specifically activating some neural mechanism to improve cognitive factors involved in such inhibitory processes. Further research examining the modulatory effects of tDCS on sensory gating should address the question whether tDCS can differentially affect sensory/perceptual and cognitive aspects of information brain processing during sensory gating.

Another important finding of the present study was that sensory gating of the P50 and N100 amplitudes was not affected by tDCS, meaning that the second stimulus of the paired-pulse stimulation task was attenuated at these early latencies of the SEPs in a similar way before and after anodal tDCS. Considering that previous research has shown that anodal tDCS produces a significant amplitude enhancement of early SEP components elicited by electrical stimulation (Matsunaga et al., 2004), the lack of modulatory effects in sensory gating of P50 and N100 amplitudes could be due to the fact that anodal tDCS was producing a general and unspecific effect over the cortex without affecting the input registration at the early stages of information processing. Consistent with this interpretation, a recent study examining the effects of tDCS over the dorsolateral prefrontal cortex on auditory sensory gating found a significant reduction of sensory gating after cathodal tDCS but was unable to find significant effects on P50 after anodal tDCS (Terada et al., 2015). The authors suggested that cathodal tDCS might have weakened the habitual inhibitory effect of the dorsolateral prefrontal cortex on sensory gating, contributing to the reduction of the P50 amplitude elicited by S1, and therefore leading to a deficit in sensory gating. Conversely, the anodal tDCS of the somatosensory cortex in the present study could have strengthened the cortical excitability and led to an enhancement of P50 amplitudes elicited by both S1 and S2, which in turn would have produced no change in sensory gating. Further research on the differential modulatory effects of cathodal and anodal tDCS of the dorsolateral prefrontal and somatosensory cortices, and its effects on somatosensory processing and somatosensory gating would be an intriguing proposition.

Some limitations of the present study should be considered. First, the results of the study might be biased by the small sample size and the inter-subject design. Second, tDCS is considered to cause widespread modulation of the brain and its effects depend on the basal state of the brain at the time of application (Woods et al., 2016). Although we have tried to keep the brain state of all participants at the same level by introducing an initial adaptation period, the influence of the individualś thoughts, beliefs, or expectations before the treatment could not be controlled. Perhaps a within-subject (crossover) design in which participants are randomized to receive both active and simulated sessions with a time interval, could help to minimize these effects. Third, considering that neuromodulatory effects may be better accomplished by pairing electrical brain stimulation with the behavior to be modulated (Woods et al., 2016), a closer presentation of transcranial electrical stimulation and tactile stimuli, as it occurs during the application of tACS, would help for a better understanding of the neurophysiological effects of neuromodulation on somatosensory processing. In the same vein, the inclusion of an additional control condition using a different stimulation site and a more detailed analysis of changes in somatosensory processing during the application of tDCS would be useful in future research. In the present study, such analysis could not be carried out due to the large number of artifacts that were observed during the simultaneous recording of the EEG and the application of tDCS. Fourth, the fact that changes on sensory gating may be due to S1 enhancement should not be disregard. Finally, our discussion about brain structures that could be affected by tDCS was based on previous research, and a combined EEG recording with functional magnetic resonance imaging would have shed more light on the neurophysiological changes associated with tDCS during somatosensory processing.



CONCLUSION

In conclusion, our results suggest that somatosensory gating elicited by the paired-pulse presentation of non-painful tactile stimuli could be modulated by anodal tDCS over the somatosensory cortex. A greater suppression of LPC amplitudes (time window 150–350 ms after stimulus onset) of the SEPs was observed at frontal and central regions after anodal tDCS, whereas no effects were observed in the attenuation of P50 and N100 amplitudes. Results suggest that anodal tDCS may influence the inhibitory brain mechanism involved in the processing of bodily information by enhancing cortical excitability and strengthening the cognitive and neurophysiological mechanisms involved in the suppression of repetitive and redundant information.
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