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Abstract

We investigated whether evoked potentials to omitted stimuli could be measured in rats. Such an animal model would
provide a measure of aspects of information processing concerned with expectancy and time estimation. In a first
experiment, omission evoked potentials~OEPs! were elicited in rats by omitting stimuli~10%! from a train of tone pips
with a fixed ISI ~3 s!. A control session consisted of omitting stimuli~10%! from a train of tone pips with a variable
ISI ~2.5–3.5 s!. In a second experiment, OEPs were measured in rats that received 4 mg{kg21 diazepam or vehicle sc.
In the first experiment, half of the animals showed OEPs that consisted of a late-latency positive wave, the other rats
showed a slow negative drift. No OEPs were found in the control session. Rats showing OEPs consisting of a positive
wave in Experiment 1 were passed to Experiment 2. In the vehicle condition of the second experiment, all rats showed
OEPs. In the diazepam condition no OEPs were found. We found that OEPs can be measured in rats. In addition, OEPs
are disrupted by diazepam. We propose that OEPs provide an elegant tool to elicit selectively endogenous EP components.

Descriptors: Evoked potentials, Omitted stimuli, Diazepam, Information processing, Expectancy, Time estimation

Evoked potentials~EPs! are small voltage fluctuations resulting
from sensory-, cognitive-, or motor-evoked neural activity. These
electrical changes are commonly obtained by averaging EEG ep-
ochs time-locked to repetitious events. An important goal in EP
research is to examine aspects of information processing related to,
for example, memory, learning, and attention~Ba,sar; 1999!. Var-
ious cognitive processes that occur between stimulus and response
can be studied by employing different experimental stimulation
paradigms for eliciting EPs. EPs consist of components that are
typically divided, based on their latency, into exogenous and en-
dogenous components~Coenen, 1995; Näätänen, 1990!. It is as-
sumed that early components~,50 ms after stimulus onset! are
primarily determined by the physical characteristics of the external
stimulus~Blackwood & Muir, 1990; Shaw, 1988!, and are hence
labeled the exogenous components. The later-occurring endog-
enous components~.100 ms after stimulus onset! are assumed to
be determined by cognitive aspects of information processing
~Blackwood & Muir, 1990; Gaillard, 1988; Shaw, 1988!. However,
studying information processing by comparing endogenous EP
components from different experimental designs is difficult be-

cause the interaction between exogenous and endogenous compo-
nents results in complex waveforms~Gaillard, 1988!.

EPs in reaction to omitted stimuli consist entirely of endog-
enous components. Therefore, these EPs can be wholly attributed
to aspects of information processing involved in the~internal!
event of stimulus omission~Blackwood & Muir, 1990; Takasaka,
1985!. The omitted stimulus paradigm therefore provides an ele-
gant and straightforward tool to elicit selectively endogenous EP
components. Evoked potentials to omitted stimuli have been re-
ported to consist of a late positive wave, similar to the P300, and
have been known in human subjects for many years~Alain, Richer,
Achim, & Saint Hilaire, 1989; Besson, Faita, Czternasty, & Kutas,
1997; Bullock, Karamürsel, Achimowicz, McClune & Ba,sar-
Erogle, 1994; Chao, Nielsen-Bohlman, & Knight, 1995; Janata,
2001; Jocoy, Arruda, Estes, Yagi, & Coburn, 1998; Kreitschmann-
Andermahr et al., 1999; Ruchkin, Sutton, Silver, & Macar, 1981;
Simson, Vaughan, & Ritter, 1976; Takasaka, 1985; Tarkka & Stokic,
1998; Tervaniemi, Saarinen, Paavilainen, Danilova, & Näätänen,
1994; Yabe, Tervaniemi, Reinikainen, & Näätänen, 1997!. Though
in rats the existence of both the P300~Ehlers & Chaplin, 1992;
Hurlbut, Lubar, & Satterfield, 1987! and the P300 related mis-
match negativity~MMN; Ruusuvirta, Tenttonen, & Korhonen,
1998! have been reported by some investigators, others have failed
to measure these later-occurring endogenous EP components in
rats ~Ehlers, Wall, & Chaplin, 1991!. To our knowledge, OEPs
have not yet been measured in rats.

Evoked potentials to omitted stimuli are supposed to reflect
expectancy and are strongly influenced by attention~Besson et al.,
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1997; Blackwood & Muir 1990; Bullock et al., 1994; Takasaka,
1985!. Expectancy depends to a large degree upon memory and
time sense~Ruchkin et al., 1977, 1981; Takasaka, 1985; Yabe
et al., 1997!. These evoked potentials to omitted stimuli have been
previously referred to as missing stimulus potentials~Simson et al.,
1976; Takasaka, 1985!, omitted stimulus potentials~Bullock et al.,
1994! and emitted potentials~Besson et al., 1997; Janata, 2001!. In
this paper, we will refer to these evoked potentials as omission
evoked potentials, OEPs, to indicate that we are dealing with~a
special kind of! evoked potentials~and also because we like the
abbreviation so much because it sounds like “Oops,” there’s one
missing!!.

Objective

In the present paper, we investigated if OEPs could be measured in
rats. If so, this would offer a very direct and efficient measure to
analyze the influence of experimental manipulations, such as the
influence of psychoactive drugs or brain lesions, on an endogenous
EP component in an animal model.

In the first experiment, we measured rat OEPs in a test condi-
tion by omitting 10% of the stimuli from a train of tone pips with
a fixed 3-s interstimulus interval~ISI!. Because OEPs are sup-
posed to reflect the expectation of a stimulus, an obvious control
condition would be to manipulate this expectation by making the
prediction of the next stimulus uncertain~Bullock et al., 1994!.
Thus, in our control condition, we measured OEPs in a session
with a 2.5–3.5-s variable ISI.

In a second experiment, we analysed the influence of phar-
macological manipulations on information processing by applying
the omitted stimulus paradigm. We measured the effect of diaz-
epam, a benzodiazepine, on the rat OEPs, because benzodiaz-
epines, among their other effects, are well known to affect aspects
of information processing such as attention and memory~Curran,
1991; Golombok, Moodley, & Lader, 1988; Gorrissen, Eling, Van
Luijtelaar, & Coenen, 1997!. To our knowledge, OEPs have not yet
been used to study the effects of psychoactive drugs on informa-
tion processing.

Method

Animals
This study was performed in accordance with the guidelines of the
European Community for the use of experimental animals. Ap-
proval of the local ethics committee for animal studies was ob-
tained. Sixteen male wistar rats, weighting 4076 34.4 g~mean6
SD! were maintained on a 12-h light—12-h dark cycle with lights
off at 8:00 a.m., and were singly housed with food and water ad
libitum.

Isoflurane anaesthesia was used for implanting a tripolar elec-
trode ~Plastics One, MS 33302a!, which was fixed on the skull
with dental acrylic cement. The first active electrode was placed
epidurally over the vertex~coordinates related to bregma: A23.4,
L 2.0. The second active electrode and the ground electrode were
placed epidurally over the cerebellum~coordinates related to lambda
ca.: A22.0, L 2.0; A22.0, L 22.0, respectively!. Animals were
allowed to recover for 2 weeks before recordings were made.

EEG recordings were obtained from freely moving rats. EEG
signals were measured between 0.1 Hz and 500 Hz and recorded
digitally with a sample frequency of 1024 Hz. Auditory evoked
potentials~AEPs! in response to stimuli preceding and following

stimulus omission and OEPs were determined by averaging EEG
fragments recorded 50 ms before stimulus~omission! onset until
500 ms after stimulus~omission! onset. A rejection program was
utilized to eliminate individual trials in which the EEG exceeded
600 mV, thereby excluding trials with high EEG amplitudes due,
for example, to motoric artefacts~Jongsma, Van Rijn, De Bruin,
Dirksen, & Coenen, 1998; Jongsma, Van Rijn, Dirksen, & Coenen,
1999!.

Experiment 1
In the test session, AEPs were elicited by pure tone-pip stimuli
~11.0 kHz, 85 dB, duration 20 ms! with a fixed ISI of 3.0 s. OEPs
were elicited by randomly omitting 10% of the stimuli~n 5 150!
from the background train of pure tone-pip stimuli~n 5 1350!.
Stimuli were delivered via a speaker mounted;1 m above record-
ing cages.

In a control session, AEPs were elicited by pure tone-pip
stimuli ~11.0 kHz, 85 dB! with an ISI randomly varying between
2.5 and 3.5 s, though omissions were presented exactly 3 s after the
tone pip preceding stimulus omission. OEPs were elicited by
randomly omitting 10% of the stimuli~n 5 150! from the back-
ground train of pure tone-pip stimuli~n 5 1350!.

The test and the control session were recorded on separate days.
White background noise of 65 dB was present. After visual in-
spection of the individual OEPs, eight rats showed a late-latency
positive wave in response to an omitted stimulus in the test con-
dition, and were designated as positive responders. The eight
remaining rats showed a slow negative drift in this time window
and were designated as negative responders.

Experiment 2
From the eight rats showing an OEPs consisting of a late-latency
positive wave in Experiment 1, three rats lost their tripolar elec-
trode due to superficial infection. The remaining five rats were
used in the second experiment. Rats~n 5 5! received 4 mg{ kg21

diazepam or vehicle sc, counterbalanced in two sessions, 3 days
apart. Because this experiment was not designed to investigate
doses–effect relations of diazepam on EPs, but used diazepam only
as a means of a pharmacological modulation, we used only one
dose of diazepam. This dosage is comparable with others rat
studies~Hudnell & Boyes, 1991; Todorova, 1993!.

AEPs were elicited by pure tone-pip stimuli~10.2 kHz, 90 dB!
with a fixed ISI of 2.0 s. OEPs were elicited by omitting 10% of
the stimuli ~n 5 150! from the background train of pure tone-pip
stimuli ~n 5 1350!.

Statistical Analysis
Grand average OEPs of both positive responding rats~n 5 8! and
negative responding rats~n 5 8! were obtained. Groupt profiles
were constructed~Kreitschmann-Andermahr et al., 1999! by de-
termining the groupt values for each sample point of the OEPs
obtained in the test session as tested against each corresponding
sample point of the OEPs obtained in the control session~sample
frequency: 1024 Hz; from the start of stimulus omission until
500 ms after stimulus omission!. T values reached significance,
p # .05, one-tailed, test condition tested against control condition,
whent . 1.895 ort , 21.895 in Experiment 1~n 5 8!. T values
reached significance,p # .05, one-tailed, vehicle condition tested
against diazepam condition, whent . 2.132 in Experiment 1
~n 5 5!. An OEP was considered to be significantly different from
the control condition when at least 5% of theset values reached
significance.
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Grand average AEPs in response to stimuli preceding and
following stimulus omissions were obtained. Individual AEP am-
plitudes and latencies of and N1, P1, N2, and P2 were determined
and further taken into analyses. For each component, a two-
between, one-within ANOVA was employed, with condition~test
and control condition! and response pattern~positive responding
and negative responding! being the between variables and an
omission effect~preceding or following omitted stimuli! being the
repeated measure.

Results

Experiment 1
With respect to the OEPs obtained in the test session, the reaction
to an expected yet omitted stimulus, the OEP, was a long-latency
positive wave in half the animals, henceforth being referred to as
positive responding rats. The OEPs of the other animals consisted
of a slow negative drift, henceforth being referred to as negative
responding rats. No OEPs could be measured in the control session.

Figure 1 shows the grand average AEPs and OEPs of positive
responding rats~n 5 8! in the test session~Figure 1a! and the
control session~Figure 1b!. Figure 2 shows the grand average
AEPs and OEPs of negative responding rats~n 5 8! in the test
session~Figure 2a! and the control session~Figure 2b!.

Figure 1c shows the constructedt profile of the OEPs obtained
in positive responding rats~n 5 8! when OEPs from the test and
control session were compared, 15.8% of thet values~clustered
between 150 and 250 ms after stimulus omission occurred! ex-
ceeded the level of significance. OEPs obtained in the test session
were therefore considered to be significantly different from an
averaged ongoing EEG signal not phase-locked to stimulus omis-
sion ~namely the OEPs obtained in the control session!.

Figure 2c shows the constructedt profile of the OEPs obtained
in negative responding rats~n 5 8! when OEPs from the test and
control session were compared; 10.8% of thet values@clustered
between 70 and 115 ms~5.4%! and between 215 and 250 ms
~5.4%! after stimulus omission occurred# exceeded the level of
significance. OEPs obtained in the test session were therefore also
considered to be significantly different from an averaged ongoing
EEG signal not phase-locked to stimulus omission~namely the
OEPs obtained in the control session!.

With respect to AEP components, no condition effects~test and
control condition! were observed. However, a response pattern
~positive responding and negative responding! effect was found
such that the P1 amplitude appeared to be higher in negative
responding rats than in positive responding rats,F~1,28! 5 7.52,
p 5 .011. In addition, an omission effect of AEPs preceding or
following omitted stimuli was observed such that the N1 amplitude

Figure 1. The AEPs and OEPs~smoothed by means of a LOWESS-curve! of the positive responders, witha showing the test condition
~with the 3-s fixed ISI!, andb showing the control condition~with the 2.5–3.5-s jittered ISI; omissions 3 s fixed after preceding tone
pip!. c depicts the constructedt profile for each sample point of the OEPs obtained in the test condition tested against the control
condition. In all figures,a andb show the grand average AEPs elicited by tones preceding omitted stimuli~left!, grand average OEPs
elicited by omitted stimuli~middle!, and grand average AEPs elicited by tones following omitted stimuli~right!. Latencies are in
milliseconds on the x axes, and amplitudes are given in microvolts on the y axes. The dotted lines mark the time of stimulus~omission!
onset. The dotted line on the y axes shows the level of significance~1.895!. Significant values~15.8% of total values! are depicted in
solid dots, nonsignificant values in small points.
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was increased for AEPs elicited by stimuli following stimulus
omission compared to AEPs elicited by stimuli preceding stimulus
omission,F~1,28! 5 9.88, p 5 .004. There were no effects ob-
served concerning component latencies, nor on the N2 and P2

amplitudes.

Experiment 2
Figure 3 shows the grand average AEPs and OEPs obtained in the
vehicle condition~Figure 3a! and the diazepam condition~Fig-
ure 3b!. Figure 3a shows the grand average AEPs and OEPs~solid
line! as obtained in the vehicle condition~n5 5 rats!. The reaction
to an expected yet omitted stimulus, the OEPs, was again a long-
latency positive wave in the vehicle ISI condition. Figure 3b shows
the grand average AEPs and OEPs~dotted line! as obtained in the
diazepam condition~n 5 5 rats!. The reaction to an expected yet
omitted stimulus, the OEPs, could no longer be elicited.

Figure 3c shows the constructedt profile of the OEPs obtained
in the remaining positive responding rats~n5 5! when OEPs from
the vehicle and diazepam condition were compared; 8.0% of thet
values~clustered between 200 and 300 ms after stimulus omission
occurred! exceeded the level of significance. OEPs obtained in the
vehicle condition were therefore considered to be significantly
different from the OEPs obtained in the diazepam condition.

With respect to the AEPs preceding and following stimulus
omission, only main drug effects were found, such that diazepam
increased both the amplitude,F~1,8! 5 7.50,p5 .025, and latency,
F~1,8!5 43.7,p , .001, of the N2 component.

Discussion

Experiment 1
We were able to measure the rat OEPs elicited by omitting stimuli
from a background train of tone-pip stimuli in a test session with
a fixed ISI. The event of stimulus omission also affected the AEPs,
such that the N1 amplitude was higher for AEPs elicited by stimuli
following stimulus omission compared to AEPs elicited by stimuli
preceding stimulus omission. When stimuli are presented in a close
~0.5–5 s! temporal relationship, commonly, an AEP amplitude
decrement of the later AEP responses relative to the first AEP
response is found. This response suppression has been referred to
as gating~Freedman, Adler, Waldo, Pachtman, & Franks, 1983;
Noldy, Neiman, El-Nesr, & Carlen, 1990!. In line, when a train of
stimuli is discontinued, one would expect a recovery in AEP
amplitude to the first stimulus after omission occurred~Jongsma
et al., 1999!. This is in line with our effects of the AEP N1
amplitude.

Many studies investigating aspects of information processing
on EPs require a motoric response of the subject, for example, a
button press~Gaillard, 1988!. Likewise, most studies measuring
OEPs also require active participation of the subjects, by giving
either a motoric response~Janata, 2001; Jocoy et al., 1998; Ruch-
kin et al., 1981! or by counting the omissions~Allain et al., 1989;
Bullock et al., 1994; Takasaka, 1985; Tarkka & Stokic, 1998!.
Active subject participation however might be difficult to acquire,
for example, in animal models. Few studies have attempted to

Figure 2. The AEPs and OEPs~smoothed by means of a LOWESS-curve! of the negative responders, witha showing the test condition
~with the 3-s fixed ISI!, andb showing the control condition~with the 2.5–3.5-s jittered ISI; omissions 3 s fixed after preceding tone
pip!. c depicts the constructedt profile for each sample point of the OEPs obtained in the test condition tested against the control
condition. The dotted line on the y axes shows the level of significance~21.895!. Significant values~10.8% of total values! are depicted
in solid dots, nonsignificant values in small points.
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measure reactions to omitted stimuli in passive conditions~Näätänen,
Paavilainen, Alho, Reinikainen, & Sams, 1987; Nordby, Hammer-
borg, Roth, & Hugdahl, 1994!. In the last study~Nordby et al.!,
only the effect of partial stimulus omissions was measured and
resembled therefore more an oddball paradigm than an omitted
stimulus paradigm. In the present study, we measured OEPs in rats
by employing a passive paradigm.

Most studies measuring OEPs use high~$1 Hz! stimulation
rates ~Alain et al, 1989; Besson et al., 1997; Kreitschmann-
Andermahr et al., 1999; Näätänen et al., 1987; Ruchkin et al.,
1981; Simson et al., 1976; Tarkka & Stokic, 1998; Tervaniemi
et al., 1994; Yabe et al., 1997!. Only few studies have measured
OEPs with low~,1 Hz! stimulation rates~Janata, 2001; Jocoy
et al., 1998; Takasaka, 1985! or both ~Bullock et al., 1994!. Bul-
lock et al. described two types of OEPs in humans, those following
fast stimulation rates~fast OEPs! and those following slow stim-
ulation rates~slow OEPs!. They found that slow OEPs consisted of
a large, slow, positive wave. Like Bullock et al., other studies using
low stimulation rates have also reported a long-latency positive
wave in response to stimulus omission~Alain et al.; Bullock et al.;
Simson et al.; Takasaka!.

Bullock et al. ~1994! found in humans that jitter of the inter-
stimulus intervals greatly reduced the slow OEPs. This is in agree-
ment with our results of the control session. We found that if the
prediction of the omitted stimulus was made uncertain by using a
variable ISI, OEPs could no longer be measured.

OEPs appear to be difficult to measure. Alain et al.~1989! also
observed in only half of the subjects a positive oriented OEP.

Others have excluded subjects who failed to show an OEP from
their experiments~Besson et al., 1997; Tarkka & Stokic, 1998!. In
addition, Näätänen et al.~1987! observed considerable variability
of OEPs between individual subjects, such that no consistent OEPs
over subjects could be detected. Finally, several investigators have
reported that training of subjects was required before OEPs could
be measured~Besson et al.; Bullock et al., 1994; Ruchkin et al.,
1981!. Although we were able to measure OEPs in rats, only 8 out
of 16 rats showed a late-latency positive wave in response to
omitted stimuli, the positive responders. The remaining rats showed
a slow negative drift in response to stimulus omission, the negative
responders. Though both positive and negative responding rats
were taken from the same strain of rats, differences with respect to
the AEP P1 amplitude were also observed, such that the P1 ap-
peared to be higher in negative-responding rats than in positive-
responding rats. Why these two different response patterns,
evidenced by the observed differences in both the OEPs and the
AEP P1 amplitude, do emerge within the same strain of rats
remains to be investigated.

Experiment 2
In this study, we found an increase of the amplitude~more negative
values! and latency of the N2 component. This is in agreement with
a previous study where we found more negative values of the
late-latency N58AEP components due to diazepam in rats~Jongsma
et al., 1998!. Increased EP peaks have commonly been reported
during states of low arousal~Bringmann & Klingberg, 1995; Meeren,
Van Luijtelaar, & Coenen, 1998!. Previous experiments at our

Figure 3. The AEPs and OEPs~smoothed by means of a LOWESS-curve! of Experiment 2, witha showing the vehicle condition, and
b showing the diazepam condition.c depicts the constructedt profile for each sample point of the OEPs obtained in the vehicle
condition tested against the diazepam condition. The dotted line on the y axes shows the level of significance~2.132!. Significant values
~8.0% of total values! are depicted in solid dots, nonsignificant values in small points.
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department showed that total amount of sleeping time almost
doubled with a comparable dosage of diazepam in rats~Coenen &
Luijtelaar, 1989!. Our findings with respect to diazepam effects on
AEPs and OEPs might thus be ascribed to a decrease in arousal
due to the hypnotic effects of diazepam.

As in Experiment 1, the reaction to the omission of an expected
stimulus, the OEP, was a long-latency positive wave in the vehicle
condition. We found that when treated with diazepam, rats failed to
produce an OEP when stimulus omission occurred.

Expectancy and timing behavior have also been studied in rats
using measures of temporal discrimination in learning experiments
~Church, 1978; Gibbon, Malapani, Dale, & Gallistel, 1997!. Lau
and Heatherington~1997! used a differential reinforcement of low
rate ~DRL! schedule in which only responses that occur after a
minimum time interval~in this case, 45 s! were reinforced. Rats
showed a normally distributed number of responses, with the
maximum number of responses at 45 s thus suggesting the ability

of rats to correctly estimate the interval. In addition, they investi-
gated the effects of benzodiazepine~alprazolam! on timing perfor-
mance using this DRL schedule in rats~Lau & Heatherington,
1997!. Their results show that alprazolam-treated rats no longer
show normally distributed responses with a maximum at 45 s, but
a far more flattened distribution with several peaks, thus suggest-
ing that alprazolam diminishes the ability to time an interval. In
human subjects, Rammsayer~1992, 1994! found that a single
dose of midazolam decreased time estimation in the range of 1 to
2 s. Time estimation appears to depend on memory processes
~Rammsayer, 1992!. Because benzodiazepines are well known to
affect memory, this might explain their effect on time estimation.

In all, we found that OEPs can be measured in rats. In addition,
OEPs appeared to be sensitive for a pharmacological manipulation.
We propose that the rat OEPs provide a useful tool for measuring
the influence of experimental manipulations, such as the influence
of psychoactive drugs or brain lesions, on an endogenous EP.
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