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1 The electroencephalographic (EEG) e�ects of drugs interacting with dopaminergic and
noradrenergic systems were studied in conscious rats. Power spectra (0 ± 30 Hz) were recorded
from electrodes implanted bilaterally in the prefrontal cortex. Drug e�ects on EEG power were
calculated as the spectral power following drug administration divided by the spectral power after
vehicle administration.

2 Dopaminergic agonists at low doses, (apomorphine 0.01 mg kg71 s.c., quinpirole
0.01 mg kg71 i.p.) and dopaminergic antagonists (haloperidol 1 mg kg71 i.p., raclopride
2.5 mg kg71 s.c.), which decrease dopaminergic transmission, induced an increase of EEG power.
Conversely, dopaminergic agonists at higher doses (apomorphine 0.5 mg kg71 s.c., quinpirole
0.5 mg kg71 i.p.) which increase activation of postsynaptic D2 and D3 receptors, induced a decrease
of EEG power.

3 The a1-adrenoceptor antagonists (phenoxybenzamine 0.64 mg kg71 s.c., prazosin 0.32 mg
kg71 s.c.) and the a2-adrenoceptor agonists (UK 14304 0.05 mg kg71 s.c., clonidine 0.025 mg
kg71 i.p.), which decrease noradrenergic transmission, induced an increase of EEG power.
Conversely, the a1-adrenoceptor agonist, cirazoline (0.05 mg kg71 s.c.), the adrenergic agent
moda®nil (250, 350 mg kg71 i.p.) and a2-adrenoceptor antagonists (RX 821002 0.01 mg kg71 s.c.,
yohimbine 0.5 mg kg71 i.p.), which increase noradrenergic transmission, induced a decrease of EEG
power. The e�ects of prazosin (0.64 mg kg71 s.c.) were dose-dependently antagonized by co-
administration with moda®nil and cirazoline, but not by apomorphine.

4 In conclusion, pharmacological modulation of dopaminergic and noradrenergic transmission
may result in consistent EEG changes: decreased dopaminergic or noradrenergic activity induces an
increase of EEG spectral power; while increased dopaminergic or noradrenergic activity decreases
EEG spectral power.
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Introduction

The prefrontal cortex is a key area of the brain coordinating

working memory and attention in man and rodents (Un-
gerleider, 1995; Posner, 1997; Wharton & Grafman, 1998),
which is important in several mood disorders and which we

have extensively characterized in dialysis studies in the rat
(Gobert et al., 1998).

Recent advances in EEG methodology have led to marked
improvements in the clinical utilization of this diagnostic

technique. High resolution EEG has been coupled to magnetic
resonance imaging or positon emission tomography (PET) to
study cognitive function and attention in man (Gevins et al.,

1995). Marked di�erences can be shown in prefrontal and
sensorimotor cortex with di�erent forms of cerebral activation,
such as spatial or verbal working memory (Gevins et al., 1995).

In clinical studies, EEG can be used to de®ne changes in the
progression of Alzheimer's disease (Miyauchi et al., 1994) and
depression (Thase et al., 1998; Kalayam et al., 1998), and
di�erences in comparison with vascular dementia have been

reported (Partanen et al., 1997). Further, subtle EEG changes
may accompany the cerebral microangiopathy associated with

severe diabetes (Inui et al., 1998). The prefrontal cortex in man

is a major site for working memory (Posner, 1997; Rugg et al.,
1998; Wharton & Grafman, 1998) and Sarnthein et al. (1998)
have shown that low frequency (7 ± 8 Hz) EEG oscillations

interact between the prefrontal cortex and posterior associa-
tion areas during working memory tasks.

In drug studies, EEG and evoked potentials are extensively
used in Phase I and II clinical testing (Hermann et al., 1991).

Electrophysiological studies have shown that delta wave and
spindle activity are inhibited by stimulating noradrenergic
neurones and cholinergic nuclei in animals (Steriade et al.,

1990a; 1991; 1993a,b,c).
We have set up a system to assess the in¯uence of drugs on

the EEG in the prefrontal cortex of conscious rats in an

attempt to de®ne the changes induced by a spectrum of agents
reported to modify vigilance and attention. This study forms
part of an extensive characterization of the e�ects of drugs on
the EEG of conscious rats to di�erentiate the various

pharmacological classes and to form a database allowing
comparison of drug-evoked changes in animals and humans.

By examining the EEG changes induced by noradrenergic

and dopaminergic agonists and antagonists (Sebban et al.,
1987; Monti et al., 1989; Gaillard, 1990; McCormick &*Author for correspondence; E-mail: spedding@netgrs.com
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Williamson, 1991; McCormick, 1992), the principal objective
of this paper was to evaluate if general relationships exist
between alterations in prefrontal EEG in conscious rats and

the functioning of noradrenergic and dopaminergic systems, as
described biochemically and behaviourally (Tassin et al., 1992;
Blanc et al., 1994).

Classic modulators of the dopaminergic system (the mixed

D1 and D2 agonist, apomorphine and the D2 agonist,
quinpirole; D2 antagonists: haloperidol and raclopride) and
the noradrenergic system (a2-adrenoceptor agonists: UK14304

and clonidine; a2-adrenoceptor antagonists: RX 821002 and
yohimbine; a1-adrenoceptor agonist: cirazoline; a1-adrenocep-
tor antagonists: phenoxybenzamine and prazosin) were used to

modulate dopaminergic and noradrenergic transmission at
doses established to be maximally e�ective behaviourally while
remaining selective for the receptor of interest (Gobert et al.,

1998; Millan et al., 1998).
Moda®nil, an agent which enhances vigilance speci®cally

and which is clinically used for the treatment of narcolepsy
(Bastuji & Jouvet, 1988; Besset et al., 1993; Boivin et al., 1993;

Guilleminault et al., 1993; Billiard et al., 1994; Billiard &
Carlander, 1998), was also investigated. Because of its relative
innocuity, lack of a direct stimulant e�ect and a lasting

suppression of sleep without apparent rebound, the drug has
been proposed for military operations (Lyons & French, 1991).
Moda®nil has an unknown mechanism of action in that the

drug does not bind to a1-adrenoceptors (although there are
many subtypes of a1-adrenoceptor in the rat cortex, Pieribone
et al., 1994) but its selective e�ects on vigilance and the EEG

are antagonized by prazosin (Mignot et al., 1988a,b; Duteil et
al., 1990; Jouvet et al., 1991; Hermant et al., 1991; Lagarde &
Milhaud, 1990; Rambert et al., 1990; Lin et al., 1992).
Moda®nil does not increase anxiety in mice (Simon et al.,

1994) but it increases noradrenaline release throughout the
cortex (Akaoka et al., 1991). Moda®nil is less potent in rodents
than in higher species, and consequently higher doses

(450 mg kg71 i.p.) have to be used compared with cats and
primates (5 mg kg71 i.p.).

Methods

Animals

The study was carried out on male Wistar rats (510+25 g)
aged 8 months. They were housed in the laboratory. The rats

were submitted to a light period of 12 h and were free to access
food and water under controlled environmental conditions
(20+28C).

The rats were anaesthetized with chloral hydrate
(350 mg kg71 i.p.) and put into a stereotaxic frame. Two
holes were drilled bilaterally in the right and left prefrontal

regions and two others in the right and left sensorimotor
regions (Figure 1A). Four trans-cortical bipolar electrodes
were thus inserted. Each electrode had one exposed site on its
external part which was placed on the cerebral cortical surface.

The second exposed site was on the central tip which was
introduced through the cortex. The distance between the two
exposure sites was 1 mm. The rats were earthed via a stainless

steel screw ®xed in the frontal bone. After connecting the
electrodes and the screw to a connecting plug, they were ®xed
to the skull by acrylic cement.

Fourteen days later, when rats recovered from the surgical
operation, each of them was habituated to remain quiet in a
restraining cage which was used during the EEG recording to
decrease artifacts of movement. It needed about 10 ± 14 days to

make the rats adapt to EEG recording without a notable stress
reaction.

EEG recording

Fifteen groups of six rats each have been used in this study. In
twelve groups, the EEG changes induced by one single drug

have been evaluated. According to the studied drug, one, two,
three or four doses have been evaluated (see paragraph drugs).
When more than one dose has been evaluated, the order of

doses was randomly chosen for each rat. Also, a 1 week drug-
free interval was imposed between the study of two di�erent
doses of the same drug. For prazosin interactions, one group

was used for each combination of two drugs.
For each dose, two EEG recordings were performed in each

rat. The ®rst recording lasted for 165 min after i.p. injection of

vehicle. The second was done 24 h later for the same duration
following drug administration. The recordings were obtained
at the same time every day to avoid the bias caused by
nycthermeral EEG variations. EEG recordings were per-

formed by placing the rat in a restraining cage and then into
a large, electrically insulated and acoustically isolated
chamber. A light source was present 10 cm in front of the

nose of the rat. EEG signals were ampli®ed, ®ltered (anti-
aliasing ®lters: 90 db/oct) and digitized (64 points/s) for the
Fourier transformation which allowed calculation of the

Figure 1 Position of the electrodes in the rat brain (A=+4 mm,
L=2.5 mm for the prefrontal cortex; A=74 mm, L=4 mm for the
sensorimotor cortex). (B) Stabilities of the recording following two
i.p. injections of saline over a 24 h interval. In this and all subsequent
®gures, the ordinates represent the change in EEG power at each Hz
step, expressed as a percentage of the EEG power spectrum obtained
with the ®rst injection of vehicle. Vertical bars represent 95%
con®dence intervals.
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power variable (mV2). Absolute power spectra of EEG signals
were computed every 30 s from 1 ± 30 Hz in steps of 1 Hz. In
each rat, Hertz by Hertz drug-induced power variations were

evaluated by the ratio of power after injection of the drug/
power after injection of the vehicle (see below). The EEG
spectral power of left and right prefrontal cortex together were
averaged for 5 min periods for each recording session.

Drugs

The following investigational drugs were used: Apomorphine
(0.01 mg kg71, 0.5 mg kg71 s.c.; Sigma), quinpirole (0.01 mg
kg71, 0.5 mg kg71 i.p.; RBI), raclopride (2.5 mg kg71 s.c.;

RBI), haloperidol (1 mg kg71 i.p.; Sigma), moda®nil (150,
200 and 250 mg kg71 i.p.; gift of Laboratoires Lafon),
cirazoline (0.05 mg kg71 s.c.; RBI) RX 821002 (0.01 mg

kg71 s.c.; RBI), yohimbine (0.1 mg kg71 i.p.; Sigma),
UK 14304 (0.01, 0.05 and 0.1 mg kg71 s.c.; RBI), clonidine

(0.01, 0.025 and 0.05 mg kg71 i.p.; RBI), phenoxybenzamine
(0.64 mg kg71 s.c.; ICN) and prazosin (0.08, 0.16, 0.32 and
0.64 mg kg71 s.c.; Sigma). For the study of prazosin interac-

tions, prazosin (0.64 mg kg71 s.c.) was used with apomor-
phine (0.01, 0.1 and 0.5 mg kg71 s.c.), moda®nil (250 and
350 mg kg71 i.p.) and cirazoline (0.64, 1.25 and 2.5 mg
kg71 s.c.). These drugs were administered immediately after

prazosin.

Data analysis

The EEG spectral power from prefrontal cortex in the left and
right hemispheres were each averaged for 5 min periods for

each recording session. Except for apomorphine 0.01 mg kg71

which showed at this dose a rebound in 7 ± 13 Hz between 56 ±
165 min following its administration (Shvalo� et al., 1988),

spectral power of 33 successive 5 min periods (165 min) were
averaged. For apomorphine 0.01 mg kg71, we only averaged

Figure 2 E�ects of apomorphine, 0.01 mg kg71 s.c. (A), 0.5 mg kg71 (C); quinpirole 0.01 mg kg71 i.p. (B), 0.5 mg kg71 (D);
raclopride, 2.5 mg kg71 s.c. (E) and haloperidol, 1 mg kg71 i.p. (F) on EEG spectral power in the prefrontal cortex in conscious
rats. The abscissa represents the EEG spectral component between 1 and 30 Hz. The horizontal line at zero indicates no change.
The ordinate indicates the per cent change in the EEG power spectrum produced by drug administration, as a percentage of the
EEG spectrum obtained with vehicle administration 24 h earlier. The increases in EEG power may be taken as a synchronization of
EEG at the particular frequency and a decrease in power as a desynchronization. Because of local factors (electrode placement)
synchronization of the EEG change yields larger per cent changes than desynchronization. Vertical bars for each Hz show 95%
con®dence intervals (n=6).
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the ®rst 11 successive 5 min periods. The drug-induced changes
in EEG spectral power were calculated as the ratio of mean
spectral power obtained following the injection of drug versus

the mean spectral power obtained following administration of
vehicle:

variation of mean spectral power �%� �
EEG power following drug

EEG power following vehicle
� 100

This procedure therefore allows for the change in EEG power,
at each frequency, expressed as a per cent of the original
power, induced by a drug, compared with the control, in the
same animal. This ratio was calculated at each 5 min interval

after the beginning of recordings.

Statistical analysis

For each dose of drug, ratios describing the drug e�ects over
each 5 min period have been submitted to an analysis of

variance (ANOVA) with three main factors: cortical region,
time (®rst, second and third hour with 12 repetitions) and
animals. For some drugs where dose-dependency was

evaluated, a fourth main factor of dose was introduced. The
mean power change for each cortical region was calculated
from the number of rats and the time. The con®dence intervals
were calculated for an a risk less or equal to 0.05. This

con®dence interval corresponds to the vertical bars in every
Figure. P50.05 for each drug e�ect, regarding an increase or
decrease in power, was taken as being signi®cant.

Results

E�ects of dopaminergic agonists and antagonists

As shown in Figure 1B, there were no signi®cant changes in

EEG power between two recordings separated by 24 h when
the rats were administered vehicle.

Both apomorphine and quinpirole showed biphasic dose-
related e�ects on EEG spectral power, generally increasing
power at low doses (apomorphine 0.01 mg kg71, quinpirole

0.01 mg kg71) and decreasing power at higher doses (apo-
morphine 0.5 mg kg71, quinpirole 0.5 mg kg71). The low dose
of apomorphine induced a decreased power for a narrow band
(1 ± 3 Hz) and an increased power over 10 ± 30 Hz (Figure 2A).

At the low dose (Figure 2B), quinpirole decreased the EEG
power of 1 ± 3 Hz as well as 5 ± 7 Hz, and increased power over
a broad band (9 ± 18 Hz). At the high dose, both apomorphine

and quinpirole induced opposite e�ects on EEG spectral
power. With high doses of apomorphine, an increased EEG
power at 1 ± 5 Hz appeared which was associated with a

decreased EEG power over 7 ± 30 Hz (Figure 2C). The same
shape of spectral changes was observed with quinpirole, which
increased EEG power in 1 ± 5 Hz and decreased EEG power in

6 ± 30 Hz (Figure 2D).
Dopamine antagonists, raclopride or haloperidol, in-

creased EEG spectral power. Raclopride (2.5 mg kg71)
increased power in most frequencies except 1 ± 3, 7 ± 8 and

more than 22 Hz (Figure 2E). Haloperidol (1 mg kg71)
increased the EEG spectral power over almost all the
frequency range, with the maximum e�ect seen over 9 ±

14 Hz (Figure 2F).

E�ects of a1-adrenoceptor agonists and a2-adrenoceptor
antagonists

Moda®nil (250 mg kg71) decreased EEG power over the

frequencies 6 ± 18 Hz (Figure 3A) and the e�ect was weakly
dose-dependent (Figure 6D), but the dose-dependency was
signi®cant by ANOVA. The maximum e�ect was seen at
11 Hz. Cirazoline, an a1-adrenoceptor agonist, had a di�erent

in¯uence on the EEG power pro®le (Figure 3B). It induced a
decreased power at 3, 5 ± 6, 8 and 13 Hz and an increased
power at 1 ± 2 and 19 ± 30 Hz.

RX 821002 (0.01 mg kg71) or yohimbine (0.1 mg kg71)
each induced EEG changes characterized by a decrease of

Figure 3 E�ects of moda®nil 250 mg kg71 i.p. (A), cirazoline 0.05 mg kg71 s.c. (B), RX 821002 0.01 mg kg71 s.c. (C) and
yohimbine 0.1 mg kg71 i.p. (D) expressed as per cent change of EEG spectral power in the prefrontal cortex of conscious rats
(ordinate) at each frequency between 1 and 30 Hz (abscissa). Vertical bars represent 95% con®dence intervals.
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EEG power (Figure 3). The spectra of drug-induced change by
RX 821002 showed troughs of power at 1, 8, 15 and 23 Hz
(Figure 3C). As shown by Figure 3D, yohimbine decreased the

EEG power in all the frequencies except 3 Hz. The maximum
decrease in power was at 13 Hz.

E�ects of a1-noradrenergic antagonists and
a2-noradrenergic agonists

The a1-adrenoceptor antagonists, phenoxybenzamine

(0.64 mg kg71) and prazosin (0.32 mg kg71), increased the
power of the EEG. For phenoxybenzamine, this increase
was important and highly signi®cant from 8 ± 20 Hz with a

peak over the 9 ± 12 Hz band (Figure 4). Prazosin induced
highly signi®cant increases in power from 5 Hz whereas
phenoxybenzamine had only a slight e�ect on components

3 ± 5 Hz (Figure 4). The EEG spectra of moda®nil and
prazosin were the inverse of each other (Figure 5).

The changes of EEG spectral power related to the decrease
of noradrenergic transmission by UK 14304 and clonidine are

shown in Figure 4C,D, respectively. They were characterized
by a signi®cant increase in nearly all the frequency range from
1 ± 30 Hz, with a peak at 13 Hz. Clonidine (0.025 mg kg71)

increased the power of EEG spectra not only at fast
frequencies but also in slow frequency components. UK 14304
(0.05 mg kg71) did not increase the power over 1 ± 3 Hz

signi®cantly. The second di�erence between the two drugs
concerned the extent of increased power over the 14 ± 24 Hz
range which was more obvious after clonidine. The EEG

spectra evoked by clonidine, UK 14304 and prazosin

demonstrated dose-dependent relationships between dose and
EEG power (Figure 6).

Prazosin interactions

When cirazoline (0.64, 1.25 and 2.5 mg kg71 s.c.) or moda®nil
(250 and 350 mg kg71 i.p.) were co-administered with prazo-

sin (0.64 mg kg71 s.c.) (Figures 7 and 8), this resulted in a
signi®cant dose-dependent attenuation of EEG changes
induced by prazosin alone. In contrast, co-administration of

apomorphine (0.01, 0.1 and 0.5 mg kg71 s.c.) and prazosin
(Figure 9) tended to enhance the prazosin-induced EEG
e�ects. These opposite e�ects are clearly shown in Figure 10

where the averaged power changes from 8 ± 10 Hz have been
presented.

Discussion

The electroneurophysiological analysis of sleep has shown the

importance of di�erent ascending neurotransmitter systems.
Thus, thalamic and cortical neuronal activities are under the
control of cholinergic, serotoninergic, histaminergic, GABAer-

gic and noradrenergic modulatory systems (Steriade et al.,
1993a,b). Noradrenaline released from locus coeruleus neurons
acts in conjunction with acetylcholine released from the brain-

stem and basal forebrain during wakefulness (Steriade et al.,
1990b; 1993c). Neurophysiological evidence has con®rmed
that thalamic relay neurons display rhythmic bursts consisting

of oscillation in the frequency range of 0.5 ± 4 Hz and spindle

Figure 4 E�ects of phenoxybenzamine, 0.64 mg kg71 s.c. (A), prazosin, 0.32 mg kg71 s.c. (B), UK 14304, 0.05 mg kg71 s.c. (C)
and clonidine, 0.025 mg kg71 i.p. (D) expressed as per cent change of EEG spectral power in the prefrontal cortex of conscious rats
(ordinate) at each frequency between 1 and 30 Hz (abscissa). Vertical bars represent 95% con®dence intervals.
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oscillations in the frequency range 7 ± 14 Hz (Steriade et al.,
1993c) during slow-wave sleep. Noradrenergic neurons of the
locus coeruleus, conjointly with mesopontine cholinergic

neurons (Steriade et al., 1990a; 1993b; McCormick, 1992),
modulate thalamic neurons ®ring through a slow depolariza-
tion by blockade of a resting potassium conductance, shifting
from burst ®ring with synchronized sleep to a tonic discharge

pattern during wakefulness (Steriade et al., 1990b). Disruption
of spindle oscillations, which are compatible with the notion of

an ascending activating system, operate during EEG,
desynchronized behavioural states of wakefulness (Steriade et
al., 1990a). Activation of a1-adrenoceptors can result in

suppression of rhythmic burst ®ring in thalamic neurons and
thalamocortical systems, with consequent depolarization of
cortical neurons (McCormick, 1992; Steriade et al., 1993a,b),
through the reduction of specialized potassium conductances

(McCormick & Williamson, 1991). Stimulation of both
cholinergic and noradrenergic neurons block the slow cortical
oscillations (Steriade et al., 1993c).

Our studies have been conducted in conscious rats to
evaluate if such relationships can be described in the awakened
state. Transcortical bipolar electrodes were used to ascribe

EEG changes to speci®c cortical regions and to allow spatially
precise analysis of various pharmacological interventions. As
described in Methods, the ®rst exposed electrode was located

on the cerebral cortex surface and the second exposed site was
introduced through the cortex. Thus, the recorded EEG
re¯ects only the local electrical events.

A great number of neuronal structures, with a non-

tangential orientation relative to cortical surface must
exhibit synchronous electrical phenomena to create an
electrical potential di�erence of a few microvolts between

the electrodes. This explains why the observation of
rhythmic changes on EEG records is called synchronization
and inversely, the disappearance of such rhythms is called

desynchronization. For example, desynchronization classi-
cally occurs on opening the eyes when alpha activity is
blocked. EEG traces depict energy variations versus time

whereas power spectra used in this study describe the energy
repartition according to the frequency. Over short periods of
time (1 or 2 min), there is very good correspondence
between the appearance or disappearance of rhythmic

activities on EEG records and the change in power on the
central frequency on these rhythmic activities.

Figure 5 Simultaneous representation of prazosin (0.32 mg kg71

s.c.) and moda®nil (250 mg kg71 i.p.) e�ects expressed as per cent
change of EEG spectral power in the prefrontal cortex of conscious
rats (ordinate) at each frequency between 1 and 30 Hz (abscissa).
Vertical bars represent 95% con®dence intervals.

Figure 6 The relation between the changes of EEG spectral power in the prefrontal cortex and the doses of clonidine i.p. at 13 Hz
(A), UK 14304, s.c., at 13 Hz (B), prazosin, s.c., at 11 Hz (C) and moda®nil, i.p., at 11 Hz (D) in rats. The abscissa represents the
dosage. The ordinate indicates the percentage change produced by drug administration. Vertical bars show 95% con®dence
intervals, calculated at each dose.
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In many recent studies describing events related to

desynchronization as well as less likely events related to
synchronization, power changes calculated with fast Fourier
transformation have been used by many authors (Derambure

et al., 1993; Pfurtscheller, 1992; Pfurtscheller et al., 1997). Even
if a closer correlation could be observed between synchroniza-
tion on EEG recordings and the power distribution using
wavelet analysis, it can be assumed that there is a strong

relationship between EEG power calculated on one EEG
signal epoch and synchronization or desynchronization
observed during the same time. Thus, synchronization may

be taken as an increase in the power spectra in our studies and
desynchronization as a reduction.

Both apomorphine and quinpirole are dopaminergic

agonists and increase sleep and decrease wakefulness when
administered at a low dose (Creese et al., 1982; Monti et al.,
1989). However, they induce the opposite e�ects at high doses.

Thus, both drugs exerted biphasic e�ects on sleep and
wakefulness (Gaillard, 1990) as well as behaviour (Eilam &
Szechtman, 1989; MoÈ ller, 1987). The biphasic e�ects can also
be seen from the changes of EEG spectral power observed in

our experiments. Indeed, as a function of the dose, there were
opposite changes in EEG spectral power. Both drugs at low
doses decreased the EEG power at low frequency and

increased power at high frequencies. This kind of change may

be related to stimulation of presynaptic dopaminergic
autoreceptors and thus to a decrease of dopamine release

(MoÈ ller, 1987). Again, both drugs at high doses induced the
opposite change on EEG spectral power, characterized by an
increase in slow wave power (1 ± 5 Hz), and a decrease of fast

activities (6 ± 30 Hz). One possible mechanism is that stimula-
tion of post-synaptic receptors by high doses of these
dopamine agonists increases arousal, thereby leading to EEG
desynchronization.

The dopaminergic antagonists, raclopride and haloperidol,
which decreased dopaminergic transmission by blocking
dopaminergic D2 and D3 receptors, synchronized EEG

activities and resulted in an increase of the EEG spectral
power at the same frequencies as those modi®ed by low doses
of apomorphine or quinpirole.

In this study, we investigated the e�ects of a1- and a2-
adrenoceptor agonists and antagonists on cortical electric
activity in the prefrontal cortex of rats. The characteristics of
EEG spectral power caused by drugs which increased

noradrenergic transmission, as well as drugs which stimulate
directly post-synaptic receptors, was decreased power in the
frequency range 6 ± 18 Hz with a maximum at 11 Hz.

Yohimbine or RX 821002 each increase activity of locus

Figure 8 E�ects of co-administration of prazosin 0.64 mg kg71 s.c.
and cirazoline 0.64 mg kg71 s.c. (A), co-administration of prazosin
and cirazoline 1.25 mg kg71 s.c. (B) and co-administration of
prazosin and cirazoline 2.5 mg kg71 s.c. (C) expressed as per cent
change of EEG spectral power in the prefrontal cortex of conscious
rats (ordinate) at each frequency between 1 and 30 Hz (abscissa).
Vertical bars represent 95% con®dence intervals.

Figure 7 E�ects of prazosin alone 0.64 mg kg71 s.c. (A), co-
administration of prazosin and moda®nil 250 mg kg71 i.p. (B) and
co-administration of prazosin and moda®nil 350 mg kg71 i.p. (C)
expressed as per cent change of EEG spectral power in the prefrontal
cortex of conscious rats (ordinate) at each frequency between 1 and
30 Hz (abscissa). Vertical bars represent 95% con®dence intervals.
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coeruleus neurons (Timmermans et al., 1981; Gobert et al.,
1998) by a2-adrenoceptor antagonism. They can bring about

similar EEG changes to a1-adrenoceptor agonists as re¯ected
in a decreased EEG power. These results are in accordance
with those of Sarro et al. (1988). The EEG changes induced by

moda®nil were the opposite of those induced by prazosin and
moda®nil antagonized the e�ects of prazosin. The present data
con®rm the distinct pharmacology of moda®nil, which despite

being devoid of a�nity for known a1-adrenoceptors, mimics in
some respects the e�ects of a1-adrenoceptor agonists. Despite
the marked e�ects on noradrenergic function, the compound
has a very weak a�nity for the dopamine transporter (Mignot

et al., 1994), and although the drug does not increase

dopamine release in the striatum (De SeÂ reÂ ville et al., 1994),
moda®nil increases dopamine release from the nucleus

accumbens (Ferraro et al., 1996). Thus, despite having major
e�ects in the noradrenergic system, a weak e�ect on
dopaminergic systems cannot be ruled out.

The drugs decreasing noradrenergic transmission evoked
similar changes of EEG spectral power, and were characterized
by increased power over nearly all frequencies (1 ± 30 Hz). The

shape of EEG spectral power was di�erent between the a1-
adrenoceptor antagonists and a2-adrenoceptor agonists. These
phenomena may be related to the di�erent mechanism by
which they mediate noradrenergic transmission. In comparison

with phenoxybenzamine or prazosin, the peak increase in
power of EEG spectra evoked by the a2-adrenoceptor agonists,
UK 14304 and clonidine, was maximum at 13 Hz. The

presynaptic e�ects of a2-adrenoceptor agonists (Kobinger,
1984; Aghajanian & Wang, 1987) result in inhibition of the
rate of ®ring of central noradrenergic neurons (Aghajanian &

Wang, 1987). The hyperpolarization of the locus coeruleus, by
increasing potassium conductance (Funke et al., 1993), may
elicit an increased degree of EEG synchronization (Steriade &
Contreras, 1995).

Although we explored the possible mechanism of changes of
EEG spectral power produced by dopaminergic agonists and
antagonists, a1- and a2-adrenoceptor agonists and antagonists

respectively, it must be emphasized that global EEG activity
re¯ects a variety of oscillations generated in the thalamus and
cerebral cortex (Bradshaw et al., 1983; Gaillard, 1990; Steriade

et al., 1993c). Furthermore, some neurons synthesize and
release more than one transmitter and many interactions have
been demonstrated between the noradrenergic and dopami-

nergic system (Gaillard, 1990; Gobert et al., 1998). Conse-
quently, the precise changes in EEG following the
administration of noradrenergic, dopaminergic agonists and
antagonists are complex to interpret. When agonists and

antagonists of the same receptor type were co-administered, a
dose-dependent EEG interaction can be described. This was
the case for the co-administration of prazosin and cirazoline.

The integrative value of EEG analysis was underlined by the
observation of a dose-dependent interaction between prazosin
and moda®nil, a drug without signi®cant binding to a1-
adrenoceptors, but where the behavioural e�ects were dose-

Figure 9 E�ects of co-administration of prazosin 0.64 mg kg71 s.c.
and apomorphine 0.01 mg kg71 s.c. (A), co-administration of
prazosin and apomorphine 0.1 mg kg71 s.c. (B) and co-administra-
tion of prazosin and apomorphine 0.5 mg kg71 s.c. (C) expressed as
per cent change of EEG spectral power in the prefrontal cortex of
conscious rats (ordinate) at each frequency between 1 and 30 Hz
(abscissa). Vertical bars represent 95% con®dence intervals.

Figure 10 Averaged per cent EEG power changes and their 95%
con®dence interval for the 8 ± 10 Hz frequences after prazosin alone
(PRZ 0.64 mg kg71 s.c.) and di�erent coadministered drugs: mod-
a®nil (MO, 250 and 350 mg kg71 i.p.), apomorphine (AP, 0.01, 0.1,
0.5 mg kg71 s.c.) and cirazoline (CI, 0.64, 1.25, 2.5 mg kg71, s.c.).
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dependently antagonized by prazosin. Again, the complex
pattern of EEG interactions observed when apomorphine and
prazosin were co-administered agree with the results published

by Tassin et al. (1992) using unitary extracellular recording.
Nevertheless, comparing the drug-induced changes of EEG

spectral power, we conclude that a decrease of dopaminergic
or noradrenergic transmission induces an increase of EEG

spectral power. Drugs modulating central neurotransmitters
by di�erent mechanisms have substantially di�erent EEG

power spectra, despite generating apparently similar pharma-
cological e�ects. Thus, analysis of EEG spectral power in
conscious rats may provide a link to the de®nition of a

pharmacological pro®le, which we are correlating with clinical
studies on EEG.

We thank Florence Lacroix for expert secretarial assistance.

References

AGHAJANIAN, G.K. & WANG, Y.Y. (1987). Common a2 and opiate
e�ector mechanisms in the locus coeruleus: intracellular studies
in brain slices. Neuropharmacol., 26, 793 ± 799.

AKAOKA, H., ROUSSEL, B., LIN, J.S., COUVET, G. & JOUVET, M.

(1991). E�ect of moda®nil and amphetamine on the rat
catecholaminergic neuron activity. Neurosc. Lett., 123, 20 ± 22.

BASTUJI, H.T. & JOUVET, M. (1988). Successful treatment of
idiopathic insomnia and narcolepsy with moda®nil. Progr.
Neurophychopharmacol. Biol. Psychiat., 12, 695 ± 700.

BESSET, A., TAFTI, M., VILLEMIN, E. & BILLIARD, M. (1993). E�ets
du moda®nil (300 mg) sur le sommeil, la somnolence et la
vigilance du narcoleptique. Neurophysiol. Clin., 23, 47 ± 60.

BILLIARD, M., BESSET, A., MONTPLAISIR, J., LAFFONT, F.,

GOOLDENBERG, F., WEIL, J.S. & LUBIN, S. (1994). Moda®nil: a
double blind multicentric study. Sleep, 17, S107 ± S112.

BILLIARD, M. & CARLANDER, B. (1998). Troubles de l'eÂ veil:
premieÁ re partie (troubles primaires de l'eÂ veil). Rev. Neurol.,
154, 111 ± 129.

BLANC, G., TROVERO, F., VEZINA, P., HERVE, D., GODEHEU, A.M.,

GLOWINSKI, J. & TASSIN, J.P. (1994). Blockade of prefronto-
cortical a1-adrenergic receptors prevents locomotor hyperactivity
induced by subcortical D-amphetamine injection. Eur. J.
Neuroscience, 6, 293 ± 298.

BOIVIN, D.B., MONTPLAISIR, J., PETIT, D., LAMBERT, C. & LUBIN,

S. (1993). E�ects of moda®nil on symptomatology of human
narcolepsy. Clin. Neuropharmacol., 16, 46 ± 53.

BRADSHAW, C.M., PUN, R.Y.K., SLATER, N.T., STOKER, M.J. &

SZABADI, E. (1983). Di�erential antagonistic e�ects of haloper-
idol on excitatory responses of cortical neurones to phenylephr-
ine, noradrenaline and dopamine. Neuropharmacol., 22, 945 ±
952.

CREESE, L., MORROW, A.L., STUART, E.L., SIBLEY, D.R. &

HAMBLIN, M.W. (1982). Dopamine receptors in the central
nervous system. Int. Rev. Neurobiol., 23, 255 ± 264.

DERAMBURE, P., DEFEBVRE, L., DUJARDIN, K., BOURRIEZ, J.L.,

JACQUESSON, J.M., DESTEE, A. & GUIEU, J.D. (1993). E�ect of
ageing on the spatio-temporal pattern of event-related desyn-
chronization during a voluntary movement. Electroenceph. Clin.
Neurophysiol., 89, 197 ± 203.

DE SEREVILLE, J.E., BOER, C., RAMBERT, F.A. & DUTEIL, J. (1994).
Lack of pre-synaptic dopaminergic involvement in moda®nil
activity in anaesthetized mice: in vivo voltammetry studies.
Neuropahrmacoloy, 33, 755 ± 761.

DUTEIL, J., RAMBERT, F.A., PESSONNIER, J., HERMANT, J.F.,

GOMBERT, R. & ASSOUS, E. (1990). Central a1 adrenergic
stimulation in relation to behaviour stimulating e�ect of
moda®nil; studies with experimental animals. Eur. J. Pharmacol.,
180, 49 ± 58.

EILAM, D. & SZECHTMAN, H. (1989). Biphasic e�ect of D2 agonist
quinpirole on locomotion and movements. Eur. J. Pharmacol.,
161, 151 ± 157.

FERRARO, L., TANGANELLI, S., O'CONNOR, W.T., ANTONELLI, T.,

TAMBERT, F. & FUXE, K. (1996). The vigilance promoting drug
moda®nil increases dopamine release in the rat nucleus
accumbens via the involvement of a local GABAergic mechan-
ism. Eur. J. Pharmacol., 306, 33 ± 39.

FUNKE, K., PAPE, H.C. & EYSEL, U.T. (1993). Noradrenergic
modulation of retinogeniculate transmission in the cat. J.
Physiol., 463, 169 ± 191.

GAILLARD, J.M. (1990). Neurotransmitters and sleep pharmacol-
ogy. In: Handbook of sleep disorders. ed. Thorpy M.J. pp. 55 ± 76.
New York: Marcel Dekker.

GEVINS, A., CUTILLO, B. & SMITH, M.E. (1995). Regional
modulation of high resolution evoked potentials during verbal
and non-verbal matching tasks. Electroenceph. Clin. Neurophy-
siol., 94, 129 ± 147.

GOBERT, A., RIVET, J.M., AUDINOT, V., NEWMAN-TANCREDI, A.,

CISTARELLI, L. & MILLAN, M.J. (1998). Simultaneous quanti®-
cation of serotonin, dopamine and noradrenaline levels in single
frontal cortex dialyses of freely-moving rats reveals a complex
pattern of reciprocal auto-and heteroreceptor-mediated control
of release. Neurosci., 84, 413 ± 429.

GUILLEMINAULT, C., STOOHS, R. & CLERK, A. (1993). Daytime
somnolence: therapeutic approaches. Neurophysiol. Clin., 23,
23 ± 33.

HERMANN, W.M., SCHARER, E., WENDT, G. & DELINI-STULA, A.

(1991). Pharmaco-EEG pro®le of levoprotiline: second example
to discuss the predictive value of pharmaco-electroencephalo-
graphy in early human pharmacological evaluations of psy-
choactive drugs. Pharmacopsychiatry, 24, 214 ± 224.

HERMANT, J.F., RAMBERT, F.A. & DUTEIL, J. (1991). Awakening
properties of moda®nil: e�ect on nocturnal activity in monkeys
(Macaca mulatta) after acute and repeated administration.
Psychopharmacology, 103, 28 ± 32.

INUI, K., SANNEN, H., OTA, H., NOMURA, S., KAIGE, H.,

KITAYAMA, I. & NOMURA, J. (1998). EEG ®ndings in diabetic
patients with and without diabetic retinopathy. Ann. Neurol.
Scand., 97, 107 ± 109.

JOUVET, M., ALBAREDE, J.L., LUBIN, S. & MEYRIGNAC, C. (1991).
Noradrenaline and cerebral aging. Encephale, 17, 187 ± 195.

KALAYAM, B., ALEXOPOULOS, G.S., KINDERMANN, S., KAKUMA,

T., BROWN, G.G. & YOUNG, R.C. (1998). P300 latency in geriatric
depression. Am. J. Psychiatry, 155, 425 ± 427.

KOBINGER, W. (1984). New concepts on a adrenoceptors in
pharmacology. J. Pharmacol., 15, 5 ± 22.

LAGARDE, D. & MILHAUD, C. (1990). Electroencephalographic
e�ects of moda®nil, an a1 adrenergic psychostimulant, on the
sleep of rhesus monkeys. Sleep, 13, 441 ± 448.

LIN, J.S., ROUSSEL, B., AKAOKA, H., FORT, P., DEBILLY, G. &

JOUVET, M. (1992). Role of catecholamines in the moda®nil and
amphetamine induced wakefulness, a comparative pharmacolo-
gical study in the cat. Brain Res., 591, 319 ± 326.

LYONS, T.J. & FRENCH, J. (1991). Moda®nil: the unique properties
of a new stimulant. Aviat. Space Environ. Med., 62, 432 ± 435.

MCCORMICK, D.A. (1992). Cellular mechanisms underlying choli-
nergic and noradrenergic modulation of neuronal ®ring mode in
the cat and guinea pig dorsal lateral geniculate nucleus. J.
Neurosci., 12, 278 ± 289.

MCCORMICK, D.A. & WILLIAMSON, A. (1991). Modulation of
neuronal ®ring mode in cat and guinea pig LGND by histamine:
possible cellular mechanisms of histaminergic control of arousal.
J. Neurosci., 11, 3188 ± 3199.

MIGNOT, E., GUILLEMINAULT, C., BOWERSOX, S., RAPPAPORT, A.

& DEMENT, W.C. (1988a). E�ect of alpha-1 adrenoceptor
blockade with prazosin in canine narcolepsy. Brain Res., 444,
184 ± 188.

MIGNOT, E., GUILLEMINAULT, C., BOWERSOX, S., RAPPAPORT, A.

& DEMENT, W.C. (1988b). Role of central alpha-1 adrenoceptors
in canine narcolepsy. J. Clin. Invest., 82, 885 ± 894.

MIGNOT, E., NISHIMO, S., GUILLEMINAULT, C. & DEMENT, W.C.

(1994). Moda®nil binds to the dopamine uptake carrier with low
a�nity. Sleep, 17, 436 ± 437.

EEG changes in prefrontal cortex 1053C. Sebban et al



MILLAN, M.J., SCHREIBER, R., DEKEYNE, A., RIVET, J.M.,

BERVOETS, K., MAVRIDIS, M., SEBBAN, C., MAUREL-REMY,

S., NEWMAN-TANCREDI, A., SPEDDING, M., MULLER, O.,

LAVIELLE, G. & BROCCO, M. (1998). S 16924 ((+)-2-{1-[2-(2,3-
dihydro-benzo[1,4] dioxin-5-yloxy)-ethyl]-pyrrolidin-3yl}-1-(4-
¯uoro-phenyl)-ethanone), a novel, potential antipsychotic with
marked serotonin (5-HT)1A agonist properties: functional pro®le
in comparison to clozapine and haloperidol. J. Pharmacol. Exp.
Ther., 286, 1356 ± 1373.

MIYAUCHI, T., HAGIMOTO, H., ISHII, M., ENDO, S., TANAKA, K.,

KAJIWARA, S., ENDO, K., KAJIWARA, A. & KOSAKA, K. (1994).
Quantitative EEG in patients with presenile and senile dementia
of the Alzheimer type. Acta Neurol. Scand., 89, 56 ± 64.

MOÈ LLER, H.G. (1987). Conditioning of pre- and post-synaptic
behavioural responses to the dopamine receptor agonist
apomorphine in rats. Psychopharmacol., 91, 50 ± 55.

MONTI, J.M., JANTOS, H. & FERNANDEZ, M. (1989). E�ects of the
selective dopamine D2 receptor agonist, quinpirole on sleep and
wakefulness in the rat. Eur. J. Pharmacol., 169, 61 ± 66.

PARTANEN, J., SOININEN, H., HELKALA, E.-L., KONONEN, M.,

KILPELAINEN, R. & RIEKKINEN, P. (1997). Relationship
between EEG reactivity and neuropsychological tests in vascular
dementia. J. Neural. Trans., 104, 905 ± 912.

PFURTSCHELLER, G. (1992). Event-related synchronisation (ERS):
an electrophysiological correlate of cortical areas at rest.
Electroencephal. Clin. Neurophysiol., 83, 62 ± 69.

PFURTSCHELLER, G., NEUPER, C., FLOTZINGER, D. & PREGEN-

ZER, M. (1997). EEG-based discrimination between imagination
of right and left movement. Electroencephal. Clin. Neurophysiol.,
103, 642 ± 651.

PIERIBONE, V.A., NICHOLAS, A.P., DAGERLIND, A. & HOKFELT, T.

(1994). Distribution of a1 adrenoceptors in rat brain revealed by
in situ hybridization experiments utilizing subtype-speci®c
probes. J. Neurosci., 14, 4252 ± 4268.

POSNER, M.I. (1997). Neuroimaging of cognitive processes. Cognit.
Psychol., 33, 2 ± 4.

RAMBERT, F.A., PESSONNIER, J. & DUTEIL, J. (1990). Moda®nil-,
amphetamine- and methylphenidate-induced hyperactivities in
mice involve di�erent mechanisms. Eur. J. Pharmacol., 183, 455 ±
456.

RUGG, M.D., MARK, R.E., WALLA, P. & SCHLOERSCHEIDT, A.M.

(1998). Dissociation of the neural correlates of implicit and
explicit memory. Nature, 392, 595 ± 598.

SARNTHEIN, J., PETSCHE, H., RAPPELSBERGER, P., SHAW, G.L. &

VON STEIN, A. (1998). Synchronization between prefontal and
posterior association cortex during human working memory.
Proc. Natl. Acad. Sci. U.S.A., 95, 7092 ± 7096.

SARRO, G.B., BAGETTA, G., ASCIOTI, C., LIBRI, V. & NISTICO, G.

(1988). Microinfusion of clonidine and yohimbine into locus
coeruleus alters EEG power spectrum: e�ects of aging and
reversal by phosphatidylserine. Br. J. Pharmacol., 95, 1278 ±
1286.

SEBBAN, C., TESOLIN, B., SHVALOFF, A., LE ROCH, K. &

BERTHAUX, P. (1987). Age-related variation of EEG responses
to clonidine, prazosin and yohimbine in rats. Med. Biol., 65,
255 ± 260.

SHVALOFF, A., TESOLIN, B. & SEBBAN, C. (1988). E�ects of
apomorphine in quanti®ed electroencephalography in the frontal
cortex: changes with dose and time. Neuropharmacol., 27, 1313 ±
1317.

SIMON, P., PANISSAUD, C. & COSTENTIN, J. (1994). The stimulant
e�ect of moda®nil on wakefulness is not associated with an
increase in anxiety in mice; a comparison with dexamphetamine.
Psychopharmacol., 114, 597 ± 600.

STERIADE, M., AMZICA, F. & NUNEZ, A. (1993a). Cholinergic and
noradrenergic modulation of the slow (&0.3 Hz) oscillation in
neocortical cells. J. Neurophysiol., 70, 1385 ± 1400.

STERIADE, M. & CONTRERAS, D. (1995). Relations between cortical
and thalamic cellular events during transition from sleep patterns
to paroxysmal activity. J. Neurosci., 15, 623 ± 642.

STERIADE, M., DATTA, S., PARE, D., OAKSON, G. & DOSSI, R.C.

(1990a). Neuronal activities in brain-stem cholinergic nuclei
related to tonic activation processes in thalamocortical systems.
J. Neurosci., 10, 2541 ± 2559.

STERIADE, M., DOSSI, R.C., PARE, D. & OAKSON, G. (1991). Fast
oscillation (20 ± 40 Hz) in thalamocortical system and their
potentiation by mesopontine cholinergic nuclei in the cat.
Neurobiol., 88, 4396 ± 4400.

STERIADE, M., GLOUR, P., LLINS, R.R., SILVA, F.H.L. & MESULAM,

M.M. (1990b). Basic mechanism of cerebral rhythmic activities.
Electroencephalogr. Clin. Neurophysiol., 76, 481 ± 508.

STERIADE, M., MCCORMICK, D.A. & SEJNOWSKI, T.T. (1993b).
Thalamocortical oscillations in the sleeping and arousal brain.
Science, 262, 679 ± 685.

STERIADE, M., NUNEZ, A. & AMZICA, F. (1993c). Intracellular
analysis of relations between the slow (51 Hz) neocortical
oscillation and other sleep rhythms of the electroencephalogram.
J. Neurosci., 13, 3266 ± 3283.

TASSIN, J.P., TROVERO, F., HERVE, D., BLANC, G. & GLOWINSKI, J.

(1992). Biochemical and behavioural consequences of interac-
tions between dopaminergic and noradrenergic systems in rat
prefrontal cortex. Neurochem. Int., 20, 225S ± 230S.

THASE, M.E., FASICZKA, A.L., BERMAN, S.R., SIMONS, A.D. &

REYNOLDS, III, C.F. (1998). Electroencephalographic sleep
pro®les before and after cognitive behavior therapy of depres-
sion. Arch. Gen. Psychiatry, 55, 138 ± 144.

TIMMERMANS, P.B.M.W.M., SCHOOP, A.M.C., KWA, H.Y. & VAN

ZWIETEN, P.A. (1981). Characterization of a-adrenoceptors
participating in the central hypotensive and sedative e�ects of
clonidine using yohimbine, rauwolscine and corynanthine. Eur.
J. Pharmacol., 70, 7 ± 15.

UNGERLEIDER, L.G. (1995). Functional brain imaging studies of
cortical mechanisms for memory. Science, 270, 769 ± 775.

WHARTON, C.M. & GRAFMAN, J. (1998). Deductive reasoning and
the brain. Trends Cog. Sci., 2, 54 ± 59.

(Received December 3, 1998
Revised August 18, 1999

Accepted August 24, 1999)

EEG changes in prefrontal cortex1054 C. Sebban et al


