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The present study investigated whether the long-interval interhemispheric inhibition (LIHI) is induced by the transcranial magnetic stimulation over the primary sensory area (S1-TMS) without activation of the conditioning side of the primary motor area (M1) contributing to the contralateral motor evoked potential (MEP), whether the S1-TMS-induced LIHI is dependent on the status of the S1 modulated by the tactile input, and whether the pathways mediating the LIHI are different from those mediating the M1-TMS-induced LIHI. In order to give the TMS over the S1 without eliciting the MEP, the intensity of the S1-TMS was adjusted to be the sub-motor-threshold level and the trials with the MEP response elicited by the S1-TMS were discarded online. The LIHI was induced by the S1-TMS given 40 ms before the test TMS in the participants with the attenuation of the tactile perception of the digit stimulation (TPDS) induced by the S1-TMS, indicating that the LIHI is induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP in the participants in which the pathways mediating the TPDS is sensitive to the S1-TMS. The S1-TMS-induced LIHI was positively correlated with the attenuation of the TPDS induced by the S1-TMS, indicating that the S1-TMS-induced LIHI is dependent on the effect of the S1-TMS on the pathways mediating the TPDS at the S1. In another experiment, the effect of the digit stimulation given before the conditioning TMS on the S1- or M1-TMS-induced LIHI was examined. The digit stimulation produces tactile input to the S1 causing change in the status of the S1. The S1-TMS-induced LIHI was enhanced when the S1-TMS was given in the period in which the tactile afferent volley produced by the digit stimulation just arrived at the S1, while the LIHI induced by above-motor-threshold TMS over the contralateral M1 was not enhanced by the tactile input. Thus, the S1-TMS-induced LIHI is dependent on the status of the S1 modulated by the tactile input, and the pathways mediating the sub-motor-threshold S1-TMS-induced LIHI are not the same as the pathways mediating the above-motor-threshold M1-TMS-induced LIHI.
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INTRODUCTION

Interhemispheric inhibition (IHI) is the neural mechanism that causes the inhibition of one hemisphere in response to the activation of another. The IHI between the primary motor cortices (M1s) has been observed through giving the transcranial magnetic stimulation (TMS) over the primary motor area (M1); the conditioning TMS over the M1 inhibits the test motor evoked potential (MEP) in the hand muscle ipsilateral to the conditioning TMS side (Ferbert et al., 1992; Meyer et al., 1995). Based on these previous findings, it is rational to suppose that the IHI between the M1 and contralateral primary sensory area (S1) may also be tested by observing the inhibition of the test MEP induced by the TMS over the S1 contralateral to the test TMS side.

A previous study reported a negative finding on this issue; the sub-motor-threshold transcranial magnetic stimulation over the primary sensory area (S1-TMS) given 50 ms before test TMS over the contralateral M1 did not modulate the test MEP in the first dorsal interosseous (FDI) muscle (Mochizuki et al., 2004). In contrast, a recent study reported a positive finding on that; the above-motor-threshold S1-TMS given from 30 to 50 ms before the test TMS over the contralateral M1 inhibited the test MEP, indicating that the above-motor-threshold S1-TMS induces the long-interval interhemispheric inhibition (LIHI; Ni et al., 2009).

The reason for the conflicting findings between the study by Mochizuki et al. (2004) and Ni et al. (2009) must be the intensity of the S1-TMS. In some experiments in the previous study by Ni et al. (2009), the LIHI was induced by the S1-TMS eliciting the MEP with 1 mV of amplitude. Simultaneously, in another experiment in their study, the S1-TMS-induced LIHI had the positive correlation with the amplitude of the MEP elicited by the S1-TMS, and the IHI was almost absent when the amplitude of the MEP elicited by the S1-TMS was zero in accordance with the regression line of the IHI as a function of the amplitude of the MEP elicited by the S1-TMS. Based on these findings, it seems to be likely that the S1-TMS-induced LIHI is dependent on the amplitude of the MEP elicited by the S1-TMS and is almost absent when the S1-TMS is given at the intensity below the motor threshold. Accordingly, it is possible to speculate that the LIHI induced by the S1-TMS is present only when the S1-TMS activates the ipsilateral M1 contributing to the MEP through the current spread to the M1 produced by the S1-TMS. In other words, the S1-TMS-induced LIHI may be due to activation of some interneurons in the M1 induced by the current spread caused by the S1-TMS.

In the present study, an investigation was made to elucidate whether the LIHI is induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP. We expect that the LIHI induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP is not apparent when it is estimated across healthy adult humans, based on the negative findings on the S1-TMS-induced LIHI in the study by Mochizuki et al. (2004) and Ni et al. (2009). In spite of these negative previous findings, the LIHI induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP may be apparent when estimating the LIHI in the participants who are sensitive to the S1-TMS. The magnitude of the LIHI was greater as the amplitude of the MEP elicited by the S1-TMS was larger in the previous study by Ni et al. (2009). This may reflect a fact that the LIHI is only present when the intensity of the S1-TMS is strong enough to change the status of the S1. Thus, the previous negative findings may be explained by a view that the LIHI is present only when the S1-TMS effectively changes the status of the S1. The effect of the S1-TMS on the tactile perception of the digit stimulation (TPDS) must reflect the effect of the S1-TMS on the interneurons in the S1, because some pathways mediating the TPDS originate from the S1 (Porro et al., 2004; Dijkerman and de Haan, 2007). Thus, in spite of the negative findings in the previous studies, the S1-TMS-induced LIHI may be present when estimating that in healthy adult humans in whom the TPDS is sensitive to the S1-TMS. Based on this view, the S1-TMS-induced LIHI was estimated both in all of the participants and in the participants in whom the TPDS was sensitive to the S1-TMS in the present study.

In the present study, S1-TMS-elicited MEP was strictly excluded, in order to investigate whether the LIHI is induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP. That is, the S1-TMS was given at the intensity at which the contralateral MEP response larger than 50 μV was not elicited in 10 consecutive preliminary trials, and the trials with the MEP response larger than 50 μV were discarded online.

Another question is whether the S1-TMS-induced LIHI is dependent on the status of the S1 modulated by the tactile input. The change in the activity of the left S1 induced by the TMS over the right parietal cortex (2–4 cm posterior to the hotspot of the muscle representation) was modulated by the electrical stimulus over the right median nerve (MN) projecting to the left S1 (Blankenburg et al., 2008). The site 2–4 cm posterior to the hotspot of the muscle representation has been considered to be the appropriate TMS site of the S1 (Harris et al., 2002; McKay et al., 2003; Koch et al., 2006; Palomar et al., 2011). Accordingly, the finding by Blankenburg et al. (2008) means that the interhemispheric interaction between the S1s is dependent on the state of the S1 that receives the interhemispheric input. However, the effect of the tactile input to the conditioning side of the S1 on the S1-TMS-induced LIHI has not been investigated.

In order to investigate the effect of the tactile input to the conditioning side of the S1 on the S1-TMS-induced LIHI, the status of the conditioning side of the S1 was modulated by the tactile stimulation to the digit (DS). Generally, the MN is stimulated at the wrist in order to induce the sensory evoked potential (SEP) in the contralateral hemisphere (Nuwer et al., 1994). When the MN is electrically stimulated at the wrist, both the cutaneous and muscle afferents are stimulated, but the cutaneous afferents are mainly stimulated when the digit is stimulated (Chen et al., 1999). Muscle afferent projects to the areas 3a and 2, but cutaneous afferents project to the area 3b and 1 (Friedman and Jones, 1981). Thus, in the present study, electrical stimulation was given over the digit so that the status of the limited areas of the S1 was modulated by the tactile input.

In addition, the effect of the DS on the LIHI induced by the above-motor-threshold M1-TMS was also examined as the control experiment for the effect of the DS on the S1-TMS-induced LIHI. If the S1-TMS-induced LIHI is modulated by the DS, but the above-motor-threshold M1-TMS-induced LIHI is not, the S1-TMS-induced LIHI and M1-TMS-induced LIHI must be mediated by different mechanisms. Given this is true, the finding indirectly supports our view that the LIHI is induced by the S1-TMS without activating the conditioning side of the M1 contributing to the MEP.

The other question is whether the pathways mediating the TPDS at the S1 interact with the pathways mediating the LIHI. The S1-TMS induces attenuation of the TPDS (Cohen et al., 1991; Seyal et al., 1992, 1995), indicating that the S1-TMS interferes the TPDS. Thus, the S1-TMS-induced LIHI must be dependent on the effect of the S1-TMS on the pathways mediating the TPDS at the S1, if the pathways mediating the S1-TMS-induced LIHI interact with the pathways mediating the TPDS at the S1. We tested this hypothesis as well.

EXPERIMENT 1

Materials and Methods

Participants

Seventeen healthy humans aged 28.8 ± 1.4 years (10 males and 7 females) participated in Experiment 1 (Table 1). The participants had no history of neurological disease. All participants were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). All participants gave written informed consent for study participation prior to the experiment. The experiment was approved by the ethics committee of Osaka Prefecture University.

TABLE 1. Applied exclusion criteria.
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DS

Electrical stimulation was given over the left index finger for inducing the tactile input to the S1 producing the tactile perception. A pair of ring electrodes that electrically elicits a tactile sensation was braced over the left index finger as shown in Figure 1A (SL-100-1; Unique Medical, Tokyo, Japan). The anode of the electrodes was braced over the distal phalanx, and the cathode of the electrodes was braced over the intermediate phalanx. The distance between the electrodes was 15 mm. A monophasic square-wave pulse of 1 ms was generated by an electrical stimulator (SS-104J; Nihon Kohden, Tokyo, Japan). The perceptual threshold was defined as the minimum intensity at which the participant perceived tactile sensation nine times or more out of 10 consecutive DSs.
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FIGURE 1. Experimental setup (A), the discard threshold of the motor evoked potential (MEP) response in the left first dorsal interosseous (FDI) muscle (B) and time protocol of the test and conditioning stimuli in Experiments 1 (C) and 2 (D). The arrow in each coil indicates the direction of the electrical current in the brain (A). The deviation of the electromyographic (EMG) trace in the time window between 15 and 50 ms after the transcranial magnetic stimulation over the primary sensory area (S1-TMS) larger than 50 μV is considered to be the presence of the MEP response and the trials with the EMG trace larger than this size of the deviation are discarded from data analysis (B). MEP, motor evoked potential; FDI, first dorsal interosseous; S1, primary sensory area; TMS, transcranial magnetic stimulation; AP, anterior-posterior position; PA, posterior-anterior position; LM, lateral-medial position; DS, tactile stimulation to the index finger; M1, primary motor area; C-T interval, conditioning-testing interval; C-C interval, conditioning-conditioning interval.



Electromyographic Recordings

The Ag/AgCl surface electrodes recording electromyographic (EMG) activity were placed over the left and right FDI muscles configured in belly-tendon montages. The EMG signals were amplified by an EMG amplifier (MEG-2100; Nihon Kohden, Tokyo, Japan) with a band-pass filter from 15 Hz to 3 kHz. The amplified EMG signals were converted to digital signals at a sampling rate of 10 kHz using an A/D converter (PowerLab 800 s; ADInstruments, Colorado Springs, CO, USA), and the digital signals were stored on a personal computer.

Test TMS

The test TMS was given over the hotspot of the right FDI muscle representation using a figure-of-eight-shaped coil (YM-131B; Nihon Kohden) connected to a magnetic stimulator (SMN-1200; Nihon Kohden). The coil had an outer diameter of 99 mm for one half of the coil. The maximum intensity of the coil was 1.03 T. The coil oriented to the direction in which the TMS induced an anterior-medial current in the brain (posterior-anterior position [PA]) as shown in Figure 1A (Ni et al., 2011). The coil was first placed over a site 3 cm left of the vertex and was moved little by little to find a hotspot where the largest test MEP response in the right FDI muscle was elicited. Then, the coil was positioned at the hotspot of the right FDI muscle representation, and the test TMS intensity that produced the test MEP response with a mean amplitude of around 1 mV was determined.

S1-TMS

The conditioning TMS over the right S1 (S1-TMS) was given using a figure-of-eight-shaped coil (YM-132B; Nihon Kohden) connected to another magnetic stimulator (SMN-1200; Nihon Kohden). The coil had an outer diameter of 110 mm for one half of the coil. The maximum intensity of the coil was 0.71 T. The coil oriented to the direction in which the TMS induced a posterior-lateral current in the brain (anterior-posterior position [AP]) as shown in Figure 1A (Ni et al., 2011). We used the AP position in order to maximize the S1-TMS intensity of the given intensity level in terms of the motor threshold (just below the motor threshold). The motor threshold of the MEP elicited by the coil in the AP position is higher than that elicited by the coil placed in the PA or lateral-medial position (LM; Volz et al., 2015). Thus, giving the TMS with the coil in the AP position more likely gives the higher intensity of the S1-TMS without eliciting the MEP response in the left FDI muscle comparing with giving the S1-TMS with the coil in the PA or LM position.

Previous studies have used different procedures to determine the site of the S1-TMS. In some studies, the C3 or C4 was targeted for the S1-TMS administration (Cohen et al., 1991; Seyal et al., 1992; Harris et al., 2002), while in others, a site 3 or 4 cm posterior to the hotspot of the muscle representation was targeted (McKay et al., 2003; Koch et al., 2006; Palomar et al., 2011). The site of the S1 has also been determined using anatomical MRI (Meehan et al., 2008; Ni et al., 2009). In the present study, the S1-TMS was administered to a site 3 cm posterior to the hotspot of the left FDI muscle representation. Therefore, before the site of the S1 could be determined, the hotspot of the left FDI muscle representation had to be located. For this purpose, we used the same procedure as used to search for the hotspot of the right FDI muscle representation. Finally, the intensity of the S1-TMS was determined as the maximum intensity at which the MEP response larger than 50 μV of the amplitude in the left FDI muscle was not observed across 10 consecutive S1-TMSs (Figure 1B). This amplitude was used as the cut-off level of the MEP response, because usually the presence and absence of the MEP response is discriminated at this level when estimating the motor threshold (Chen et al., 2008). If the MEP response larger than 50 μV was absent for the 10 consecutive trials, even at the maximum output, the S1-TMS was given with the intensity at the maximum output during the experimental session.

Time Course of IHI

The time course of the IHI induced by the S1-TMS, DS, or S1-TMS with the DS was examined. The intensity of the DS was 1.5 times the intensity at the perceptual threshold. The S1-TMS was given 5, 10, 20, 40, or 60 ms before the test TMS under the S1-TMS condition (Figure 1C). The interval between the test TMS and S1-TMS (conditioning-testing [C-T] interval) was altered randomly on a trial-by-trial basis. The S1-TMS was given 5, 10, 20, 40, or 60 ms before the test TMS, and the DS was given 30 ms before the S1-TMS under the DS + S1-TMS condition. Thus, the DS was given 35, 40, 50, 70, or 90 ms before the test TMS under the DS condition. The number of trials was 10 under each condition with each C-T interval. Only the test TMS was given under the control condition. The trials under the control condition were inserted between the trials under the DS, S1-TMS, and DS + S1-TMS conditions. The number of trials inserted under the control condition was 10. The total number of planned trials in this experimental session was 160: 50 trials each under the S1-TMS, DS + S1-TMS, and DS conditions; and 10 trials under the control condition. The participants closed their eyes with their hands relaxed throughout the experiment. A trigger of the TMS was given when background EMG activity was absent. The inter-trial interval was 10–20 s. The pre-stimulus background EMG burst was identified visually, and the trials accompanied by this burst were discarded online. In addition, the trials in which the trials with the MEP response larger than 50 μV of the amplitude in the left FDI muscle were discarded online. Then, complementary trials for the discarded trials were conducted after the completion of the planned trials.

Attenuation of TPDS by S1-TMS

Attenuation of the TPDS induced by the S1-TMS was tested in previous studies (Cohen et al., 1991; Seyal et al., 1992, 1995). This reflects the effect of the S1-TMS on the pathways mediating the TPDS at the S1. The TPDS when both the DS and S1-TMS were given (DS + S1-TMS condition) was compared with that when only the DS was given (DS condition) in this experimental session. The DS was given with an intensity at the perceptual threshold. Under the DS + S1-TMS condition, both the S1-TMS and DS were given (Figure 1C). The DS was given 30 ms after the S1-TMS under the DS + S1-TMS condition, because the prominent attenuation of the TPDS induced by the S1-TMS was present in this interval in our preliminary trials, and the maximum attenuation of the TPDS induced by the S1-TMS appeared when the DS was given 20–30 ms before the S1-TMS in a previous study (Seyal et al., 1992). Under the S1-TMS condition, only the S1-TMS was given. Under the DS condition, only the DS was given. The experimental condition was randomly altered on a trial-by-trial basis. Ten trials were conducted for each condition. The total number of trials was 30. The participants closed their eyes with their hands relaxed throughout the experiment. The participants were instructed to answer “yes” if they perceived a tactile stimulus and “no” or “weak” if they did not perceive it or if the sensation weakened after each DS in each trial. The TP ratio representing the attenuation of the tactile input induced by the S1-TMS was estimated; the probability of the TPDS under the S1-TMS + DS condition was divided by the probability of the TPDS under the DS condition. The TP ratio less than 1.0 indicates that the TPDS is attenuated by the S1-TMS.

Data Analysis

The MEP amplitude was estimated on a peak-to-peak basis. The TMS intensity was preliminarily determined so that the test MEP amplitude in the control condition was around 1 mV. This procedure was conducted to rule out the across-participant variability in the sensitivity of the test MEP to the conditioning stimulus. Nevertheless, the test MEP amplitude under the control condition in the experimental session may deviate from the target amplitude. Thus, participants in whom the mean amplitude of the test MEP under the control condition of the experimental session was outside the range of 0.5–1.5 mV were excluded from the analysis of the IHI. The TP ratio indirectly implies the effect of the TMS on the pathways mediating the TPDS at the S1. Thus, in the subgroup analysis, participants with the TP ratio equal to or more than 1.0 were excluded from the analysis of the IHI, in order to estimate the S1-TMS-induced IHI particularly in the participants in which the S1-TMS is effective on the pathways mediating the TPDS at the S1. The magnitude of the IHI was the test MEP amplitude under the S1-TMS condition expressed as a percentage of the test MEP amplitude under the control condition.

One-way ANOVA was conducted to test the difference in the test MEP amplitude among the control condition and five C-T intervals under the DS or S1-TMS condition, and to test the difference in the probability of the TPDS among the three experimental conditions. When one-way ANOVA revealed a significant difference among the means, it was followed by a multiple comparison test (Bonferroni test). Two-way ANOVA was conducted to test the difference in the change in the test MEP amplitude among the five C-T intervals and between the two experimental conditions. Pearson’s correlation coefficient between the magnitude of the S1-TMS-induced IHI and the TP ratio was estimated. A t-test was conducted for testing the difference between two means. The alpha level was 0.05. The results were expressed as means ± standard error.

Results

Attenuation of TPDS by S1-TMS

The probability of the TPDS under each condition across 17 participants is shown in Figure 2. The S1-TMS attenuated the TPDS. The probability of the TPDS was 0.93 ± 0.02 under the DS condition, 0.66 ± 0.06 under the DS + S1-TMS condition, and 0.02 ± 0.01 under the S1-TMS condition. There was a significant difference in the probability among the three experimental conditions (F(2,32) = 135.55, p < 0.01). A post hoc test revealed a significant difference in this probability between each pair of conditions (p < 0.05). The average of the TP ratio across the participants was 0.72 ± 0.07.


[image: image]

FIGURE 2. The averaged probability of the tactile perception of the digit stimulation (TPDS) across 17 participants. Bars indicate means, and error bars indicate standard errors of means. Asterisks indicate significant differences (p < 0.05). S1, primary sensory area; TMS, transcranial magnetic stimulation; DS, tactile stimulation to the index finger.



IHI Induced by S1-TMS

The hotspot of the right FDI muscle representation was 5.8 ± 0.2 cm left to and 1.0 ± 0.3 cm anterior to the vertex in 17 participants. The test TMS intensity was 80.2 ± 4.1% of the maximum stimulator output. The S1-TMS site was 5.6 ± 0.3 cm right to and 1.6 ± 0.2 cm posterior to the vertex. The intensity of the S1-TMS was 89.1 ± 2.3% of the maximum stimulator output. The intensity of the S1-TMS was not significantly correlated with the TP ratio (r = 0.09, p = 0.74).

Three out of 17 the participants were excluded from the analysis of the IHI, because the average amplitude of the test MEP in the control trials in the experimental session was not within the range of 0.5–1.5 mV. Thus 14 participants (7 males and 7 females) were included in the analysis of the IHI (Table 1). The total number of trials in this experimental session was 182 ± 4. The average test MEP amplitude in the control trials in the experimental session was 0.87 ± 0.07 mV in these 14 participants. The MEP response in the left FDI muscle analyzed for the IHI was absent in all of the participants as shown in Figure 3. The average of the test MEP amplitudes with and without the S1-TMS in these 14 participants are shown in Figure 4B. The test MEP was small when the S1-TMS was given 40 ms before the test TMS (Figures 4A,B). One-way ANOVA revealed a significant difference in the test MEP amplitude among the control condition and the five C-T intervals under the S1-TMS condition (F(5,65) = 3.90, p < 0.01). A post hoc analysis revealed that the test MEP amplitude under the S1-TMS condition with 40 ms of the C-T interval was significantly smaller than that in the S1-TMS condition with 5 and 60 ms of the C-T intervals (p < 0.05), but the test MEP amplitude under the S1-TMS condition with either of the C-T intervals was not significantly different from that under the control condition.
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FIGURE 3. The EMG traces in the left FDI muscle when the S1-TMS is given 40 ms after the test TMS in the trials included in the data analysis of the interhemispheric inhibition (IHI). Note that no MEP response appears in these EMG traces. S1, primary sensory area; TMS, transcranial magnetic stimulation.
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FIGURE 4. The averaged test MEP responses (A), the averaged test MEP amplitudes under the S1-TMS and control conditions across the participants (B), and those in the participants with the TP ratio less than 1.0 (C). The bar at the left side indicates the mean test MEP amplitude in the trials without the S1-TMS (control condition), and the other bars indicate the mean test MEP amplitudes in the trials with various C-T intervals of the S1-TMS (S1-TMS condition) (B,C). Error bars indicate standard errors. Asterisks indicate significant differences (p < 0.05). MEP, motor evoked potential; S1, primary sensory area; TMS, transcranial magnetic stimulation; DS, tactile stimulation to the index finger; M1, primary motor area; C-T interval, conditioning-testing interval.



The IHI induced by the S1-TMS as a function of the TP ratio in these 14 participants is shown in Figure 5. A moderate positive correlation between the IHI and TP ratio was observed when the S1-TMS was given with a C-T interval of 20, 40, or 60 ms. A significant positive correlation was observed between the TP ratio and IHI induced by the S1-TMS with a C-T interval of 40 ms (p < 0.05), but no such significant correlation was observed with the other C-T intervals.
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FIGURE 5. Scatter plot of the IHI induced by the S1-TMS as a function of the TP ratio. The panels indicate the plots for the C-T interval of 5 ms (A), 10 ms (B), 20 ms (C), 40 ms (D), and 60 ms (E). Each arrow points two data points that superimpose at a same locus as if it is one. The magnitude of the IHI is the test MEP amplitude under the S1-TMS condition expressed as a percentage of the test MEP amplitude under the control condition. The data in the participants with the test MEP size out of target range (N = 3) are also plotted. Correlation coefficients are estimated for the participants with the test MEP size within the target range (N = 14). MEP, motor evoked potential; DS, tactile stimulation to the index finger; C-T interval, conditioning-testing interval.



Four out of 14 participants in whom the TP ratio was 1.0 or more were excluded from the sub-group analysis of the IHI of the participants with attenuation of the TPDS induced by the S1-TMS. That is, 10 participants were included in the sub-group analysis of the IHI (Table 1). The total number of trials in this experimental session was 179 ± 4. The average test MEP amplitude was 0.84 ± 0.09 mV in these 10 participants. The time course of the IHI induced by the S1-TMS in the participants with attenuation of the TPDS induced by the S1-TMS is shown in Figure 4C. The test MEP was small when the S1-TMS was given 40 ms before the test TMS (Figures 4A,C). One-way ANOVA revealed a significant difference in the test MEP amplitude among the control condition and the five C-T intervals of the S1-TMS condition (F(5,45) = 5.66, p < 0.01). A post hoc test revealed that the test MEP amplitude under the S1-TMS condition with 40 ms of the C-T interval was significantly smaller than that in the S1-TMS condition with 5 or 60 ms of the C-T interval and was significantly smaller than that under the control condition (p < 0.05). The test MEP amplitude under the S1-TMS condition with a C-T interval of 40 ms was 39 ± 9% lower than that under the control condition.

Effect of DS on Test MEP

The effect of the DS on the test MEP was analyzed in 10 participants with attenuation of the TPDS induced by S1-TMS (Table 1). The time course of the modulation of the test MEP amplitude induced by the DS in these 10 participants is shown in Figure 6. There was no apparent modulation of the test MEP induced by the DS. There was no significant difference in the test MEP among the control condition and the five C-T intervals under the DS condition (F(5,45) = 0.35, p = 0.88).
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FIGURE 6. The averaged MEP response (A) and the averaged effect of the DS on the test MEP in the participants with the TP ratio less than 1.0 (B). The bar at the left side indicates the mean test MEP amplitude in the trials without the DS (control condition), and the other bars indicate the mean test MEP amplitudes in the trials with various C-T intervals of the DS (DS condition) (B). Note that the C-T interval plus 30 ms is equal to the interval between the DS and test-TMS. Error bars indicate standard errors. MEP, motor evoked potential; DS, tactile stimulation to the index finger; C-T interval, conditioning-testing interval.



Effect of DS on IHI

The effect of the DS on the S1-TMS-induced IHI was analyzed in 10 participants with attenuation of the TPDS induced by S1-TMS (Table 1). The time course of the IHI under the S1-TMS condition and that under the DS + S1-TMS condition is shown in Figure 7. The IHI was largest with the C-T interval of 40 ms under both conditions, but no apparent difference in the IHI was found between the conditions. Two-way ANOVA revealed a significant difference in the change in the test MEP amplitude among the five C-T intervals (F(4,36) = 5.89, p < 0.01), but the amplitude was not significantly different between the S1-TMS and DS + S1-TMS conditions (F(1, 9) = 0.00, p = 0.97) and showed no significant interaction between the two main effects (F(4,36) = 1.75, p = 0.16).
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FIGURE 7. The averaged test MEP responses (A) and the S1-TMS-induced IHI with and without the DS (B) in the participants with the TP ratio less than 1.0 in Experiment 1. An arrow points the prominent suppression of the MEP response in both the S1 and DS + S1 conditions (A). Bars indicate means, and error bars indicate standard errors of means (B). MEP, motor evoked potential; S1, primary sensory area; TMS, transcranial magnetic stimulation; DS, tactile stimulation to the index finger; C-T interval, conditioning-testing interval.



EXPERIMENT 2

In Experiment 1, the test MEP was inhibited by sub-motor-threshold S1-TMS given 40 ms before the test TMS in the participants with attenuation of the TPDS by the S1-TMS. Nevertheless, the effect of the DS on the S1-TMS-induced IHI was not apparent. In Experiment 2, further investigation was conducted to confirm that the IHI induced by the S1-TMS observed in Experiment 1 is modulated by the tactile input to the S1. In Experiment 1, the interval between the DS and the S1-TMS (conditioning-conditioning [C-C] interval), in which the attenuation of the TPDS was prominent in our preliminary trial, was 30 ms. The N20 of the SEP has been thought to be the activity of the S1, indicating that the afferent volley arrives at the S1 in the period 20 ms after the DS (Allison and Hume, 1981; Emerson and Pedley, 1990; Nuwer et al., 1994). Indeed, in a previous study, the attenuation of the TPDS induced by the S1-TMS was prominent when TMS was given 20 ms after the S1-TMS (Cohen et al., 1991). Thus, in Experiment 2, we formulated an alternative hypothesis—namely, that the S1-TMS-induced IHI is affected by the DS given specifically 20 ms before the S1-TMS, if the S1-TMS-induced IHI is dependent on the status of the S1 modulated by the tactile input.

In order to examine this hypothesis, the S1-TMS-induced IHI was conditioned by the DS with various C-C intervals. In addition, the effect of the DS on the M1-TMS-induced IHI was tested to confirm a hypothesis that the IHI between the M1s is not dependent on the status of the S1 modulated by the tactile input. If this hypothesis is true, the tactile input to the S1 particularly modulates the S1-TMS-induced IHI.

Materials and Methods

Participants

Thirteen healthy humans aged 30.3 ± 1.5 years (11 males and 2 females) participated (Table 1). The participants had no history of neurological disease. All participants were right-handed according to the Edinburgh Handedness Inventory. The methodologies of the EMG recording, DS, test TMS, and the test of the attenuation of the TPDS induced by the S1-TMS were the same as those in Experiment 1.

Effect of DS on S1-TMS-Induced IHI

The effect of the DS on the S1-TMS-induced IHI was investigated. The intensities of the DS and S1-TMS were the same as those in the investigation of the IHI in Experiment 1. The S1-TMS was given 40 ms before the test TMS under the S1-TMS condition, because a statistically significant IHI induced by the S1-TMS was present only in this C-T interval in Experiment 1 (Figure 4C). The DS was given at 10, 15, 20, 25, 30, or 35 ms before the S1-TMS (C-C interval) under the DS + S1-TMS condition (Figure 1D). This C-C interval was randomly altered on a trial-by-trial basis. Ten trials were conducted with each C-C interval under the DS + S1-TMS condition. Ten trials solely with the S1-TMS (S1-TMS condition) were randomly inserted between the trials under the DS + S1-TMS condition. The control trial in which only the test TMS was given (control condition) was also randomly inserted between the trials under the S1-TMS and DS + S1-TMS conditions. The number of control trials was 10. The participants closed their eyes with their hands relaxed throughout the experiment. A trigger of the TMS was given when background EMG activity was absent. The inter-trial interval was 10–20 s. The total number of planned experimental trials was 80: 60 trials under the DS + S1-TMS condition, 10 trials under the S1-TMS condition, and 10 trials under the control condition. The trials with a background EMG burst and the trials with an MEP response in the left FDI muscle larger than 50 μV of the amplitude elicited by the S1-TMS were discarded online, and complementary trials were added after the completion of the planned trials.

Effect of DS on M1-TMS-Induced IHI

The effect of the DS on the M1-TMS-induced IHI was investigated. The experimental protocol for this investigation was the same as that used to investigate the effect of the DS on the S1-TMS-induced IHI in Experiment 1, except for the intensity and site of the conditioning TMS. The conditioning TMS was given over the hotspot of the left FDI representation. The coil was in the LM position (Harris-Love et al., 2007; Vercauteren et al., 2008; Ni et al., 2009, 2011), where medially directed current was induced in the brain as shown in Figure 1A (Sakai et al., 1997). The intensity of the M1-TMS over the right M1 was 1.2 times the intensity at the resting motor threshold. The M1-TMS was given 40 ms before the test TMS (Figure 1D). The trials with the background EMG burst were discarded online, and complementary trials were added after the completion of the planned trials.

Data Analysis

The TP ratio was estimated in all of the participants. The participants in which the test MEP amplitude was within the range of 0.5–1.5 mV were included in the data analysis of the IHI. In the subgroup analysis, only the participants in which the TP ratio was less than 1.0 were included in the data analysis of the IHI. These processes were done, because the significant IHI induced by the S1-TMS was present only when the analysis was conducted for this type of participant in Experiment 1, and we intended to conduct Experiment 2 in the participants whose characteristics were similar to the participants analyzed for the time course of the S1-TMS-induced IHI in Experiment 1. The test MEP amplitude was expressed as a percentage of the average test MEP amplitude under the control condition in each participant.

A t-test was conducted to test the difference between the two means. One-way ANOVA was conducted to test the difference in the MEP amplitude among the S1-TMS or M1-TMS condition and the six C-C intervals of the DS + S1-TMS or DS + M1-TMS condition. When one-way ANOVA revealed a significant difference between the means, ANOVA was followed by a multiple comparison (Bonferroni test).

Results

TMS and TP Ratio

The test TMS site was 6.1 ± 0.3 cm left to and 1.0 ± 0.3 cm anterior to the vertex in 13 participants. The test TMS intensity was 76.5 ± 4.4% of the maximum stimulator output. The site of the M1-TMS was 6.2 ± 0.2 cm right to and 0.9 ± 0.3 cm anterior to the vertex. The intensity of the M1-TMS at the resting motor threshold was 65.3 ± 3.1% of the maximum stimulator output. The intensity of the M1-TMS was 78.4 ± 3.7% of the maximum stimulator output. The site of the S1-TMS was 6.2 ± 0.2 cm right to and 2.1 ± 0.3 cm posterior to the vertex. The intensity of the S1-TMS was 94.7 ± 3.3% of the maximum stimulator output. The average TP ratio was 0.81 ± 0.19. The number of participants in whom the TP ratio was equal to 1.0 or more was 3.

Effect of DS on S1-TMS-Induced LIHI

The effect of the DS on the S1-TMS-induced LIHI across all participants is shown in Figure 8B. The average test MEP amplitude under the control condition in these 13 participants was 1.08 ± 0.08 mV. The total number of the trial was 89 ± 2 in this session. The S1-TMS did not decrease the test MEP amplitude significantly compared with the control condition (p = 0.08). There was no significant effect of the DS on the S1-TMS-induced LIHI (F(6,72) = 2.13, p = 0.06). In the subgroup analysis, three participants were excluded from the analysis of the effect of the DS on the S1-TMS-induced LIHI in accordance with the exclusion criteria. Thus, 10 participants (10 males) were included in this analysis (Table 1). The average test MEP amplitude under the control condition in these 10 participants was 1.12 ± 0.08 mV. The S1-TMS significantly decreased the test MEP amplitude compared with the control condition (p = 0.02). The MEP amplitude under the S1-TMS condition was 18 ± 6% lower than that under the control condition. The time course of the effect of the DS on the S1-TMS-induced LIHI is shown in Figure 8C. The S1-TMS-induced IHI was enhanced by the DS with the C-C interval of 20 ms (Figure 8A). One-way ANOVA revealed that the test MEP amplitude was significantly different among the S1-TMS condition and the six C-C intervals under the DS + S1-TMS condition (F(6,54) = 3.01, p = 0.01). A post hoc test revealed that the test MEP amplitude under the DS + S1-TMS condition with 20 ms of the C-C interval was significantly smaller than that under the S1-TMS condition and than that under the DS + S1-TMS condition with 35 ms of the C-C interval (p < 0.05). The MEP amplitude under the DS + S1-TMS condition with 20 ms of the C-C interval was 30 ± 5% lower than the test MEP amplitude under the S1-TMS condition.
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FIGURE 8. The averaged test MEP responses (A) and the S1-TMS-induced LIHI with and without the DS across the participants (B) and in the participants with the TP ratio less than 1.0 (C) in Experiment 2. A red trace indicates the MEP response prominently inhibited (A). The bar at the left side indicates the mean test MEP amplitude under the S1-TMS condition, and the other bars indicate the mean test MEP amplitudes in the various C-C intervals under the DS + S1-TMS condition (B,C). Error bars indicate standard errors. An asterisk indicates significant difference (p < 0.05). MEP, motor evoked potential; S1, primary sensory area; TMS, transcranial magnetic stimulation; DS, tactile stimulation to the index finger; C-C interval, conditioning-conditioning interval.



Effect of DS on M1-TMS-Induced IHI

Four participants were excluded from the data analysis of the effect of the DS on the M1-TMS-induced LIHI in accordance with the exclusion criteria. Thus, 9 participants (9 males) were included in this analysis (Table 1). The average test MEP amplitude under the control condition was 1.04 ± 0.12 mV in these 9 participants. The total number of the trials were 83 ± 1 in this session. The MEP responses and amplitudes of the MEPs in the left FDI muscle elicited by the M1-TMS during the test of the time course of the LIHI are shown in Figure 9. There was a significant difference in the MEP in the left FDI muscle among the M1-TMS condition and the six C-C intervals under the DS + M1-TMS condition (F(6,48) = 3.90, p < 0.01). A post hoc test revealed that the MEP amplitudes under the DS + M1-TMS condition with 25, 30, and 35 ms of the C-C intervals were significantly smaller than the MEP amplitude under the DS + M1-TMS condition with 10 ms of the C-C interval (p < 0.05). Although the difference was not statistically significant, the MEP amplitude under the DS + M1-TMS condition tended to be smaller than that under the M1-TMS condition. This trend must have reflected the SAI. The time course of the effect of the DS on the M1-TMS-induced LIHI is shown in Figure 10. The test MEP amplitude under the M1-TMS condition was 20 ± 11% lower than that under the control condition. The effect of the DS on the M1-TMS-induced LIHI was not apparent. The test MEP amplitude was not significantly different among the M1-TMS condition and the six C-C intervals in the DS + M1-TMS condition (F(6,48) = 1.00, p = 0.44).
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FIGURE 9. The average MEP responses in the left FDI muscle preceded by the M1-TMS with and without the DS (A) and the averaged effect of the DS on the left MEP (B) in the participants with the TP ratio less than 1.0. The bar at the left side indicates the mean MEP amplitude under the M1-TMS condition, and the other bars indicate the mean MEP amplitudes in the various C-C intervals under the DS + M1-TMS condition (B). Error bars indicate standard errors. Asterisks indicate significant differences (p < 0.05). MEP, motor evoked potential; M1, primary motor area; TMS, transcranial magnetic stimulation; DS, tactile stimulation to the index finger; C-C interval, conditioning-conditioning interval.
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FIGURE 10. The average test MEP response preceded by the M1-TMS with and without the DS (A) and the averaged effect of the DS on the M1-TMS-induced LIHI in the participants with the TP ratio less than 1.0 (B). The bar at the left side indicates the mean MEP amplitude under the M1-TMS condition, and the other bars indicate the mean MEP amplitudes in the various C-C intervals under the DS + M1-TMS condition (B). Error bars indicate standard errors. MEP: motor evoked potential; M1: primary motor area; TMS: transcranial magnetic stimulation; DS: tactile stimulation to the index finger; C-C interval: conditioning-conditioning interval.



DISCUSSION

S1-TMS-Induced Short-Interval IHI

In the present study, the IHI was not induced by sub-motor-threshold S1-TMS given 5–20 ms before the test TMS. The IHI induced by the conditioning TMS around 10 ms before the test TMS is considered to be the short-interval IHI (Chen et al., 2003; Kukaswadia et al., 2005; Ni et al., 2009). Thus, the present finding means that the sub-motor-threshold S1-TMS does not induce the short-interval IHI. This finding was consistent with a previous finding that the short-interval IHI was not induced by the S1-TMS with the intensity below the 2.0 times of the active motor threshold (Ni et al., 2009).

S1-TMS-Induced LIHI

The S1-TMS given 40 ms after the test TMS did not induce the IHI when estimating the IHI across the participants, but induced that when estimating that in the participants with the TP ratio less than 1.0. The decrease in the test MEP induced by the conditioning TMS over the scalp contralateral to the test TMS site given from 40 to 50 ms before the test TMS is considered to be mediated by the LIHI (Chen et al., 2003; Kukaswadia et al., 2005; Ni et al., 2009). Thus, the decrease in the test MEP induced by the S1-TMS given 40 ms before the test TMS observed in the present study likely reflects the S1-TMS-induced LIHI.

The present finding was consistent with a previous finding that the LIHI was induced by the S1-TMS (Ni et al., 2009). In spite of that, there was an important difference in the experimental procedure between the previous study and our present study. The previous study by Ni et al. (2009) did not confirm whether the MEP response was not elicited by the S1-TMS in each trial. In contrast, in our present study, the MEP response in the left FDI muscle elicited by the S1-TMS was identified in each trial and discarded online so that all the trials analyzed for estimating the S1-TMS-induced IHI did not accompany the MEP response in the left FDI muscle elicited by the S1-TMS. Thus, the present finding is the first to confirm that the S1-TMS induces the LIHI without activation of the conditioning side of the M1 contributing to the contralateral MEP.

Nevertheless, the interpretation of the present finding must be cautiously treated. That is, even the trials with the MEP response elicited by the S1-TMS were discarded from data analysis, this procedure does not guarantee that the whole population of the interneurons in the M1 is not activated by the S1-TMS, because some interneurons in the M1 do not contribute to the MEP, as stated in a previous study that the inhibitory fibers, that had a lower threshold than the S1-TMS, may be activated without producing the contralateral MEP response (Ni et al., 2009). Thus, it is inconclusive that the S1-TMS-induced LIHI is produced without activating whole population of the interneurons in the M1.

Neural Mechanism Underlying S1-TMS-Induced IHI

The long-lasting IHI of the S1 induced by DS over the hind limb in rats is mediated by the GABAB-ergic neurons (Palmer et al., 2012). Moreover, the LIHI induced by M1-TMS in humans is also mediated by the GABAB-ergic neurons (Irlbacher et al., 2007). Collectively, the LIHI induced by S1-TMS may also be mediated by the GABAB-ergic neurons.

Sensitivity of TPDS to S1-TMS

Our present finding on the LIHI induced by the sub-motor-threshold S1-TMS was contrary to the previous finding by Ni et al. (2009) and that by Mochizuki et al. (2004). The previous study by Ni et al. (2009) found the S1-TMS-induced LIHI, but the LIHI was absent when the S1-TMS was given at the intensity below the motor threshold according to the experiment on the LIHI induced by the various intensity of the S1-TMS (Ni et al., 2009). Another previous study failed to find the LIHI when the sub-motor-threshold S1-TMS was given 50 ms before the test TMS (Mochizuki et al., 2004). One may speculate that the conflicting findings between our present study and these previous studies may be due to different conditioning coil positions. In our present study, the conditioning coil was in the AP position, but in the previous studies, the coil was in the LM position. The I-waves elicited by the TMS are dependent on the direction of the coil (Sakai et al., 1997; Di Lazzaro et al., 2001). However, the IHI was not affected by the current direction of the conditioning TMS either over the M1 or S1 in previous studies (Chen et al., 2003; Ni et al., 2009). Thus, the conflicting findings between our present study and the previous studies is unlikely due to the position of the conditioning coil.

An important experimental procedure that is different from the previous studies is exclusion of the particular characteristics of the participants. In the present study, the participants without the attenuation of the TPDS induced by the S1-TMS were excluded in the sub-group analysis. This procedure allowed us to obtain apparent LIHI induced by the S1-TMS in the present study. Thus, most likely interpretation for the apparent LIHI induced by the sub-motor-threshold S1-TMS particularly for the sub-group analysis in the present study is that the S1-TMS-induced LIHI occurs only when the S1-TMS affects the pathways mediating the TPDS at the S1.

Moreover, the attenuation of the TPDS by the S1-TMS well correlated with the S1-TMS-induced LIHI. These findings must reflect a fact that both the effects of the DS on the S1-TMS-induced LIHI and the S1-TMS-induced LIHI are dependent on the effect of the S1-TMS on the pathways mediating the TPDS at the S1.

The attenuation of the TPDS induced by the S1-TMS indicates that the S1-TMS interferes the activity of the pathways mediating the TPDS at the S1. Thus, one possible interpretation of the findings on the subgroup analysis is that the pathways mediating the TPDS at the S1 have the inhibitory input to the pathways mediating the S1-TMS-induced LIHI and the pathways mediating the tactile input. Given this is true, in the participants with the attenuation of the TPDS induced by the S1-TMS, inhibitory inputs to the pathways mediating the S1-TMS-induced LIHI and to those mediating the tactile input are decreased, and these decreases cause apparent S1-TMS-induced LIHI and the apparent effect of the DS on the S1-TMS-induced LIHI. Further investigations are needed to elucidate this hypothetical mechanism.

Effect of DS on LIHI

The M1-TMS-induced LIHI was not enhanced, while the S1-TMS-induced IHI was enhanced by the DS, indicating that the pathways mediating the LIHI induced by the S1-TMS and those mediating the LIHI induced by the M1-TMS have different sensitivity to the DS. A previous study reported that the regression line of the S1-TMS-induced LIHI as a function of the amplitude of the MEP elicited by the S1-TMS was different from that of the M1-TMS-induced LIHI as a function of the amplitude of the MEP response elicited by the M1-TMS, indicating different neural mechanism underlying the S1- and M1-TMS-induced IHIs (Ni et al., 2009). Taken together, the neural pathways mediating the S1-TMS-induced LIHI must not be the same as the pathways mediating the M1-TMS-induced LIHI.

In a previous study, the activity of the M1 was decreased by the DS over the ipsilateral fingers (Hlushchuk and Hari, 2006). Thus, one may speculate that the enhancement of the S1-TMS-induced LIHI caused by the DS reflects the direct inhibition of the test MEP induced by the DS. Nevertheless, this speculation is unlikely. In Experiment 1, the test MEP was not modulated when only the DS was given to the test MEP side, as consistent with a previous finding that the electrical stimulation of the ulnar nerve did not modulate the ipsilateral test MEP (Ni et al., 2009). The S1-TMS was given from 5 to 60 ms before the test TMS, and the DS was consistently given 30 ms before the S1-TMS. That is, the test MEP was not directly modulated by the DS given from 35 to 90 ms before the test TMS. In Experiment 2, the S1-TMS-induced LIHI was enhanced by the DS given 20 ms before the S1-TMS. In this experiment, the S1-TMS was given 40 ms before the test TMS. That is, the DS enhanced the S1-TMS-induced LIHI when the DS was given 60 ms before the test TMS. Thus, the interval between the DS and the test TMS that caused the enhancement of the IHI induced by the DS in Experiment 2 was within the range of the interval between the DS and the test TMS in which the DS alone did not modulate the test MEP in Experiment 1. Accordingly, the enhancement of the S1-TMS-induced LIHI by the DS is not due to the direct inhibition of the test MEP solely by the DS given over the finger ipsilateral to the test MEP side.

The N20 of the SEP reflects the activity of the S1 (Allison and Hume, 1981; Nuwer et al., 1994). That is, the latency of the change in the activity of the S1 when the DS is given over the MN at the wrist must be around 20 ms. In the present study, the C-C interval of the DS causing the enhancement of the S1-TMS-induced LIHI was 20 ms. Thus, the time taken for the conduction of the afferent volleys of the MN from the wrist to the S1 corresponds well to the appropriate C-C interval of the DS that enhanced the S1-TMS-induced LIHI. In the other words, the S1-TMS-induced LIHI is enhanced only when the S1-TMS is given when the tactile afferents produced by the digit stimulation just arrive at the S1. This suggests that the S1-TMS-induced LIHI is dependent on the activity of the S1 that is enhanced by the tactile input.

Hypothetical Interaction Between Pathways and Events

Several present findings imply the interaction between the pathways and events related to the IHI. The LIHI was induced by the TMS over the S1, indicating the S1-TMS activates the pathways mediating the LIHI. The DS given 20 ms before the S1-TMS increased the IHI, indicating that the tactile input to the S1 enhances the pathways mediating the S1-TMS-induced IHI. In contrast, the S1-TMS attenuates the TPDS, indicating that the pathways mediating the TPDS are inhibited by the TMS given over the S1. The LIHI was positively correlated with the attenuation of the TPDS induced by the S1-TMS, and was apparent only in the participants with the attenuation of the TPDS induced by the S1-TMS. Accordingly, it is likely that the pathways mediating the TPDS have the inhibitory inputs to the pathways mediating the S1-TMS-induced IHI. Tactile input to the S1 enhanced the S1-TMS-induced IHI, and the enhancement was apparent in the participants with attenuation of the TPDS by the S1-TMS. Thus, the pathways mediating the TPDS may have the inhibitory inputs to the pathways mediating the tactile input to the S1. Further investigations are needed for elucidating these hypothetical mechanisms.

Laterality and Handedness

In the present study, the LIHI of the left M1 was induced by the TMS over the contralateral S1. The testing and conditioning TMS sides were same as the previous study by Ni et al. (2009). However, the S1-TMS-induced LIHI observed in the present study may be different between the hemispheres, because the M1-TMS-induced IHI is different between the hemispheres in the right handers (Netz et al., 1995). Moreover, in the present study, the S1-TMS-induced IHI was investigated on the right handers. However, the S1-TMS-induced LIHI observed in the present study may be dependent on handedness, because of a previous finding that the laterality of the M1-TMS-induced IHI is dependent on the handedness (Bäumer et al., 2007). These issues must be investigated in future studies.

Methodological Consideration

The S1-TMS-induced LIHI was not found when the data analysis was conducted across all participants. In some previous studies, the locus of the S1 was identified using anatomical MRI (Meehan et al., 2008; Ni et al., 2009). On the other hand, in the present study, the S1-TMS was given over the site 3 cm posterior to the hotspot of the FDI representation, because this site has been shown to be the appropriate site of the TMS over the S1 (Harris et al., 2002; McKay et al., 2003; Koch et al., 2006; Palomar et al., 2011). The anatomical accuracy of the TMS site of the S1 in the present study must have been less than that in the previous studies using anatomical MRI. This may have been the cause of the variable results of the S1-TMS-induced LIHI among the participants. Nevertheless, in the present study, the functional efficiency of the S1-TMS on the TPDS was estimated. The S1-TMS-induced LIHI was apparent when the participants for estimating the IHI were filtered by the attenuation of the TPDS induced by the S1-TMS. Thus, the attenuation of the TPDS induced by the S1-TMS may be a useful measure that confirms the functional efficiency of the TMS over the S1 and the accuracy of the determination of the S1 locus without anatomical MRI.

Summary

The LIHI was not induced by the S1-TMS without activation of the conditioning side of the M1 contributing to the contralateral MEP when the IHI was estimated across the participants, but was induced by that when the LIHI was estimated in the participants with the attenuation of the TPDS induced by the S1-TMS. The S1-TMS-induced LIHI was positively correlated with the attenuation of the TPDS induced by S1-TMS, indicating that the S1-TMS-induced LIHI is dependent on the effectiveness of the S1-TMS on the pathways mediating the TPDS at the S1. The S1-TMS-induced LIHI was enhanced when S1-TMS was given in the period in which the tactile afferent volley produced by the digit stimulation just arrived at the S1, while the LIHI induced by above-motor-threshold TMS over the contralateral M1 was not enhanced by the tactile input. These findings indicate that the S1-TMS-induced LIHI is dependent on the status of the S1 modulated by the tactile input, and the pathways mediating the sub-motor-threshold S1-TMS-induced LIHI are not the same as the pathways mediating the above-motor-threshold M1-TMS-induced LIHI.

AUTHOR CONTRIBUTIONS

YI and KH, study design, conducted the experiment, analyzed the data, writing article. YJ, HM and AK, conducted the experiment.

REFERENCES

Allison, T., and Hume, A. L. (1981). A comparative analysis of short-latency somatosensory evoked potentials in man, monkey, cat and rat. Exp. Neurol. 72, 592–611. doi: 10.1016/0014-4886(81)90008-x

Bäumer, T., Dammann, E., Bock, F., Klöppel, S., Siebner, H. R., and Münchau, A. (2007). Laterality of interhemispheric inhibition depends on handedness. Exp. Brain Res. 180, 195–203. doi: 10.1007/s00221-007-0866-7

Blankenburg, F., Ruff, C. C., Bestmann, S., Bjoertomt, O., Eshel, N., Josephs, O., et al. (2008). Interhemispheric effect of parietal TMS on somatosensory response confirmed directly with concurrent TMS-fMRI. J. Neurosci. 28, 13202–13208. doi: 10.1523/jneurosci.3043-08.2008

Chen, R., Corwell, B., and Hallett, M. (1999). Modulation of motor cortex excitability by median nerve and digit stimulation. Exp. Brain Res. 129, 77–86. doi: 10.1007/s002210050938

Chen, R., Cros, D., Curra, A., Di Lazzaro, V., Lefaucheur, J. P., Magistris, M. R., et al. (2008). The clinical diagnostic utility of transcranial magnetic stimulation: report of an IFCN committee. Clin. Neurophysiol. 119, 504–532. doi: 10.1016/j.clinph.2007.10.014

Chen, R., Yung, D., and Li, J. Y. (2003). Organization of ipsilateral excitatory and inhibitory pathways in the human motor cortex. J. Neurophysiol. 89, 1256–1264. doi: 10.1152/jn.00950.2002

Cohen, L. G., Bandinelli, S., Sato, S., Kufta, C., and Hallett, M. (1991). Attenuation in detection of somatosensory stimuli by transcranial magnetic stimulation. Electroencephalogr. Clin. Neurophysiol. 81, 366–376. doi: 10.1016/0168-5597(91)90026-t

Di Lazzaro, V., Oliviero, A., Saturno, E., Pilato, F., Insola, A., Mazzone, P., et al. (2001). The effect on corticospinal volleys of reversing the direction of current induced in the motor cortex by transcranial magnetic stimulation. Exp. Brain Res. 138, 268–273. doi: 10.1007/s002210100722

Dijkerman, H. C., and de Haan, E. H. (2007). Somatosensory processes subserving perception and action. Behav. Brain Sci. 30, 189–201. doi: 10.1017/s0140525x07001392


Emerson, R., and Pedley, T. A. (1990). “Somatosenory evoked potentials,” in Current Practice of Clinical Encephalography, 2nd Edn. eds D. D. Daly and T. A. Pedley (New York, NY: Raven Press), 679–706.


Ferbert, A., Priori, A., Rothwell, J. C., Day, B. L., Colebatch, J. G., and Marsden, C. D. (1992). Interhemispheric inhibition of the human motor cortex. J. Physiol. 453, 525–546. doi: 10.1113/jphysiol.1992.sp019243


Friedman, D. P., and Jones, E. G. (1981). Thalamic input to areas 3a and 2 in monkeys. J. Neurophysiol. 45, 59–85.



Harris, J. A., Miniussi, C., Harris, I. M., and Diamond, M. E. (2002). Transient storage of a tactile memory trace in primary somatosensory cortex. J. Neurosci. 22, 8720–8725.


Harris-Love, M. L., Perez, M. A., Chen, R., and Cohen, L. G. (2007). Interhemispheric inhibition in distal and proximal arm representations in the primary motor cortex. J. Neurophysiol. 97, 2511–2515. doi: 10.1152/jn.01331.2006

Hlushchuk, Y., and Hari, R. (2006). Transient suppression of ipsilateral primary somatosensory cortex during tactile finger stimulation. J. Neurosci. 26, 5819–5824. doi: 10.1523/jneurosci.5536-05.2006

Irlbacher, K., Brocke, J., Mechow, J. V., and Brandt, S. A. (2007). Effects of GABAA and GABAB agonists on interhemispheric inhibition in man. Clin. Neurophysiol. 118, 308–316. doi: 10.1016/j.clinph.2006.09.023

Koch, G., Franca, M., Albrecht, U. V., Caltagirone, C., and Rothwell, J. C. (2006). Effects of paired pulse TMS of primary somatosensory cortex on perception of a peripheral electrical stimulus. Exp. Brain Res. 172, 416–424. doi: 10.1007/s00221-006-0359-0

Kukaswadia, S., Wagle-Shukla, A., Morgante, F., Gunraj, C., and Chen, R. (2005). Interactions between long latency afferent inhibition and interhemispheric inhibitions in the human motor cortex. J. Physiol. 563, 915–924. doi: 10.1113/jphysiol.2004.080010

McKay, D. R., Ridding, M. C., and Miles, T. S. (2003). Magnetic stimulation of motor and somatosensory cortices suppresses perception of ulnar nerve stimuli. Int. J. Psychophysiol. 48, 25–33. doi: 10.1016/s0167-8760(02)00159-9

Meehan, S. K., Legon, W., and Staines, W. R. (2008). Paired-pulse transcranial magnetic stimulation of primary somatosensory cortex differentially modulates perception and sensorimotor transformations. Neuroscience 157, 424–431. doi: 10.1016/j.neuroscience.2008.09.008

Meyer, B. U., Röricht, S., Gräfin von Einsiedel, H., Kruggel, F., and Weindl, A. (1995). Inhibitory and excitatory interhemispheric transfers between motor cortical areas in normal humans and patients with abnormalities of the corpus callosum. Brain 118, 429–440. doi: 10.1093/brain/118.2.429

Mochizuki, H., Terao, Y., Okabe, S., Furubayashi, T., Arai, N., Iwata, N. K., et al. (2004). Effects of motor cortical stimulation on the excitability of contralateral motor and sensory cortices. Exp. Brain Res. 158, 519–526. doi: 10.1007/s00221-004-1923-0

Netz, J., Ziemann, U., and Hömberg, V. (1995). Hemispheric asymmetry of transcallosal inhibition in man. Exp. Brain Res. 104, 527–533. doi: 10.1007/bf00231987

Ni, Z., Charab, S., Gunraj, C., Nelson, A. J., Udupa, K., Yeh, I. J., et al. (2011). Transcranial magnetic stimulation in different current directions activates separate cortical circuits. J. Neurophysiol. 105, 749–756. doi: 10.1152/jn.00640.2010

Ni, Z., Gunraj, C., Nelson, A. J., Yeh, I. J., Castillo, G., Hoque, T., et al. (2009). Two phases of interhemispheric inhibition between motor related cortical areas and the primary motor cortex in human. Cereb. Cortex 19, 1654–1665. doi: 10.1093/cercor/bhn201

Nuwer, M. R., Aminoff, M., Desmedt, J., Eisen, A. A., Goodin, D., Matsuoka, S., et al. (1994). IFCN recommended standards for short latency somatosensory evoked potentials. Report of an IFCN committee. International federation of clinical neurophysiology. Electroencephalogr. Clin. Neurophysiol. 91, 6–11. doi: 10.1016/0013-4694(94)90012-4

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)0067-4

Palmer, L. M., Schulz, J. M., Murphy, S. C., Ledergerber, D., Murayama, M., and Larkum, M. E. (2012). The cellular basis of GABAB-mediated interhemispheric inhibition. Science 335, 989–993. doi: 10.1126/science.1217276

Palomar, F. J., Díaz-Corrales, F., Carrillo, F., Fernández-del-Olmo, M., Koch, G., and Mir, P. (2011). Sensory perception changes induced by transcranial magnetic stimulation over the primary somatosensory cortex in Parkinson’s disease. Mov. Disord. 26, 2058–2064. doi: 10.1002/mds.23779

Porro, C. A., Lui, F., Facchin, P., Maieron, M., and Baraldi, P. (2004). Percept-related activity in the human somatosensory system: functional magnetic resonance imaging studies. Magn. Reson. Imaging 22, 1539–1548. doi: 10.1016/j.mri.2004.10.003

Sakai, K., Ugawa, Y., Terao, Y., Hanajima, R., Furubayashi, T., and Kanazawa, I. (1997). Preferential activation of different I waves by transcranial magnetic stimulation with a figure-of-eight-shaped coil. Exp. Brain Res. 113, 24–32. doi: 10.1007/bf02454139

Seyal, M., Masuoka, L. K., and Browne, J. K. (1992). Suppression of cutaneous perception by magnetic pulse stimulation of the human brain. Electroencephalogr. Clin. Neurophysiol. 85, 397–401. doi: 10.1016/0168-5597(92)90053-e

Seyal, M., Ro, T., and Rafal, R. (1995). Increased sensitivity to ipsilateral cutaneous stimuli following transcranial magnetic stimulation of the parietal lobe. Ann. Neurol. 38, 264–267. doi: 10.1002/ana.410380221

Vercauteren, K., Pleysier, T., Van Belle, L., Swinnen, S. P., and Wenderoth, N. (2008). Unimanual muscle activation increases interhemispheric inhibition from the active to the resting hemisphere. Neurosci. Lett. 445, 209–213. doi: 10.1016/j.neulet.2008.09.013

Volz, L. J., Hamada, M., Rothwell, J. C., and Grefkes, C. (2015). What makes the muscle twitch: motor system connectivity and TMS-induced activity. Cereb. Cortex 25, 2346–2353. doi: 10.1093/cercor/bhu032

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Iwata, Jono, Mizusawa, Kinoshita and Hiraoka. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-10-00438-g003.gif
J— -
[ t
| s
&( ;
), )
N t
J}’( tlzoo pv

SITTMS TestTMs 10 ms





OPS/images/fnhum-10-00438-g004.gif
A

S1-TMS-induced [HI (all participants)

Test MEP responses
Control ’ =14
5ms
10 ms
> 12 S1-TMS-induced IHI (TP ratio < 1.0)
S El29N=10 ——
Z 1

208
500 uV £
40 ms | %0.6
©
& 0.4
60 ms _20 [ S 0.2
0
A A

$1-TMS Test TMS SIS
C-T interval (ms)





OPS/images/fnhum-10-00438-g001.gif
B Discard threshold of MEP response in left FDI

A Experimental setup

f15 mm
x
Ring electrodes

Test MEP
Test TMS site  M1-TMS site

(Left hotspot) ~ (Right hotspot)

O Control
x
Vertex M
3cm $1-TMS
PA
AP
DS

Tmedivedmn

Right direction $1-TMS site (S1) DX

$1-TMS onset

15 ms after S1-TMS onset

C Time protocol (experiment 1)

Test TMS
+

Test TMS

S1-TMS

ps Test TMS
v ¥

Test TMS
2

CTinterval

EMG trace

50 pv.

50 ms after S1-TMS onset

D Time protocol (experiment 2)

Test TMS

Control ..}
S1-TMS  TestTMS

S1-TMS Y
DS S1-TMS  TestTMS

DS+S1-TMS -~
MI-TMS  Test IMS

MITMS -
DS M1-TMS  Test TMS

DswrTS ¥, ¥ ¥

D
10-35ms
C-Cinterval

40ms





OPS/images/fnhum-10-00438-g002.gif
17

1
- v—

o

& &g

S o =} o
uondeotad a|joe) Jo AjjIqeqold

DS+S1-TMS S1-TMS

DS





OPS/images/fnhum-10-00438-g007.gif
A Test MEP responses Averaged magnitude of S1-TMS induced IHI

— S$1-TMS
Control == DS + S1-TMS N 140
} W Si-T™MS
Bares B 120 Ol we e s
£
§ 100
10 ms 5
| = 80
500 pV/ &
20ms ‘/V\,, é) 6
]
40ms ¥ £ 40
—A\~—
60 ms * . /\/\, 'K
.
20 A 0 T T T
o ™ TestTMS 10 2 40 60

0
$1-TMS C-Tinterval (ms)






OPS/images/fnhum-10-00438-g005.gif
A C-Tinterval of 5 ms

B C-Tinterval of 10 ms

180 160
160 - . 140
o .
g140 . R 1204
5121 L B 100-| * » -
5100 - . o et | golee . . ® Test MEP size within target range (N = 14)
= 80 - ¢« X . . © Test MEP size out of target range (N = 3)
E %o 60 X *
40 ° 40
20 - r=002| 20 =012
o — T T 0 —
180’0 C-T interval of 20 ms . D C-Tinterval of 40 ms znoE C-T interval of 60 ms
160+ . 160-| r=0.59 (p <0.05) 180 .
2143 . 140- N 160 s .
'§120. o : 120 140 .
S0 R | Lot
= 50| " . 80 .o ., 100 . s °
S v 60| % . Ux | 80 .
. ® 60 o .
. 40 . 40 ]
r=ods | 27 o 20 r=041
o T T T T 0 T T T T T o T T T T
0 02 04 06 08 1 12 0 02 04 06 08 1 12 0 02 04 06 08 1 12

TP ratio

TP ratio

TP ratio





OPS/images/fnhum-10-00438-g006.gif
A Test MEP responses

Control }\/W
+
5ms | soowv
10ms
A +
20ms
.
40 ms
N +

60 ms 20 ms 0
A JAN

DS

Test TMS

Awerage of test MEP amplitude

1.2

e e
o ®
L 1 I

MEP amplitude (mV)
o
'S
1

0.2

Control

DS
C-T interval (ms)





OPS/images/fnhum-10-00438-g010.gif
A Test MEP responses

30ms [

35ms

T

| 500 v

M1-TMS
10 ms ' /\/
15ms ’ /\/
I
20ms | . //\C
1
25ms
-
I~

A
DS

—t
A0 20ms_ 4
$1-TMS Test TMS

120

MEP amplitude (% of control)

0

o
|

100 |
90 +
80+
70
60 -
50+
40
304
20
10

DS effect on M1-TMS induced LIHI
N=9
T T T T T T
M1-TMS I10 15 20 25 30 35|
DS + M1-TMS

C-Cinterval (ms)






OPS/images/crossmark.jpg
®

o fark





OPS/images/fnhum-10-00438-t001.jpg
Test MEP size TP ratio

(0.5-1.5mV)

(<1.0)

Experiment 1
TP ratio
$1-TMS-induced HI
Correlation between IHI and TP ratio
‘$1-TMS-induced IHI (sub-group analyss)
DS effect on test MEP
DS effect on S1-TMS-induced IHI
Experiment 2
TP ratio
DS effect on S1-TMS-induced LIHI
DS effect on S1-TMS-induced
LIHI (sub-group analysis)
DS effect on M1-TMS-induced
LIHI (sub-group analysis)

DENENEEN

«

EENEN





OPS/images/fnhum-10-00438-g009.gif
A
MEP responses in left FDI

M1-TMS

10ms

15ms

20 ms
25ms

30ms
35ms

| 500 pv /V/\/iyy
20 ms /\/\y

A A
M1-TMS Test TMS

B

=

(m

[N}
I

EP amplitude

=

1.8

1.6

DS effect on MEP elicited by M1-TMS
*

1.4

*

o o
o o =
L1

0.4+
0.2
0

[

T

T T
M1-TMS I10

15

T T T T
20 25 30

35

DS + M1-TMS
C-Cinterval (ms)






OPS/images/fnhum-10-00438-g008.gif
A Boipo0prooo o —
Test MEP responses B 1207 DS effect on S1-TMS-induced LIH (all participants)
N=13

S1-TMS §1gg—

e l[\/‘— 5 5o

& 70

10 ms @ 60
3

2 507

s R

15 ms £ 304

& 20

—_— i 10-]

0)

20ms  20ms |50° v Z 0
_'_"—V"'—/\/\/~ T Defeen s et LIE [ i, | effec( on S1 TMS mduced LIHI (T*S ratio < 1
N

25ms ﬂ §1gg: r * ” >1'
30 ms A
35ms
o
A A A
DS S1-TMS Test TMS s1TM$'I 0 " 15 ' 20 | 25 ' 30 ! 3

DS +S1-TMS
C-C interval (ms)





OPS/images/cover.jpg
’ frontiers

1IN Human Neuroscience

Interhemispheric Inhibition
Induced by Transcranial Magnetic
Stimulation Over Primary Sensory

Cortex









OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





