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Abstract
As perturbations in auditory filtering appear to be a candidate trait marker of schizophrenia,
there has been considerable interest in the development of translational rat models to
elucidate the underlying neural and neurochemical mechanisms involved in sensory gating.
This is the first study to investigate the effects of the non-selective muscarinic antagonist
scopolamine, the muscarinic M1 antagonist biperiden and the cholinesterase inhibitor donepezil
(also in combination with scopolamine and biperiden) on auditory evoked potentials (AEPs) and
sensory gating. In the saline condition, only the N50 peak displayed sensory gating. Scopolamine
and biperiden both disrupted sensory gating by increasing N50 amplitude for the S2 click.
Donepezil was able to fully reverse the effects of biperiden on N50 sensory gating, but had
residual effects when combined with scopolamine; i.e., it enhanced sensory gating by
increasing N50 amplitude of the S1 stimulus. Donepezil by itself improved sensory gating by
enhancing N50 amplitude of S1, and reducing N50 amplitude of the S2 click. In conclusion, due
to its relatively more selective effects biperiden is to be preferred over scopolamine as a means
for pharmacologically inducing cholinergic impairments in auditory processing in healthy rats.
Changes in auditory processing and sensory gating induced by cholinergic drugs may serve as a
translational model for aging instead of schizophrenia.
& 2012 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Sensory gating is thought to be essential for filtering out
background information in order to allocate sufficient
Elsevier B.V. and ECNP. All rights
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processing capacity for salient and/or more important
stimuli (Miyazato et al., 1999). In humans, intact sensory
gating is defined as a reduction in amplitude of the P50 peak
to the second of two identical, consecutive auditory clicks
presented 500 ms apart (S1: first click or conditioning
stimulus, S2: second click or test stimulus: Boutros et al.,
2004; Brockhaus-Dumke et al., 2008; Oranje et al., 2006).
Perturbations in auditory filtering, such as disrupted sensory
gating of the P50 and N100 components, appear to be a
candidate trait marker of schizophrenia (e.g., Cadenhead
et al., 2000; Olincy et al., 2010; Simons et al., 2011; but see
De Wilde et al., 2007). Hence, there has been considerable
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interest in the development of translational rodent models
to elucidate the underlying neural and neurochemical
mechanisms involved in sensory gating.

Auditory evoked potentials (AEPs) related to human com-
ponents have been recorded in several rodent species, such
as the mouse (e.g., Radek et al., 2006; Stevens et al., 1998;
Stevens and Wear, 1997; Wildeboer and Stevens, 2008) and
rat (e.g., de Bruin et al., 2001). However, there is some
debate as to which component(s) in the rat AEP is the
analogue of the human P50 (de Bruin et al., 2001). The
human P50 peak displays gating at an inter-stimulus interval
(ISI) of 500 ms and has been shown to be influenced by
stimulus repetition; i.e., there is a gradual decrease in P50
amplitude with increasingly more paired-click trials, espe-
cially for S1 (e.g., Lamberti et al., 1993). Moreover, the P50
is dependent on the ISI; i.e., there is a progressive recovery
of P50 amplitude of S2 with ISIs longer than 1 s, thereby
reducing sensory gating (e.g., Adler et al., 1982). The P50 is
mediated by cholinergic signaling, as administration of the
non-selective muscarinic antagonist scopolamine in human
participants has been shown to reduce P50 amplitude or
delay the occurrence of the P50 (Buchwald et al., 1991;
Pekkonen et al., 2005). Therefore, these characteristics
have been used as criteria for evaluating rat equivalents of
the human P50. Several early positive and later-occurring
negative peaks have been put forward, such as the P13 or
P17, and the N22, N40 or N50, respectively (Adler et al.,
1986; Boutros et al., 1997; de Bruin et al., 2001; Miyazato
et al., 1996). The source of these discrepancies in peak
latencies between labs remains elusive, but can likely be
attributed to methodological differences between studies.

Several pharmacological studies in rats have indicated a
role for muscarinic neurotransmission in auditory proces-
sing. For instance, Miyazato et al. (1995) have reported
a reduction in P13 amplitude after systemic injections of
the muscarinic antagonist scopolamine at doses of 0.2,
1 and 5 mg/kg (IP). Campbell et al. (1995) revealed that
the amplitudes of P18 and N40 components to auditory
stimuli were markedly decreased after systemic administra-
tion of scopolamine (0.1–10 mg/kg, SC). These findings were
extended by Sambeth et al. (2007) which showed that the
amplitudes of N1 and N2 peaks became more negative but
closer to baseline after scopolamine (0.1 mg/kg, IP), which
was not reversed by concurrent administration of donepezil
(3 mg/kg, IP). The authors concluded that this was due to a
decrement in arousal induced by scopolamine. Two experi-
ments have employed central infusion of scopolamine into
discrete brain areas to determine effects on sensory gating.
Teneud et al. (2000) showed that injections of the choli-
nergic agonist carbachol (0.2, 1 or 5 mM bilaterally) in the
pedunculopontine nucleus reduced P13 amplitude in a dose-
and time-dependent manner, which was reversed by con-
current administration of scopolamine (20 mM bilaterally).
Luntz-Leybman et al. (1992) demonstrated decrements in
N40 amplitude in the CA3 layer of the hippocampus after
cerebroventricular infusion of nicotinic antagonists, but not
the muscarinic antagonist scopolamine.

It is currently unclear which muscarinic receptor subtype(s)
might underlie the effects of scopolamine on auditory proces-
sing. Scopolamine is non-selective in terms of binding affinity
and, depending on its dose, has the capability to block
cholinergic neurotransmission at all muscarinic receptor
subtypes M1–M5 (Bolden et al., 1992; Bymaster et al., 2003).
As muscarinic receptors are found throughout the brain and
body (Caulfield, 1993), interpretation of cognitive effects of
this drug is complicated. Interestingly, the muscarinic M1
receptor subtype is predominantly located in brain regions
thought to be important for learning and memory, such as the
hippocampus. This brain region has been shown to be involved
in the inhibition of responses to recurrent information, and
unsurprisingly has also been strongly implicated in rat sensory
gating (e.g., Bickford-Wimer et al., 1990; Bickford et al.,
1993; Krause et al., 2003). Hence, blockade of the muscarinic
M1 receptor subtype by selective M1 antagonists might induce
more selective effects compared to scopolamine. In addition,
muscarinic M1 antagonists might be useful as a translational
model for aberrant auditory processing seen in neuropsychia-
tric populations such as in schizophrenia.

Therefore, the present study investigated the effects of
the non-selective muscarinic antagonist scopolamine, the
more selective muscarinic M1 antagonist biperiden and the
cholinesterase inhibitor donepezil (also in combination with
scopolamine and biperiden) on AEPs and sensory gating.
Based on previous studies we expected that after scopola-
mine, all AEP components would show reduced amplitudes
and/or delayed latencies. Since biperiden is a relative
specific muscarinic M1 antagonist we anticipated a more
selective effect on auditory processing. Thus, not all AEP
peaks will be affected after biperiden. Effects of scopola-
mine and biperiden would be reversible by concurrent
administration of donepezil.
2. Experimental procedures

2.1. Subjects

All experimental procedures were approved by the local ethical
committee for animal experiments at Maastricht University and met
governmental guidelines. Fourteen 3-month old male Wistar rats
(Harlan, NL) served as subjects in this study. They were housed in
pairs in standard type III MakrolonTM cages on sawdust bedding in an
air-conditioned room (21 1C, 45–55% humidity) under a reversed
light/dark cycle (lights on from 5 PM to 5 AM). After surgery,
animals were singly housed in cages with a flat top which are
normally used for individually ventilated conditions. This was done
in order to ensure that the rats would not damage their electrodes.
Rats were housed in the room in which they were tested. All testing
was performed between 9 AM and 5 PM (i.e., during the dark
period). This ensured that the animals were in their active phase
and minimized the possibility that they would fall asleep during a
test session, which was always passive and hence did not require a
behavioral response. The animals had unlimited access to food
and water.
2.2. Surgical procedures and EEG recording

Rats were injected subcutaneously with the analgesic drug Temge-
sic (0.1 mg/kg). Next, rats were anesthetized with inhalation of
isoflurane and placed into a stereotaxic frame using custom-made,
blunted ear bars which protected the middle ear from injury.
After making a vertical incision and exposing the skull, lidocane
was used as a local anesthetic before removing the periosteum.
Subsequently, the bregma intersection was used as a landmark in
order to determine the electrode position corresponding to the
dorsal hippocampus (anterior–posterior �2.8, medial–lateral �1.8,
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dorsal–ventral �2.6). Small holes were drilled in the skull to allow
the insertion of electrodes. The reference and ground electrodes
were placed in the cerebellum. The plug we used for EEG recording
was a Cinchs Dura-Con D connector (screw mount flange) with
9 contacts to which 0.28 mm diameter polyimide covered stainless
steel wires were soldered (taken from PlasticsOnes 3 channel
electrode units). The polyimide insulation was removed from the
most distal part of the electrode wire in order to record field
potentials. In order to fixate the electrode on the skull surface
three screws and dental acrylic cement were used. The animals
were allowed three weeks to recover from surgery.

During the next two weeks, the rats were habituated to the
experimental procedures – i.e., the test chamber, the EEG acquisi-
tion system, the paired-click task and drug administration – before
actual drug testing took place. During those habituation sessions
the EEG signal was visually monitored for any abnormalities. EEG
was always recorded from unrestrained, alert rats. The EEG was
amplified, filtered between 1 and 133 Hz and sampled at 1000 Hz.
The animals underwent a total of nine testing sessions; we tested
saline, scopolamine and biperiden twice, whereas donepezil,
scopolamine–donepezil and biperiden–donepezil were tested once.
Each session started with the injection of the drugs. Thirty minutes
later, the rats were attached to the EEG equipment and EEG was
visually checked. Two test chambers with EEG equipment were at
our disposal; therefore two rats could be tested simultaneously.

2.3. Paired-click task

The paired-click task was used as an electrophysiological technique
to assess sensory gating mechanisms (Adler et al., 1982). Two
identical 2500 Hz clicks (S1 and S2) were binaurally presented via
loudspeakers. The duration of each click was 4 ms with a sound
intensity of 80 dB(A). A short inter-stimulus interval (ISI) of 500 ms
was used. This ISI has been shown to provide maximum differentia-
tion between the sensory gating capacities of healthy participants
and schizophrenia patients (Nagamoto et al., 1989; Oranje et al.,
2006). Moreover, rat studies have shown that using inter-stimulus
intervals between 200 and 600 ms consistently yield sensory gating
effects (Adler et al., 1986; de Bruin et al., 2001). 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 70 pairs of clicks were presented. No behavioral measures
were recorded during this task.

2.4. Drug administration

Please refer to Table 1 for information on drug administration.
Doses and pretreatment time were chosen based on previous
scopolamine and biperiden data (Klinkenberg and Blokland, 2011;
Table 1 Drug administration.

Drug Supplier Vehicle Pret
time

Scopolamine
hydrobromide
trihydrate 99%

Acros Organics Isotonic saline 30

Biperiden lactate
(Akinetons)

Laboratorio
Farmaceutico S.I.T.

Milli-Q
purified water

30

Donepezil
(Aricepts)

Apin chemicals Milli-Q
purified water

30
Sambeth et al., 2007). The order of doses was semi-randomized
over testing days. All animals received the same treatment condi-
tion in a test session. Saline, scopolamine and biperiden were
tested twice on separate testing days, whereas donepezil and the
combination treatments were tested only once. Drug solutions were
prepared freshly each day prior to testing. Test administrators were
not blinded for the treatment conditions, as they could not
influence the data (i.e., only EEG recording, no behavioral data).
To ensure sufficient wash-out of the drug, testing days were always
separated by at least one drug-free day (for half-lives please refer
to: Legault et al., 2004; Yokogawa et al., 1992).

2.5. EEG data analysis

All EEG data was analyzed with BrainVision Analyzer version 2.0,
professional edition (Copyrights Brain Products GmbH 1998–2008).
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). AEP epochs were set from 100 ms prior to
stimulus onset to 500 ms after onset. The interval from �100 to
0 was taken as baseline. After manual artefact rejection, separate
averages were calculated for each rat, stimulus, and treatment
condition. Based on the grand averages we determined the position
of early auditory peaks relative to baseline for S1 and S2. Peak
amplitudes and latencies were calculated based on when the peak
was reached. We found a positive peak around 32 ms, a negative
deflection at 50 ms, and again a positive peak around 70 ms post-
stimulus. These have been dubbed P32, N50 and P70, respectively.
Please see Table 2 for the time windows chosen for peak detection.

2.6. Statistics

In some cases a particular peak was missing in the AEP data. In
order to be able to do repeated measures ANOVAs, we replaced
missing values with the average of rats that did show that peak. In
the case of two testing days (i.e., for saline, scopolamine and
biperiden) the data were averaged before statistical analysis. All
data were analyzed using SPSS.

In order to determine whether there was intact sensory gating, AEP
data of the saline condition were analyzed with repeated measures
ANOVAs with Stimulus (2 levels: S1 and S2) as within-subject variable.
Next, we wanted to assess the effects of scopolamine and donepezil
on sensory gating. Therefore we performed several repeated measures
ANOVAs with Drug (4 levels: saline, scopolamine, donepezil, and
scopolamine–donepezil) and Stimulus (2 levels: S1 and S2) as within-
subject variables. Finally, we wanted to assess the effects of biperiden
and donepezil on sensory gating. Therefore we did several repeated
measures ANOVAs with Drug (4 levels: saline, biperiden, donepezil,
reatment
(min)

Administration
route

Volume
(mL/kg)

Dose conditions
(mg/kg)

I.P. 1 0.1

I.P. 1 1

P.O. 2 3



Table 2 Time windows (in ms) used for analysis of the AEP data.

Peaks Drug condition

Saline Scopolamine Biperiden Donepezil Scopolamine–Donepezil Biperiden–Donepezil

P32 10–50 10–50 10–50 10–50 10–40 10–50
N50 20–70 20–70 30–80 30–80 30–80 20–70
P70 50–100 60–100 50–110 50–100 50–100 50–100
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and biperiden–donepezil) and Stimulus (2 levels: S1 and S2) as within-
subject variables.

All analyses were done separately for amplitude and latency, and
for each of the AEP components (i.e., P32, N50 and P70). Significant
interactions between Treatment and Stimulus would be reflective of
a Treatment effect on sensory gating. In this case we performed
additional ANOVAs split for each level of Stimulus (i.e., S1 versus S2)
in order to examine simple effects. For reasons of brevity, we
decided to not discuss main effects of Stimulus in the 4� 2
Treatment analyses, as these effects were already covered by
analyses on the saline data with respect to the effect of Stimulus.
Post-hoc analyses were performed with a Least Significant Differ-
ence (LSD) test; we decided to only focus on treatment effects
relative to the saline condition.

3. Results

Five rats lost their electrodes prematurely and/or did not
have a clear EEG signal. These were eliminated from the
final analysis, leaving a total of 9 rats.

3.1. Stimulus effects in the saline condition on
AEPs and sensory gating

Figure 1 shows an overview of the effects of scopolamine,
biperiden, donepezil and the combined treatments on
hippocampal processing of auditory stimuli. In the analyses
of the saline data, there was no main effect of Stimulus on
P32 or P70 amplitude (no main effect of Stimulus; Fso2.59,
n.s.). N50 amplitude was larger for S1 compared to S2 (main
effect of Stimulus; F(1,8)=5.78, Po0.05). As for the latency
data, there was no main effect of Stimulus on P32 or P70
latency (no main effect of Stimulus; Fso2.78, n.s.). N50
latency was slowed for S1 compared to S2 (main effect of
Stimulus; F(1,8)=6.88, Po0.05).

3.2. Effects of scopolamine, donepezil and the
combination treatment on AEPs and sensory gating

The treatment analyses of P32 or P70 amplitude did not
yield any relevant effects (Fso2.98, n.s.). An overview of
the effects of scopolamine, biperiden, donepezil and the
combination treatments on N50 amplitude is shown in
Figure 2. The effect of Treatment on N50 amplitude varied
per level of Stimulus (Treatment� Stimulus interaction
effect; F(3,24)=11.88, Po0.001). Therefore we performed
simple effects analysis per level of Stimulus. In the analysis
of S1, N50 amplitude was shown to be different between
treatment conditions (main effect of Treatment; F(3,24)=
5.77, Po0.01); post-hoc analysis indicated that the N50
amplitude of the S1 stimulus was larger after donepezil
(Po0.01) and scopolamine–donepezil (Po0.01) compared
to the saline condition. In the analysis of S2, N50 amplitude
was also different between treatment conditions (main
effect of Treatment; F(3,24)=5.26 Po0.01); post-hoc ana-
lysis indicated that the N50 amplitude of the S2 stimulus
was larger after scopolamine (Po0.001) and smaller after
donepezil (Po0.01) compared to saline.

The effect of Treatment on P32 latency did not vary per
level of Stimulus (no Treatment� Stimulus interaction effect;
F(3,24)=2.39, n.s.). P32 latency was shown to be different
between treatment conditions (main effect of Treatment;
F(3,24)=4.40, Po0.05); post-hoc analysis indicated that P32
latency was shorter after scopolamine compared to saline
(Po0.05). In the analysis of N50 latency, the effect of
Treatment varied per level of Stimulus (Treatment� Stimulus
interaction effect; F(3,24)=4.49, Po0.05). Therefore we
performed simple effects analyses per level of Stimulus. In
the analysis of S1, there was no main effect of Treatment on
N50 latency (F(3,24)=1.98, n.s.). In the analysis of S2, N50
latency was shown to be different between treatment condi-
tions (main effect of Treatment; F(3,24)=3.58 Po0.05); post-
hoc analysis indicated that the N50 latency of the S2 stimulus
was larger after scopolamine compared to saline (Po0.05).
The effect of Treatment on P70 latency did not differ per level
of Stimulus (no Treatment� Stimulus interaction effect;
F(3,24)=1.09, n.s.). P70 latency was shown to be different
between treatment conditions (main effect of Treatment;
F(3,24)=5.37 Po0.01); post-hoc analysis indicated that P70
latency was larger after scopolamine (Po0.05) and after
scopolamine–donepezil (Po0.01) compared to saline.
3.3. Effects of biperiden, donepezil and the
combination treatment on AEPs and sensory gating

The effect of Treatment on P32 amplitude did not differ per
level of Stimulus (no Treatment� Stimulus interaction effect;
F(3,24)=0.27, n.s.). There was a main effect of Treatment
(F(3,24)=4.87, Po0.01); however, post-hoc analysis did not
yield any significant effects. In the analysis of N50 amplitude,
the effect of Treatment varied per level of Stimulus (Treat-
ment� Stimulus interaction effect; F(3,24)=9.90, Po0.001).
Therefore we performed simple effects analysis per level of
Stimulus. In the analysis of S1, N50 amplitude was shown to
be different between treatment conditions (main effect of
Treatment; post-hoc analysis indicated that the N50 amplitude
of the S1 stimulus was larger after donepezil compared to
saline (Po0.01)). In the analysis of S2, N50 amplitude was
shown to be different between treatment conditions (main
effect of Treatment; F(3,24)=13.44 Po0.001); post-hoc ana-
lysis indicated that the N50 amplitude of the S2 stimulus was



Figure 1 AEPs showing the effects of the treatment conditions on hippocampal processing of auditory stimuli (grand averages).
Amplitude effects: (a) After saline, N50 amplitude was larger for the S1 compared to the S2 stimulus. (b) There was a
Treatment� Stimulus interaction in the analysis of the N50 amplitude data. N50 amplitude of the S2 stimulus was increased after
scopolamine, which reflects a reduction in sensory gating. (c) Biperiden increased the N50 amplitude of the S2 stimulus, suggestive
of a reduction in sensory gating. (d) After donepezil, N50 amplitude of the S1 stimulus was increased, whereas N50 amplitude of the
S2 stimulus was reduced. This finding would suggest that donepezil increases sensory gating at the N50 peak. (e) Scopolamine–
donepezil induced an increase in N50 amplitude of the S1 stimulus, which reflects an increase in sensory gating. (f) Biperiden–
donepezil did not affect auditory processing. Latency effects: (a) After saline, N50 latency was larger for the S1 compared to the S2
stimulus. (b) After scopolamine, the occurrence of the P32 peak was earlier compared to the saline condition. Scopolamine also
increased the N50 latency of the S2 stimulus and P70 latency of both stimulus types. (c–f) Biperiden, donepezil, scopolamine–
donepezil and biperiden–donepezil did not affect peak latencies.

I. Klinkenberg et al.992
larger after biperiden (Po0.001) and smaller after donepezil
(Po0.05) compared to saline. The treatment analysis of P70
amplitude, P32 latency or P70 latency did not yield any
relevant interaction or main effects (Fso1.72, n.s.). In the
analysis of N50 latency there was a main effect of Treatment
(F(3,24)=3.30, Po0.05); however, post-hoc analysis did not
yield any significant effects.

4. Discussion

The goal of the current study was to assess the effects of the
muscarinic antagonists scopolamine and biperiden, and the
cholinesterase inhibitor donepezil on auditory processing and
sensory gating. In Table 3 an overview is given of the effects of
our treatment conditions.

4.1. Summary of results

In the present study we saw a clear sensory gating effect
at the N50 component in the saline condition. Specifically,
there was a relative decrease of N50 amplitude to the
second click (S2) compared with the first (S1), which is a
measure of sensory gating. The P32 and P70 peaks did not
show any sensory gating effects. Scopolamine disrupted
sensory gating of the N50 component (i.e., there was a
Treatment� Stimulus interaction). A closer look at the
data revealed that an increase in N50 amplitude of the S2
stimulus relative to the saline condition was responsible
for this effect. Scopolamine combined with donepezil
enhanced sensory gating by increasing the N50 amplitude
of S1. N50 amplitude of the S2 stimulus was unchanged
relative to saline after scopolamine–donepezil. The for-
mer finding is likely due to an underlying effect of
donepezil, also given the fact that donepezil by itself
(i.e., without add-on treatment with a muscarinic antago-
nist) improved sensory gating by enhancing N50 amplitude
to S1, and by decreasing N50 amplitude to the S2 stimulus.
The lack of effect on the S2 stimulus after the combina-
tion treatment is likely reflective of a reversal of the
scopolamine-induced increment in N50 amplitude of the
S2 stimulus by donepezil. Scopolamine did not affect P32 or
P70 amplitude.

As expected, biperiden had much more selective effects
on auditory processing. It impaired sensory gating by
increasing the N50 amplitude of the S2 stimulus (i.e., we
found a Treatment� Stimulus interaction), which was fully
reversed by concurrent administration of donepezil. The
biperiden–donepezil combination treatment also did not
influence N50 amplitude of S1. Biperiden did not influence
P32 or P70 amplitude. There were also several latency
effects. In the saline condition, N50 latency was faster for



Figure 2 Effects of the treatment and stimulus conditions on
N50 amplitude (means+SEMs). Both scopolamine and biperiden
disrupted sensory gating by increasing N50 amplitude of the S2
stimulus. Scopolamine–donepezil increased N50 amplitude of
S1. This likely reflects an underlying effect of donepezil, also
given the fact that donepezil by itself improved sensory
gating by enhancing N50 amplitude of S1, and reducing N50
amplitude of the S2 stimulus. Moreover, after scopolamine–
donepezil N50 amplitude of the S2 stimulus was similar to
the saline condition, reflecting a reversal of the effects
of scopolamine by donepezil. After the biperiden–donepezil
combination treatment, N50 amplitude was statistically similar
to the saline condition, reflecting a reversal of the effects of
biperiden by donepezil.

1The articles of Miyazato et al. (1995) and Teneud et al. (2000)
have measured AEPs in relation to sleep stages and the reticular
activating system. Hence, the background of these studies is
markedly different to ours.
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S2 relative to the S1 stimulus. After scopolamine, P32
latency was decreased, which was reversed by concurrent
administration of donepezil. Scopolamine also slowed N50
latency of the S2 stimulus relative to the saline condition,
which was reversed by concurrent administration of done-
pezil. Lastly, P70 latency was increased after scopolamine.
This was also the case for the combination treatment, which
implies that donepezil was unable to reverse the effects of
scopolamine on P70 latency. Biperiden did not influence
peak latencies.

In sum, scopolamine induced widespread effects on
auditory processing besides affecting sensory gating at the
N50 component. Donepezil was also not able to completely
counteract all these effects. In contrast, biperiden only
influenced sensory gating at the N50 peak, which was fully
reversed by concurrent donepezil administration. These
findings are in line with the binding affinities of scopolamine
and biperiden for muscarinic receptors (i.e., non-selective
versus relatively selective for the muscarinic M1 receptor
subtype, Bolden et al., 1992; Katayama et al., 1990).
Furthermore, our results strongly suggest that biperiden is
to be preferred over scopolamine as a means for pharma-
cologically inducing cholinergic impairments in auditory
processing in healthy rats.

4.2. Effects of cholinergic drugs on AEPs in rats

The findings of the current study are in contrast with those
reported in the literature. Several articles have demonstrated a
reduction in peak amplitude of early positive, but not nega-
tive components after scopolamine (Miyazato et al., 1995;
Teneud et al., 2000).1 However, Campbell et al. (1995)
found that scopolamine induced a decrement in amplitudes
of both P18 and N40 peaks, which was more pronounced for
the latter than the former component. Moreover, Luntz-
Leybman et al. (1992) reported no effect of scopolamine on
N40 gating. There are several methodological differences
which might explain the discrepancies in findings between
these experiments.

Firstly, the current study used Wistar rats whereas others
used Sprague-Dawley rats (Campbell et al., 1995; Luntz-
Leybman et al., 1992; Miyazato et al., 1995; Teneud et al.,
2000). Strain differences may explain some differences
between studies (e.g., Adler et al., 1986), but these appear
to be minimal (e.g., Borg, 1982; Potier et al., 1993).
However, even rats that belong to the same strain but have
been obtained from different suppliers can show discrepan-
cies in AEP components within the same experiment (e.g.,
Adler et al., 1986). Of note, no strain differences in CA1
neuronal response to applications of the cholinergic agonist
carbachol have been reported (Potier et al., 1993). Differ-
ences between Wistar and Sprague-Dawley rats in terms of
auditory thresholds are also minimal (Borg, 1982).

Secondly, we recorded EEG from freely moving rats
receiving systemic injections of cholinergic drugs, whereas
Luntz-Leybman et al. (1992) used recordings from anesthe-
tized animals. Anesthetic drugs are likely to interact with
the effects of muscarinic antagonists on auditory proces-
sing. In addition, it has been shown previously that motor
behavior increases acetylcholine levels in the hippocampus
(Dudar et al., 1979). Hence, hippocampal AEP recordings in
freely moving animals might differ from those of immobile,
anesthetized animals in terms of baseline cholinergic tone
and might therefore also respond differently to disruption
by anti-muscarinic agents. Moreover, both Luntz-Leybman
et al. (1992) and Miyazato et al. (1995) have used central
infusions of scopolamine—i.e., in the lateral ventricle and
in the pedunculopontine nucleus, respectively. Systemic and
central administration of drugs is not fully comparable in
terms of effects on behavior and EEG. Namely, systemic
injections also induce peripheral side-effects, caused by
binding of a drug outside of the central nervous system
(Klinkenberg and Blokland, 2010).

Thirdly, different recording sites were used for our study
and those previously reported in the literature (Campbell
et al., 1995; Luntz-Leybman et al., 1992; Miyazato et al.,
1995; Teneud et al., 2000). We measured EEG in the dorsal
hippocampus, whereas previous studies have used area CA3
in the ventral hippocampus (Luntz-Leybman et al., 1992) or
the vertex (Campbell et al., 1995; Miyazato et al., 1995;
Teneud et al., 2000) as recording sites. These brain areas
comprise distinct parts of the cholinergic system (Mesulam
et al., 1983; Woolf and Butcher, 1986; Woolf et al., 1984)
and might therefore be differentially sensitive to effects of
(anti-)muscarinic drugs on auditory processing due to regio-
nal diversity in cholinergic innervation.

In addition, within the hippocampus the muscarinic M1
receptor has been shown to be enriched in dorsal versus



Table 3 Treatment effects on AEPs and sensory gating. In case of the saline condition, a comparison is made between
S1 and S2. Drug effects are always compared to the saline condition. Treat� Stim reflects an interaction effect, which implies
that a particular drug influences sensory gating. In this case, drug effects are presented as simple effects (i.e., per level of
Stimulus).

Treatment conditions Peaks

P32 N50 P70

Amplitude Latency Amplitude Latency Amplitude Latency

Saline n.s. n.s. S14S2 (Po0.05) S14S2 (Po0.05) n.s. n.s.

Scopolamine n.s. k (Po0.05) SG k (Treat� Stim) (Treat� Stim) n.s. m (Po0.05)
S1: n.s. S1: n.s.
S2: m (Po0.001) S2: m (Po0.05)

Scopolamine–donepezil n.s. n.s. SG m (Treat� Stim) n.s. n.s. m (Po0.01)
S1: m (Po0.01)
S2: n.s.

Biperiden n.s. n.s. SG k (Treat� Stim) n.s. n.s. n.s.
S1: n.s.
S2: m (Po0.001)

Biperiden–donepezil n.s. n.s. n.s. n.s. n.s. n.s.

Donepezil n.s. n.s. SG m (Treat� Stim) n.s. n.s. n.s.
S1: m (Pso0.01)
S2: k (Pso0.05)
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ventral sites (i.e., area CA1 compared to CA3: Levey et al.,
1995). The fact that in the current study we have used a
muscarinic M1 receptor antagonist and have measured AEPs
in a brain region especially dense in muscarinic M1 receptors
might have contributed to the discrepancies between the
current study and those reported in the literature (Luntz-
Leybman et al., 1992). That is, blockade of muscarinic
M2–M5 receptors might be partly responsible for the effects
of scopolamine on auditory processing in previous studies.
This is also the reason why a more selective muscarinic
antagonist such as biperiden is preferable over scopolamine
in order to be able to attribute changes in AEP components
to blockade of particular muscarinic receptor subtype(s).

Interestingly, the study by Sambeth et al. (2007) was
comparable to the current one in terms of experimental
setup. They also recorded AEPs from the dorsal hippocam-
pus in freely moving Wistar rats and used the same doses for
scopolamine and donepezil. Scopolamine (0.1 mg/kg, IP)
made the N1 amplitude more negative, which was in line
with our own findings. However, the authors concluded that
the N1 became closer to baseline after scopolamine. Con-
current administration of donepezil (3 mg/kg, IP) failed to
reverse these effects.

Of note, acetylcholinesterase inhibitors such as donepezil
enhance cholinergic signaling non-selectively by preventing
the breakdown of acetylcholine by cholinesterase enzymes
(Jann et al., 2002). Thus, relatively higher amounts of
acetylcholine are present in the synaptic cleft to bind to
cholinergic receptors, regardless of receptor subtype.
Hence, the enhancement of sensory gating by donepezil
could be due to binding of acetylcholine to muscarinic
receptors, nicotinic receptors, or both. For instance,
rodent studies have shown that nicotinic agonists improve
sensory gating by increasing the amplitude of the S1 click,
and/or by decreasing the amplitude of the S2 click (Radek
et al., 2006; Stevens et al., 1998; Stevens and Wear, 1997;
Wildeboer and Stevens, 2008), which is in line with our
current findings after donepezil. Specifically, it seems that
stimulation of a4ß2 nicotinic receptors is responsible for
the former (Radek et al., 2006; Wildeboer and Stevens,
2008), whereas stimulation of a7 nicotinic receptors
underlies the latter effect (Stevens et al., 1998). Thus,
our finding of enhanced sensory gating after administration
of donepezil (i.e., increase in N50 amplitude of S1 and
decrease in N50 amplitude of S2) might be due to activa-
tion of a4ß2 and a7 nicotinic receptors, respectively.
4.3. Cholinergic drugs as a model for auditory
processing and sensory gating deficits in
schizophrenia

In sum, data on the effects of cholinergic drugs on auditory
processing and sensory gating in rats and healthy participants
are not very straightforward, which can be partly explained by
species and/or methodological differences between experi-
ments. Overall, muscarinic antagonists and cholinesterase
inhibitors appear to mainly affect early positive and negative
peaks in the AEP. Moreover, they influence sensory gating in the
rat, but not in healthy human participants. However, the
question remains whether cholinergic drugs would be useful
as a translational model for aberrant auditory processing in
schizophrenia. Although impairments in sensory gating are not
reported consistently in schizophrenia (e.g., Jin et al., 1997,
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1998; Kathmann and Engel, 1990), the main finding is that
suppression deficits can be attributed to a reduction of the P50
and N100 response to S1 (e.g., Brockhaus-Dumke et al., 2008;
but see Jin et al., 1997; Patterson et al., 2000). These reports
are hard to relate to our own results of disrupted sensory gating
due to increased N50 amplitude of the S2 stimulus after
scopolamine and biperiden.

However, the validity of auditory perturbations as an
endophenotype for schizophrenia has been questioned. For
instance, there are indications that auditory processing
deficits might be a state instead of a trait marker (e.g.,
Bramon et al., 2004; Nagamoto et al., 1996). In addition,
the specificity of auditory processing deficits in schizophre-
nia is not very high. In aging and age-related disorders such
as mild cognitive impairment and Alzheimer’s disease, an
increase in amplitudes of early AEP components (Golob
et al., 2001; Irimajiri et al., 2005) and reduced sensory
gating due to an increase in P50 amplitude of the S2 click
has been reported (Cancelli et al., 2006; Jessen et al.,
2001; Thomas et al., 2010; but see Buchwald et al., 1989;
Fein et al., 1994). These findings are thus much more in line
with our current results of increased N50 amplitudes
induced by scopolamine and biperiden. Therefore, we
would like to suggest that changes in auditory processing
and sensory gating induced by cholinergic drugs may serve
as a translational model for aging instead of schizophrenia.
For future research, it would be interesting to determine
possible dissociations between drugs that target different
muscarinic receptor subtypes in terms of their effects on
auditory processing and the relation with cognitive func-
tions. The present study suggests that this may be relevant
for aging and/or Alzheimer’s dementia but probably not for
schizophrenia.
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