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Abstract

Sensory gating is a mechanism of sensory processing used to prevent an overflow of irrele-
vant information, with some indexes, such as prepulse inhibition (PPI) and P50 suppression,
often utilized for its evaluation. In addition, those are clinically important for diseases such as
schizophrenia. In the present study, we investigated long-latency paired-pulse suppression
of change-related cortical responses using magnetoencephalography. The test change-
related response was evoked by an abrupt increase in sound pressure by 15 dB in a continu-
ous sound composed of a train of 25-ms pure tones at 65 dB. By inserting a leading change
stimulus (prepulse), we observed suppression of the test response. In Experiment 1, we
examined the effects of conditioning-test intervals (CTl) using a 25-ms pure tone at 80 dB as
both the test and prepulse. Our results showed clear suppression of the test response peak-
ing at a CTI of 600 ms, while maximum inhibition was approximately 30%. In Experiment 2,
the effects of sound pressure on prepulse were examined by inserting prepulses 600 ms
prior to the test stimulus. We found that a paired-pulse suppression greater than 25% was
obtained by prepulses larger than 77 dB, i.e., 12 dB louder than the background, suggesting
that long latency suppression requires a relatively strong prepulse to obtain adequate sup-
pression, different than short-latency paired-pulse suppression reported in previous studies.
In Experiment 3, we confirmed similar levels of suppression using electroencephalography.
These results suggested that two identical change stimuli spaced by 600 ms were appropri-
ate for observing the long-latency inhibition. The present method requires only a short inspec-
tion time and is non-invasive.

Introduction

When a sensory stimulus is repeatedly presented, responses to it become weak over time,
which is generally considered to be caused by inhibitory processes that prevent an overflow of
irrelevant information, sometimes referred to as sensory gating. Several methods are utilized
to observe such changes in brain responsiveness in humans, including auditory P50 suppres-
sion and prepulse inhibition (PPI).
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Such measurements are important clinically, because several previous studies have
shown that patients with schizophrenia have deficits in P50 suppression [1-6]. For example,
it was reported that positive symptoms of schizophrenia, such as auditory hallucinations [7,
8], and also the risk for developing schizophrenia [9] have a relationship to impairment of
P50 suppression. Other clinical conditions also known to be related to impairment of sen-
sory suppression include bipolar disorder [10], panic disorder [11], epilepsy [12], and atten-
tion-deficit/hyper-active disorder [13]. Hence, P50 suppression deficit has been speculated
to be associated with varied cognitive impairments in a wide range of disorders and their
symptoms.

P50 suppression is an electrophysiological measure of cortical responses to two consecutive
identical auditory stimuli, in which amplitudes of positivity around 50 ms (P50) are compared
between the first and second stimuli. For one series, a pair of clicks is usually presented with
an inter-pair interval ranging from 8 to 12 seconds, with an average of 10 seconds. The first
stimulus is termed the conditioning stimulus, or S1, and the second following S1 given 500 ms
later is termed the testing stimulus, or S2. Stimuli consisting of 100-200 paired clicks are pre-
sented, and the degree of suppression is evaluated by P50 amplitudes elicited by S1 and S2 as
values presented as either ratios or differences [4, 14].

Change-related cortical responses are specifically elicited by abrupt changes in a continuous
sensory stimulus and can be recorded very clearly with magnetoencephalography (MEG) or
electroencephalography (EEG) [15-18]. Because these activities show a very high test-retest
reliability with an r value of approximately 0.9 [19-21], the change-related cortical response is
considered to be a reliable measure of higher order brain functions. Recently, we developed a
method to observe sensory suppression that utilizes change-related cortical responses [19, 22,
23]. When a change stimulus (test stimulus) is preceded by a weak change stimulus (prepulse),
the test response is clearly suppressed in a manner similar to the PPI of startle reflexes [19, 22].
Therefore, we refer to the phenomenon as PPI of auditory evoked cortical responses. Since
suppression of the test response occurs with a very weak or no cortical response by the pre-
pulse, it appears to represent an active inhibitory process [23].

When the interval between the prepulse and test stimulus is manipulated, the degree of sup-
pression shows several peaks at different latencies, suggesting the existence of multiple mecha-
nisms of suppression. In the present study, we focused on long-latency suppression peaking at
an interval around 500-700 ms. Given that such a long-latency mechanism may be involved in
regulation of the firing of pyramidal cells, which particularly prevent their runaway [24], this
may be an important clinical test for diseases with abnormal neuronal firing such as epilepsy.
However, in a previous study, the threshold of long-latency suppression of auditory change-
related responses was so high that the degree of suppression was approximately 10% on aver-
age in healthy volunteers when a weak change stimulus was used as a prepulse [23]. Such a
value does not appear to be suitable for clinical situations. Another problem of measuring
long-latency suppression is that it takes more time to record as compared to short-latency sup-
pression. Therefore, in the present study, we conducted three different experiments to estab-
lish a new paradigm for long-latency paired pulse suppression for use in clinical applications.

Methods

This study was approved in advance by the Ethics Committee of the National Institute for
Physiological Sciences, Okazaki, Japan, and all subjects provided written consent prior to par-
ticipation. None had a history of mental or neurological disorders, or substance abuse in the
most recent 5 years, and all were free of medication at the time of testing.
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Auditory stimuli

Repeats of a 25-ms pure tone at a frequency of 800 Hz were used, as described elsewhere [17].
The control sound (Control) was 86 repeats of the 25-ms tone at 65 dB SPL of sound pressure,
yielding 2150 ms in total duration (Fig 1). For the test sound (Test), a 25-ms tone of 80 dB was
inserted at 1800 ms. The conditioning stimulus (Prepulse) was also 25 ms in duration and pre-
sented before the test stimulus. We referred to the time between the conditioning and test sti-
muli as the conditioning-test interval (CTI). Sound stimuli were presented binaurally through
ear pieces (E-A-Rtone 3A, Aero Company, Indianapolis, IN).

Recordings

Each subject sat in a chair and watched a silent movie on a screen 2 m in front of them, and
was instructed to ignore sound stimuli throughout the experiment. Magnetic signals were
recorded using a 306-channel whole-head type MEG system (Vector-view, ELEKTA Neuro-
mag, Helsinki, Finland), which was comprised of 102 identical triple sensor elements. Each
sensor element consisted of 2 orthogonal planar gradiometers and 1 magnetometer coupled to
a multi-superconducting quantum interference device (SQUID), and thus provided 3 inde-
pendent measurements of the magnetic fields. In the present study, we analyzed MEG signals
recorded from 204 planar-type gradiometers, which were sufficiently powerful to detect the
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Fig 1. Paired stimulation paradigm using auditory change-related cortical responses. A. The sound stimuli consisted of 86 repeats of a 25-ms pure
tone at 65 dB SPL. For the Test stimulus, a 25-ms sound at 80 dB was inserted at 1800 ms. The conditioning stimulus was also a 25-ms pure tone at 80 dB
presented at 300-800 ms before the Test stimulus. B. Grand-averaged waveforms for the subjects. C. Mean P50m-N100m and N100m-P200m amplitudes
for each condition.

https://doi.org/10.1371/journal.pone.0177747.9001
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largest signal just over local cerebral sources. Signals were recorded with a bandpass filter of
0.1-300 Hz and digitized at 1000 Hz. Analysis was conducted from 100 ms before to 2300 ms
after the onset of the stimuli. Epochs with MEG signals larger than 2.7 pT/cm were rejected
from averaging. The waveform was digitally filtered with a bandpass filter of 1.5-75 Hz and a
notch filter at 35-45 Hz.

In Experiment 3, we conducted EEG recordings in a quiet, electrically shielded room. Each
subject sat in a comfortable chair and watched a silent movie on a monitor 2 m in front of
them, and was instructed to ignore the sound stimuli throughout the experiment. An exploring
electrode was placed at Fz and was referred to the linked mastoids (P9-P10) of the 10-10 sys-
tem. EEG derivation was determined based on the dipole location of the auditory change-
related response in the superior temporal gyrus and dipole orientation toward the frontal mid-
line [24]. Impedance for all electrodes was kept under 10 kQ). EEG artifact rejection was set at
150 V. Signals were filtered with a band pass filter of 0.5-50Hz. The sampling rate was 1000
Hz. For each condition, over 200 artifact-free epochs were averaged for each stimulus.

Procedures

Experiment 1. The effects of the CTT on paired pulse suppression were examined using
11 healthy volunteers (7 males, 4 females; 20-53 years old, 36.0 £ 11.1 years). We manipulated
the CTI from 300 to 800 ms to select the best for exerting suppression. The Prepulse of 80 dB
was presented at 300, 400, 500, 600, 700, or 800 ms before the test stimulus. Therefore, this
experiment used 7 different sound patterns, the Test alone and the Test + Prepulse at 1000,
1100, 1200, 1300, 1400, and 1500 ms (Fig 1), which were randomly presented. At least 100 arti-
fact-free epochs were averaged for each sound.

Experiment 2. We examined the effects of prepulse sound pressure on the suppression
with a CTI of 600 ms using 11 healthy volunteers (8 males, 3 females; 20-53 years old, 34.1 +
11.0 years). The sound pressure of the Prepulse was 68, 71, 74, 77, or 80 dB. Therefore, in
Experiment 2 the Test response was compared among 6 conditions, the Test alone and 5 com-
binations of Test + Prepulse, with the 6 sounds randomly presented. At least 100 artifact-free
epochs were averaged for each sound.

Experiment 3. We examined whether similar suppression could be detected using EEG
with 11 subjects (7 males, 4 females; 26-53 years, 36.1 £ 9.7 years). Three different sounds
were used, Test alone, and Test + Prepulse at 300 and 600 ms. The Prepulse was 80 dB in SPL.

Analysis

Dipole analyses were performed for the Test alone response using the Brain Electrical Source
Analysis (BESA) software package (NeuroScan, Mclean, VA), as described elsewhere [25, 26].
The equivalent current dipole for the main component of N100m was estimated in each hemi-
sphere. The obtained two-dipole model obtained was applied to MEG signals for all conditions
to simplify the data analysis. The peak latency and amplitude were measured using the source
strength waveform.

The test stimulus evoked a triphasic response with peaks at approximately 50 (P50), 100
(N100), and 200 (P200) ms, and we measured the peak amplitudes in time windows of 50-80,
80-150, and 150-250 ms, respectively. It is known that the latency of change-related responses
is dependent on the magnitude of the change [16]. Therefore, longer latency periods were
allowed for the Prepulse-evoked responses in Experiment 2, e.g., 50-110 ms for the P50m
latency. Peak-to-peak amplitudes were calculated for P50m-N100m and N100m-P200m, and
used for estimating the degree of suppression. This procedure minimizes problems due to a
base line shift [27]. The percent inhibition of the test response by a prepulse (%inhibition) was
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calculated as follows: (Test alone response—(Prepulse + test response) / Test alone response *
100. The amplitude of the test response was compared among the conditions using two-way
repeated measures ANOVA with Prepulse and Hemisphere as the independent variables. In
order to compare differences between conditions, post-hoc multiple comparisons were done
with Bonferroni-adjusted t-tests. All statistical analyses were performed with 0.05 as the level
of significance. Data are expressed as the mean + standard deviation.

Results
Experiment 1

An abrupt increase in sound pressure elicited clear triphasic responses. The grand-averaged
waveforms are shown in Fig 1, while the peak amplitude and %inhibition for each condition are
listed in Table 1. The results of two-way ANOVA (Hemisphere X Prepulse) showed that Pre-
pulse was a significant factor for determining the Test P50m-N100m response (Fg o = 10.76,

p =4.30* 107%), whereas Hemisphere was not (F; ;o = 0.42, p = 0.53). As shown in Fig 2, %inhibi-
tion was largest for prepulse at 600 ms prior to the test onset in both hemispheres. Post-hoc tests
showed that the Test + Prepulse responses were significantly smaller than the response to the
Test alone for CTIs of 500 (p = 0.006), 600 (p = 0.007), 700 (p = 0.008), and 800 (p = 0.027) ms.

As for the N100m-P200m amplitude, the Test-evoked responses were significantly different
among the CTI conditions (Fs¢o = 12.65, p = 3.65" 107%), though not between hemispheres
(F1,10 = 1.13, p = 0.32). When compared to the Test alone condition, post-hoc test results
showed that the Test + Prepulse conditions with CTIs of 600 (p = 0.007), 700 (p = 0.009), and
800 (p = 0.020) ms were significantly smaller in amplitude. Similar to the P50m-N100m mea-
sure, prepulse with a CTT of 600 ms exerted maximum suppression (Fig 2). The mean ampli-
tude of N100m-P200m is listed in Table 1.

The amplitude of the Prepulse-evoked response did not differ significantly between hemi-
spheres (F; 1, = 1.17, p = 0.3) or among prepulse conditions (F5 o = 0.81, p = 0.55) for P50m-
N100m. Also, neither variable had an effect on the N100m-P200m amplitude (F; ;o =2.11,

p = 0.18 for Hemisphere and Fs 5, = 1.06, p = 0.39 for Prepulse) (Table 1). Since the Prepulse-

Table 1. Rates of amplitude and inhibition in Experiment 1.

Test

Control
300
400
500
600
700
800
Pre
300
400
500
600
700
800

P50/N100 N100/P200
Amplitude Test/ Test alone PPI% Amplitude Test/ Test alone PPI%
Left Right Left Right Left Right Left Right
24.8(11.7) 24.3(10.6) 24.7(12.2) 22.0(8.00)
22.7(12.1) 22.1(7.07) 9.88(24.1) 11.9(31.2) 27.7(15.1) 23.9(9.35) -27.5(88.4) -14.8(40.1)
19.5(10.3) 17.2(6.32) 19.6(28.5) 16.3(13.1) 22.9(12.3) 19.9(5.75) 2.52(34.1) 3.55(27.1)
19.4(9.31) 16.9(7.55) 21.9(15.3) 13.1(16.0) 20.2(10.1) 17.3(5.90) 15.85(24.1) 16.4(28.1)
17.3(8.17) 15.6(7.56) 29.2(11.6) 21.7(17.4) 17.5(9.23) 14.9(5.84) 29.0(12.2) 32.2(17.2)
18.5(9.27) 16.2(8.52) 26.3(11.9) 23.3(21.7) 18.1(8.29) 15.1(6.17) 23.0(13.5) 30.6(17.3)
18.8(8.32) 16.4(6.47) 22.5(17.1) 17.0(24.0) 17.4(8.93) 16.5(4.91) 25.7(25.8) 18.7(26.6)
Test/Pre PPI% Test/Pre PPI%
25.5(13.1) 21.6(9.86) 0.738(19.6) -12.4(31.7) 26.4(13.8) 21.4(6.77) -8.34(41.6) -15.8(38.5)
24.0(12.4) 21.9(8.76) 26.4(24.6) 17.6(13.1) 26.8(14.9) 20.4(7.44) 7.39(23.1) -5.85(36.1)
22.6(11.0) 20.3(6.94) 27.4(19.6) 16.7(16.0) 24.9(12.8) 20.7(7.07) 18.5(9.47) 13.4(22.1)
24.0(14.0) 21.1(7.72) 35.7(20.1) 29.5(17.4) 24.4(12.8) 21.1(6.72) 26.5(22.6) 30.5(17.2)
24.6(12.0) 21.4(7.39) 32.6(15.6) 27.4(21.7) 26.1(13.6) 21.2(8.01) 26.5(17.0) 27.2(19.5)
24.1(11.7) 21.0(6.88) 27.1(21.9) 22.1(24.0) 24.2(15.0) 20.5(5.13) 17.7(25.2) 18.5(18.5)

https://doi.org/10.1371/journal.pone.0177747.t001
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Fig 2. Rate of inhibition against conditioning-test intervals. For both measurements, the inhibition rate peaked at the 600-ms interval.

https://doi.org/10.1371/journal.pone.0177747.9g002

evoked response did not differ in amplitude among the 6 conditions, it is considered possible
to use it as the control response instead of the Test alone response. In order to assess this possi-
bility, the correlations of %inhibition with the Test alone-based and Prepulse-based inhibition
values were examined. Fig 3 presents scatter plots of %inhibition for the 2 calculations. There
was a significant correlation for both the left (correlation coefficient, r* = 0.30, p < 0.0001) and
right (r* = 0.66, p < 0.0001) hemispheres. The results for N100m-P200m were similar, as there
was a significant positive correlation for the left (r*=0.37, p < 0.0001) and right (r* = 0.73,

p < 0.0001) hemispheres.

The peak latency was not different between the hemispheres for P50m (F; 10 = 0.87, p = 0.37),
N100m (F; 19 = 0.66, p = 0.43), and P200m (F, ;o = 1.59, p = 0.24), or among the Prepulse condi-
tions for P50m (Fg 6o = 1.44, p = 0.22) and N100m (Fg 60 = 0.89, p = 0.51). In contrast, the latency
of P200m was significantly different among the conditions (Fg g = 2.30 p = 0.046). However, the
latency for all Test + Prepulse conditions was not significantly different from the Test alone con-
dition. Mean peak latencies for all conditions are listed in Table 2.

Experiment 2

Grand-averaged waveforms are shown in Fig 4. The peak amplitude and %inhibition for each
condition are listed in Table 3. The results of two-way ANOVA (Hemisphere X Sound pressure)
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Table 2. Latency in Experiment 1.

Test P50 N100 P200
Left Right Left Right Left Right
Control 64.3(6.41) 64.6(8.07) 111.2(9.84) 109.4(9.04) 192(29.6) 185(20.0)
300 61.6(7.54) 60.6(9.29) 113.0(11.2) 109.4(9.11) 204(27.0) 194(22.5)
400 59.6(8.07) 65.8(7.44) 112.4(9.94) 112.4(12.2) 203(23.8) 190(21.2)
500 60.1(7.61) 61.6(8.71) 113.5(9.61) 108.7(11.2) 192(30.2) 195(23.8)
600 63.5(7.57) 62.3(7.58) 110.0(10.9) 110.4(9.10) 209(28.2) 192(28.2)
700 62.8(7.56) 67.1(7.38) 109.3(13.2) 108.3(10.3) 184(23.0) 182(15.3)
800 63.3(8.15) 63.0(8.98) 109.8(7.86) 109.0(13.9) 198(32.5) 183(21.3)
Pre
300 61.6(8.23) 60.3(8.20) 109.8(9.38) 111.0(11.3) 196(30.2) 193(28.2)
400 63.6(7.13) 60.8(6.59) 109.8(10.6) 112.0(11.4) 186(19.5) 188(25.2)
500 62.4(7.00) 62.5(7.55) 110.8(10.6) 109.9(11.6) 191(21.0) 198(23.7)
600 62.3(6.23) 60.5(7.01) 111.4(12.7) 109.5(11.4) 187(25.0) 178(16.6)
700 61.4(4.67) 60.5(6.79) 110.6(12.1) 110.3(10.8) 192(30.4) 195(34.8)
800 62.3(8.15) 61.9(7.03) 109.9(11.0) 111.2(11.1) 194(27.7) 189(20.8)
https://doi.org/10.1371/journal.pone.0177747 1002
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Fig 4. Effects of sound pressure on inhibition. A. Stimulation paradigm used in Experiment 2. The sound stimuli consisted of 86 repeats of the 25-ms
tone at 65 dB. The Test sound of 80 dB was inserted at 1800 ms. The conditioning stimulus was 65-80 dB of sound pressure and presented at 600 ms
before the test stimulus. B. Grand-averaged waveforms. C. Mean amplitude for each condition.

https://doi.org/10.1371/journal.pone.0177747.9004

showed that sound pressure was a significant factor for determining the amplitude of the Test-
evoked response for P50m-N100m (Fsso = 11.2, p = 2.83* 1077) and for N100m-P200m (Fs50 =
13.8,p = 1.79* 107%), whereas Hemisphere was not a significant factor for P50m-N100m (F; ;o =
0.003, p = 0.96) or N100m-P200m (F; ;0 = 1.47, p = 0.25). As shown in Fig 5, expect for N100m-

Table 3. Rates of amplitude and inhibition in Experiment 2.

P50/N100 N100/P200
Test Amplitude Test/ Test alone PPI1% Amplitude Test/ Test alone PPI%
Left Right Left Right Left Right Left Right
Control 27.4(21.3) 24.1(13.0) 25.7(14.7) 27.5(17.7)
+3dB 24.3(20.6) 22.4(10.9) 8.16(24.2) 0.914(26.5) 20.6(16.1) 22.5(15.9) 26.9(16.2) 24.1(16.4)
+6dB 22.5(16.2) 20.2(10.2) 11.6(21.0) 16.0(16.1) 20.8(14.2) 22.4(16.0) 21.0(10.9) 24.8(19.9)
+9dB 19.6(15.7) 19.0(11.3) 23.0(22.6) 18.8(19.7) 20.3(16.2) 20.0(14.0) 28.2(15.3) 28.0(23.3)
+12dB 20.8(15.9) 18.8(11.6) 20.8(13.8) 19.4(25.8) 19.1(15.4) 20.7(15.3) 30.3(14.9) 30.0(24.1)
+15dB 17.4(14.0) 19.2(12.6) 34.9(11.9) 19.3(26.4) 18.2(14.5) 20.8(15.2) 37.1(19.8) 25.6(18.4)
Pre
+3dB 8.40(4.67) 7.55(5.75) 9.74(6.06) 9.44(5.91)
+6dB 14.5(9.35) 14.4(6.87) 16.9(10.5) 16.0(8.33)
+9dB 17.7(11.5) 18.6(8.41) 21.3(12.6) 23.2(13.7)
+12dB 20.4(16.7) 22.0(9.33) 22.3(15.2) 25.9(13.9)
+15dB 22.0(15.1) 24.1(11.9) 22.6(12.6) 26.4(17.2)

https://doi.org/10.1371/journal.pone.0177747 1003
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Fig 5. Rate of inhibition against sound pressure level of Prepulse. Inhibition rate results obtained in Experiment 2.
https:/doi.org/10.1371/journal.pone.0177747.g005

P200m in the right, the inhibitory effect was largest for the 80-dB Prepulse in both hemispheres
and the 77 dB Prepulse in the right for N100m-P200m (Table 3). As in our previous study [22],

Table 4. Latency in Experiment 2.

Test P50 N100 P200
Left Right Left Right Left Right
Control 63.9(11.2) 67.6(6.25) 110(5.82) 108(8.22) 187(22.4) 187(19.6)
+3dB 64.6(10.9) 66.6(10.9) 110(10.4) 114(7.76) 198(17.5) 182(24.9)
+6dB 63.9(10.1) 66.4(10.8) 107(11.5) 113(12.2) 195(26.6) 185(14.7)
+9dB 63.3(10.1) 62.3(9.90) 111(18.7) 109(8.72) 199(18.1) 190(23.2)
+12dB 63.9(10.8) 62.8(7.32) 108(11.0) 114(16.3) 193(25.9) 185(12.2)
+15dB 66.4(11.5) 67.9(11.2) 108(17.9) 114(10.1) 179(15.2) 181(20.7)
Pre

+3dB 86.1(14.9) 78.6(12.2) 135(11.5) 128(19.6) 224(11.4) 218(18.3)
+6dB 76.8(9.00) 69.1(8.17) 124(9.91) 125(10.9) 215(23.7) 199(13.6)
+9dB 70.5(8.09) 66.0(7.41) 111(9.01) 115(7.67) 190(19.7) 195(22.0)
+12dB 68.3(7.05) 65.0(7.67) 112(10.5) 108(4.62) 191(19.7) 192(13.5)
+15dB 64.5(10.0) 64.3(11.9) 108(8.77) 117(14.5) 188(11.3) 187(18.6)

https://doi.org/10.1371/journal.pone.0177747 1004
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stronger prepulses resulted in greater inhibition; e.g., %inhibition greater than 20% was
obtained by a 74-dB or stronger Prepulse.

The peak latency was not different between the hemispheres for P50m (F, ;o = 0.025,
p =0.88), N100m (F, ;5 = 0.65, p = 0.44), and P200m (F, ;o = 0.68, p = 0.43), or among the Pre-
pulse conditions for P50m (Fs 50 = 1.32, p = 0.27), N100m (Fs 50 = 0.12, p = 0.99), and P200m
(Fs,50 = 1.30, p = 0.28). Mean peak latencies for all conditions are listed in Table 4.

Experiment 3

Grand-averaged waveforms are shown in Fig 6. The peak amplitude and %inhibition for each
condition are listed in Table 5. Both P50-N100 and N100-P200 components were suppressed
in a manner similar to the results noted in the MEG experiments. Results of one-way ANOVA
showed that Prepulse was a significant factor for determining the amplitude of P50-N100
(Fa.20 = 5.76, p = 0.011) and N100-P200 (F, 0 = 8.63, p = 0.002).

The correlation of %inhibition between Test alone-based and Prepulse-based inhibition
values was examined. Fig 3 shows scatter plots of %inhibition for the 2 calculations. There was
a significant correlation with both P50-N100 (r* = 0.40, p = 0.028) and N'100-P200 (r* = 0.37,
p =0.015).

The peak latency of the test response was not different between the prepulses for both P50
(F220 = 1.02, p = 0.38) and N100 (F,, = 3.17, p = 0.64). In contrast, the difference in latency
of P200 was significant (F,, = 5.57, p = 0.012). That is, the latency of the 300-ms condition
was significantly longer than that for the Test-alone (p = 0.007) and Test + 600-ms Prepulse
(p = 0.047) conditions (Table 5).

B

V)Y

0
2uV Test Only 300ms 600ms

500ms

Fig 6. Recordings obtained with EEG. A. Evoked potentials were recorded using Fz referred to linked mastoids. B. Mean amplitude for each condition.
Black and white bars show P50-N100 and N100-P200 amplitude, respectively.

https://doi.org/10.1371/journal.pone.0177747.9006
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Table 5. Rates of amplitude, latency, and inhibition in Experiment 3.

Test Amplitude Latency Test/ Test alone PP1%

P50/N100 N100/P200 P50 N100 P50/N100 N100/P200
Control 4.60(1.44) 5.06(2.74) 59.2(11.5) 111(9.10)

300 4.19(2.49) 5.65(3.18) 58.6(7.60) 105(11.0) 12.1(27.5) -14.0(19.5)

600 3.10(0.895) 4.02(2.22) 61.0(7.06) 108(10.3) 30.4(15.8) 20.0(24.4)

Pre Test/Pre PP1%

300 4.17(1.61) 4.17(1.61) 62.4(9.48) 112(15.1) -6.09(51.8) -1.12(26.2)

600 4.47(1.56) 4.47(1.56) 62.2(7.37) 117(10.9) 26.7(19.1) 24.2(19.2)

https://doi.org/10.1371/journal.pone.0177747 1005

Discussion
Methodological considerations

Stimulus interval and sound pressure. Although several previously reported studies used
P50 paired-stimulation paradigms, the stimulation and measuring methods utilized varied. On
the other hand, only a few studies have evaluated the available methodologies. To the best of
our knowledge, 2 previous studies evaluated the appropriate stimulation paradigm by manipu-
lating the CTT [28, 29]. Nagatomo et al. (1989) used CTIs of 75, 150, and 500 ms and found
that P50 suppression was greater with a longer CTI. More importantly, they found that sup-
pression was clearly weaker for patients with schizophrenia as compared to normal controls at
longer CTIs. Adler et al. (1982) examined 500-, 1000-, and 2000-ms CTIs and found that a CTI
of 500 ms for the normal controls had a greater than 90% mean decrement in response, while
with that of 2000 ms, the inhibitory effects were diminished. These findings appear to be the
basis of the 500-ms CTI employed in the paired-stimulation paradigm. However, systematic
exploration at around 500 ms has not been done, likely due to the extended experiment time
needed, as such a study is quite exhaustive. In the present study, we examined CTIs of 300-800
ms in detail and our results showed significant differences in regard to the degree of suppres-
sion, with the greatest amount of suppression seen with a CTI of 600-700 ms.

In our previous study, we used change-related auditory responses and reported that the %
inhibition value was about 10% when a weak change stimulus (5 dB increase from the back-
ground) was used as a prepulse, suggesting a higher threshold for long-latency as compared to
short-latency suppression [23]. As confirmation of this finding, the present results obtained in
Experiment 2 showed that an increase of more than 12 dB from the baseline was necessary to
obtain a %inhibition greater than 25%. Therefore, a prepulse identical to the Test condition
appeared to be suitable for clinical use. To our knowledge, no previous study has examined the
effects of the sound pressure of the conditioning stimulus.

Trials comprised of testing alone are not necessary. It is known that the amplitude of a
change-related response is dependent on the duration of the steady state preceding the onset
of change [15, 17, 18, 27], which reflects the behavior of echoic memory involved in generating
a change-related response [27]. In previous studies, when the duration of the steady state prior
to onset of change varied, the change-related response amplitude was steeply increased from
25-500 ms, whereas that increment was modest at longer durations because of the non-linear
temporal nature of echoic memory [17, 27]. We considered this to be the main reason to
explain why the Prepulse-evoked responses did not differ in amplitude among the conditions
used in the present study. In Experiment 1, we found that the %inhibition values were signifi-
cantly correlated when calculated against the Prepulse-evoked response and Test alone
response. Taken together, these findings indicate that a Prepulse-evoked response may be an
alternative to a Test-alone response in the present paradigm, thus shortening the inspection
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time. If only a Test + 600-ms Prepulse stimulus is necessary, then 8 minutes would be required
to complete 200 trials.

P50, N100, and P200 components. Standard paired-stimulation suppression paradigms
were used to evaluate the P50 component. Although the P50 suppression paradigm is widely
used and its clinical importance is evident, as shown in many studies that confirmed suppres-
sion deficiency in patients with schizophrenia [1-6], the poor signal-to-noise ratio of P50 can
be problematic and some studies have reported low test-retest reliability in regard to suppres-
sion ratio [14]. On the other hand, others have reported significantly higher degrees of test-
retest reliability of N100 and P200 suppression in schizophrenic patients [30, 31]. In addition,
it was shown that the genetic influences on P50 suppression are modest, while the heritability
of N100 and P200 gating is high and significant [32]. A study regarding epilepsy also noted
that P200, but not P50 or N100, was a useful index for suppression deficits [33]. Therefore,
measurements of long-latency components as well as P50 appear to be valuable. In the present
study, the behavior of P50-N100 and N100-P200 were not different in regard to long-latency
suppression.

Although the inhibitory effect was greatest for the 600-700 ms CTI conditions, Prepulses
under those conditions did not affect the latency of the Test-evoked response. Rather, the P200
latency of the Test response was significantly longer for the Test + 300-ms Prepulse condition.
These results suggested that there are some mechanisms, other than the long-latency suppres-
sion in question, that affect Test response at shorter CTIs. Although the significant effect on
the P200 latency is interesting, further studies are necessary to validate our findings, since
P200 measurements show the largest dispersion among the 3 components used [34-36].

We used pure tones instead of clicks in the present study, because results of our preliminary
study showed that pure tones can elicit clearer change-related cortical responses as compared
to clicks, particularly when using EEG. Change-related cortical responses are elicited by an
abrupt change in sound feature, regardless of whether the sound is composed of clicks or pure
tones [17]. One merit of clicks is that they are superior to pure tones for eliciting a P50 compo-
nent [19, 30]. Therefore, if the focus is on the P50 component, use of clicks is preferable.

Onset response and change-related response. For the Test response, we adopted a
change-evoked response, while standard P50 suppression paradigms use conventional onset
responses. This raises the possibility that these two test responses as well as their suppression
are controlled by different mechanisms. However, the onset response can be regarded as a type
of change-related response [16] and some studies have reported a close relationship between
onset and change-related responses [16-21]. Therefore, we considered that the present paired-
pulse suppression and P50 suppression reflected similar, if not identical, inhibitory processes.
The fact that both test responses showed maximum suppression with a CTT of approximately
500 ms supports this view.

Long-latency suppression at approximately 600 ms

Active inhibitory process. The present results showed that suppression by the Prepulse
was significant for 500-800 CTTs, but not for a CIT of 300 or 400, suggesting that the reduction
in response magnitude was not due to refractoriness or fatigue of pyramidal cells (PCs), or
PC-PC transmission, but rather mainly because of active inhibitory processes. Although local
inhibitory circuits have many functions including sharpening of spike timing [37], such a
long-latency and high-threshold inhibitory system may appear to function as a gate for exces-
sive excitation of PCs. In fact, gating is one of the roles played by inhibitory circuits [38]. From
the view point of cytophysiology, there are more than 10 different interneuron types in the
macaque cortex [39], which induce inhibitory postsynaptic potentials (IPSPs) by releasing
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GABA. Interneurons can be roughly divided into 3 groups [40]. The first is comprised of par-
valbumin-expressing cells, classified morphologically as basket and chandelier cells [41, 42],
which form inhibitory synapses to the PC body. Another group expresses calretinin and these
cells terminate around other interneurons. The third group is somatostatin-positive Martinotti
cells [43, 44]. Martinotti cells form inhibitory synapses to PCs and mediate long-range inhibi-
tion that rises to surround suppression via GABA-A receptors [22, 45], while they are also
known to generate long-latency IPSPs, with that latency dependent on the number or fre-
quency of input spikes [22]. Therefore, it may be likely that the present paired-stimulation sup-
pression reflects IPSPs of Martinotti cells in terms of latency. The results of Experiment 2 also
support this notion, as the suppression showed a higher threshold as compared to short-
latency suppression [23]. Martinotti cells show a high threshold to induce IPSPs and do not
respond with low-frequency inputs [22]. However, there remains the possibility that the pres-
ent long-latency suppression was mediated by unknown interneurons.

Importance for clinical testing

The results of Experiment 3 showed that the inhibitory process can be detected using EEG, a
technique that is advantageous in terms of cost, convenience, and availability. Furthermore,
the P50 suppression paradigm has been employed in several studies and is useful to evaluate
inhibitory processes [1-13]. As a rule, electrophysiological measures of such a long-latency
event need long inspection time. A previous study attempted to shorten the recording time in
the P50 suppression paradigm by changing the trial-trial interval from 10 to 5 seconds and
their results indicated that it might be possible [46]. In this regard, the present method, taking
around 6 minutes, is relatively short as compared to other electrophysiological methods.
Because deficits in the inhibitory system is considered to be involved in pathophysiology of
many diseases such as schizophrenia [47, 48] and epilepsy [49, 50], the present method may be
useful clinically. However, the limitation of this study includes the wide range of subject’s age
(20-53 years old) and small sample size. In order to establish clinical significance of the present
paired-pulse suppression, future studies with a larger sample of both controls and patients are
necessary.

Acknowledgments

This study was supported by JSPS KAKENHI Grant Numbers JP25351001 to K.I. and
JP25461791 to M.N., and the ImPACT Program (2015-PM11-23-01) of the Council for Sci-
ence, Technology, and Innovation (Cabinet Office, Government of Japan) to K.I. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript. The authors are grateful to Yasuyuki Takeshima for his technical support.

Author Contributions
Conceptualization: NT.

Data curation: NT SS.

Formal analysis: NT SS.

Funding acquisition: NT SS.
Methodology: NT.

Writing - original draft: NT.

Writing - review & editing: KI KK MN.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177747 May 18,2017 13/16


https://doi.org/10.1371/journal.pone.0177747

@° PLOS | ONE

New paradigm for auditory paired pulse suppression

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Bramon E, Rabe-Hesketh S, Sham P, Murray RM, Frangou S. Meta-analysis of the P300 and P50
waveforms in schizophrenia. Schizophr Res. 2004; 70: 315-329. https://doi.org/10.1016/j.schres.
2004.01.004 PMID: 15329307

Greenwood TA, Light GA, Swerdlow NR, Calkins ME, Green MF, Gur RE et al. Gating deficit heritability
and correlation with increased clinical severity in schizophrenia patients with positive family history. Am
J Psychiatry. 2016; 173:385-391. https://doi.org/10.1176/appi.ajp.2015.15050605 PMID: 26441157

Turetsky BI, Calkins ME, Light GA, Olincy A, Radant AD, Swerdlow NR. Neurophysiological endophe-
notypes of schizophrenia: the viability of selected candidate measures. Schizophr Bull. 2007; 33:69-94.
https://doi.org/10.1093/schbul/sbl060 PMID: 17135482

Potter D, Summerfelt A, Gold J, Buchanan RW. Review of clinical correlates of P50 sensory gating
abnormalities in patients with schizophrenia. Schizophr Bull. 2006; 32:692-700. https://doi.org/10.
1093/schbul/sbjo50 PMID: 16469942

Javitt DC, Freedman R. Sensory processing dysfunction in the personal experience and neuronal
machinery of schizophrenia. Am J Psychiatry. 2015; 172:17-31. https://doi.org/10.1176/appi.ajp.2014.
13121691 PMID: 25553496

Kunugi H, Tanaka M, Hori H, Hashimoto R, Saitoh O, Hironaka N. Prepulse inhibition of acoustic startle
in Japanese patients with chronic schizophrenia. Neurosci Res. 2007; 59:23-28. https://doi.org/10.
1016/j.neures.2007.05.006 PMID: 17692982

Smith DM, Grant B, Fisher DJ, Borracci G, Labelle A, Knott VJ. Auditory verbal hallucinations in schizo-
phrenia correlate with p50 suppression. Clin Neurophysiol. 2013; 124:1329-1335. https://doi.org/10.
1016/j.clinph.2013.02.004 PMID: 23490551

Cullum CM, Harris JG, Waldo MC, Smernoff E, Madison A, Nagamoto HT, Giriffith J, Adler LE, Freed-
man R. Neurophysiological and neuropsychological evidence for attentional dysfunction in schizophre-
nia. Schizophr Res. 1993; 10:131-141. PMID: 8398945

Cadenhead KS, Light GA, Shafer KM, Braff DL. P50 suppression in individuals at risk for schizophrenia:
the convergence of clinical, familial, and vulnerability marker risk assessment.Biol Psychiatry. 2005;
57:1504-1509. https://doi.org/10.1016/j.biopsych.2005.03.003 PMID: 15953486

Cheng CH, Chan PY, Liu CY, Hsu SC. Auditory sensory gating in patients with bipolar disorders: A
meta-analysis. J Affect Disord. 2016; 203:199-203. https://doi.org/10.1016/j.jad.2016.06.010 PMID:
27295376

Ghisolfi ES, Heldt E, Zanardo AP, Strimitzer IM Jr, Prokopiuk AS, Becker J, Cordioli AV, Manfro GG,
Lara DR. P50 sensory gating in panic disorder. J Psychiatr Res. 2006; 40:535-540. https://doi.org/10.
1016/j.jpsychires.2006.02.006 PMID: 16616936

Becker J, Silva Filho |G, Filho HF, Schuch A, Ramos FL, Ghisolfi ES, Lara DR, Costa JC. Pattern of
P50 suppression deficit in patients with epilepsy and individuals with schizophrenia. Arq Neuropsiquiatr.
2011; 69:460-465. PMID: 21755122

Holstein DH, Vollenweider FX, Geyer MA, Csomor PA, Belser N, Eich D. Sensory and sensorimotor
gating in adult attention-deficit/hyperactivity disorder (ADHD). Psychiatry Res. 2013; 205:117—-126.
https://doi.org/10.1016/j.psychres.2012.08.013 PMID: 23017654

Fuerst DR, Gallinat J, Boutros NN. Range of sensory gating values and test-retest reliability in normal
subjects. Psychophysiology 2007; 44:620—626. https://doi.org/10.1111/1.1469-8986.2007.00524.x
PMID: 17437554

Nishihara M, Inui K, Morita T, Kodaira M, Mochizuki H, Otsuru N, Motomura E, Ushida T, Kakigi R.
Echoic memory: investigation of its temporal resolution by auditory offset cortical responses. PLoS One
2014; 9:e106553. https://doi.org/10.1371/journal.pone.0106553 PMID: 25170608

Nishihara M, Inui K, Motomura E, Otsuru N, Ushida T, Kakigi R. Auditory N1 as a change-related auto-
matic response. Neurosci Res. 2011; 71:145-148. hitps://doi.org/10.1016/j.neures.2011.07.004 PMID:
21787811

Inui K, Urakawa T, Yamashiro K, Otsuru N, Takeshima Y, Nishihara M, Motomura E, Kida T, Kakigi R.
Echoic memory of a single pure tone indexed by change-related brain activity. BMC Neurosci. 2010;
11:135. https://doi.org/10.1186/1471-2202-11-135 PMID: 20961454

Yamashiro K, Inui K, Otsuru N, Kakigi R. Change-related responses in the human auditory cortex: an
MEG study. Psychophysiology 2011; 48:23-30. https://doi.org/10.1111/j.1469-8986.2010.01038.x
PMID: 20525009

Inui K, Tsuruhara A, Nakagawa K, Nishihara M, Kodaira M, Motomura E, Kakigi R. Prepulse inhibition
of change-related P50m no correlation with P50m gating. Springerplus 2013; 2:588. https://doi.org/10.
1186/2193-1801-2-588 PMID: 24255871

PLOS ONE | https://doi.org/10.1371/journal.pone.0177747 May 18,2017 14/16


https://doi.org/10.1016/j.schres.2004.01.004
https://doi.org/10.1016/j.schres.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15329307
https://doi.org/10.1176/appi.ajp.2015.15050605
http://www.ncbi.nlm.nih.gov/pubmed/26441157
https://doi.org/10.1093/schbul/sbl060
http://www.ncbi.nlm.nih.gov/pubmed/17135482
https://doi.org/10.1093/schbul/sbj050
https://doi.org/10.1093/schbul/sbj050
http://www.ncbi.nlm.nih.gov/pubmed/16469942
https://doi.org/10.1176/appi.ajp.2014.13121691
https://doi.org/10.1176/appi.ajp.2014.13121691
http://www.ncbi.nlm.nih.gov/pubmed/25553496
https://doi.org/10.1016/j.neures.2007.05.006
https://doi.org/10.1016/j.neures.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17692982
https://doi.org/10.1016/j.clinph.2013.02.004
https://doi.org/10.1016/j.clinph.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23490551
http://www.ncbi.nlm.nih.gov/pubmed/8398945
https://doi.org/10.1016/j.biopsych.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15953486
https://doi.org/10.1016/j.jad.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27295376
https://doi.org/10.1016/j.jpsychires.2006.02.006
https://doi.org/10.1016/j.jpsychires.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16616936
http://www.ncbi.nlm.nih.gov/pubmed/21755122
https://doi.org/10.1016/j.psychres.2012.08.013
http://www.ncbi.nlm.nih.gov/pubmed/23017654
https://doi.org/10.1111/j.1469-8986.2007.00524.x
http://www.ncbi.nlm.nih.gov/pubmed/17437554
https://doi.org/10.1371/journal.pone.0106553
http://www.ncbi.nlm.nih.gov/pubmed/25170608
https://doi.org/10.1016/j.neures.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21787811
https://doi.org/10.1186/1471-2202-11-135
http://www.ncbi.nlm.nih.gov/pubmed/20961454
https://doi.org/10.1111/j.1469-8986.2010.01038.x
http://www.ncbi.nlm.nih.gov/pubmed/20525009
https://doi.org/10.1186/2193-1801-2-588
https://doi.org/10.1186/2193-1801-2-588
http://www.ncbi.nlm.nih.gov/pubmed/24255871
https://doi.org/10.1371/journal.pone.0177747

@° PLOS | ONE

New paradigm for auditory paired pulse suppression

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Otsuru N, Tsuruhara A, Motomura E, Tanii H, Nishihara M, Inui K, Kakigi R. Effects of acute nicotine on
auditory change-related cortical responses. Psychopharmacology (Berl) 2012; 224:327-335.

Kodaira M, Tsuruhara A, Motomura E, Tanii H, Inui K, Kakigi R. Effects of acute nicotine on prepulse
inhibition of auditory change-related cortical responses. Behav Brain Res. 2013; 256:27-35. https://doi.
org/10.1016/j.bbr.2013.07.045 PMID: 23933145

Inui K, Tsuruhara A, Kodaira M, Motomura E, Tanii H, Nishihara M, Keceli S, Kakigi R. Prepulse inhibi-
tion of auditory change-related cortical responses. BMC Neurosci. 2012; 13:135. https://doi.org/10.
1186/1471-2202-13-135 PMID: 23113968

Inui K, Nakagawa K, Nishihara M, Motomura E, Kakigi R. Inhibition in the Human Auditory Cortex. PLoS
One 2016; 11:e0155972. https://doi.org/10.1371/journal.pone.0155972 PMID: 27219470

Silberberg G, Markram H. Disynaptic inhibition between neocortical pyramidal cells mediated by Marti-
notti cells. Neuron. 2007; 53:735-746. https://doi.org/10.1016/j.neuron.2007.02.012 PMID: 17329212

Inui K, Okamoto H, Miki K, Guniji A, Kakigi R. Serial and parallel processing in the human auditory cor-
tex: a magnetoencephalographic study. Cereb Cortex 2006; 16:18-30. https://doi.org/10.1093/cercor/
bhi080 PMID: 15800024

Inui K, Wang X, Tamura Y, Kaneoke Y, Kakigi R. Serial processing in the human somatosensory sys-
tem. Cereb Cortex 2004; 14:851-857. https://doi.org/10.1093/cercor/bhh043 PMID: 15054058

Inui K, Urakawa T, Yamashiro K, Otsuru N, Nishihara M, Takeshima Y, Keceli S, Kakigi R. Non-linear
laws of echoic memory and auditory change detection in humans. BMC Neurosci. 2010; 11:80. https:/
doi.org/10.1186/1471-2202-11-80 PMID: 20598152

Adler LE, Pachtman E, Franks RD, Pecevich M, Waldo MC, Freedman R. Neurophysiological evidence
for a defect in neuronal mechanisms involved in sensory gating in schizophrenia. Biol Psychiatry 1982;
17:639-54. PMID: 7104417

Nagamoto HT, Adler LE, Waldo MC, Freedman R. Sensory gating in schizophrenics and normal con-
trols: effects of changing stimulation interval. Biol Psychiatry 1989; 25:549-561. PMID: 2920190

Boutros NN, Brockhaus-Dumke A, Gjini K, Vedeniapin A, Elfakhani M, Burroughs S, Keshavan M. Sen-
sory-gating deficit of the N100 mid-latency auditory evoked potential in medicated schizophrenia
patients. Schizophr Res. 2009; 113:339-346. https://doi.org/10.1016/j.schres.2009.05.019 PMID:
19524407

Brockhaus-Dumke A, Schultze-Lutter F, Mueller R, Tendolkar |, Bechdolf A, Pukrop R, Klosterkoetter J,
Ruhrmann S. Sensory gating in schizophrenia: P50 and N100 gating in antipsychotic-free subjects at
risk, first-episode, and chronic patients. Biol Psychiatry 2008; 64:376—384. https://doi.org/10.1016/j.
biopsych.2008.02.006 PMID: 18395700

Anokhin AP, Vedeniapin AB, Heath AC, Korzyukov O, Boutros NN. Genetic and environmental influ-
ences on sensory gating of mid-latency auditory evoked responses: a twin study. Schizophr Res. 2007;
89:312-319. https://doi.org/10.1016/j.schres.2006.08.009 PMID: 17014995

Boutros NN, Trautner P, Korzyukov O, Grunwald T, Burroughs S, Elger CE, Kurthen M, Rosburg T.
Mid-latency auditory-evoked responses and sensory gating in focal epilepsy: a preliminary exploration.
J Neuropsychiatry Clin Neurosci. 2006; 18:409-416. https://doi.org/10.1176/jnp.2006.18.3.409 PMID:
16963593

Anderer P, Semlitsch HV, Saletu B. Multichannel auditory event-related brain potentials: effects of nor-
mal aging on the scalp distribution of N1, P2, N2 and P300 latencies and amplitudes. Electroencepha-
logr Clin Neurophysiol. 1996; 99:458-472. PMID: 9020805

Amenedo E, Diaz F.Aging-related changes in processing of non-target and target stimuli during an audi-
tory oddball task. Biol Psychol. 1998; 48:235-267. PMID: 9788763

Iragui VJ, Kutas M, Mitchiner MR, Hillyard SA. Effects of aging on eventrelated brain potentials and
reaction times in an auditory oddball task. Psychophysiology 1993; 30:10-22. PMID: 8416055

Wehr M, Zador AM. Balanced inhibition underlies tuning and sharpens spike timing in auditory cortex.
Nature 2003; 426(6965):442—-446. https://doi.org/10.1038/nature02116 PMID: 14647382

Vogels TP, Abbott LF. Gating multiple signals through detailed balance of excitation and inhibition in
spiking networks. Nat Neurosci. 2009; 12:483-491. https://doi.org/10.1038/nn.2276 PMID: 19305402

Lund JS, Lewis DA. Local circuit neurons of developing and mature macaque prefrontal cortex: Golgi
and immunocytochemical characteristics. J Comp Neurol. 1993; 328:282-312. https://doi.org/10.1002/
cne.903280209 PMID: 7678612

DeFelipe J. Types of neurons, synaptic connections and chemical characteristics of cells immunoreac-
tive for calbindin-D28K, parvalbumin and calretinin in the neocortex. J Chem Neuroanat. 1997; 14:1—
19. PMID: 9498163

PLOS ONE | https://doi.org/10.1371/journal.pone.0177747 May 18,2017 15/16


https://doi.org/10.1016/j.bbr.2013.07.045
https://doi.org/10.1016/j.bbr.2013.07.045
http://www.ncbi.nlm.nih.gov/pubmed/23933145
https://doi.org/10.1186/1471-2202-13-135
https://doi.org/10.1186/1471-2202-13-135
http://www.ncbi.nlm.nih.gov/pubmed/23113968
https://doi.org/10.1371/journal.pone.0155972
http://www.ncbi.nlm.nih.gov/pubmed/27219470
https://doi.org/10.1016/j.neuron.2007.02.012
http://www.ncbi.nlm.nih.gov/pubmed/17329212
https://doi.org/10.1093/cercor/bhi080
https://doi.org/10.1093/cercor/bhi080
http://www.ncbi.nlm.nih.gov/pubmed/15800024
https://doi.org/10.1093/cercor/bhh043
http://www.ncbi.nlm.nih.gov/pubmed/15054058
https://doi.org/10.1186/1471-2202-11-80
https://doi.org/10.1186/1471-2202-11-80
http://www.ncbi.nlm.nih.gov/pubmed/20598152
http://www.ncbi.nlm.nih.gov/pubmed/7104417
http://www.ncbi.nlm.nih.gov/pubmed/2920190
https://doi.org/10.1016/j.schres.2009.05.019
http://www.ncbi.nlm.nih.gov/pubmed/19524407
https://doi.org/10.1016/j.biopsych.2008.02.006
https://doi.org/10.1016/j.biopsych.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18395700
https://doi.org/10.1016/j.schres.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17014995
https://doi.org/10.1176/jnp.2006.18.3.409
http://www.ncbi.nlm.nih.gov/pubmed/16963593
http://www.ncbi.nlm.nih.gov/pubmed/9020805
http://www.ncbi.nlm.nih.gov/pubmed/9788763
http://www.ncbi.nlm.nih.gov/pubmed/8416055
https://doi.org/10.1038/nature02116
http://www.ncbi.nlm.nih.gov/pubmed/14647382
https://doi.org/10.1038/nn.2276
http://www.ncbi.nlm.nih.gov/pubmed/19305402
https://doi.org/10.1002/cne.903280209
https://doi.org/10.1002/cne.903280209
http://www.ncbi.nlm.nih.gov/pubmed/7678612
http://www.ncbi.nlm.nih.gov/pubmed/9498163
https://doi.org/10.1371/journal.pone.0177747

@° PLOS | ONE

New paradigm for auditory paired pulse suppression

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Karube F, Kubota Y, Kawaguchi Y. Axon branching and synaptic bouton phenotypes in GABAergic non-
pyramidal cell subtypes. J Neurosci. 2004; 24:2853-2865. https://doi.org/10.1523/JNEUROSCI.4814-
03.2004 PMID: 15044524

Zaitsev AV, Gonzalez-Burgos G, Povysheva NV, Krémer S, Lewis DA, Krimer LS. Localization of cal-
cium-binding proteins in physiologically and morphologically characterized interneurons of monkey dor-
solateral prefrontal cortex. Cereb Cortex 2005; 15:1178—-1186. https://doi.org/10.1093/cercor/bhh218
PMID: 15590911

Kawaguchi Y, Kondo S. Parvalbumin, somatostatin and cholecystokinin as chemical markers for spe-
cific GABAergic interneuron types in the rat frontal cortex. J Neurocytol. 2002; 31:277—287. PMID:
12815247

Melchitzky DS, Lewis DA. Dendritic-targeting GABA neurons in monkey prefrontal cortex: comparison
of somatostatin- and calretinin-immunoreactive axon terminals. Synapse 2008; 62:456—465. https://doi.
org/10.1002/syn.20514 PMID: 18361442

Krishnamurthy P, Silberberg G, Lansner A. Long-range recruitment of Martinotti cells causes surround
suppression and promotes saliency in an attractor network model. Front Neural Circuits 2015; 9:60.
https://doi.org/10.3389/fncir.2015.00060 PMID: 26528143

Dalecki A, Croft RJ, Johnstone SJ. An evaluation of P50 paired-click methodologies. Psychophysiology
2011; 48:1692-1700. https://doi.org/10.1111/j.1469-8986.2011.01262.x PMID: 21950767

Marin O. Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci. 2012; 13:107—120. https://
doi.org/10.1038/nrn3155 PMID: 22251963

Lewis DA. Inhibitory neurons in human cortical circuits: substrate for cognitive dysfunction in schizo-
phrenia. Curr Opin Neurobiol. 2014; 26:22—-26. https://doi.org/10.1016/j.conb.2013.11.003 PMID:
24650500

Bowery NG. GABAB receptor pharmacology. Annu Rev Pharmacol Toxicol. 1993; 33:109-147. https://
doi.org/10.1146/annurev.pa.33.040193.000545 PMID: 8388192

Noebels JL. The biology of epilepsy genes. Annu Rev Neurosci. 2003; 26:599-625. https://doi.org/10.
1146/annurev.neuro.26.010302.081210 PMID: 14527270

PLOS ONE | https://doi.org/10.1371/journal.pone.0177747 May 18,2017 16/16


https://doi.org/10.1523/JNEUROSCI.4814-03.2004
https://doi.org/10.1523/JNEUROSCI.4814-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15044524
https://doi.org/10.1093/cercor/bhh218
http://www.ncbi.nlm.nih.gov/pubmed/15590911
http://www.ncbi.nlm.nih.gov/pubmed/12815247
https://doi.org/10.1002/syn.20514
https://doi.org/10.1002/syn.20514
http://www.ncbi.nlm.nih.gov/pubmed/18361442
https://doi.org/10.3389/fncir.2015.00060
http://www.ncbi.nlm.nih.gov/pubmed/26528143
https://doi.org/10.1111/j.1469-8986.2011.01262.x
http://www.ncbi.nlm.nih.gov/pubmed/21950767
https://doi.org/10.1038/nrn3155
https://doi.org/10.1038/nrn3155
http://www.ncbi.nlm.nih.gov/pubmed/22251963
https://doi.org/10.1016/j.conb.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24650500
https://doi.org/10.1146/annurev.pa.33.040193.000545
https://doi.org/10.1146/annurev.pa.33.040193.000545
http://www.ncbi.nlm.nih.gov/pubmed/8388192
https://doi.org/10.1146/annurev.neuro.26.010302.081210
https://doi.org/10.1146/annurev.neuro.26.010302.081210
http://www.ncbi.nlm.nih.gov/pubmed/14527270
https://doi.org/10.1371/journal.pone.0177747

