Available online at www.sciencedirect.com
- g

“2“ ScienceDirect PSYCHIATRY

RESEARCH

ELSEVIER Psychiatry Research 143 (2006) 147158

www.elsevier.com/locate/psychres

Prepulse inhibition and P50 suppression:
Commonalities and dissociations

Bob Oranje **, Mark A. Geyer ¢, Koen B.E. Bocker ®,
J. Leon Kenemans b, Marinus N. Verbaten °

* Center for Neuropsychiatric Schizophrenia Research, Department of Psychiatry, Bispebjerg University Hospital, Bispebjerg Bakke 23,
2400 Copenhagen NV, Denmark
® Department of Psychopharmacology, Faculty of Pharmaceutical Sciences, Rudolf Magnus Institute for Neurosciences,
Utrecht University, The Netherlands
¢ Department of Psychiatry, University of California, San Diego, CA, United States

Received 15 October 2004; received in revised form 27 September 2005; accepted 8 November 2005

Abstract

Patients with schizophrenia exhibit reduced levels of both prepulse inhibition of the startle reflex (PPI) and condition-test
suppression of the P50 event-related potential. This study investigated the extent to which PPI and P50 suppression, which
exhibit similar parametric sensitivities, are intrinsically auditory phenomena or can be induced cross-modally, and reflect
common or distinct neural mechanisms of inhibition. PPI, N100, and P50 were assessed in 20 healthy male volunteers, using
auditory test probes and both visual and auditory lead stimuli, separated by 100- or 500-ms interstimulus intervals (ISIs). PPI
was found in the auditory-lead condition across the complete group, and with visual-lead stimuli in approximately half of the
subjects. Intra-modal auditory PPI was significantly higher with the 100-ms ISI than with the 500-ms ISI. P50 suppression was
found only with the 500-ms ISI, with no difference between the auditory and visual conditions. Source analyses revealed that
suppression was associated with frontal cortical activity. N100 suppression was found only in the auditory condition, with no
difference between 100- and 500-ms ISIs. Although both phenomena are considered to provide operational measures of gating,
PPI and P50 suppression are differentially sensitive to ISI and therefore reflect partly different neural mechanisms. They are not
intrinsically auditory phenomena, and both appear to involve frontal cortical activity. In contrast, N100 suppression is most
likely based on refractory mechanisms intrinsic to the auditory system.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The ability to inhibit responses to incoming sensory
information is an important feature of a healthy indi-
vidual. Following extensive observation of changes in
perceptual awareness in patients with schizophrenia,
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McGhie and Chapman (1961) postulated that an organ-
ism needs an internal mechanism to select from diverse
sensory input the information that is needed to allow it
to function efficiently, a process which has come to be
termed sensory or sensorimotor gating. Patients with
schizophrenia show deficits in gating that subsequently
might lead to a state of flooding (McGhie and Chap-
man, 1961; Venables, 1964) and, ultimately, to the
formation of psychoses (Braff and Geyer, 1990; Freed-
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man et al., 1991). Over time, two paradigms have been
developed to operationally quantify the amount of sen-
sory or sensorimotor gating.

In the P50 suppression paradigm, two identical au-
ditory stimuli are presented in close temporal proximity
to each other (usually 500 ms), in a condition-test
paradigm. The amplitude of the P50 evoked potential
to the first, or conditioning, stimulus is larger than the
response to the second, or testing stimulus. P50 sup-
pression is a measure of sensory gating, because an
event related potential (ERP) rather than a motor re-
sponse is the dependent measure. Adler et al. (1982)
found that (unmedicated) patients with schizophrenia
exhibited less P50 suppression than healthy control
subjects, a finding that has been replicated in numerous
subsequent studies (e.g. Nagamoto et al., 1989, 1991;
Ward et al., 1996; Clementz et al., 1997).

In the prepulse inhibition of startle (PPI) paradigm,
the measure is the motor startle reflex elicited by a
sudden and strong sensory stimulus, usually a loud
noise. This reflex can be reduced by a weaker stimu-
lus (e.g., a soft sound), which precedes the startle-
eliciting stimulus (Graham, 1975). Because the first,
or prepulse, stimulus reduces the effect of the second,
or startle-eliciting, stimulus, percentage PPI provides a
measure of the amount of sensorimotor gating. Braff
et al. (1978) reported a reduction of PPI in patients
with schizophrenia compared with healthy control
subjects, a finding that, like the P50 suppression
paradigm, has been replicated in numerous studies
(e.g.: Braff et al., 1992; see review in Braff et al.,
2001), although not in all (Ford et al., 1999; Wynn et
al., 2004; Kumari et al., 2004), probably due to meth-
odological differences, e.g., no background noise or
gender-related issues.

Although both paradigms are thought to measure
gating of incoming information, they are based on
different physiological phenomena: P50 suppression is
measured by means of electroencephalography (EEG),
while PPI is measured by means of electromyography
(EMGQG). The limited evidence available indicates that
PPI and P50 suppression are only weakly related in
either healthy volunteers or in patients with schizophre-
nia (Schwarzkopf et al.,, 1993; Oranje et al., 1999;
Cadenhead et al., 2002).

Despite this weak relation between the read-out
measures in the two paradigms, commonality might
still exist for the underlying neural mechanisms. For
example, both PPI and P50 suppression could involve
common forebrain mechanisms that serve to regulate
cortical and brainstem responsivity. The primary neu-
ral control of the startle reflex involves brain struc-

tures at, or below, the level of the mesencephalon: the
auditory nerve, the ventral cochlear nucleus, the dorsal
nucleus of the lateral lemniscus, the caudal pontine
reticular nucleus, spinal interneurons and spinal motor
neurons (Davis et al., 1982). Modulation of the startle
reflex however (apart from the above-mentioned PPI,
this includes phenomena such as habituation, sensiti-
zation and fear potentiation), has been suggested to
involve a number of brain structures located up to the
forebrain (for reviews: Swerdlow et al., 1992, 2001;
Koch, 1999). Unlike the startle reflex in the PPI
paradigm, P50 suppression does not have a substrate
that is easily identified across animal species. There-
fore, a limited amount of literature is available on the
neural substrates that are involved. Bickford-Wimer et
al. (1990) showed that the pattern of diminished re-
sponse to the second of paired stimuli is found in
activity recorded from the CA3 region of the hippo-
campus in anaesthetized rats (N40 wave). Further-
more, in a review, Adler et al. (1998) propose a
model of P50 suppression in which the first stimulus
induces a 50-ms burst of activity in the pyramidal
cells of the CA3 region of the hippocampus, which
is suggested to be the source of the P50 wave as
measured on the scalp surface. The second stimulus
can only excite a modest amount of pyramidal cells
due to recurrent excitation elicited by the first stimulus
(Adler et al., 1998).

One approach to the issue of common underlying
mechanisms is to compare the sensitivity of both
phenomena to various experimental manipulations.
An obvious choice in this respect is the interstimulus
interval (ISI) between lead and test stimuli. For PPI
following auditory prepulses, it is well established
that the optimal ISI is about 100 ms, and that PPI
rapidly disappears when the ISI is extended by only a
few hundreds of milliseconds (Braff et al., 1978; Ison
and Hoffman, 1983; Dawson et al., 1995). P50 sup-
pression is commonly observed with a 500-ms ISL
However, it is less clear how it responds to reductions
of the ISI (e.g., to 100 ms) (Nagamoto et al., 1989,
1991). A second possibility is to manipulate the
modality of the stimuli. Neither PPI nor the schizo-
phrenia-linked deficits in PPI are limited to the audi-
tory system, and both are evident with either intra-
modal or cross-modal stimulus pairs (Ison and Hoft-
man, 1983; Braff et al., 1992). On the other hand, it
is still largely unclear whether P50 suppression
involves only dedicated auditory circuits, or whether
modality-nonspecific structures are involved as well.
In the latter case, it is conceivable that P50 suppres-
sion can also be induced with lead stimuli in a
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different modality, whereas this is highly unlikely in
the former scenario. A related question concerns the
localization of the evoked activity that is actually
suppressed in P50 suppression: Is it exclusively audi-
tory cortex, or are frontal or perhaps even medial-
temporal areas involved?

The present study was designed to address these
questions by manipulating ISI and lead-stimulus mo-
dality, and by source analysis (BESA) of the P50. A
special feature of the design was that the traditional PPI
and P50 suppression paradigms were integrated into
one test session, in which the first (conditioning) stim-
ulus of the P50 trials was also used as the prepulse in
the PPI trials. This design excluded the possibility of
differences between the paradigms that are due to irrel-
evant, nonspecific factors (e.g. some tonic sensitization
by loud stimuli, which are presented in the PPI but not
in the P50 paradigm). The suppression of a later ERP
component, i.e. the N100, in the P50 trials of the
paradigm was studied to investigate whether responses
to the testing stimulus are blocked completely or only
partially from further processing, as a result of the
conditioning stimulus.

2. Methods
2.1. Subjects

Twenty healthy male volunteers were recruited
through university newspaper advertisements. Only
physically healthy subjects without a personal or fam-
ily history in first-degree relatives of psychiatric ill-
ness were included. The study was approved by the
Human Ethics Board of the University Medical Center
Utrecht, taking into account the statements for human
research from Helsinki (Amendment of South Edin-
burgh from 2001). After written and oral information
had been given, written informed consent was
obtained from all subjects before enrollment in the
study. Subsequently, they were interviewed using the
Comprehensive Assessment of Symptoms and History
(CASH) (Andreasen et al., 1992) and the Schedule for
Affective Disorders and Schizophrenia, Lifetime ver-
sion (SADS-L) (Endicott and Spitzer, 1978) to ascer-
tain absence of psychiatric illnesses.

Of the 20 subjects initially included in the study,
three subjects had to be excluded from P50 suppression
analysis for not showing an identifiable P50 waveform
to the auditory conditioning stimulus. This resulted in
20 subjects in the PPI paradigm (mean age: 24.9,
S.D.=3.62) and 17 subjects in the P50 suppression
paradigm (mean age: 24.6, S.D.=3.63).

2.2. Experimental design and tasks

Subjects were tested in a sound and electrically
shielded experimental cabin, where they were seated
comfortably in a reclining chair. During a test session,
two versions of the same task were presented: an audi-
tory and a visual variant, of which the sequence was
balanced across subjects.

In the auditory variant, three auditory stimuli (white
noise) were presented: S1=S2 (1.5 ms, 80 dB) and S3
(40 ms, 110 dB). In addition, two ISIs were used, i.e.
100 ms and 500 ms, while the intertrial intervals were
randomized between 5 and 10 s. Randomized across the
task, six types of trials were presented: S1 was pre-
sented 75 times, S3 15 times, the combination S1-S2
was presented 75 times for IST 100 ms and 75 times for
IST 500 ms, the combination S1-S3 was presented 15
times for ISI 100 ms and 15 times for ISI 500 ms,
totaling up to a number of 270 trials for this task which
lasted 30 min. The intensity, duration and presentation
of the stimuli were chosen in such a way that the trials
closely resemble the P50 suppression and PPI para-
digms commonly used in literature (i.e. S1 represents
the conditioning stimulus in the P50 trials, and prepulse
in the PPI trials, S2 represents the testing stimulus in
the P50 suppression trials, and S3 represents the startle-
eliciting stimulus in the PPI trials).

In the visual version of the paradigm, stimulus S1
was replaced by a dot of white light (=15 cm), appear-
ing on a monitor at 90 cm distance of the subject. All
auditory stimuli were gated almost instantaneously (rise/
fall time<0.1 ms) and presented binaurally through ste-
reo insert earphones (Eartone ABR). Please note that in
both the auditory and visual versions of the task S1
serves as both the conditioning stimulus in the P50 trials
as well as the prepulse in the PPI trials. During the
experimental blocks, a continuous 70-dB white noise
acted as a background noise. Furthermore, during a
test session, subjects were asked to fix their gaze on a
fixation point presented on a monitor. To prevent drows-
iness, both versions of the tasks were divided into two
blocks of equal length. In between blocks and tasks,
subjects were briefly asked whether they still felt fit,
before continuing with the second block or task. At the
end of the experiment, the positions of the electrodes on
the scalp were measured with a 3D digitizer (Polhemus).

2.3. Signal recording
Electroencephalographic (EEG) recordings were

made with an electrocap (tin electrodes) from 62 scalp
locations (10-20 system). However, for assessment of
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the P50 and N100 ERP, only data from electrode Cz
were analyzed (i.e. where the maximum activity for the
P50 ERP was to be expected (Clementz et al., 1998)).
The left mastoid was used as a reference. Horizontal
electro-oculographic (EOG) recordings were made
from tin electrodes placed to the outer canthus of
each eye. Similarly, vertical EOG was recorded from
tin electrodes placed infra-orbital and supra-orbital to
the left eye. The electro-myographic (EMG) activity of
both the right and left orbicularis inferior muscles was
recorded bipolarly: one electrode was located on the
medial part of the muscle, the second one was located 1
cm exterior, in the direction of the outer canthus of the
eye. For all signal recordings, a ground electrode was
attached to the middle of the forehead. Impedance was
kept below 5 kQ. All EEG, EOG and EMG signals
were recorded with an on-line filter (low-pass) set at
250 Hz. Sampling started as soon as an experimental
block began, and lasted until the end of it (continuous
recording). All signals were digitized on-line by a
computer, at a rate of 1 kHz.

2.4. Data processing

Post hoc processing of the data started with epoching
the recorded signals from 50 ms prestimulus to 350 ms
poststimulus. In the case of P50 and N100 assessment
(stimuli S1 and the combination S1-S2), the data were
filtered (low-pass) at 40 Hz, after which the data were
baseline (—50 to 0) corrected.

2.5. EMG

Assessment of the maximum (absolute) peak ampli-
tude and PPI quantification took place within a window
of 20-90 ms after stimulus onset, using a computerized
algorithm for peak detection. Prepulse inhibition was
computed as the percentage reduction of the amplitude
of pulse trials preceded by a prepulse over pulse alone
trials, i.e. PPI=100(1 —pp/p), where pp indicates the
mean amplitude to pulse trials preceded by a prepulse
(S3 preceded by S1, either auditory or visual) and p, the
mean amplitude over pulse alone trials (S3 presented
alone).

2.6. EEG

First, all epochs containing artifacts (saturation of
the A/D converter (“clipping”) or absolute amplitudes
larger than 100 pV) were removed from the database
(less than 5%). This step was followed by the correction
of the EEG for eye artifacts (eye-blinks and move-

ments), by subtracting horizontal and vertical EOG
from EEG epochs by means of a regression in the
time domain (Kenemans et al., 1991). To eliminate
overlap of the ERPs in the assessments of stimulus
S2, the averaged activity of the S1 stimulus presented
alone was subtracted from the averaged S1-S2 activity
in the 100-ms ISI. Following this procedure, the N100
elicited by both the auditory and the visual S1 stimuli
presented alone was scored between 50 and 200 ms.
The P50 waves were identified and scored as described
by Nagamoto et al. (1989): P50 peaks elicited by the
auditory S1 stimulus presented alone were identified as
the greatest positivity in a window from 40 to 90 ms. If
more than one peak was identified, the later one was
selected. The amplitude was assessed as the difference
between this peak and the preceding trough, the latency
was assessed as the time from the onset of the condi-
tioning stimulus to the maximum amplitude of this
peak. The P50 peak elicited by the second (testing)
stimulus (S2, which was always a sound) was assessed
accordingly, with a further constraint that its peak-la-
tency was in a window of the P50 latency evoked by
the conditioning stimulus 10 ms. Two raters were
used to identify the P50 wave; the interrater reliability
was higher than 0.95. P50 suppression was defined as
the ratio 7/C, where T represents the mean P50 ampli-
tude to the testing stimuli, split in testing stimuli pre-
ceded by either auditory or visual conditioning stimuli,
while C represents the mean P50 amplitude to the
auditory conditioning stimuli only. Similar to P50 sup-
pression, the N100 suppression was defined as the ratio
T/C, in which T represents the N100 amplitude to the
testing stimulus (again, split in the auditory and visual
modalities), and C the N100 amplitude to the auditory
conditioning stimulus.

2.7. Dipole analysis

Following re-reference of the data to the average
reference, dipole analyses using BESA software
(Scherg, 1990; Scherg and Picton, 1991) were per-
formed on the grand-average ERPs for the auditory S1
stimuli presented alone, and that for the combination
S1-S2 for the ISI 500 ms. Digitized electrode locations
were averaged over subjects, projected on a least-
squares fitted sphere, which was rotated with respect
to nasion and mastoid locations. In BESA, the default-3
shell model was used. Modeling at the exact moment of
maximum P50 amplitude or from the start of P50 ap-
pearance to the end each resulted in unstable fits. Mod-
eling the interval that covered both the P50 ERP and the
peak of the N100 (i.e. 56112 ms) yielded stable results.
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This model was inspected for its fit at the peak latency of
P50, in both the S1 and S2 ERP. Before modeling, the
data were baseline corrected for the trough relative to
which the P50 amplitude was measured, to assure a
model comparable to the assessment of the P50 ampli-
tude. In dipole modeling, the cost function was defined
by the amount of residual variance (a measure that
indicates the fit of the data on the model). Solutions
had to be robust with regard to the starting values of the
dipole. Since in addition to auditory induced P50 sup-
pression, visually induced P50 suppression was also
found, the grand average ERP to the visual S1 was
also modeled in the P50 latency region (56—123 ms).

2.8. Data analysis

First, PPI data were examined for differences between
startle assessment at the left and right orbicularis occuli
muscles. Because no differences were found, these data
were collapsed. Second, P50 suppression (S2 amplitude
divided by S1 amplitude) and percentage PPI were ex-
amined through analysis of variance (ANOVA) with
repeated measures with factors “modality” (auditory ver-
sus visual lead stimulus) and “IST” (ISI 100 ms versus
500 ms). Student’s ¢-tests were used for further explora-
tion of the significant effects revealed in the ANOVAs.
Since it seems irrelevant to compare the response to a
visual stimulus with that evoked by an auditory stimulus,

only the P50 amplitude to the auditory conditioning
stimulus was used to calculate P50 suppression, since
all of the testing stimuli were in the auditory modality.
For analysis of N100 suppression, the same procedure
was used as in the analysis of P50 suppression. Differ-
ences between the visual and auditory S1 dipole models
of the P50 ERP were evaluated statistically by optimiz-
ing both models for each individual subject and entering
the resulting three-dimensional individual coordinates in
a two-way ANOVA.

3. Results
3.1. EEG

In the P50 paradigm, a main effect of ISI
[F(1,16)=10.84; P<0.005] was found. There were
no differences between P50 suppression as a result of
visual versus auditory lead stimuli. Further testing
revealed significant P50 suppression in the 500-ms
ISI condition only, for both the auditory (£=5.03,
P<0.001) and visual modalities (1=2.19, P<0.05)
(Figs. 1 and 2, Table 1). Besides a P100, a P50 ERP
was found following visual lead stimuli, although it
appeared to be smaller than in the case of the auditory
lead stimuli (Table 1 and Fig. 3).

In contrast to P50 suppression, the analysis of the
N100 showed a main effect of modality [ F(1,19)=8.29;
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Fig. 1. P50 suppression (=SEM), as expressed by 7/C: C=P50 amplitude to auditory conditioning stimulus, 7=P50 amplitude to each of the four
different testing stimuli (two different interstimulus intervals (ISI 100 and 500 ms) and two different modalities (auditory and visual lead stimulus)).
In the upper left corner a boxplot of the data is displayed, indicating two outlying values (marked in boxes). No changes occur in the statistical
significance on exclusion of these two values, although the P-values decrease slightly. The two values were excluded from the bar figure. The
difference in P50 suppression between the ISI of 500 ms and 100 ms is significant, but between the auditory and visual modalities, it is not.
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Fig. 2. Grand average data of lead CZ of both the 500-ms (above) and 100-ms (below) ISIs. Displayed are the responses to the auditory
conditioning stimulus (thick line in both figures) and the different kind of testing (7) stimuli: following the auditory lead stimulus (thin solid line)
and following the visual lead stimulus (broken line). Scoring of the individual data showed significant P50 suppression of the testing stimulus
compared with the auditory lead stimulus in the 500-ms ISI only (*P <0.05), regardless of the modality of the lead stimulus (see also Fig. 1). The
data for the testing stimuli in the ISI-100 condition are corrected for overlap of the conditioning stimulus (see Section 2.6).

P<0.01], but no effect of ISI. Further testing on
modality revealed N100 suppression in the auditory
modality only, for both the 100-ms ISI (¢r=3.77,
P<0.001) and the 500-ms ISI (#=6.36, P<0.001)

(Fig. 4).

3.2. EMG

In the PPI paradigm, significant effects of modality
[F(1,19)=43.35; P<0.001] and ISI [F(1,19)=22.53;
P<0.001] were found, indicating higher levels of

Table 1
P50 amplitude (in pV = SEM) for the two different interstimulus intervals (ISI 100 and 500 ms) and two different modalities (auditory and visual
lead stimulus)

Modality C-stimulus T-stimulus (ISI 500) T-stimulus (ISI 100)
Sound 3.50 (0.58) 1.74 (0.54)* 3.25(0.67)
Light (total) 2.30 (0.43) 2.22 (0.49)* 3.71 (0.63)

PPI responders (n=9) 3.23 (0.44) - -

PPI non responders (n=11) 1.75 (0.44)** — _

The P50 amplitude in the visual modality is split into a group of subjects who did show PPI to light as a prepulse (PPI>10%), and a group of
subjects who did not (PPI<%). Please note that only the P50 amplitude to the auditory conditioning stimulus (3.50 pV) was used to assess P50
suppression of the four different testing stimuli.

* Indicates a significant (P <0.05) reduction in P50 amplitude compared to the auditory C-stimulus.
** Indicates a significant (P <0.05) difference in P50 amplitude to the visual lead stimulus between PPI responders and PPI non-responders.
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Fig. 3. Grand average data of electrode CZ for the visual conditioning stimulus only. The arrow indicates activity in the same interval as that of the
P50 wave to the auditory conditioning stimulus. Note, however, that this activity is relatively small in comparison with that found in the auditory

modality.

percent PPl with auditory prepulses than with visual
prepulses and higher percent PPI in the 100-ms in-
terval than in the 500-ms interval, respectively. Fur-
thermore, a significant interaction between the effects
of prepulse modality and ISI [F(1,19)=4.34;
P<0.05] was found, indicating a larger decrease in
percent PPI from the ISI=100 ms to the ISI=500 ms
condition with the auditory prepulse than with the
visual prepulse (Fig. 5). Further testing revealed sig-
nificant PPI following the auditory prepulse only (ISI

100 ms: t=4.94; P<0.001, ISI 500 ms: ¢=3.68,
P<0.005).

3.3. Correlations between PPI and P50 suppression

No significant correlations were found between
parameters of PPI and P50 suppression, neither in the
visual nor in the auditory modality. Nevertheless, al-
though no significant overall PPI was found with a
visual prepulse, roughly half (9) of the subjects seemed
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Fig. 4. N100 suppression, as expressed by 7/C (C=N100 to auditory stimulus only), for the two different interstimulus intervals (ISI 100 and 500
ms) and two different modalities (prepulse auditory and visual). In the upper right corner a boxplot of the data is displayed, indicating four outlying
values (marked in boxes). No changes occur in the statistical analysis on excluding these four values. The outlying values were excluded from the
bar figure. The difference in N100 suppression between the auditory and visual modalities is significant (with N100 suppression auditory >N100
suppression visual); the difference between ISI 500 ms and 100 ms is not. Moreover, the difference between the N100 C and 7 amplitude is only

significant for both auditory ISIs, and not for the visual ISIs.
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Fig. 5. Percentage prepulse inhibition (+SEM) of the startle reflex (PPI) for the two different interstimulus intervals (ISI 100 and 500 ms) and two
different modalities (auditory and visual lead stimulus). In the upper right corner a boxplot of the data is displayed. Both the differences in PPI
between the sound and light modality (with PPI sound>PPI light) and between the ISI 100 ms and ISI 500 ms condition (with PPI 100 ms>PPI 500

ms) are significant.

to respond to the visual prepulse by showing PPI,
while the other half (11) did not (see boxplot in Fig.
5). Therefore, the PPI data were divided post hoc into
a group of responders (PPI>10%) and a group of
nonresponders (PPI<10%) to visual prepulses. The
group of responders had a significantly higher P50
amplitude to the visual stimulus (z=2.33; P<0.05)
(Table 1). To investigate whether a similar phenom-
enon (a higher percentage PPI in case of a higher P50
amplitude to the prepulse) was also present in the
auditory modality, the subjects were again split into
two groups, only this time on the basis of their P50
amplitude to the auditory prepulse (amplitudes above
or below 1.75 pV); the group with P50 amplitudes
above 1.75 pV showed more PPI than the group with
P50 amplitudes below 1.75 uV (%PPI 60.8 and 51.9,

®
> ~e < |~ 19
P

Auditory modality

respectively), although this difference did not reach
statistical significance.

3.4. Dipole analysis

3.4.1. P50

Dipole analysis of the grand average P50 ERPs
elicited by S1 alone resulted in a three-source model
for the auditory (fitted on the interval 56-112 ms
poststimulus) and a four-source model for the visual
modality (fitted on the interval 56—123 ms poststimu-
lus), with residual variances of 3.29% and 3.64%,
respectively. The auditory and visual models appear
to have a frontal source in common (Fig. 6). Analysis
of the individual three-dimensional coordinates of this
source revealed no significant differences between the

> “ /
15

Visual modality

Fig. 6. BESA source localization modeling of the P50 ERP elicited by the conditioning stimulus for both the auditory and visual modality, based on
a time interval of 56-112 ms in the auditory modality and 56—123 ms in the visual modality. The models seem to have one source in common

(encircled).
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Sources N100
RV = 0.76 % [111-111 ms]

Fig. 7. The sources that contribute to the generation of the N100 ERP,
at the moment of maximum (mean) N100 amplitude (111 ms) as a
result of an auditory lead stimulus. It appears that 3 paired sources are
involved.

modalities (mean xyz coordinates of auditory resp. vi-
sual modality: —9.6, 32.9, 77.3 and—10.3, 28.7, 79.9).

3.4.2. N100

Dipole analysis of the grand average ERPs elicited
by S1 alone resulted in a six-source model (3 paired)
for the auditory condition. The residual variance in this
model reached a value of 0.76% (Fig. 7).

4. Discussion

To our knowledge, this is the first human study in
which intra-modal and cross-modal sensory gating and
sensorimotor gating were integrated into one experi-
ment, thereby ruling out nonspecific differences be-
tween the two paradigms. P50 suppression was found
following both auditory and visual conditioning stimuli
in the 500-ms ISI only, with no significant difference
between the modalities. Significant PPI was found with
the auditory prepulse only, although roughly half of the
subject population did show PPI to the visual prepulse
while the other half did not. Dipole analysis of the P50
resulted in a three-source model for the auditory lead
stimuli and a four-source model for the visual lead
stimuli, of which one source appeared to be present
in both modalities. The three-dimensional location
parameters of this source were indicative of a frontal
cortical site.

P50 suppression was found following both auditory
and visual lead stimuli with an ISI of 500 ms only, in
ratios that did not differ significantly from each other.
In a complex study with healthy volunteers in which a
tactile prestimulus was paired with an acoustic startling
stimulus with ISIs of 60 and 360 ms, P50 suppression
was found in the 360-ms ISI only (Perlstein et al.,
2001). The data of the Perlstein et al. (2001) study
are consistent with the P50 suppression data of the

present study, indicating that P50 suppression occurs
with both intra-modal and cross-modal pairs of stimuli.
Consequently, the inhibitory processes that regulate
P50 suppression are not located in sensory cortical
structures, such as the auditory or visual cortex. Fur-
thermore, similar to the present study, Perlstein et al.
(2001) did not find P50 suppression in their shortest ISI
conditions (100 ms and 60 ms, respectively), although
this result was not confirmed in the studies by Naga-
moto et al. (1991, 1996) using an ISI of 100 ms. The
fact that in the present study suppression was found
exclusively in the longer ISI suggests that P50 suppres-
sion is not based on an intrinsic refractory mechanism.

Dipole analysis of the P50 ERP elicited by both
auditory and visual lead stimuli led to models in
which three and four sources, respectively, appeared
to be active. One of these sources appeared to be
present in both models: a source with frontal cortical
origin. This observation is consistent with the data of
Weisser et al. (2001), who found a source model for the
auditory P50 with a remarkable similarity to the one
found in the present study. In addition, in the study of
Judd et al. (1992), patients with schizophrenia showed
P50 suppression deficits at frontal, central and parietal
electrode sites, with a tendency for the deficit to be
most prominent in frontal electrode sites. Furthermore,
in two studies of humans with brain damage, subjects
with lesions in the prefrontal cortex showed an increase
in distraction to irrelevant sensory information (Chao
and Knight, 1995; Knight et al., 1995).

Recently, Adler et al. (1998) proposed a neurobio-
logical model for sensory gating, in which the CA3
region of the hippocampus is indicated as both the
origin of P50 suppression and the source of the P50
ERP as measured on the scalp. However, the frontal
position of the source for the P50 ERP as found in the
present study and in the study of Weisser et al. (2001)
makes it unlikely that the hippocampal CA3 region is
responsible for the P50 as measured on the scalp.
Alternatively, the frontal location as source of the P50
potential might represent the frontal area innervated by
the efferent fibers from the CA3 region, as mentioned
in the study of Adler et al. (1998).

The acoustic lead stimulus not only reduced the P50
to the subsequent test stimulus, it also reduced longer-
latency processing of the test stimulus, as indicated by
the reduction in N100 amplitude, irrespective of ISI.
This finding implies that the N100 amplitude can be
reduced independently of the P50 amplitude, because no
P50 suppression was found in the auditory ISI 100-ms
condition in which N100 suppression was observed.
This notion is strengthened by the fact that the visual
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lead stimulus was found to reduce the P50 response to
the test stimulus, without affecting the N100 response.

The N100 amplitude was reduced only by intra-
modal pairs of auditory stimuli, regardless of ISI,
which might indicate refractory processes. This result
is consistent with the early study of Davis et al. (1966),
who reported on the recovery processes involved in the
N100 ERP. Later, Budd et al. (1998) showed that the
decrement in response of the N100 is more consistent
with refractory processes than with habituation to the
presented stimuli. Furthermore, based on the pattern of
changes in scalp topography, they argued that the sen-
sitivity of the N100 to different ISIs suggests at least
two generators of the N100 with different refractory
properties. Taken together, the results indicate that P50
suppression and N100 suppression are independent
phenomena, and that P50 suppression, in contrast to
N100 suppression, is not based on intrinsic refractory
mechanisms.

Dipole analysis of the N100 ERP elicited by audi-
tory lead stimuli led to a model in which three paired
sources appeared to be active. This result is consistent
with the study of Scherg and Picton (1991), who also
found a model for the auditory elicited N100 ERP
based on three paired sources, similar to the model
found in the present study. The absence of the fronto-
central source of the P50 model in the N100 model
supports the results of the amplitude data, in showing
that the two ERPs are unrelated.

To our knowledge, this is the first time that PPI and
P50 suppression were assessed in a fully integrated
paradigm, in which an identical lead stimulus was used
as the prepulse in the PPI trials and as the conditioning
and testing stimulus in the P50 suppression trials. The
results show that this same prepulse is not only capable
of inducing P50 suppression but can also induce high
levels of PPI. In contrast to the P50 suppression data, a
higher level of PPI was found with the 100-ms ISI than
with the 500-ms ISI. Graham (1975), used four different
ISIs: 30, 60, 120 and 240 ms, of which the 120-ms
interval yielded the highest PPI, a result that was repli-
cated subsequently (Braff et al., 1978; Dawson et al.,
1995). These results are confirmed in the present study,
and indicate that PPI and P50 suppression work on a
different time basis: PPI is stronger with shorter ISIs,
while P50 suppression becomes stronger with longer
ISIs. Similar to P50 suppression, a number of studies
exist in which cross-modal PPI was found, in both
human (e.g.: Braff et al., 1992; Rossi et al., 1995; Perl-
stein et al., 2001) and animal studies (e.g.: Geyer et al.,
1990; Campeau and Davis, 1995; Taylor et al., 1995;
Ralph et al., 2001). This suggests that having the same

modality for both the lead and startle stimuli is not a
prerequisite for PPL. This conclusion is in part consistent
with the present study, in which a visual lead stimulus
induced PPI of acoustic startle stimuli in approximately
half of our subject population. Remarkably, the half of
the subject population that did show PPI to the visual
lead stimulus had significantly higher P50 amplitudes to
this stimulus than the other half. This effect could not be
attributed to a difference between the groups in attending
to the visual lead stimulus, because both groups were
similar in P100 amplitude at electrode Oz, which is a
measure for perception of visual stimuli. This result
suggests that a minimum P50 amplitude to lead stimuli
is essential for PPI to occur, at least for visual lead
stimuli. Similarly, in the auditory condition, subjects
with relatively high P50 amplitudes to the auditory
lead stimulus appeared to exhibit higher PPI than sub-
jects with lower amplitudes, although this difference did
not reach significance with the current sample size. If
confirmed, such a finding might indicate that a minimum
P50 response to an auditory lead stimulus might be
necessary for PPI to occur, as was seen in the visual
condition. Consistent with earlier studies on the relation-
ship between PPI and P50 suppression (Schwarzkopf et
al., 1993; Oranje et al., 1999; Cadenhead et al., 2002), no
correlations were found in the current study between
these two gating measures, in either the auditory or
visual modality. These observations further emphasize
that the so-called sensory gating P50 and sensorimotor
gating PPl measures reflect different underlying phe-
nomena. Despite the fact that both measures were
intended to assess the gating construct and both are
reduced in patients with schizophrenia, the two measures
are nonedundant and fundamentally different. In a study
on PPI and glucose metabolism by Hazlett et al. (1998),
the relative glucose metabolic rate (rGMR) in the frontal
lobes of healthy volunteers correlated negatively with
the amount of PPI, indicating that higher PPI was asso-
ciated with increased activity in the frontal lobes. In this
same study, unmedicated patients with schizophrenia
showed less PPI than healthy controls and no correlation
between rtGMR and PPI. This study (Hazlett et al., 1998),
together with the proposed frontal source of origin for the
P50 as derived in the present study, seems to confirm the
suggestion that the functional integrity of the prefrontal
cortex is important for (though not essential for) senso-
rimotor gating (PPI) as well as for sensory gating (P50
suppression).

To conclude: In the auditory and visual conditions,
respectively, two and three modality-specific and one
modality-nonspecific sources for the P50 were found.
Furthermore, no significant difference in the three-di-
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mensional coordinates of this modality-nonspecific
source (frontally located) between the auditory and
visual condition of the paradigm was found, suggesting
that the models have this source in common. In addi-
tion, P50 suppression appears to be modality nonspe-
cific and not based on refractory processes, both in
contrast to suppression of the N100 amplitude, which
indicates that suppression of the P50 and the N100
amplitudes are unrelated processes. Furthermore, the
results revealed that PPI of an auditory loud stimulus
following a visual lead stimulus requires a minimum
P50 amplitude to the visual lead stimulus.
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