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Abstract
Rationale Suppression of redundant auditory information
and facilitation of deviant, novel, or salient sounds can be
assessed with paired-click and oddball tasks, respectively.
Electrophysiological correlates of perturbed auditory pro-
cessing found in these paradigms are likely to be a trait
marker or candidate endophenotype for schizophrenia.
Objective This is the first study to investigate the effects of
the muscarinic M1 antagonist biperiden and the cholinester-
ase inhibitor rivastigmine on auditory-evoked potentials
(AEPs), sensory gating, and mismatch negativity (MMN) in
young, healthy volunteers.
Results Biperiden increased P50 amplitude and prolonged
N100 and P200 latency in the paired-click task but did not
affect sensory gating. Rivastigmine was able to reverse the
effects of biperiden on N100 and P200 latency. Biperiden
increased P50 latency in the novelty oddball task, which
was reversed by concurrent administration of rivastigmine.
Rivastigmine shortened N100 latency and enhanced P3a
amplitude in the novelty oddball paradigm, both of which
were reversed by biperiden.
Conclusion The muscarinic M1 receptor appears to be in-
volved in preattentive processing of auditory information in
the paired-click task. Additional effects of biperiden versus
rivastigmine were reversed by a combination treatment,
which renders attribution of these findings to muscarinic
M1 versus muscarinic M2–M5 or nicotinic receptors much
more difficult. It remains to be seen whether the effects of
cholinergic drugs on AEPs are specifically related to the
abnormalities found in schizophrenia. Alternatively, aberrant

auditory processing could also be indicative of a general
disturbance in neural functioning shared by several neu-
ropsychiatric disorders and/or neurodegenerative changes
seen in aging.

Keywords Schizophrenia . Event-related potentials .
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Introduction

Suppression of redundant auditory information, i.e., “gating-
out”, and facilitation of deviant, novel, or salient sounds,
i.e., “gating-in”, can be assessed with electrophysiological
paradigms such as paired-click and oddball tasks, respectively.
Both of these make use of the automatic processing of audi-
tory stimuli in the absence of effortful attention, yielding so-
called auditory-evoked potentials (AEPs) typically consisting
of a P50–N100–P200 complex (e.g., Javitt et al. 2008; Leiser
et al. 2011; Lijffijt et al. 2009). It has been suggested by
Boutros et al. (2004) that these three components reflect
distinct stages of information processing, i.e., P50, preatten-
tive; N100, early attentive; and P200, late attentive mecha-
nisms. In paired-click paradigms, participants are presented
with two identical auditory stimuli temporally spaced 500 ms
apart (Boutros et al. 2004). The amplitude of the P50 peak to
the first click, also termed S1 or conditioning stimulus, is
usually larger than that to the second click, called S2 or the
test stimulus (Oranje et al. 2006); this is indicative of inhibi-
tion of redundant input and intact sensory gating (Brockhaus-
Dumke et al. 2008). Oddball paradigms can elicit several AEP
components in addition to the P50–N100–P200 complex,
such as the mismatch negativity (MMN) and P3a. In these
tasks, infrequent deviant and/or novel sounds are embedded
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within a string of repetitive standard tones (Garrido et al.
2009; Näätänen et al. 2004; Pekkonen et al. 2005).

In schizophrenia, mechanisms of sensory gating and nov-
elty detection are disrupted, resulting in an overflow of
sensory input and associated symptomatology such as cog-
nitive fragmentation and thought disorder (Ford 1999;
McGhie and Chapman 1961). Impaired sensory filtering
mechanisms in schizophrenia patients have been linked to
several electrophysiological findings, such as deficient sen-
sory gating of P50, N100, and P200 components in paired-
click paradigms (Boutros et al. 2004; Brockhaus-Dumke et
al. 2008; Erwin et al. 1998; Olincy et al. 2010), and reduced
amplitudes and delayed latencies of N100, P300, and MMN
components but not the P200 in novelty oddball tasks
(Bramon et al. 2004a; Bramon et al. 2004b; Jeon and Polich
2001; Laurent et al. 1999; Simons et al. 2011; Souza et al.
1995; Umbricht and Krljes 2005).1 Of note, changes in
auditory processing are not specific for schizophrenia, as
these have also been reported in aging and age-related dis-
orders (e.g., Cancelli et al. 2006; Gmehlin et al. 2011; Golob
et al. 2007; Juckel et al. 2008; Kisley et al. 2005; Schiff et al.
2008; Thomas et al. 2010).

Besides the strong involvement of the dopaminergic and
glutaminergic neurotransmitter systems in schizophrenia,
alterations in muscarinic M1 signaling also appear to under-
lie the disorder (e.g., Sarter et al. 2012). For example,
administration of the muscarinic M1 antagonists biperiden
or procyclidine has been shown to increase positive symp-
toms (Johnstone et al. 1983; Tandon et al. 1990), yet reduce
negative symptoms in schizophrenia patients (Tandon et al.
1992). In addition, cholinesterase inhibitors and muscarinic
M1 agonists have been found to modestly improve various
measures of cognitive function, particularly attention and
short-term memory (Bora et al. 2005; Buchanan et al. 2008;
Buchanan et al. 2002; Friedman 2004; Lee et al. 2007; Risch
et al. 2007; Schubert et al. 2006; Shekhar et al. 2008; but see
Friedman et al. 2002).

Despite a vast amount of research on the role of nicotinic
receptors (e.g., Adler et al. 1998; Pritchard et al. 2004), data
on the role of muscarinic neurotransmission in human AEPs
is relatively limited. For instance, using an active oddball
paradigm, N100, P200, and P300, but not P50 amplitudes
were found to be decreased after administration of the
nonselective muscarinic antagonist scopolamine (Curran et
al. 1998). Moreover, scopolamine has been shown to delay
P50 and N100, but not P200 or MMN latencies in healthy
elderly participants presented with a passive oddball para-
digm (Pekkonen et al. 2005). A few studies have looked into

the effects of cholinesterase inhibitors on AEPs. For in-
stance, using a task in which trains of auditory clicks were
presented, a reduction in P50 amplitude by scopolamine was
shown to be reversible by administration of physostigmine
(Buchwald et al. 1991). Furthermore, in a study by Buchanan
et al. (2002), donepezil was found to modestly improve
P50 suppression in schizophrenia patients. Lastly, using
an active oddball paradigm, physostigmine was able to par-
tially counteract the effects of scopolamine on the P300 com-
ponent (i.e., reduced amplitude and delayed latency: Meador
et al. 1987; Meador et al. 1988). Given the involvement of the
muscarinic M1 receptor in schizophrenia, it would be inter-
esting to find out whether drugs that target this receptor would
affect AEP components.

The current study is the first to assess the effects of the
muscarinic M1 antagonist biperiden and the cholinesterase
inhibitor rivastigmine on AEPs and sensory gating in young,
healthy volunteers. Using a paired-click task and a passive
novelty oddball paradigm, we first looked at general audi-
tory processing (i.e., P50–N10–P200 complex). In addition,
for the paired-click task, we also determined P50 gating,
whereas for the novelty oddball task, we assessed novelty
processing (i.e., by P3a and MMN components).

We hypothesized that after biperiden, AEPs would be
affected in a manner similar to scopolamine. In line with
the findings of Buchwald et al. (1991), we expected a
reduction in P50 amplitude after biperiden and reversal by
rivastigmine. Specifically, given the cognition-deteriorating
effects of biperiden (e.g., Wezenberg et al. 2005), we antic-
ipated that biperiden would disrupt P50 gating by lowering
P50 amplitude of the S1 stimulus and that rivastigmine
would be able to counteract this effect. Effects of muscarinic
antagonists and cholinesterase inhibitors on P50 latency and
the N100 and P200 components have not been assessed
previously in a paired-click task. Therefore, we did not have
any specific hypotheses regarding effects of biperiden or
rivastigmine on P50 latency, and the N100 and P200 peaks.

For the novelty oddball task, we anticipated no change in
P50 amplitude after biperiden or rivastigmine, which is in
line with findings of muscarinic drugs in the literature
(Curran et al. 1998; Pekkonen et al. 2005). As scopolamine
has been shown to increase P50 latency in passive novelty
oddball paradigms, we expected the same effect after biper-
iden. After scopolamine, N100 amplitude has been shown to
be unaffected, whereas N100 latency has been found to be
increased in a passive novelty oddball paradigm (Pekkonen
et al. 2005). Therefore, we hypothesized that biperiden
would have the same effects. Scopolamine has been shown
to leave the P200 component unchanged in passive novelty
oddball paradigms (Pekkonen et al. 2005), and we hypoth-
esized that biperiden would behave similarly.

In agreement with findings on scopolamine in novelty
oddball paradigms (Pekkonen et al. 2005), we anticipated

1 The existing literature on P300 abnormalities in schizophrenia has
focused mostly on the P3b subcomponent, although a limited number
of studies have also reported reduced P3a amplitudes (Grillon et al.
1990; Turetsky et al. 2000).
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that biperiden would not influence MMN amplitude or
latency. Moreover, we hypothesized that biperiden would
decrease P3a amplitude, which would be reversed by con-
current rivastigmine administration (in line with the findings
of Boutros et al. 2004; Meador et al. 1987). It is currently
unknown whether cholinesterase inhibitors affect P50,
N100, P200, or MMN components in novelty oddball para-
digms. However, given the cognition-enhancing effects of
cholinesterase inhibitors (e.g., Farlow 2003; Rosler et al.
1999), we expected that MMN amplitude would be in-
creased after rivastigmine. We did not have any specific
hypotheses regarding effects of rivastigmine on the P50–
N100–P200 complex.

Methods

Participants

Nineteen (seven male, 12 female; mean age of 21.89 years
(SD02.8, range018–28)) healthy volunteers were recruited
from Maastricht University through poster advertisements.
Participants had a body mass index between 18.5 and 30.
They received a medical screening before testing, consisting
of a medical questionnaire, physical examination, measure-
ment of blood pressure and pulse rate, blood samples for
hematology and biochemistry, urine samples for drug screen
and pregnancy test, and a resting electrocardiogram. Exclu-
sion criteria were past or current psychiatric, neurological,
cardiac, gastrointestinal, hematological, hepatic, pulmonary,
or renal illness; pregnancy; lactation; excessive alcohol con-
sumption (intake of more than 20 glasses per week); use of
any medication other than oral contraceptives; having a
first-degree relative with a current or past psychiatric disor-
der; and presence of other deficits that could be expected to
influence performance. All subjects gave a signed informed
consent before inclusion and were financially rewarded for
their participation. The study was approved by the Medical
Ethics Committee of Maastricht University and, therefore,
performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki.

Study design and procedures

The study was conducted according to a double-blind,
placebo-controlled cross-over design. Subjects were not
allowed to use any psychoactive medication within 5 days
before drug intake. One hour before testing, the participants
were asked to fill out questionnaires on mood and physical
complaints (see below). Immediately afterwards, they were
given two capsules for oral intake. These included either: (1)
placebo, i.e., two placebo capsules; (2) biperiden, i.e., one
biperiden hydrochloride capsule of 2 mg (Akineton®,

instant release) and one placebo capsule; (3) rivastigmine,
i.e., one rivastigmine tartrate capsule of 3 mg (Exelon®) and
one placebo capsule; or (4) a combination treatment of biper-
iden and rivastigmine, i.e., one biperiden hydrochloride cap-
sule of 2 mg (Akineton®, instant release) and one rivastigmine
tartrate capsule of 3 mg (Exelon®).

Participants were provided lunch immediately after-
wards: this was done in order to reduce the chances of
participants developing any side effects due to biperiden
and rivastigmine intake. Lunch consisted of a theine-free
tea and bread with savory or sweet bread toppings. Next,
EEG electrodes and a cap were placed. Exactly 60 min after
drug intake, behavioral testing and EEG recording started.
After about 1 h of testing, the participant had a short break,
in which he or she was asked to fill out the same question-
naires again. The test session finished about 3 h after drug
intake. Participants underwent four testing days and on each
testing day, one of the four treatments was administered. To
prevent order effects, participants were randomly assigned
to one of 20 balanced treatment sequences. All treatments
were administered with a washout period of 7 days.

Drug treatment

Biperiden is a muscarinic M1 antagonist approved for the
adjunctive treatment of Parkinson's disease and for extrapy-
ramidal symptoms related to antipsychotic drug therapy
(e.g., Ogino et al. 2011). It has about tenfold higher affinity
for M1 as compared to M2–M5 receptors and it is, thus, the
most selective M1 antagonist available for use in human
participants (Bolden et al. 1992; Katayama et al. 1990). In
humans, peak plasma concentrations are reached around 1–
2 h after a single dose administration followed by a rapid
initial decline to values around 12 of the peak values at 6 h
after intake. This is subsequently followed by a slow termi-
nal elimination phase at 48 h (Hollmann et al. 1984;
Hollmann et al. 1987). The most common side effects of
biperiden on the central nervous system are drowsiness,
vertigo, headache, and dizziness. Peripheral side effects
consist of blurred vision, dry mouth, impaired sweating,
abdominal discomfort, and obstipation. Biperiden also
causes some degree of mydriasis (e.g., Mintzer and Burns
2000).

Rivastigmine is an intermediate-acting cholinesterase in-
hibitor approved for symptomatic treatment of mild to mod-
erate Alzheimer's disease (Jann et al. 2002; Lefevre et al.
2008). It stimulates cholinergic neurotransmission by pre-
venting the breakdown of acetylcholine in the synaptic cleft.
Specifically, it inhibits the enzymes acetylcholinesterase and
butyrylcholinesterase which metabolize acetylcholine (Jann
et al. 2002). Peak plasma concentrations are reached around
50–70 min and the half-life is around 60–90 min (Farlow
2003; Jann et al. 2002). The duration of cholinesterase
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inhibition is suggested to be around 8–10 h after drug
intake. The most common side effects seen in association
with the use of rivastigmine occur in the gastrointestinal
tract and central nervous system; these include abdominal
pain, nausea, vomiting, diarrhea, headache, and dizziness.
Dose conditions of biperiden and rivastigmine were chosen
based on the study by Wezenberg et al. (2005). Both drugs
were purchased, blinded, and labeled by the pharmacy of the
University Hospital Maastricht according to relevant GMP
guidelines.

Questionnaires

To assess subjective mood changes, we used the Profile of
Mood States (POMS: McNair et al. 1971) and the Bond and
Lader mood scale (Bond and Lader 1974). Physical or
mental complaints were assessed with a self-report ques-
tionnaire consisting of 31 possible complaints to be rated on
a four-point scale; a score of zero indicates that the partic-
ipant is not experiencing the complaint, and a score of three
means he or she is experiencing it a great deal. For all three
questionnaires, a difference score of T1 (1 h after drug
intake) − T0 (baseline, before drug intake) was calculated
per subscale for each participant and used for analysis.

Paired-click paradigm

The paired-click task was used as an electrophysiological
technique to assess sensory gating mechanisms (Adler et al.
1982). Two identical 1,000-Hz clicks (S1 and S2) were
binaurally presented via loudspeakers. The duration of each
click was 4 ms with a sound intensity of 60 dB. A short
interstimulus interval (ISI) of 500 ms was used, as this ISI
has been shown to provide maximum differentiation be-
tween the sensory gating capacities of healthy participants
and schizophrenia patients (Nagamoto et al. 1989; Oranje et
al. 2006). The pairs were presented in a random intertrial
interval of 6–10 s, in order to allow neuronal recovery
(Zouridakis and Boutros 1992). During each session, 75
pairs of clicks were presented. Participants viewed a silent
animated movie while listening to the paired clicks. No
behavioral measures were recorded during the paired-click
task, as it is generally used to assess automatic/passive
auditory information processing.

Novelty oddball paradigm

The novelty oddball task was used as an assessment of
involuntary attention processes such as the MMN. Three
types of auditory stimuli were presented, consisting of fre-
quent standard, infrequent deviant, and infrequent novel
stimuli. The standard and deviant stimuli were 750-Hz and
500-Hz tones, each with two upper harmonic components

(1,500 and 2,250, and 1,000 and 1,500 Hz, respectively).
The intensity of the first and second harmonic components
was decreased compared to the fundamental by 3 and 6 dB,
respectively. Novel stimuli consisted of three stimulus cate-
gories of 20 different auditory stimuli, namely, animal,
human, and mechanical sounds. The deviant and novel
stimuli were each presented in 12.5 % of the trials. All
sounds had a duration of 300 ms with 10 ms rise and fall
times. The tones were presented with a 1,000 ms stimulus-
onset asynchrony and equal intensities. Participants viewed
a silent animated movie while listening to the auditory
stimuli. No behavioral measures were recorded during this
task, as we wanted to assess automatic/passive auditory
information processing.

Of note, an active version of the novelty oddball task,
which requires participants to give a behavioral response to
the deviant stimuli, is also employed in studies on auditory
processing (e.g., Hall et al. 2006). Active oddball paradigms
generally induce a parietal P3b reflecting context updating/
working memory function instead of a frontocentral P3a
peak reflecting novelty/attentional processes (Comerchero
and Polich 1999; Donchin 1981). Moreover, a MMN com-
ponent is generated only if a passive novelty oddball para-
digm is employed (e.g., Hall et al. 2006). Because of the role
of acetylcholine in in vivo novelty processing (e.g., Miranda
et al. 2000), we chose to use a passive novelty oddball
paradigm instead of an active one.

EEG acquisition

For the EEG recording, the NeuroScan SynAmps system
was used, with sample rate set at 1,000 Hz. Data were
filtered between 0.05 and 100 Hz. EEG was recorded from
32 electrodes placed on the scalp using an elastic cap (Electro-
Cap International, United States) and positioned according
to the 10–20 system (Jasper 1958). The horizontal elec-
trooculogram (HEOG) was measured with two electro-
des placed on the outer canthus of the left and right eyes,
and two electrodes placed below and above the center
of the left eye recorded the vertical electrooculogram
(VEOG). Two electrodes behind the ears served as reference
electrodes. Before placing the electrodes, all locations were
cleaned with alcohol and gently scrubbed with a gel, to ensure
good conduction of the signal. Impedance was kept below 5
Ω. During the EEG recordings, the participants were sitting in
an electrically shielded and sound-attenuated room with the
lights dimmed.

In total, we recorded and analyzed EEG from 32 electro-
des, but we only included the data of the Fz, FCz, and Cz
electrode channels in our final statistical analysis. In the
literature, the Cz electrode is usually taken for measurement
of sensory gating (e.g., Boutros et al. 2004). However, since
the prefrontal cortex is also involved in sensory gating
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(Grunwald et al. 2003; Williams et al. 2011), we chose to
also include the Fz and FCz electrode channels. As for the
novelty oddball task, we were mainly interested in the novelty
P3a, which is a frontocentral component (Comerchero and
Polich 1999; Donchin 1981). Hence, the Fz, FCz, and Cz
electrode channels were the obvious choice and in accordance
with other studies evaluating the same ERP components in
these paradigms. Of note, the participants were presented with
a test battery containing additional paradigms besides the
paired-click and novelty oddball task. We chose to measure
EEG from a total of 32 electrodes because different paradigms
would elicit different ERPs, each with a different scalp distri-
bution. Thus, electrode channels other than the Fz, FCz, and
Cz would be employed for the ERP analysis of these addi-
tional paradigms.

EEG analysis

All EEG data was analyzed with Vision Analyzer 2.0. Before
data analysis, the EEG data were visually inspected offline to
check for artefacts. The EEG signal was filtered offline with a
high-pass filter set at 1 Hz (12 dB slope) and a low-pass filter
set at 30 Hz (12 dB slope). Eye movement artefacts were
filtered out of the EEG using the data of the VEOG channel
and the method developed by Semlitsch et al. (1986). This
way, every participant had about the same number of artifact-
free trials which were combined into the AEP averages.

In case of the paired-click task, we decided to segment
the EEG according to click pairs instead of separately for
each stimulus. Thus, the EEG epochs were set from 100 ms
prior to S1 onset to 1,000 ms after onset. One segment
included both S1 and S2, using the 100 ms preceding the
first click in the stimulus pair as baseline. Segmenting the
data for S1 and S2 separately would have implied using the
100 ms preceding S2 as a baseline for this stimulus. How-
ever, at this point, the EEG signal had not yet returned to its
default value, which would have skewed the baseline cor-
rection used for S2. After automatic artefact rejection, aver-
ages were calculated. Based on the grand averages, we
determined the position of the P50, N100, and P200 peaks
for S1 and S2. Peak amplitudes were calculated and laten-
cies were computed based on when the peak was reached.
Of note, since we chose to analyze S1 and S2 within the
same segment, the peaks for S2 were actually P550, N600,
and P700. Please see Table 1 for the time windows chosen
for the paired-click peak detection.

For the novelty oddball data, the EEG epochs were set
from 100 ms prior to stimulus onset to 900 ms after onset,
using the 100 ms prestimulus as baseline. After automatic
artefact rejection, averages were calculated for each stimu-
lus separately (standards, deviants, and novels). Based on
the grand averages, we determined the position of the P50,
N100, and P200 peaks for the standard, deviant, and novel

stimuli. Moreover, two difference waves were calculated by
subtracting the response to the standard from the deviant
and novel stimuli. For these difference waves, we deter-
mined the position of the MMN and P3a peaks. Peak ampli-
tudes were calculated and latencies were computed based on
when the peak was reached. Please see Table 2 for the time
windows chosen for novelty oddball peak detection.

Statistics

All data were analyzed using SPSS. To determine possible
treatment effects on general auditory processing (i.e., P50–
N100–P200 complex) of the paired-click task, AEP data
were analyzed by several repeated measures ANOVAs with
Drug (four levels: placebo, biperiden, rivastigmine, and the
combination treatment), Stimulus (two levels: S1 and S2),
and Electrode (three levels: Fz, FCz, and Cz) as within-
subject variables. Effects on P50 suppression would be
reflected by a significant Treatment * Stimulus interaction.
Next, we wanted to see if our treatment conditions would
affect general auditory processing (i.e., P50–N100–P200
complex) in the novelty oddball task. Therefore, we ran
repeated measures ANOVAs on the AEP data of the stan-
dard stimuli, with Drug (four levels: placebo, biperiden,
rivastigmine, and the combination) and Electrode (three
levels: Fz, FCz, and Cz) as within-subject variables. Next,
we sought to determine if our treatment conditions influ-
enced novelty processing (i.e., difference scores of deviant −
standard and novel − standard waves, also see previous
section). Therefore, we performed several repeated meas-
ures ANOVAs with Drug (four levels: placebo, biperiden,
rivastigmine, and the combination), Stimulus (two levels:
Diffdeviant and Diffnovel), and Electrode (three levels: Fz,
FCz, and Cz) as within-subject variables. For the AEP data,
all analyses were done separately for amplitude and latency,
and for each of the AEP components. Most of the repeated
measures analyses yielded significant interactions with the
variables Electrode and Stimulus. In these cases, we per-
formed additional ANOVAs split for each level of Electrode
in order to examine simple effects. For reasons of brevity, we
decided to only discuss these simple effects analyses in
Results and to leave out the overall analysis. If one of the

Table 1 Time windows (in ms) used for AEP analyses of the paired-
click data

Stimulus
type

Peaks

Preattentive:
P50

Early attentive:
N100

Late attentive:
P200

S1 20–90 70–150 150–240

S2 520–590 570–650 650–740
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overall repeated measures ANOVA did not yield a significant
interaction term or if a Treatment*Stimulus interaction was
present, this is stated clearly in Results. For all analyses, we
used α00.05. Post hoc analysis was performed with a Least
Significant Difference (LSD) test. We chose to only compare
the data of the treatment conditions with placebo, so per
analysis, a total of three post hoc comparisons were made.

The questionnaire data were analyzed by repeated meas-
ures ANOVAs with Drug (four levels: placebo, biperiden,
rivastigmine, and the combination treatment), as within-
subject variable. These analyses were done separately for
each subscale. Post hoc analysis was performed with a LSD
test. We chose to only compare the data of the treatment
conditions with placebo, so per analysis, a total of three post
hoc comparisons were made. The POMS had five subscales,
whereas for the Bond and Lader, we only analyzed the best
validated subscale: alert–drowsy. For the self-report ques-
tionnaire, we only analyzed those side effects which would
be expected after biperiden and/or rivastigmine intake.

Results

Four participants dropped out prematurely due to side effects
of the drugs, leaving a total of 15 participants. Two participants
withdrew immediately after the first testing session. They had
received biperiden and rivastigmine, respectively. The other
two participants resigned after three testing sessions. One
person got first the combination treatment, then biperiden,
and lastly rivastigmine, whereas the other had received the
combination treatment, rivastigmine, and placebo, respective-
ly. In sum, this indicates that especially rivastigmine was prone
to induce participant dropout due to side effects.

Treatment effects on general auditory processing
and sensory gating in the paired-click task

Figure 1 shows the S1 and S2 AEP responses of the placebo
condition, while Figs. 2 and 3 display the effects of the

treatment and stimulus conditions on P50 amplitude and
N100 latency in the paired-click task, respectively. We per-
formed repeated measures ANOVAs to determine the effects
of biperiden and rivastigmine on general processing (i.e., P50–
N100–P200 complex) and P50 gating in the paired-click task.

We first wanted to determine whether our Treatment con-
ditions would affect preattentive processing in the paired-click
paradigm, as assessed by the P50 component. We anticipated
that biperiden would disrupt P50 gating by lowering P50
amplitude of the S1 stimulus and that rivastigmine would be
able to counteract this effect. Gating effects would be evident
by a Treatment * Stimulus interaction. In the simple effects
analyses of all three electrode channels (i.e., Fz, FCz, and Cz),
the effect of Treatment on P50 amplitude did not vary per level
of Stimulus (no Treatment * Stimulus interaction effect; Fs<
1.21, n.s.). In other words, our Treatment conditions did not
affect P50 gating. The P50 amplitude of S2 was smaller
compared to that of S1 (main effect of Stimulus; Fs>28.24,
Ps<0.001), signifying intact sensory gating in all Treatment
conditions. Furthermore, P50 amplitude was shown to be
different between treatment conditions (main effect of

Table 2 Time windows (in ms)
used for AEP analyses of the
novelty oddball data

Dev–Stand difference wave of
the deviant versus the standard
stimuli, MMN mismatch nega-
tivity, Nov–Stand difference
wave of the novel versus the
standard stimuli

Stimulus type Peaks

Preattentive: P50 Early attentive: N100 Late attentive: P200

Standards 20–120 90–150 140–240

Deviants 20–120 90–150 180–260

Novels 20–120 90–150 180–260

Stimulus type Peaks

Change detection: MMN Novelty processing: P3a

Dev–Stand 110–170 170–300

Nov–Stand 110–170 170–300

Fig. 1 AEP responses to S1 and S2 of the paired-click task in the
placebo condition (shown here: Cz electrode). The amplitude and
latency of the P50, N100, and P200 peaks were smaller for S2 com-
pared to S1 (Ps<0.05). There was intact sensory gating in the placebo
condition, reflected by P50S1>P50S2
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Treatment; Fs>4.75, Ps<0.01); post hoc analysis indicated
that P50 amplitude was larger after biperiden (Ps<0.01) and
the combination treatment (Ps<0.05) compared to placebo.
As there was no Treatment * Stimulus interaction, biperiden
and the combination conditions increased P50 amplitude sim-
ilarly for both S1 and S2.

Given the lack of reports on effects of cholinergic drugs on
P50 latency in paired-click tasks in the literature, we did not
have any specific hypotheses regarding Treatment effects on

P50 latency. In the simple effects analysis of the Fz electrode
data, there were no interactions or main effects on P50 latency
(Fs<0.68, n.s.). For the analyses of the FCz and Cz electrodes,
the effect of Treatment did not vary per level of Stimulus (no
Treatment * Stimulus interaction effect; Fs<1.90, n.s.).
P50 latency of S2 occurred earlier compared to the P50
latency of S1 (main effect of Stimulus; Fs>4.67, Ps<
0.05), yet Treatment did not influence P50 latency on
FCz and Cz (no main effect of Treatment; Fs<2.61, n.s.).

Fig. 2 Effects of the treatment
and stimulus conditions on P50
amplitude of the paired-click
task (shown here: Fz electrode,
means + SEM, *Ps<0.05,
***Ps<0.001). P50 amplitude
was larger after biperiden
(Ps<0.01) and the combination
treatment (Ps<0.05) compared
to placebo. There was no
Treatment * Stimulus interac-
tion and, therefore, no effect on
sensory gating

Fig. 3 Effects of the treatment
and stimulus conditions on N100
latency of the paired-click task
(shown here: Fz electrode,
means + SEM, *P<0.05). N100
latency was larger after biperiden
compared to placebo (Ps<0.05);
this effect was reversed by
concurrent administration of
rivastigmine (i.e., after the
combination treatment, N100
latency was statistically similar
to placebo)
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Next, we wanted to see whether there would be any
effects of our cholinergic drugs on early attentive pro-
cessing in the paired-click task, as measured by the
N100. We did not have any specific hypotheses regard-
ing Treatment effects on N100 amplitude or latency,
given the lack of reports in the literature. In the simple
effects analyses of all three electrode channels (i.e., Fz,
FCz, and Cz), the effect of Treatment on N100 ampli-
tude did not vary per level of Stimulus (no Treatment *
Stimulus interaction effect; Fs<0.50, n.s.). The N100
amplitude of S2 was smaller compared to that of S1 (main
effect of Stimulus; Fs>89.76, Ps<0.001), yet Treatment did
not influence N100 amplitude (no main effect of Treatment;
Fs<2.59, n.s.).

In the simple effects analyses of all three electrode
channels (i.e., Fz, FCz, and Cz), the effect of Treatment
on N100 latency did not vary per level of Stimulus (no
Treatment * Stimulus interaction effect; Fs<1.79, n.s.).
The N100 peak of S2 occurred earlier compared to the
N100 of S1 for Fz, FCz, and Cz (main effect of Stim-
ulus; F(1,18)05.48, P<0.05). Moreover, in the simple
effects analysis of the Fz electrode, N100 latency was
shown to be different between treatment conditions
(main effect of Treatment; Fs>3.16, Ps<0.05); post
hoc analysis showed that the N100 occurred later after
biperiden compared to placebo (P<0.05). For the FCz and
Cz electrodes, Treatment did not influence N100 latency (no
main effect of Treatment; Fs<2.70, n.s.).

We also sought to determine whether there would be any
effects of our cholinergic drugs on late attentive processing
in the paired-click task, as measured by the P200. Given the
lack of reports in the literature, we did not have any specific
hypotheses regarding Treatment effects on P200 amplitude
or latency. In the simple effects analyses of all three elec-
trode channels (i.e., Fz, FCz, and Cz), the effect of Treat-
ment on P200 amplitude did not vary per level of Stimulus
(no Treatment * Stimulus interaction effect; Fs<1.47, n.s.).
The P200 amplitude of S2 was smaller compared to that of
S1 (main effect of Stimulus; Fs>100.40, Ps<0.001), yet

Treatment did not influence P200 amplitude for Fz, FCz,
and Cz (no main effect of Treatment; Fs<1.35, n.s.).

In the simple effects analyses of the Fz and FCz
electrode channels, the effect of Treatment on P200
latency did not vary per level of Stimulus (no Treatment
* Stimulus interaction effect; Fs<1.39, n.s.). The P200
latency of S2 was shorter compared to that of S1 (main
effect of Stimulus; Fs>7.71, Ps<0.05), yet Treatment
did not influence P200 latency at Fz and FCz (no main
effect of Treatment; Fs<1.16, n.s.). For the simple
effects analysis of the Cz electrode, the effect of Treat-
ment varied per level of Stimulus (Treatment * Stimulus
interaction effect; F(3,54)03.09, P<0.05). Hence, we
did separate repeated measures analyses per level of
Stimulus. For the data of the S1 stimulus, P200 latency
was shown to be different between treatment conditions
(main effect of Treatment; F(3,54)04.23, P<0.01); post
hoc analysis showed that the P200 occurred later after biper-
iden (P<0.05) and after the combination treatment (P<0.05)
compared to placebo. There were no effects in the analysis of
the S2 data (F(3,54)00.50, n.s.).

Treatment effects on general auditory processing
of the standard stimuli in the novelty oddball task

Figure 4 shows the AEP responses to the standard, deviant,
and novel stimuli of the placebo condition, whereas Fig. 5
displays the effects of the four treatment conditions on N100
latency of the standard stimuli in the novelty oddball task.
We performed repeated measures ANOVAs to determine the
effects of biperiden and rivastigmine on general processing
(i.e., P50–N100–P200 complex) in the novelty oddball task.

We first wanted to determine whether our Treatment
conditions would affect preattentive processing in the nov-
elty oddball paradigm, as assessed by the P50 component.
We anticipated no change in P50 amplitude after biperiden.
Due to the limited literature on cholinergic drugs and audi-
tory processing, we did not have any specific hypotheses
regarding effects of rivastigmine on the P50 peak. In the

Fig. 4 AEP responses to the
standard, deviant, and novel
stimuli of the novelty oddball
task (shown here: Cz electrode).
Generally, deviant and novel
sounds elicited larger amplitudes
than standards (Ps<0.05)
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overall analysis of P50 amplitude, the effect of Treatment
did not vary per level of Electrode (no Electrode * Treat-
ment interaction effect; F(6,108)00.32, n.s.). P50 amplitude
was shown to differ according to treatment conditions (main
effect of Treatment; F(3,54)05.43, P<0.01); however, post
hoc analysis did not yield any significant results.

We expected an increase in P50 latency after biperiden.
The overall analysis of P50 latency demonstrated that the
effect of Treatment did not vary per level of Electrode (no
Electrode * Treatment interaction effect; F(6,108)00.43,
n.s.). P50 latency was shown to be different between treat-
ment conditions (main effect of Treatment; F(3,54)03.02,
P<0.05); post hoc analysis showed that the P50 occurred
later after biperiden compared to placebo (P<0.05).

Next, we wanted to see whether there would be any
effects of our cholinergic drugs on early attentive processing
in the novelty oddball task, as measured by the N100. We
hypothesized that N100 amplitude would be unaffected,
whereas N100 latency would be increased after biperiden.
Due to the limited literature on cholinergic drugs and audi-
tory processing, we did not have any specific hypotheses
regarding effects of rivastigmine on the N100 peak. Indeed,
the repeated measures ANOVA of N100 amplitude did not
yield any relevant effects (Fs<2.38, n.s.). With regards to
the overall analysis of N100 latency, the effect of Treatment
did not vary per level of Electrode (no Electrode * Treat-
ment interaction effect; F(6,108)01.34, n.s.). N100 latency
was shown to differ according to treatment conditions (main
effect of Treatment; F(3,54)06.83, P<0.01); post hoc anal-
ysis showed that the N100 occurred earlier after rivastig-
mine compared to placebo (P<0.05).

We also sought to determine whether there would be any
effects of cholinergic drugs on late attentive processing in the

novelty oddball task, as measured by the P200.We anticipated
that the P200 component would be unchanged after biperiden.
Due to the limited literature on cholinergic drugs and auditory
processing, we did not have any specific hypotheses regarding
effects of rivastigmine on the P200 peak. The repeated meas-
ures analysis of P200 amplitude did not yield any relevant
effects (Fs<1.43, n.s.). The overall analysis of P200 latency
demonstrated that the effect of Treatment did not vary per
level of Electrode (no Electrode * Treatment interaction effect;
F(6,108)01.20, n.s.). P200 latency was shown to be different
between treatment conditions (main effect of Treatment; F
(3,54)03.45, P<0.05); however, post hoc analysis did not
yield any Treatment effects compared to placebo.

Fig. 5 Effects of the treatment
conditions on N100 latency of
the novelty oddball task (shown
here: Fz electrode, means +
SEM, *P<0.05). N100 latency
was shorter after rivastigmine
compared to placebo (Ps<0.05);
this effect was reversed by
concurrent administration of
biperiden (i.e., after the
combination treatment, N100
latency was statistically similar
to placebo)

Fig. 6 Deviant–standard and novel–standard difference waves of the
novelty oddball task (shown here: FCz electrode). The MMN ampli-
tude of the novel–standard was smaller compared to that of the devi-
ant–standard difference score (only at the Fz electrode; P<0.05).
Moreover, the MMN occurred later for the novel–standard compared
to that of the deviant–standard difference score (P<0.001). The P3a
amplitude of the novel–standard was larger compared to that of the
deviant–standard difference score (Ps<0.01). There were no effects of
the difference scores on P3a latency
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Treatment effects on novelty processing in the novelty
oddball task

Figure 6 visualizes the deviant–standard and novel–standard
difference waves of the novelty oddball task, while Fig. 7
shows the effects of the treatment and stimulus difference
scores on P3a amplitude in the novelty oddball task. We
performed repeated measures ANOVAs to determine the
effects of biperiden and rivastigmine on novelty processing
(i.e., MMN and P3a) in the novelty oddball task.

We anticipated that biperiden would not influence MMN
amplitude or latency but did expect an increase in MMN
amplitude after rivastigmine. In the simple effects analysis
of the Fz electrode data, the effect of Treatment did not vary
per level of Stimulus (no Stimulus * Treatment interaction
effect; F(3,54)00.14, n.s.). The MMN amplitude of the
Diffnovel wave was smaller compared to that of the Diffdeviant
wave (main effect of Stimulus; F(1,18)06.84, P<0.05), yet
Treatment did not influence MMN amplitude (no main
effect of Treatment; F(3,54)01.20, n.s.). The simple effects
analyses of the FCz and Cz electrode channels did not yield
any relevant effects on MMN amplitude (Fs<1.52, n.s.).

There were no interaction effects in the overall repeated
measures analysis of MMN latency (Fs<1.50, n.s.). The
MMN of the Diffnovel wave occurred later compared to that
of the Diffdeviant wave (main effect of Stimulus; F(1,18)0
30.51, P<0.001), yet Treatment did not influence MMN
amplitude (no main effect of Treatment; F(3,54)00.69, n.s.).

Next, we wanted to see whether there would be any
effects of our cholinergic drugs on the P3a component in
the novelty oddball task. We anticipated that biperiden
would decrease P3a amplitude, which would be reversed

by concurrent rivastigmine administration. The simple
effects analyses of all three electrode channels (i.e., Fz,
FCz, and Cz) did not yield any interaction effects on
P3a amplitude (Fs<0.22, n.s.). The P3a amplitude of the
Diffnovel wave was larger compared to that of the Diffdeviant
wave (main effect of Stimulus; Fs>10.68, Ps<0.01). Fur-
thermore, Treatment influenced P3a amplitude for Fz, FCz,
and Cz (main effect of Treatment; Fs>3.42, Ps<0.05);
however, post hoc analysis of the Fz and FCz electrodes
did not yield any significant results. The post hoc analysis of
the Cz electrode demonstrated that P3a amplitude was in-
creased after rivastigmine (P<0.05). Thus, our hypothesis
regarding effects of cholinergic drugs on P3a amplitude was
only partially confirmed.

We did not have any expectations regarding effects of
cholinergic drugs on P3a latency in the novelty oddball task,
given the lack of reports in the literature. In the simple
effects analyses of the Fz and Cz electrode channels, there
were no interactions or main effects on P3a latency (Fs<
2.36, n.s.). For the FCz electrode, the effect of treatment on
P3a latency did not vary per level of Stimulus (no Stimulus
* Treatment interaction effect; F(3,54)01.25, n.s.). Further-
more, P3a latency was statistically similar between the Diff-

deviant and Diffnovel wave (no main effect of Stimulus; F
(1,18)02.01, n.s.). Treatment was found to affect P3a laten-
cy (main effect of Treatment; F(3,54)03.00, P<0.05); how-
ever, post hoc analysis did not yield any significant results.

Treatment effects on questionnaires

Table 3 shows the average difference scores (T1−T0) for the
four treatment conditions on the POMS subscales. The

Fig. 7 Effects of the treatment
conditions on P3a amplitude of
the difference scores in the
novelty oddball task (shown
here: Cz electrode, means +
SEM, *P<0.05). P3a amplitude
was larger after rivastigmine
compared to placebo (Ps<0.05);
this effect was reversed by
concurrent administration of
biperiden (i.e., after the
combination treatment, P3a
amplitude was statistically
similar to placebo)
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analysis of the POMS data revealed that Treatment had an
effect on the depression–dejection scale (main effect of
Treatment; F(3,54)07.36, P<0.001); post hoc analysis
showed that after biperiden, participants felt happier com-
pared to placebo (P<0.01). Moreover, Treatment also influ-
enced the fatigue–inertia scale (main effect of Treatment; F
(3,54)020.59, P<0.001); post hoc analysis showed that
participants felt less tired after biperiden (P<0.001) and
after rivastigmine (P<0.01) compared to the placebo condi-
tion. Furthermore, Treatment also affected the vigor–activity
scale (main effect of Treatment); post hoc analysis showed
that participants felt less energetic after biperiden (P<0.01)
and after rivastigmine (P<0.01) compared to the placebo
condition. There were no Treatment effects on the POMS
scales anger–hostility and tension–anxiety (Fs<2.09, n.s.).
Treatment also did not influence the Bond and Lader Alert-
ness scale (F(3,54)02.42, n.s.) nor any of the self-report
scales (Fs<2.71, n.s.).

Discussion

The goal of the current study was to assess the effects of
biperiden and rivastigmine on sensory gating and MMN in
young, healthy participants. In Table 4, an overview is given
of the effects of both drugs on the various AEPs.

Paired-click task

Preattentive processing: P50 amplitude was enlarged
after biperiden but no reversal by rivastigmine

For the paired-click task, both biperiden and the combina-
tion treatment enlarged the amplitude of the P50 peak (see
Fig. 2). The latter is likely due to an underlying effect of
biperiden and also given the fact that rivastigmine did not
change the P50 relative to placebo. This would argue for a role
of the muscarinic M1 receptor in preattentive processing.
Furthermore, as the P50 amplitude of both the S1 and S2
stimuli was increased, there was no effect of biperiden on
P50 gating (i.e., no interaction between Treatment and Stim-
ulus). These results were quite unexpected in light of our

hypothesis stating a disruption of sensory gating due to a
decrease in P50 amplitude of the S1 stimulus and reversal
by rivastigmine. Moreover, they are in contrast with the study
of Buchanan et al. (2002) reporting modest effects of donepe-
zil on P50 gating (but see Cancelli et al. 2006). Furthermore,
Buchwald et al. (1991) reported a disappearance of the P50 by
the muscarinic antagonist scopolamine and reversal by con-
comitant administration of a cholinesterase inhibitor. Howev-
er, please note that in the experiment by Buchwald et al.
(1991) trains of clicks with an ISI of 1 s were presented,
whereas in the current study, we used paired clicks spaced
500 ms apart. The discrepancy in the findings of Buchwald et
al. (1991) compared to our own might also be explained by
differences in binding affinity between scopolamine and
biperiden, i.e., scopolamine blocks muscarinic receptors non-
selectively, whereas biperiden is relatively more selective for
the muscarinic M1 receptor. A general increase in P50 ampli-
tude after biperiden might reflect a compensatory preatten-
tional mechanism for a general arousal-deteriorating effect of
biperiden (Thomas et al. 2010).

Relating our findings to the P50 suppression deficits
reported in schizophrenia is not very straightforward. In
contrast to the effects of biperiden, impaired P50 suppres-
sion (i.e., inflated S2/S1 ratio) in schizophrenia has gener-
ally been attributed to a reduction of the initial P50 response
to S1 (Clementz and Blumenfeld 2001; Jin et al. 1998; Jin et
al. 1997; Johannesen et al. 2005; but see Hong et al. 2009;
Williams et al. 2011). Some authors have argued that this
decrement might be due to higher P50 latency variability
(Jin et al. 1997; Patterson et al. 2000). However, this cannot
explain our results of larger P50 amplitude after biperiden,
as high temporal variability in P50 latency would cause a
reduction in P50 amplitude. Arguably, effects of schizophre-
nia status and (anti-)cholinergic drugs on the P50 as reported
in the literature are likely mediated by a muscarinic receptor
subtype other than M1 (i.e., M2–M5) or, alternatively, by
nicotinic receptors (Adler et al. 1998).

Of note, there have been reports of enhanced P50 ampli-
tude in aging, mild cognitive impairment, and Alzheimer's
disease using a variety of auditory paradigms (Cancelli et al.
2006; Golob et al. 2007; Golob et al. 2001a; Golob et al.
2001b; Irimajiri et al. 2005; Thomas et al. 2010; but see Ally

Table 3 Treatment effects on
the difference scores (T1−T0) of
the POMS subscales; means
(+SEMs). Significance asterisks
reflect Treatment effects com-
pared to the placebo condition

POMS Profile of Mood States

**P<0.01; ***P<0.001

POMS subscales Treatment conditions

Placebo Biperiden Rivastigmine Combination

Depression–dejection 20.26 (12.77) −34.37** (10.61) −14.05 (10.34) 32.68 (9.30)

Anger–hostility 51.37 (34.91) −14.16 (11.06) −15.47 (11.18) −19.58 (26.50)

Fatigue–inertia 47.84 (13.80) −54.42*** (12.85) −32.53** (12.07) 71.11 (12.74)

Vigor–activity 43.11 (11.83) −49.47** (14.97) −28.37** (12.94) 69.37 (17.30)

Tension–anxiety 3.37 (8.82) 0.95 (11.04) −1.95 (10.61) 0.68 (5.71)
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et al. 2006; Fein et al. 1994; Gmehlin et al. 2011). Possibly, the
increment in P50 amplitude seen in healthy aging and age-
related neurodegenerative disorders might mirror those seen
after biperiden and hence, might be muscarinic M1-mediated.

Early attentive processing: biperiden delayed N100 latency,
which was reversed by rivastigmine

An additional effect we found in the paired-click task was a
delay in N100 latency after biperiden, which was reversed
by concurrent treatment with rivastigmine (see Fig. 3). This
reflects a general arousal effect of biperiden on early atten-
tional processing. Rivastigmine itself did not affect N100
latency in the paired-click task. These findings would suggest
that the effect of biperiden on N100 latency might be M1-
mediated. Furthermore, it is likely that changes in neurotrans-
mission at M2–M5 or nicotinic receptors are capable of inter-
acting with the effects of biperiden at the M1 receptor given
the fact that rivastigmine was able to reverse the biperiden-
induced delay in N100 latency. Effects of muscarinic antago-
nists on the auditory N100 component in paired-click para-
digms have not been assessed previously. There are some
studies which have used oddball paradigms and reported
scopolamine-induced delays in N100 latency (Pekkonen et
al. 2001; Pekkonen et al. 2005). Of note, although basic AEPs
(i.e., P50–N100–P200 complex) can be assessed by paired-
click and novelty oddball paradigms, these tasks are not fully
comparable, that is, paired-click tasks assess gating-out,
whereas novelty measure gating-in processes.

Paired-click studies in schizophrenia generally report dis-
ruptions of N100 gating and reductions in N100 amplitude
(Boutros et al. 2009; Boutros et al. 2004; Brockhaus-Dumke
et al. 2008; Clementz and Blumenfeld 2001; Gjini et al. 2010;
Kisley et al. 2003) but no changes in N100 latency (e.g.,
Clementz and Blumenfeld 2001). Moreover, in paired-click
paradigms, aged participants are also generally found to have
N100 latencies comparable to those of healthy controls
(Clementz and Blumenfeld 2001; Gmehlin et al. 2011; Kisley
et al. 2005). Of note, using oddball tasks delays in N100
latency have been reported in schizophrenic patients (Simons
et al. 2011), aged participants (Iragui et al. 1993; but see
Amenedo and Diaz 1998), and people with age-associated
memory impairment (Anderer et al. 2003). However, novelty
oddball and paired-click paradigms are not fully comparable.

Late attentive processing: biperiden delayed P200 latency
of S1, which was reversed by rivastigmine

In the paired-click task, biperiden induced a delay in P200
latency of the S1, but not S2 stimulus, which was reversed
by concurrent administration of rivastigmine. This reflects a
general arousal effect of biperiden on late attentional pro-
cessing. Rivastigmine by itself did not affect P200 latency in

the paired-click task. However, as Simons et al. (2011)
indicated, slowing of initial auditory processing might have
downstream consequences for later peaks, i.e., delayed la-
tency of the N100 component might also retard the occur-
rence of the P200. As of yet, no studies have looked into
P200 latency deficits in schizophrenia using paired-click
paradigms. However, a delay in P200 latency has been
reported in aged participants (Anderer et al. 1996; Ford
and Pfefferbaum 1991; Gmehlin et al. 2011; Iragui et al.
1993; but see Anderer et al. 2003), but not in MCI (Anderer
et al. 2003; Golob et al. 2007; Golob et al. 2001b) or
Alzheimer patients (Boutros et al. 1995; Golob et al. 2007).

Novelty oddball task

Preattentive processing: P50 latency was delayed
after biperiden, which was reversed by rivastigmine

Biperiden induced a slowing of preattentive auditory
processing, reflected by a delay in P50 latency which
was reversed by concurrent treatment with rivastigmine.
This reflects a general arousal effect of biperiden on
preattentional processing and was in line with our hy-
pothesis. Rivastigmine by itself did not affect P50 la-
tency in the novelty oddball task. These findings would
suggest that the effect of biperiden on P50 latency is
M1-mediated. Furthermore, it is likely that changes in
neurotransmission at M2–M5 receptors can interact with
the effects of biperiden at the M1 receptor given the
fact that rivastigmine was able to reverse the biperiden-
induced delay in P50 latency. Pekkonen et al. (2005)
also found a delay in the occurrence of the P50 after
administration of scopolamine (but see Curran et al. 1998).

As P50 latency has not been assessed in schizophre-
nia patients presented with a novelty oddball paradigm,
it is unclear whether this component is affected. How-
ever, in paired-click tasks, P50 latency of schizophrenia
patients is generally unchanged relative to normal controls
(e.g., Bramon et al. 2004b). Interestingly, P50 latency has also
been shown to be delayed in mild cognitive impairment
(Golob et al. 2001b; but see Golob et al. 2007) but is unaf-
fected in aging (Golob et al. 2007) and Alzheimer's disease
(Boutros et al. 1995; Golob et al. 2007). However, these
studies have used active oddball paradigms requiring a behav-
ioral response, whereas our paradigm was fully passive.

Early attentive processing: rivastigmine shortened N100
latency which was reversed by biperiden

After rivastigmine, the N100 peak to standard stimuli oc-
curred earlier compared to the placebo condition (see
Fig. 5). This finding reflects an enhancement of early atten-
tional processing by rivastigmine. Studies on cholinesterase
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inhibitors have generally reported effects on components
other than the N100, such as the P300 component (e.g.,
Meador et al. 1987; Meador et al. 1988; Onofrj et al.
2003). Concurrent treatment with biperiden reversed the
rivastigmine-induced effects, whereas biperiden by itself
did not affect N100 latency in the novelty oddball paradigm.
The latter finding is in line with a lack of effect of scopol-
amine on N100 latency in oddball paradigms (Curran et al.
1998; Meador et al. 1987; Meador et al. 1995; Meador et al.
1988; Potter et al. 2000; but see Pekkonen et al. 2005). The
fact that biperiden failed to influence N100 latency suggests
an effect of rivastigmine which is mediated by a cholinergic
receptor different than the M1, i.e., M2–M5 or nicotinic
receptors. Rivastigmine enhances cholinergic signaling non-
selectively, which means that nicotinergic and/or muscarinic
receptors other than M1 might also instigate changes in the
N100 component (Kadir et al. 2007; but see Inami et al.
2005). However, it is likely that M1-mediated neurotrans-
mission can interact with the effects of rivastigmine given the
fact that biperiden was able to reverse the rivastigmine-
induced decrease in N100 latency.

Findings of delayed N100 latency in schizophrenia
patients and their siblings (e.g., Simons et al. 2011; but see
Karoumi et al. 2000; Laurent et al. 1999; van der Stelt et al.
2005), aged participants (Anderer et al. 1996; Golob et al.
2007; Iragui et al. 1993; but see Amenedo and Diaz 1998),
and people with age-associated memory impairment (Anderer
et al. 2003) suggest that rivastigmine might be beneficial for
alleviating deficits in attentional processing. This is in accor-
dance with studies reporting beneficial effects of cholinester-
ase inhibitors on tests of attention and memory (Friedman
2004; Schubert et al. 2006; but see Dyer et al. 2008; Friedman
et al. 2002; Lee et al. 2007).

Change detection: no effects of biperiden, rivastigmine,
and the combination treatment on MMN parameters

Unexpectedly, we did not find an effect of biperiden or riva-
stigmine on the MMN, which suggests that muscarinic M1
receptors are not involved in the frontal MMN component.
This finding was unexpected given our assumption that riva-
stigmine would increase MMN amplitude. Pharmacological
studies on cholinergic signaling and MMN have reported
conflicting data. For instance, using a passive novelty oddball
task, Pekkonen et al. (2005) also showed no effect of scopol-
amine on MMN. However, a MEG study by Pekkonen et al.
(2001) reported a reduction of MMNm amplitude by the
nonselective muscarinic antagonist scopolamine. However,
this discrepancy might be partly explained by differences in
sensitivity between MEG and EEG (Hämäläinen et al. 1993).
Specifically, the MMN seen inMEG originates in the auditory
cortex and occurs relatively earlier than the EEG-based
MMN, which is mainly generated by the frontal cortex (Rinne

et al. 2000). In schizophrenia (e.g., Baldeweg et al. 2004;
Bramon et al. 2004a; Light and Braff 2005; Price et al.
2006; Turetsky et al. 2009) and aging (Pekkonen et al. 1993;
Schiff et al. 2008), but not in Alzheimer's disease (Pekkonen
et al. 1994; Riekkinen et al. 1997), MMN amplitude is found
to be decreased.

Novelty processing: rivastigmine enhanced P3a amplitude,
which was reversed by biperiden

In the novelty oddball task, rivastigmine increased novelty
processing, reflected by an enhancement of P3a amplitude
of the difference wave at the Cz electrode (see Fig. 7). Thisis
indicative of an enhancement of novelty processing by
rivastigmine. Concurrent treatment with biperiden reversed
the rivastigmine-induced effects, whereas biperiden by itself
did not affect P3a amplitude in the novelty oddball para-
digm. The latter finding was unanticipated given our hy-
pothesis stating that biperiden would decrease P3a
amplitude. The fact that biperiden failed to influence the
P3a suggests an effect of rivastigmine which is mediated by
a cholinergic receptor different than the M1, i.e., M2–M5 or
nicotinic receptors. However, it is likely that M1-mediated
neurotransmission can interact with the effects of rivastig-
mine given the fact that biperiden was able to reverse the
rivastigmine-induced increase in P3a amplitude.

Since this is the first study reporting effects of cho-
linergic drugs on P3a amplitude using a passive novelty
oddball task, it is difficult to relate our findings to those
found in the literature. There exist a few studies on the
effects of scopolamine which have reported a smaller
P300 amplitude (Curran et al. 1998; Meador et al. 1987;
Meador et al. 1989; Meador et al. 1995; but see Meador
et al. 1988) and subsequent reversal by the cholinester-
ase inhibitor physostigmine (Meador et al. 1987). Howev-
er, all of these studies used an active oddball paradigm,
in which participants are instructed to give a behavioral
response to target stimuli. Due to the higher attentional
effort which must be paid, active oddball paradigms generally
induce a parietal P3b reflecting context updating/working
memory function, instead of a frontocentral P3a peak indica-
tive of novelty/attentional processes (Comerchero and Polich
1999; Donchin 1981).

In schizophrenia, decreased P3a amplitude has been
reported, which is generally interpreted as a reduction in
attentional capacity or, alternatively, as a change in
allocation of processing resources (Grillon et al. 1990;
Turetsky et al. 2000). Again, the clinical specificity for P3a
abnormalities is low; the P3a is also smaller and delayed in
aged subjects (Fjell and Walhovd 2004; Fjell et al. 2007;
Knight 1987; Pontifex et al. 2009). Findings of P3a abnor-
malities in schizophrenia and aging could be indicative of a
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common underlying frontal impairment sensitive to treatment
by cholinesterase inhibitors.

Paired-click versus novelty oddball task

We found several dissociations in terms of treatment effects
between the two auditory paradigms used in the current
study. Overall, it appears that the paired-click paradigm
was relatively more sensitive to changes in muscarinic neu-
rotransmission, especially those induced by biperiden. It is
difficult to account for the discrepancies in treatment effects
between the tasks. Paired-click paradigms present partici-
pants with a repetitive sequence consisting of uniform
sounds and thus assess the sensory filtering of incoming
stimuli which are deemed uninformative (e.g., Kisley et al.
2004). Novelty oddball tasks provide participants with stim-
uli which differ in terms of frequency of occurrence
(i.e., deviants and novels) embedded in a string of
familiar sounds (i.e., standards) and hence measure au-
ditory deviation from familiarity (e.g., Kisley et al.
2004). Although we chose to analyze treatment effects
on the P50, N100, and P200 AEPs of just the standard
stimuli in the novelty oddball task, the presence of
infrequently occurring deviant or novel sounds might
already change the auditory processing of the standards
compared to a task which uses uniform stimuli (as was
the case for the paired-click task). For instance, the presence of
infrequent sounds in the novelty oddball task might have
reduced the impact of sensory filtering mechanisms on the
frequent stimuli simply because participants show less habit-
uation to these sounds. In short, although both paired-click
paradigms and novelty oddball tasks employ auditory stimuli,
they assess distinct sensory processes. Biperiden and rivastig-
mine have differential effects on the AEPs generated by these
paradigms.

Questionnaires

With regards to the questionnaires, participants were found
to be less energetic on the POMS after biperiden and riva-
stigmine (see Table 3). However, the POMS questionnaire
also indicated that biperiden and rivastigmine made the
volunteers feel less tired and that biperiden made them even
feel happier. This latter finding is in line with previous
studies reporting an antidepressant effect of scopolamine
(Furey and Drevets 2006; Furey et al. 2010). In contrast,
the Bond and Lader subscale we used, alert–drowsy, did not
yield any treatment effects. Furthermore, our self-report
questionnaire also included some questions pertaining to
energy level of the participants (i.e., sleepiness, tiredness,
drowsiness, and listlessness). However, no changes in self-
report complaints were noted after our treatment conditions.
On the basis of the questionnaire data, it is, therefore,

unclear whether the participants experienced any significant
sedative side effects. However, four participants dropped
out of the study prematurely, so this cannot be excluded.

Conclusions

Biperiden increased P50 amplitude but did not affect
sensory gating in the paired-click task. Biperiden also
prolonged N100 and P200 latency; however, we pre-
sume that the delayed latency of later-occurring peaks
(i.e., P200) is likely due to slowing of initial auditory
processing after biperiden (i.e., N100). Rivastigmine
was able to reverse the biperiden-induced delay in
N100 and P200 latency in the paired-click task but
was unable to do so for the increment in P50 amplitude
after biperiden. As for the novelty oddball task, biper-
iden increased P50 latency which was reversed by con-
current administration of rivastigmine. Rivastigmine
shortened N100 latency and enhanced P3a amplitude,
both of which were reversed by biperiden.

Overall, attributing specific treatment effects on AEPs to
the muscarinic M1 receptor is not very straightforward. The
only exception is the effect of biperiden on preattentive pro-
cessing (i.e., P50 amplitude) in the paired-click task, which
was truly independent from that of rivastigmine. There also
seems to be a role for the M1 receptor in early attentive
mechanisms (i.e., N100 latency) in the paired-click task, and
in preattentive processing (i.e., P50 latency) in the novelty
oddball paradigm. However, reversal of effects of biperiden
by concurrent rivastigmine treatment makes the evidence in
favor of M1 mediation much more equivocal. Muscarinic
receptors other thanM1 (i.e., M2–M5) and nicotinic receptors
appear to be important for early attentive (N100 latency) and
novelty processing (i.e., P3a amplitude) in the novelty oddball
paradigm. Yet again, reversal of effects of rivastigmine by
concurrent biperiden treatment is not fully reflective of a role
for M2–M5 and/or nicotinic, but not M1 receptors.

It remains to be seen whether the effects of cholinergic
drugs on AEPs are specifically related to the abnormalities
found in schizophrenia. Indeed, the usefulness of some of
these markers as endophenotypes for schizophrenia has
been questioned (e.g., Simons et al. 2011). Alternatively,
aberrant auditory processing could also be indicative of a
general disturbance in neural functioning shared by several
neuropsychiatric disorders and/or neurodegenerative
changes seen in aging. Future experimental research should
focus on determining whether there exists some degree of
dissociation between muscarinic receptor subtypes in terms
of their involvement in normal and pathological auditory
processing. This would be beneficial for discovering specif-
ic trait markers of different neuropsychiatric disorders.
Furthermore, new studies investigating the role of
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muscarinic receptors in auditory processing should look
into dissociations between effects of muscarinic M1
antagonists and cholinesterase inhibitors on sensory gat-
ing (i.e., gating out) versus novelty processing (i.e.,
gating in). This can be done by experimentally varying the
task parameters of paired-click and/or novelty oddball para-
digms (e.g., stimulus intensity, duration, and/or pitch,
interstimulus or interpair interval, and stimulus frequency)
to determine which aspects of these tasks are most sensitive to
changes in muscarinic signaling.
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