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The mismatch negativity (MMN) as an auditory evoked potential is thought to reflect an early, preconscious attention process. While this

component has gained great importance in studies on clinical populations and in basic research on auditory information processing, the

involvement of different neurotransmitters in the generation of this component is less well understood. We investigated the impact of

the benzodiazepine lorazepam as a GABA agonist on the neuromagnetic MMN (MMNm) and auditory evoked field component N100m.

A group of 12 healthy subjects was studied in single blind trials under the following three conditions: after the intake of 1.25mg

lorazepam, 100mg caffeine or placebo. Neuromagnetic recordings were obtained before drug intake and three times after it. Controlled

visual attention was tested additionally using a version of the Continuous Performance Test (CPT). The neuromagnetic activity was

reconstructed by a single moving dipole, and the dipole moment and its latency were compared between conditions and time points of

measurement. Lorazepam diminished the signal detection performance in the CPT 25min after drug intake. The source of the field

component N100m was attenuated, most significantly in the recording 105min after lorazepam intake. The attenuation of the MMNm

under lorazepam became significant at 105min, but was visually less apparent, because in all conditions a decrease of the MMNm dipole

moment within the course of a session was observed. Besides the already known effects of benzodiazepines on controlled attention

functions, preconscious attention functions as reflected in the MMN are impaired by acute benzodiazepine intake. MMN studies on

clinical populations have to be controlled for the recording time because of the strong habituation of this component.

Neuropsychopharmacology (2004) 29, 1723–1733, advance online publication, 5 May 2004; doi:10.1038/sj.npp.1300477

Keywords: auditory cortex, auditory evoked potentials, attention, magnetoencephalography

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Evoked potentials are a powerful tool to investigate normal
and disturbed brain function. The mismatch negativity
(MMN) represents a component of auditory evoked
potentials (AEP), reflecting the cortical response on a rare
and discernible deviance in an acoustic stimulation. This
deviance can refer to simple characteristics of the stimuli, as
for example, tone pitch, stimulus intensity, or duration, and
also to more complex characteristics as tone patterns or
melodies. The MMN is calculated as the difference wave
between the AEP of the deviant and standard tones. It is
characterized as a fronto-central negativity in the time

range of about 100–250ms. The MMN is thought to be the
result of an automatic comparison process between the
stored information on the standard stimulus and the
incoming information on the deviant tone (for an overview,
see Näätänen, 2001). Part of the clinical interest on this
component stems from the fact that an MMN can be elicited
even in the absence of directed attention, although recent
studies on dichotic listening have also indicated a modula-
tion of the MMN by directed attention (Alain and Woods,
1997; Woldorff et al, 1998).
The detection of discontinuities in the acoustic input

represents a basic and early step in auditory information
processing. In neuropsychiatric research, the interest in
information processes is caused by the fact that cognitive
deficits are crucial in many neurologic and psychiatric
diseases. As a clear, comprehensive, and differential
description of MMN deficits can be very helpful for the
elucidation of pathogenetic processes, MMN has been
investigated in various diseases, as for example, in
Alzheimer’s disease (for overview Pekkonen, 2000), in
dyslexia (for an overview, see Kujala and Näätänen, 2001),
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or in alcoholism (for an overview, see Ahveninen et al,
2000). A reduced MMN amplitude in schizophrenia seems
to represent one of the most consistent findings (for an
overview, see Michie et al, 2000), pointing towards the
notion of a disturbed early attention process in this disease.
The study of drug effects within this context is important

for at least two reasons: first, deficits in MMN generation
can be modeled by drug administration. The NMDA
antagonist ketamine for instance leads to an attenuation
of the MMN, which is similar to that observed in
schizophrenia, and induces disturbances in perception
and cognitive functioning, resembling symptoms observed
in this disease (Umbricht et al, 2000; Kreitschmann-
Andermahr et al, 2001; Umbricht et al, 2002). On contrast,
MMN was unaffected by the intake of the 5-HT2A receptor
agonist psilocybin, although psilocybin induces cognitive
disturbances and models other psychotic behavior (Um-
bricht et al, 2003). Similarly, tryptophan depletion leading
to generally decreased 5-HT levels affected only the latency
of the neuromagnetic MMN (MMNm) but not its amplitude
(Ahveninen et al, 2002). A single dose of the dopamine D2

receptor antagonist haloperidol accelerated the MMNm to
frequency change (Pekkonen et al, 2002), but the MMNm
amplitude was not diminished (Kähkönen et al, 2001, 2002;
Pekkonen et al, 2002). Other substances investigated in
their effect on MMN were the cholinergic antagonist
scopolamine (Pekkonen et al, 2001), the cholinesterase
inhibitor tetrahydroaminoacridine (Riekkinen et al, 1997),
the adrenocorticotropine fragment ACTH4-10 (Smolnik
et al, 1999) or the histamine H1-receptor antagonist
chlorpheniramine (Serra et al, 1996). With some precaution,
a glutamatergic and cholinergic modulation of the MMN
amplitude and a dopaminergic and serotonergic modula-
tion of the MMN latency can be assumed on the basis of
recent studies. However, direct and indirect drug action can
so far hardly be differentiated.
The second reason for the investigation of drug effects is

to rule out that observed group differences are associated
with drug treatment. It can be concluded from recent
studies that antipsychotics have no major impact on the
finding of a reduced MMN in patients with schizophrenia
(Catts et al, 1995; Javitt et al, 1995; Umbricht et al, 1998,
1999). In contrast to antipsychotic drugs, benzodiazepines
have not been systematically investigated in their functional
impact on MMN generation as yet, although they play an
important role in psychiatric treatment and are commonly
applied as comedication in acute psychotic patients. In
general, benzodiazepines can serve as sedative-hypnotic,
anxiolytic, muscle relaxing, or anticonvulsant medication.
Their mechanism of action is to enhance GABAergic
transmission. Benzodiazepines increase the probability of
channel opening in response to GABA, thus accounting for
their pharmacological and therapeutic actions (Study and
Barker, 1981).
Nakagome et al (1998) investigated the impact of 0.25mg

triazolam on MMN on the morning following a nocturnal
administration and found an attenuation of the MMN.
Unfortunately, that finding is restrained by methodological
shortcomings, namely a fixed order of drug application
(placebo condition always first) and the long latency
between drug intake and MMN measurements. Smolnik
et al (1998) examined whether the benzodiazepine antago-

nist flumazenil affects the MMN and found an amplitude
increase with flumazenil. While both findings point with
some reservations to a modulating influence of GABA
receptor activity on MMN generation, with benzodiazepines
decreasing and benzodiazepine antagonists possibly in-
creasing MMN amplitude, a recent study found no
difference in MMN between schizophrenic patients treated
with or without benzodiazepines (Murakami et al, 2002).
Similarly, no difference in MMN was revealed between
schizophrenic patients treated with high vs those with low
doses of anxiolytic and hypnotic drugs, including benzo-
diazepines (Kasai et al, 2002). A reduction of the MMN by
benzodiazepines seems to be, nevertheless, likely to some
extent, since a diminution of event-related components
caused by benzodiazepines was found in several studies, as
for the N100 (Rockstroh et al, 1991; Semlitsch et al, 1995),
P200 (Semlitsch et al, 1995), and P300 (Milligan et al, 1989;
Nichols and Martin 1993; Rockstroh et al, 1991; Semlitsch
et al, 1995).
Besides that, on the behavioral level an attenuation of

attention performance with benzodiazepines is well docu-
mented (Duka et al, 1995; Fluck et al, 2001; Krystal et al,
1998; Micallef et al, 2001; Post et al, 1997). However, since
attention can be regarded as a process of information and
response selection, pure behavioral studies can hardly
reveal which levels of information processing are affected
by benzodiazepines. Only the use of electrophysiology offers
the possibility to dissociate between early (more automatic)
and later (more effort demanding) attention processes. The
attenuation of the P300 after benzodiazepine intake can be
regarded as evidence that later (more effort demanding)
attention processes are influenced by the drug, while the
impact on early (more automatic attention) processes, as
reflected by the MMN, is still a matter of debate.
The main aim of the current single-blind study was to

investigate the impact of the benzodiazepine lorazepam on
the MMN in order to elucidate the GABAergic modulation
of early auditory attention processes. We focused on the
supratemporal MMN generator by applying MEG, which is
highly selective for tangential sources. The supratemporal
generator gives also the largest contribution to the MMN
measured by EEG (Rinne et al, 2000; Waberski et al, 2001).
Besides the MMNm, the N100m was analyzed as an
indicator for the obligatory sensory stimuli processing.
Owing to the technical limitations of the available MEG
system, only the left hemispheric N100m and MMNm were
recorded. Lorazepam, an intermediate-acting benzodiaze-
pine was applied as active drug. The quite common use in
German psychiatric institutions as acute anxiolytic medica-
tion in psychotic patients made it well suited for study
purposes. According to clinical experience, a dose of
1.25mg lorazepam was regarded as high enough to observe
effects on behavior without causing to much drowsiness.
A placebo and caffeine condition were introduced for

comparison. Two considerations led us to the inclusion of a
caffeine condition. Firstly, an additional condition in-
creased the subject’s uncertainty about the applied drug.
Secondly, a response decrease was expected to occur over
time even in the placebo condition and caffeine was thought
to counteract this response decrease. A decrease of the
N100/N100m amplitude as a result of ongoing stimulation is
well described in electroencephalography (EEG) and
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magnetoencephalography (MEG) studies (EEG: May et al,
1994; Picton et al, 1976; Roeser and Price, 1969; MEG:
Rosburg et al, 2000, 2002). Studies on MMN have revealed
so far equivocal results. May et al (1994) observed no
alteration of the MMN over time, while a clear decrease of
the MMN amplitude was found in the study of McGee et al
(2001) already after 10min recording time. The chosen
caffeine dose (100mg) was slightly higher than the amount
of caffeine usually contained in a European cup of coffee
(80mg).
We aimed to study a possible long-term habituation of

the MMN by the introduction of four MMN measurements
for each condition (one baseline and three consecutive
measurements after drug intake). This design also enabled
us to investigate possible drug effects over time. Drug
effects on more controlled attention processes were
additionally assessed by a visual attention task.

METHODS

Subjects

A total of 12 young healthy subjects (six males) with an
average age of 24.2 years (range from 20 to 27 years) took
part in the study. Subjects were not included if they had any
history of neurologic, psychiatric, or other medical disease,
or if they had first-degree relatives with psychiatric diseases.
All subjects were students paid for their participation (80 e
total). In all, 10 of them were modest coffee consumers (0.5–
2 cups per day), two consumed no coffee at all. None of the
participants reported a regular intake of any drug, except
contraceptives, but two subjects (both male) were occa-
sional cannabis users. Subjects were instructed to avoid any
smoking, alcohol and coffee drinking, or intake of any other
drug (except contraceptives) 48 h prior to a session. All
subjects were known from earlier experiments or were
tested before their participation whether they produced
stable neuromagnetic fields with a sufficient signal-to-noise
ratio. After thorough information all participants gave
written informed consent. The study was approved by the
local ethics committee of the University of Jena.

Procedure

Subjects were tested on three experimental days which were
separated by at least 48 h in each of the following
conditions: after the administration (a) of 1.25mg loraze-
pam (Tavor Expidets, Whyeth), (b) of 100mg caffeine
(Coffeinum purum, Berlin-Chemie) and (c) of a placebo pill.
All drugs were given with 100ml water. The order of
conditions was counterbalanced and all the sessions took
place at the same daytime (starting about 0830). Subjects
and the junior investigator (VM) collecting the data were
not aware of the drug that was applied. However, since
benzodiazepines affect the capability for driving, subjects
were told after the lorazepam session that they had been
given a benzodiazepine and that they had to avoid car
driving or cycling for the next 48 h. If necessary or wished
by the subjects, they were afterwards accompanied to their
home.
Neuromagnetic fields were recorded within a magneti-

cally shielded room (Vacuumschmelze, Hanau, Germany)

about 25min before drug intake and 45, 105, 225min
thereafter. In order to obtain information about the impact
of the applied drugs on controlled attention processes, the
participants were further required to perform a computer
administered attention test (Continuous Performance Test
MunichFCPT-M) 60min before the drug application and
25, 85, 145, and 205min after it. Blood pressure (BP) and
pulse (PR) were measured by an automatic sphygmo-
manometer (Bosch medicus, Boschþ Sohn, Jungingen,
Germany) before drug application, immediately after it
and then every 30min.

CPT

The CPT-M contains a pseudorandomized sequence of
numerals (2,4,6,8,0), with a low background contrast
presented at a stimulus frequency of 1/s. In our experiment,
each numeral appeared for 42ms on the computer screen.
Subjects were asked to press the space key as fast as possible
when the target stimulus (numeral 0) appeared. Targets had
a probability of p¼ 0.25. Before testing, subjects were
introduced to the CPT-M by learning trials. Overall, the
CPT-M is a relatively exclusive attention test with a low load
of working memory (Kathmann et al, 1996). Although it
contains nearly no memory component, the test is quite
difficult to perform because of its high stimulus frequency
and the low contrast of the stimuli. Kathmann et al (1996)
demonstrated the sensitivity of this test for the study of
pharmacological interventions, by investigating the effects
of lorazepam, alcohol, and scopolamine in healthy subjects.
The reader is referred for more detailed information on the
CPT-M to Kathmann et al (1996) and Mass et al (2000).

Neuromagnetic Recordings

Recordings were carried out with a 31-channel neuro-
magnetometer system (Philips Medical Systems, Hamburg,
Germany) positioned contralaterally to the stimulated
ear over the left temporal lobe. The trials had a length of
512ms with a 100ms prestimulus interval, and a sampling
rate of 1000Hz was used. The sensor array (diameter about
150mm) was centered over the T3 location of the
international 10–20 electrode placement system. Subjects
were instructed to ignore the tones and to inhibit any eye
movements. The localization of the head before and after
each block was provided by means of five orthogonal coils
of 5mm diameter affixed to the head. Prior to each session,
the positions of these coils were digitized in relation to three
anatomical landmarks (left and right preauricular points,
and nasion) by an Isotrak II system (Polhemus Inc.,
Colchester, VT, USA). These reference points were em-
ployed in order to match the MEG data with high-resolution
magnetic resonance images performed on a 1.5 T GYRO-
SCAN (Philips Medical Systems, Hamburg, Germany;
recording parameters: 3D-Flash-sequence producing 256
sagittal images of 1mm slice thickness with a 256� 256
matrix covering the entire head). The digitizing of the coil
positions was repeated after the second recording and at the
end of the sessions in order to control the coil positions
over the total experiment. The electrooculogram (EOG) was
recorded with a pair of sintered Nihon–Kohden silver–silver
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chloride electrodes, one positioned below and one on the
outer canthus of the left eye.
Subjects were stimulated monaurally, lying on their right

side on a vacuum cushion. The head was resting on a
separate cushion which had an aperture for the right ear.
This aperture was connected to a funnel-shaped ending of a
plastic tube used for delivering the computer-generated
pure tones. At the baseline measurement, the positioning of
the biomagnetometer was checked by a test block consisting
of 96 auditory stimuli. After a possible correction of the
biomagnetometer position, the oddball paradigm was
recorded. For all following measurements, the tilting of
the biomagnetometer and the position of the bed and
vacuum cushions were kept constant in order to reduce the
variance of the biomagnetometer position between the
measurements of a session.
A 1000Hz tone with 50ms length at 85 dB sound pressure

level (SPL) served both as stimulus in the test session and as
standard tone in the oddball paradigm. Within the oddball
paradigm, three types of deviant tones were employed
(frequency deviant: 1050Hz tone with 50ms length at 85 dB;
duration deviant: 1000Hz tone with 100ms length at 85 dB;
intensity deviant: 1000Hz tone with 50ms length at 75 dB).
The three types of deviants occurred with approximately
10% pseudorandom probability within the same trial block,
consisting of 792 trials. Each deviant was followed by at
least one standard tone. The stimulus onset asynchrony
(SOA) varied from 800 to 1800ms in the test session. In the
oddball paradigm, a fixed SOA of 1000ms was chosen.

Source Reconstruction

The first step of data analysis represented the correction of
eye artefacts by a regression-based algorithm (Meier et al,
1998). Within this procedure, all trials with a signal power
of more than 2.5 pT due to artefacts were singled out
automatically. The MMNm was calculated by subtracting

the response to standard tones, obtained in the oddball
paradigm, from the response to each deviant type.
Responses to standard tones following deviants were
eliminated. The source reconstruction was performed by
means of the software package CURRY 3.0t (Neuroscan,
Sterling, Virginia, USA). Data were digitally bandpass
filtered (1–40Hz, transition 3Hz highpass and 10Hz
lowpass) and a common average rejection was applied.
Exemplary data are shown in Figure 1.
The aim of the study was the comparison of the MMNm

and N100m strength between different time points (baseline
vs later measurements) under different drug conditions.
Although we put some emphasis to place the subject under
the biomagnetometer in a very similar way, a certain
variance in the placement of the subjects could not be
avoided. Since the amplitudes of the neuromagnetic fields
are influenced by the distance between the subject and the
biomagnetometer, we decided to analyze the strength of the
reconstructed source (dipole moment) as dependent vari-
able instead of the field power. The calculated N100m and
MMNm dipole position was kept constant within a session
in order to rule out further an influence of dipole location
on the dipole strength between different time points of one
session. For this purpose, a singular value decomposition
(svd) was calculated for the N100m in the time range
between 70 and 140ms and for the MMNm between 100 and
250ms. The svd decomposes the averaged signal into
mathematically orthogonal signal components. For the
dipole reconstruction, the first four signal components
were used. In a first step, a source was reconstructed at the
peak of the first signal component for all four measure-
ments (baseline, 45, 105, 225min) of a session. A single
moving equivalent dipole embedded in a spherical volume
conductor was used as source model. This first step was
performed for the N100m and for the MMNm of each kind
deviant separately. In a second step, the obtained dipole
position was affixed and the dipole strength (qb) was

Figure 1 Individual data at baseline (left column) and at 225min (right column) on the N100m (top) and MMNm on frequency deviants (bottom) in the
placebo condition; the stimulus onset is indicated by the downwards tilted apex, the peak latency of the N100m and MMNm are marked by the dotted
vertical line; the reconstructed source of both components are depicted as a white arrow projected on sagittal MR slices; the N100m was quite stable, while
a decrease of the MMNm was observed during the sessions even in the placebo condition.
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calculated at the peak maximum of the first signal
component (tmax) for each individual measurement. The
dipole position of the MMNm of different kind of deviants
(frequency, duration, and intensity deviants) and of
different sessions were, however, allowed to vary. The
introduction of four measurements into the source recon-
struction was not thought to give the most reliable dipole
position, but to represent the best estimator for the evoked
brain activity in all four individual measurements. A
goodness-of-fit criterion was not introduced since both
the application of lorazepam and measurement repetition
were expected to diminish the signal-to-noise ratio and a
diminished signal-to-noise ratio leads to a decreased
goodness-of-fit. However, a dipole solution was only
accepted if the dipole was located in the temporal gyrus at
least 25mm apart from the sagittal midline and if it was
orientated in an inferior–posterior direction.
The dipole data were projected into a head-based

Cartesian system of coordinates and normalized to the
individual head size, in order to obtain interindividually
comparable coordinates. The origin of this coordinate
system was set into the commissura anterior, projected on
a plane through the fissura longitudinalis. The y-axis runs
through the commissura posterior. The z-axis is tilted
toward the top of the head (Rosburg et al, 2001).

Statistics

All original baseline measurements were compared between
DRUG conditions (caffeine vs benzodiazepine vs placebo).
Data were then normalized by subtraction of the baseline
measurement values from the measurements taken during
the corresponding session (ie by a linear transformation).
Standard deviations remained unchanged. Subsequently,
the normalized values were compared by means of repeated
measure analyses of variance (ANOVA). The normalization
avoids the influence of slight (mostly nonsignificant)
differences in the baseline measurements on the compar-
ison between conditions after drug intake. Except the
baseline comparison, all statistics were performed with
normalized data. In figures and tables, the original (not
transformed) data are presented.
Variables obtained in the CPT measurement, namely the

signal detection performance (d0), the natural-logarithmic
response bias (b) (Velden 1982), and reaction time (rt),
were analyzed by means of repeated measure ANOVA.
DRUG and TIME (25 vs 85 vs 145 vs 205min after drug
exposure) served as factors for repeated measurements in
order to evaluate whether DRUG exposure had a general
influence on test performance and/or whether the impact of
DRUG depended on the analyzed TIME point.
The neuromagnetic data were also analyzed by ANOVA.

Differences in dipole location between DRUG conditions
were assessed for both N100m and MMNm data. Since only
one minor difference in dipole location between DRUG
conditions was detected, results on these comparisons are
not presented. As for other data, possible differences
between the baseline measurements of each condition in
latency and dipole moment were assessed. Effects of DRUG
and TIME (45 vs 105 vs 225min after drug exposure) on
normalized latency and dipole moment were analyzed in a
repeated measure ANOVA. For the MMNm data, the kind of

TYPE of DEVIANCE was treated also as a factor of repeated
measurement (frequency vs duration vs intensity deviance).
Possible effects were further evaluated by ANOVAs for each
condition or each time point separately.
DRUG and TIME (5 vs 35 vs 65 vs 95 vs 125 vs 155 vs 185

vs 215 vs 245min after drug exposure) served as factors for
the repeated measurement in order to evaluate effects of
DRUG exposure on the vegetative system. All significant
DRUG effects were followed by a pairwise comparison.
Statistical tests were computed with the SPSS software
package 11.5 (SPSS Inc., Chicago, IL, USA). Where
necessary, a Greenhouse–Geisser correction was performed
and significant e-values are reported for all comparisons,
resulting in p-values of o0.05.

RESULTS

CPT

All CPTs were performed successfully except for the final
testing (205min) in the lorazepam condition of one subject.
In that testing, the subject was not able to follow the test
instructions any more and pressed the response key
unsystematically, resulting in an exorbitant high error rate.
The data were replaced by the data set of the testing before
(145min) in order to include the total data set into the final
analyses.
CPT performance at baseline did not differ between the

three DRUG conditions (d0: F2, 22¼ 0.185, NS; b:
F2, 22¼ 0.132, NS; rt: F2, 22¼ 0.843, NS), indicating that the
performance at the beginning of the experiment was in all
conditions at a similar level. The administration of
lorazepam resulted in a reduced signal detection perfor-
mance d0, both compared to the placebo and caffeine
condition (DRUG: F2, 22¼ 10.028, po0.01, e¼ 0.673;
DRUG�TIME: F6, 66¼ 3.365, po0.01) (Figure 2). It did
not differ between the placebo and caffeine condition. The

Figure 2 Mean CPT signal detection performance d0 (7standard error
SE) for the three conditions (placebo, caffeine, lorazepam) and five time
points (baseline, 25, 85, 145, 205min after drug application).
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response bias b was not affected by DRUG (F2, 22¼ 1.322,
NS) or by a DRUG�TIME interaction (F6, 66¼ 0.426, NS).
The slightly accelerated reaction times in the caffeine
condition failed to reach significance (DRUG:
F2, 22¼ 3.264, NS).
Since the influence of DRUG on d0 is modulated by TIME,

possible training effects on CPT performance or systematic
alterations within one experimental day can be analyzed
only within one condition. The administration of placebo
(F4, 44¼ 0.595, NS) and caffeine (F4, 44¼ 0.991, NS) had no
impact on d0. Prominent alterations of d0 were observed
under lorazepam. Within the lorazepam session, d0

decreased significantly (F4, 44¼ 12.866, po0.001), with a
significant reduction after 25min compared to baseline and
a continuing decrease over the total experiment (Figure 2).
The administration of lorazepam had, as expected from the
initial ANOVA, no influence on the reaction time
(F4, 44¼ 0.726, NS) and response bias b (F4, 44¼ 0.748, NS).

N100m

The N100m data could be analyzed in all subjects and
conditions. At baseline, the comparison of N100m latency
and dipole moment revealed no significant differences
between the conditions (F2, 22¼ 0.207, NS; F2, 22¼ 1.667, NS,
respectively). In the repeated measure ANOVA (factors
DRUG and TIME), a significant influence of DRUG on the
N100m dipole moment (F2, 22¼ 7.820, po0.01), a significant
influence of TIME on N100m latency (F2, 22¼ 7.353,
po0.01), and a significant DRUG�TIME interaction for
the N100m dipole moment (F4, 44¼ 2.687, po0.05) were
detected. A DRUG�TIME interaction for the N100m
latency failed to reach significance after Greenhouse–
Geisser correction (F4, 44¼ 2.851, NS, e¼ 0.556).
Owing to the DRUG�TIME interactions, a separate

analysis of effects for each condition and time point was
performed. Descriptive data are given in Tables 1 and 2.

Within the caffeine condition, the N100m dipole moment
and its latency remained stable during the experimental
session (F3, 33¼ 0.057, NS; F3, 33¼ 0.641, NS, respectively). In
the placebo condition, the dipole moment also remained
stable (F3, 33¼ 0.457, NS), but the N100m latency increased
during the session (F3, 33¼ 5.416, po0.01). In the benzo-
diazepine condition, the dipole moment decreased
(F3, 33¼ 5.920, po0.05, e¼ 0.499) and the N100m latency
increased (F3, 33¼ 15.253, po0.001). The N100m dipole
moment in the benzodiazepine condition was significantly
smaller than in the other two condition at 105min
(F2, 22¼ 11.547, po0.001) and 225min (F2, 22¼ 4.473,
po0.05). The mean N100m dipole moments for each
condition and time point are shown in Figure 3. Latency
differences between conditions did not reach significance.

MMN

The MMNm data could be analyzed in all subjects and
conditions except for the MMNm of intensity deviants in
the benzodiazepine condition in one subject. In this
particular case, no MMNm was observable in the baseline
measurement, as well as in later measurements (45, 105,
225min). Therefore, this individual MMNm data set of
intensity deviants was excluded from analysis and the
number of included cases was reduced from 12 to 11 for
some analyses. At baseline, the MMNm dipole moment and
latencies of all three deviants did not differ significantly
between conditions (dipole moment: frequency deviants:
F2, 22¼ 0.093, NS; duration deviants: F2, 22¼ 2.330, NS;
intensity deviants: F2, 20¼ 1.200, NS; latency: frequency
deviants: F2, 22¼ 1.050, NS; duration deviants:
F2, 22¼ 2.653, NS; intensity deviants: F2, 20¼ 0.473, NS).
In the repeated measure ANOVA (factors TYPE of

DEVIANCE, DRUG, and TIME), a significant DRUG effect
was detected for the dipole moment of the MMNm
(F2, 22¼ 5.334, po0.05), with lower dipole moments in the

Table 1 The Dipole Moment of the N100m and MMNm in the Three Conditions (PFplacebo, CFcaffeine, BFbenzodiazepine) and at
the Four Time Points of Measurement (25min before Drug Intake and 45, 105, 225min after It)

Dipole moment (nAm)7SD �25min 45min 105min 225min

N100m P 28.32711.89 27.49712.37 28.30715.02 28.93712.43

C 27.58712.74 27.47711.85 27.76712.48 27.92711.61

B 26.29712.94 23.72713.49 19.71713.16 21.26714.07

MMNm frequency deviants P 36.96725.57 30.49723.68 27.33718.86 29.79723.09

C 38.43722.85 34.52721.13 31.80718.74 29.50719.22

B 38.00722.74 31.60719.46 23.84719.16 25.39716.93

MMNm duration deviants P 28.71712.47 27.13714.56 24.25712.79 29.42713.13

C 34.58720.58 29.37715.93 26.49714.33 28.13716.77

B 29.88715.79 23.87714.43 21.26713.73 22.07712.64

MMNm intensity deviants P 39.33718.78 32.67717.94 31.46719.11 31.60719.09

C 37.68723.59 31.70718.61 30.67716.06 28.72714.68

B 48.39720.68 38.11718.57 28.01717.30 29.39715.54
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benzodiazepine condition than in the two other condition.
Besides that, a highly significant effect of TIME
(F2, 22¼ 10.169, pp0.001) and a significant interaction
between TIME and DRUG (F4, 44¼ 2.812, po0.05) could
be revealed for the MMNm dipole moment.
Owing to the significant TIME*DRUG interaction for the

MMNm dipole moment, the influence of DRUG was
analyzed for each time point separately and the influence
of TIME for each DRUG condition. Significant differences
between DRUG conditions were found at 105min
(F2, 22¼ 7.579, po0.01) and 225min (F2, 22¼ 8.156,
po0.01, e¼ 0.664), with lower dipole moments in the
benzodiazepine condition than in the two other conditions.
A decrease of the MMNm dipole moment over TIME was

observed for all conditions, with the strongest decrease
over TIME in the benzodiazepine condition (placebo:
F3, 33¼ 9.477, po0.001, e¼ 0.714; caffeine: F3, 33¼ 8.710,
po0.01, e¼ 0.554; benzodiazepine: F3, 33¼ 29.984,
po0.001). Exemplary data on MMNm dipole moment are
shown in Figure 4. Descriptive data are given in Table 1.
For the latency of the MMNm, main factors alone had no

significant influence on the data, but a significant interac-
tion between TYPE of DEVIANCE and DRUG was obtained
(F4, 44¼ 4.688, po0.01). Owing to this interaction, the
DRUG effects on the MMNm latency were analyzed for
each kind of deviant. Within the placebo condition, a
significant increase of the MMNm latency of duration
deviants was observable (F3, 33¼ 3.039, po0.05), which

Table 2 According to Table 1, the Peak Latency of the N100m and MMNm in the Three Conditions and at the Four Time Points of
Measurement

Latency (ms)7SD �25min 45min 105min 225min

N100m P 101.4710.3 103.579.9 103.478.6 106.6710.4

C 100.878.7 99.679.2 101.178.2 101.778.7

B 102.278.1 105.277.8 110.379.8 108.679.2

MMNm frequency deviants P 159.7714.9 161.3719.6 161.1715.3 160.1720.7

C 165.1717.9 163.1718.7 160.1710.8 162.9712.1

B 160.3713.9 157.8713.6 162.9712.5 163.6712.9

MMNm duration deviants P 166.077.4 172.2713.2 171.4712.0 173.5710.6

C 173.2714.6 173.3717.1 180.3719.4 173.3710.9

B 174.4711.9 171.6713.0 170.6713.0 170.1714.8

MMNm intensity deviants P 179.3718.1 177.7716.7 181.2721.7 180.5721.1

C 175.8714.7 170.8720.5 177.2718.2 173.5714.2

B 172.5712.7 179.3719.3 189.1719.6 182.4718.1

Figure 3 Mean N100m dipole moment (7SE) for the three conditions
and four time points (baseline, 45, 105, 225min after drug application).

Figure 4 Exemplarily for the MMNm, the mean dipole moment of the
MMNm on frequency deviants (7SE) for the three conditions and four
time points.
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seems to be caused by a decreased latency at baseline, in
comparison to the other two conditions, and will, therefore,
not be interpreted. However, a significant effect was
detected for the MMNm latency of intensity deviants
(F2, 20¼ 6.626, po0.05, e¼ 0.664), with significant longer
latencies in the benzodiazepine compared to the caffeine
condition. Compared to the baseline, the latency was
significantly increased after the administration of benzo-
diazepines at 105 (F1, 10¼ 12.941, po0.01) and 225min
(F1, 10¼ 4.994, po0.05). The MMNm latency of other kinds
of deviants was not affected by the intake of benzodiazepine
(frequency deviants: F3, 33¼ 0.646, NS; duration deviants:
F3, 33¼ 0.406, NS). Descriptive data are given in Table 2.

Blood Pressure and Pulse

These data were obtained mainly for the safety of the
participants. All blood pressure and pulse values but for one
person at one sample point were obtained successfully. The
missing values were replaced by the values of the previous
measurement.
The average BP values at baseline did not differ

significantly between conditions (systolic BP: F2, 22¼ 0.150,
NS; diastolic BP: F2, 22¼ 2.778, NS). In the subsequent
ANOVA with the factors DRUG and TIME, DRUG effects
were revealed for both normalized BP values (systolic BP:
F2, 22¼ 6.418, po0.01; diastolic BP: F2, 22¼ 10.393,
pp0.001), with larger values in the caffeine condition
compared to the two other conditions. Compared to
baseline, the effects of caffeine were observable after 35min.
The average PR did not differ between conditions at

baseline (F2, 22¼ 1.736, NS). After drug administration
differences were observed between conditions and sample
points (DRUG: F2, 22¼ 2.700, NS; TIME: F8, 88¼ 3.535;
pp0.001; DRUG�TIME: F16, 176¼ 2.369, po0.01). The
TIME effects were partly due to a decrease from baseline
to 5min after drug exposure in all three conditions. As
shown in ANOVAs for each condition separately, there were
significant increases in PR after drug exposure in the
caffeine (F7, 77¼ 3.327, po0.01) and lorazepam condition
(F7, 77¼ 3.350, po0.01), but not in the placebo condition
(F7, 77¼ 0.221, NS).

DISCUSSION

The main results of our study may be summarized as
follows: lorazepam had a strong impact on CPT perfor-
mance: a decrease in the signal detection performance d0

was observed, starting 25min after the intake of lorazepam
and continuing until the end of the experiment. After
lorazepam, the N100m was decreased in its dipole moment,
compared to the other two conditions. The decrease in the
N100m dipole moment became statistically evident in the
second measurement after drug intake (105min). In all
conditions, the MMNm dipole moment decreased in the
course of a session. This decrease was enlarged after
lorazepam intake. Only for the MMNm of intensity deviants,
a significant increase in latency was observed after
lorazepam intake. Lorazepam and caffeine led to an increase
of pulse rate, compared to placebo. Caffeine had no
significant effects on behavioral measures and neuromag-

netic recordings. The findings will be discussed now in
more detail.

CPT Performance

An impact of lorazepam on CPT performance has been
expected from known effects of lorazepam, as well as from
earlier studies (Duka et al, 1995; Fluck et al, 2001;
Kathmann et al, 1996; Krystal et al, 1998; Mass et al,
2000; Micallef et al, 2001; Post et al, 1997). The data
illustrate that the performance in controlled visual attention
was clearly impaired by lorazepam intake. This impairment
is not totally self-evident, since for example Fluck et al
(2001) found significant effects on attention after 2.5mg,
but not after 1mg lorazepam, as assessed by a digit
cancellation and digit symbol substitution test. A higher
lorazepam dose was deliberately not applied in the current
study since it would have increased the likelihood that
subjects would fall asleep during the MEG measurements.
Without the simultaneous examination of controlled visual
attention processes, one would be unable to interpret the
significance of any drug effects on electrophysiological
parameters, especially in the study of MMN where no
responses are required. A slowing of reaction time by
lorazepam, as described earlier by Post et al (1997) and
Stephenson et al (2003), was not observed.

Neuromagnetic Recordings

After intake of placebo, the N100m dipole moment
remained quite stable, while the latency of the N100m
increased slightly. Since the latency increase and the
amplitude decrease of the N100m seem to represent
two independent processes of habituation (Rosburg
et al, 2002), the sole N100m latency increase without
an amplitude/dipole moment decrease is not un-
expected. The stable N100m dipole moment within the
placebo and caffeine condition indicates that subjects
were equally attentive during the session, as attention was
found to affect the N100m amplitude (Hari et al, 1989;
Woldorff et al, 1993). Therefore, the strong TIME effect
on the MMNm dipole moment, observed in all conditions
and for all kinds of deviants, cannot be explained by
attention effects.
Recent findings on MMN habituation (May et al, 1994;

Baldeweg et al, 1999, McGee et al, 2001) are, on the first
glance, somewhat contradicting. However, for the inter-
pretation of these results one has to consider the extremely
diverging duration of recording times. Taken together with
those recent studies, our findings suggest that a habituation
of the MMN occurs in the range of minutes. As reason for
the observed habituation of the MMN, we assume that the
repeating acoustic deviance itself forms a memory trace,
since it was shown that tone repetition can also elicit an
MMN in the context of permanently varying stimulation
(Horvath et al, 2001; Wolff and Schröger, 2001; Rosburg,
2004). The memory trace of the acoustic deviance might be
strengthened over time, as the kind, occurrence, and
likelihood of deviance are somewhat predictable. Subjects
get used to a permanent deviation and from an ecological
viewpoint a permanent deviation ‘deserves’ less attention.
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Caffeine had no significant effects on neuromagnetic
recordings. An increase of N100m latency was not observed
over time after caffeine, but latency differences between the
placebo and caffeine condition did not reach significance.
Effects of caffeine on event-related components might
become observable only at higher doses. Similar to our
current finding, Hirvonen et al (2000) observed no
alteration of the MMN and other event-related components
after 100mg caffeine. After intake of 500mg caffeine,
Kawamura et al (1996) observed an increase of P300
amplitude (for comparison: 500mg caffeine would be
equivalent to six European cups of coffee). Dutch research-
ers revealed an increase of N100, N200b, and P300
amplitudes after administration of 250mg caffeine (Lorist
et al, 1995; Ruijter et al, 2000a, b, c).
The lorazepam intake had, in contrast to caffeine,

very pronounced effects on neuromagnetic fields. It
led to a decrease of the N100m dipole moment by about
20–25%, becoming evident in the second measurement
after the drug intake (105min). This decrease could be
easily detected since the N100m remained relatively
stable over time in the control conditions. The finding
of a N100m dipole moment decrease by lorazepam is
well in line with earlier EEG (Rockstroh et al, 1991;
Semlitsch et al, 1995) and MEG (Sinton et al, 1986)
studies, reporting an N100/N100m amplitude decrease by
benzodiazepine intake. Interestingly, no N100 amplitude
reduction was observed in the study by Nakagome et al
(1998), who revealed a reduction of the MMN as an
overnight effect of triazolam intake.
As outlined, the MMNm dipole moment decreased within

a recording session in all conditions. Its decrease amounted
to about 20–25% on average already in the control
conditions. Lorazepam intake further aggravated the
decrease of the MMNm dipole moment over time. The
current finding is in contrast to other studies, showing no
major effects of benzodiazepines (Murakami et al, 2002)
and anxiolytics/hypnotics, including benzodiazepines (Ka-
sai et al, 2002) on MMN amplitude, and in line with the
study of Nakagome et al (1998). Our finding emphasizes the
necessity to take the usage of benzodiazepines into account
for clinical investigations of the MMN.
Summing up the current and earlier reported effects of

benzodiazepines on event-related potentials (ERPs), mid-
latency ERPs (including P50) seem to be unaffected by
benzodiazepines (Schwender et al, 1993), while the ampli-
tudes of most if not all long-latency ERPs are decreased
(Milligan et al, 1989; Nichols and Martin, 1993; Rockstroh
et al, 1991; Semlitsch et al, 1995). Besides an enforced
inhibition of neural circuits involved in the MMN genera-
tion by GABAergic interneurons, the observed reduction of
the MMN could also stem from an attenuated efficacy in
sensory information processing, as reflected by the
decreased N100m (as a bottom–up process). Conversely,
as the N100m is known to be modulated by controlled
attention (Hari et al, 1989; Woldorff et al, 1993), the
decreased N100m could result also from hampered atten-
tion functions (as a top–down process). An indirect
modulation of other neurotransmitters as a reason for the
reduced MMN also has to be considered, although an
influence of a downregulated dopaminergic transmission
can be regarded as unlikely since the direct application of

the D2 receptor antagonist haloperidol was found to have no
effect on the MMN amplitude (Kähkönen et al, 2001, 2002;
Pekkonen et al, 2002).
The latency of the MMNm was less affected by drug

condition. Only for the MMNm of intensity deviants, a
significant increase in latency was observed after lorazepam
intake. It is difficult to say why only the processing of
intensity deviance was slowed down by lorazepam. A
differential impact of scopolamine exposure was reported
for the MMN of frequency and duration deviants (Pekkonen
et al, 2001). Also, the deficit in MMN generation in
schizophrenia was more pronounced for a deviance in tone
duration than in frequency (Michie et al, 2000). Therefore, a
differential impact of drug exposure on the MMN of
different kind of deviants is not necessarily unexpected. The
current finding of a delayed MMN of intensity deviants
might possibly be explained by the fact that those deviants
were reduced in intensity and, therefore, in the state of
decreased vigilance less attention attracting. Further re-
search is required here.
The decrease of MMNm dipole moment after lorazepam

seems not to represent the sum of habituation effects as
observed in the MMNm control conditions and of the
benzodiazepine effect as observed in the N100m data, since
it amounted to about 30–35% on average. One reason for
this nonadditivity could be that the habituation of the MMN
is modulated by intrinsic GABAergic action, that is, an
active inhibition process occurs as a result of repeated
deviance. In that case, GABAergic inhibitory neurons would
be activated already intrinsically and the GABA agonist
lorazepam could not unfold its full efficacy. A GABAergic
inhibitory mechanism for ‘repetition-adaptivity’ was very
recently proposed by Stephenson et al (2003). Another
possible explanation could be that the MMNm generation is
less modulated by GABAergic transmission than the
N100m. To clarify this issue, it would be helpful to
investigate whether a benzodiazepine antagonist as fluma-
zenil could prevent the MMN habituation. The study of
Smolnik et al (1998) contained, unfortunately, only a single
measurement after drug administration and cannot resolve
this question.

Pulse Rate

The increase of pulse rate in the lorazepam condition was
on the first glance surprising, since no effects on the
vegetative system had been expected. An observation
similar to ours was also reported by Agelink et al (2002)
and Krystal et al (1998). However, a double-blind,
randomized, crossover designed study on noninvasive
indices of autonomic regulation revealed no time-depen-
dent change of heart rate and no effect on blood pressure
and on respiratory frequency within a period of 4 h after
oral administration of 2mg lorazepam, indicating no
considerable effect of lorazepam on sympathetic and
parasympathetic processes (Tulen and Man in’t Veld
1998). Accordingly, we assume that the observed increase
in pulse rate after lorazepam could represent an autono-
mous or volitional counter-regulation of the lorazepam
effects rather than a direct result of the pharmacological
profile.
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Conclusion

Besides the already known effects of benzodiazepines on
controlled attention functions, as shown here by a reduced
signal detection performance in the CPT-M and possibly
also in the reduced N100m, the ability to detect disconti-
nuities in acoustic input preattentively is hampered by acute
benzodiazepine intake. In order to differentiate between
direct and indirect drug modulation of the auditory cortex
function, studies employing more than one active drug at
one time are warranted. The strong habituation of the
MMNm emphasizes the importance to keep the recording
conditions and especially the recording time in the
investigation of clinical groups constant or, as a practical
alternative, to introduce recording time as a covariable.
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Näätänen R (2001). The perception of speech sounds by the human
brain as reflected by the mismatch negativity (MMN) and its
magnetic equivalent (MMNm). Psychophysiology 38: 1–21.

Nakagome K, Ichikawa I, Kanno O, Akaho R, Suzuki M, Takazawa
S et al (1998). Overnight effects of triazolam on cognitive
function: an event-related potentials study. Neuropsychobiology
38: 232–240.

Nichols JM, Martin F (1993). P300 in heavy social drinkers: the
effect of lorazepam. Alcohol 10: 269–274.

Pekkonen E (2000). Mismatch negativity in aging and in
Alzheimer’s and Parkinson’s diseases. Audiol Neuro-otol 5:
216–224.

Pekkonen E, Hirvonen J, Ahveninen J, Kähkönen S, Kaakkola S,
Huttunen J et al (2002). Memory-based comparison process not
attenuated by haloperidol: a combined MEG and EEG study.
Neuroreport 13: 177–181.
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