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of a Selective Antagonist on EEG
Power Spectra
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Françoise Cattelin, M.D., Peter Achermann, Ph.D., and Alexander A. Borbély, M.D.

 

To investigate the effect on the sleep EEG, a 1-mg oral dose 

 

of SR 46349B, a novel 5-HT

 

2

 

 antagonist, was administered 
three hours before bedtime. The drug enhanced slow wave 
sleep (SWS) and reduced stage 2 without affecting 
subjective sleep quality. In nonREM sleep (NREMS) EEG 
slow-wave activity (SWA; power within 0.75–4.5 Hz) was 
increased and spindle frequency activity (SFA; power 
within 12.25–15 Hz) was decreased. The relative NREMS 
power spectrum showed a bimodal pattern with the main 
peak at 1.5 Hz and a secondary peak at 6 Hz. A regional 

analysis based on bipolar derivations along the antero-

 

posterior axis revealed significant ‘treatment’ 

 

3

 

 
‘derivation’ interactions within the 9–16 Hz range. In 
enhancing SWA and attenuating SFA, the 5-HT

 

2

 

 receptor 
antagonist mimicked the effect of sleep deprivation, whereas 
the pattern of the NREMS spectrum differed. 

 

[Neuropsychopharmacology 21:455–466, 1999]
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The pivotal role of serotonin (5-hydroxytryptamine,
5-HT) in sleep regulation has been the mainstay of the
monoamine theory of sleep (Jouvet 1972). Although the
views about the functions of this neurotransmitter have
evolved, there is little doubt about its involvement in
sleep mechanisms (McCormick 1992). Serotonergic neu-
rons of the nucleus raphe dorsalis are most active dur-
ing wakefulness and have been proposed to participate
in the build-up of sleep propensity (Adrien 1995). Ani-

mal studies revealed that these neurons decrease firing
upon transition from wakefulness to nonREM sleep
(NREMS), and become quiescent during REM sleep
(REMS). Thus, deactivation of the serotonergic system
may facilitate the production of NREMS and REMS
(Adrien 1995). One of the complexities in accounting for
the actions of 5-HT is the large number of different re-
ceptors and receptor subtypes. 5-HT receptors are clas-
sified into four distinct classes, comprising seven fully
characterized functional receptor subtypes and several
recombinant receptors (Hoyer and Martin 1996). While

 

the involvement of three main classes (i.e., 5-HT

 

1

 

, 5-HT

 

2

 

,
and 5-HT

 

3

 

 receptors) in the regulation of sleep and
wakefulness has been studied, it is the postsynaptic
5-HT

 

1A

 

 receptor that seems to mediate the inhibition of
REMS and the promotion of wakefulness, whereas acti-
vation of the 5-HT

 

2

 

 receptor may exert a tonic inhibition
of slow wave sleep (SWS) (see Adrien 1995 for review).
In relation to sleep homeostasis, the latter is of particu-
lar interest because 5-HT

 

2

 

 antagonists were shown to
increase the amount of SWS and to enhance EEG slow-
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wave activity (SWA; power within 0.75–4.5 Hz) in hu-
mans and animals (Idzikowski et al. 1986; Borbély et al.
1988; Dijk et al. 1989). The 5-HT

 

2

 

 receptor family is sub-
divided into three specific subtypes (i.e., 5-HT

 

2A

 

, 5-HT

 

2B

 

,
and 5-HT

 

2C

 

 receptors) (Humphrey et al. 1993). Whereas
it is not clear whether 5-HT

 

2B

 

 binding sites are present
in the human brain, the 5-HT

 

2A

 

 subtype may be identi-
cal with the classical 5-HT

 

2

 

 receptor. However, 5-HT

 

2C

 

receptors have been proposed to play a more important
role in the regulation of SWS than 5-HT

 

2A

 

 receptors
(Sharpley et al. 1994).

SWA represents a physiological marker of the ho-
meostatic facet of sleep regulation (Borbély and Tononi
1998). It shows typically a declining trend across suc-
cessive NREMS episodes and has been considered to be
an indicator of NREMS intensity. Sleep loss enhances
SWA and daytime sleep attenuates it (Borbély et al.
1981; Aeschbach et al. 1996; Werth et al. 1996). During
the transition from waking to sleep, the activity of the
ascending monoaminergic reticular pathways is pro-
gressively reduced which leads to a hyperpolarization
of thalamocortical neurons (McCormick and Bal 1997).
A moderate hyperpolarization results in fluctuations of
the membrane potential in the frequency range of sleep
spindles, whereas a strong hyperpolarization gives rise
to fluctuations in the slow-wave range (Steriade et al.
1993, 1994). These changes at the cellular level are mir-
rored by the sleep EEG, which exhibits sleep spindles in
stage 2 of NREMS and slow waves during deep
NREMS (i.e., stages 3 and 4). Application of 5-HT to
thalamocortical neurons may block rhythmic burst fir-
ing and suppress slow synchronized oscillations (Mc-
Cormick 1992). Animal studies suggest that these ef-
fects are mediated via 5-HT

 

2

 

 receptors (McCormick and
Wang 1991; Bobker 1994).

It was shown repeatedly that the physiological en-
hancement of “sleep pressure” by sleep deprivation en-
hances power density in the entire delta and theta fre-
quency range (

 

z

 

0.5-10 Hz), whereas power in the
frequency band of sleep spindles (12-15.0 Hz) is re-
duced (Borbély et al. 1981; Dijk et al. 1990, 1993; Aesch-
bach et al. 1996). Both SWA and spindle frequency ac-
tivity (SFA, power within 12.25-15.0 Hz) were shown to
rise more rapidly than in baseline in the beginning of
recovery sleep (Dijk et al. 1990; Aeschbach et al. 1996).
Recent studies demonstrated that these EEG changes
reflecting sleep regulatory mechanisms show distinct
regional differences. Thus in the first two sleep cycles,
SWA recorded from frontal derivations was more
prominent than SWA from more posterior derivations,
a difference that vanished in the later sleep cycles
(Werth et al. 1997). The possibility that restorative pro-
cesses of NREMS are most intense over the frontal cor-
tex is also supported by a sleep deprivation experiment
(Werth et al. 1998). These observations prompted us to
perform a topographical analysis in the present study

and to see whether interference with the serotonergic
system has specific regional effects.

The development of specific 5-HT

 

2

 

 receptor antago-
nists provided new tools to investigate the role of the
serotonergic system in sleep regulation. SR 46349B is a
novel, potent and selective 5-HT

 

2A

 

 receptor antagonist
in rodents (Rinaldi-Carmona et al. 1992). It was admin-
istered to healthy young subjects to investigate its ef-
fects on the sleep EEG and to compare them with the
changes that had been previously observed after sleep
deprivation. The main question addressed in the
present study was whether this 5-HT

 

2

 

 antagonist mim-
ics the effects of physiological sleep intensification. In
view of the close association between body temperature
and sleep regulation, and the involvement of central
5-HT

 

2

 

 receptors in thermoregulation (Schwartz et al.
1995), rectal temperature was measured during all
sleep episodes.

 

METHODS

Subjects and study protocol

 

Male volunteers from the student populations of the
University of Zürich and the Swiss Federal Institute of
Technology were recruited for participation in this
study. After a telephone screening, they were invited to
the sleep laboratory to complete a questionnaire on
subjective sleep quality, current sleep-wake habits,
medical history, and the use of caffeine and ethanol.
They all reported being good sleepers, being in good
health and were not taking any medication or consum-
ing any illicit drugs. They underwent a physical exami-
nation including routine screening laboratory tests of
blood and urine. They were asked to keep a sleep-, caf-
feine-, and ethanol-log during one week. Subsequently,
the subjects were screened by polysomnography in the
sleep laboratory to exclude sleep disturbances such as
sleep apnea and nocturnal myoclonus. Written in-
formed consent was obtained prior to the screening
night. Subjects with sleep apnea, a nocturnal myoclo-
nus-index of ten or more per hour of sleep, and a sleep-
efficiency of less than 70% were excluded. Ten healthy,
right-handed men with a mean age of 22.0 

 

6

 

 0.3 (SEM)
years (range: 20–25 years) and a mean body-mass index
(BMI) of 21.5 

 

6

 

 1.2 (SEM) kg/m

 

2

 

 (range: 19.7–24.1 kg/
m

 

2

 

) were selected and paid for participation. Their dia-
ries and questionnaires revealed regular time in bed be-
tween approximately 2300 and 0700 hrs and no subjec-
tive sleep disturbances. All subjects were nonsmokers
and reported a consumption of less than eight alcoholic
drinks per week, and less than three caffeine-containing
beverages (coffee, tea, cola drinks) per day. At least
three days prior to each sleep recording and during the
experiment, the subjects were asked to abstain from
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ethanol and caffeine. During the pre-study week, they
also were instructed to keep a regular sleep-wake cycle
with sleep scheduled from 2300 to 0700 hrs. Compli-
ance with these instructions was verified on the basis of
records from activity monitors worn on the wrist of the
non-dominant arm as well as by determination of the
breath-ethanol concentration and the level of caffeine in
saliva upon arrival in the sleep laboratory (at approxi-
mately 1930 hrs). Breath-ethanol concentrations were
measured with a Lion Alcometer S-D2 (Lion Laborato-
ries plc., Barry, Wales, UK). Saliva samples were stored
at 

 

2

 

20

 

8

 

C and later assayed for caffeine with an EMIT

 

®

 

-
Caffeine Test (Syva Company, Palo Alto, CA). The caf-
feine level in the subjects’ saliva was invariably below
the limit of detection (1.0 

 

m

 

mol/l) and no ethanol in
their breath was detected.

The study protocol was approved by the local ethical
committee for research on human subjects and con-
sisted of two sessions of two consecutive nights. On
each session, an adaptation night was followed by an
experimental night. Subjects slept in the completely
dark and sound attenuated bedrooms of the sleep labo-
ratory from 2300 to 0700 hrs. At 2000 hrs prior to the
scheduled experimental nights they received a tablet
which either contained 1 mg SR46349B or placebo
(manufacturer: SANOFI Recherche, Montpellier Cédex
4, France). Thus, a single oral dose of SR 46349B was ad-
ministered to each subject according to a randomized,
placebo-controlled, double-blind, cross-over design. A
1-mg dose was chosen on the basis of previous, unpub-
lished dose-response studies.

Fifteen minutes after awakening, subjective sleep
quality (estimated sleep latency, perceived number of
awakenings, estimated wake duration after sleep onset,
sound vs. fragmented sleep, and superficial vs. deep
sleep) and self-rated state (recuperated vs. tired, bad
mood vs. good mood, lack of energy vs. full of energy,
tense vs. relaxed, and unable to concentrate vs. able
to concentrate) were assessed by a questionnaire and
100-mm on some live visual analogue scales.

 

Polygraphic recordings, heart rate and core
body temperature

 

The electroencephalogram (EEG), electrooculogram
(EOG), submental electromyogram (EMG), electrocar-
diogram (ECG), and rectal temperature were recorded
by a polygraphic amplifier (PSA24, Braintronics Inc.,
Almere, The Netherlands), digitized, and transmitted
via fiber-optic cables to a personal computer. EEG elec-
trodes were placed at the locations F3, F4, C4, P3, P4,
O1, O2, Cz, and A2, and referenced against C3. EEG,
EOG, and EMG signals were conditioned by the follow-
ing analogue filters: a high-pass filter (

 

2

 

3 dB at 0.16
Hz), a low-pass filter (

 

2

 

3 dB at 102 Hz, 

 

,

 

 

 

2

 

40 dB at 256

Hz), and a notch filter (50 Hz). Data were sampled with
a frequency of 512 Hz, digitally filtered (EEG: low-pass
FIR filter, 

 

2

 

3 dB at 49 Hz; EMG: band-pass FIR filter,

 

2

 

3 dB at 15.6 and 54 Hz), and stored on hard-disk with
a resolution of 128 Hz. Subsequently, power spectra for
consecutive 4-s epochs, weighted by application of a
10% cosine window, were computed by a Fast-Fourier
transform routine, resulting in a frequency resolution of
0.25 Hz. Values above 25 Hz were omitted. Sleep stages
were visually scored from the records of the C3A2 deri-
vation for consecutive 20-s epochs according to the cri-
teria of Rechtschaffen and Kales (1968). Power spectra
of five consecutive 4-s epochs were averaged and
matched with the sleep scores. Four-s epochs with ar-
tifacts were identified and eliminated. Consecutive
NREM-REMS cycles were defined according to modi-
fied criteria of Feinberg and Floyd (1979). NREMS epi-
sodes starting with stage 2 and containing at least 15
minutes of the stages 2, 3 and 4 were succeeded by
REMS episodes of at least 5 minutes duration. For the
completion of the first cycle no minimal criterion for the
REMS duration was applied. With the exception of two
sleep episodes, at least four NREM-REMS cycles were
completed in all experimental nights.

Regional differences were investigated by compar-
ing the spectra of the bipolar derivations along the an-
tero-posterior axis. Due to artifacts, the data of two subjects
had to be excluded from the topographical analyses.

One value of heart rate (beats per minute, as calcu-
lated from the mean time interval between consecutive
R-waves) and one value of core body temperature were
stored every 20 sec. Due to technical problems the tem-
perature data of two subjects were lost.

 

Statistics

 

For statistical analyses the SAS General Linear Model
procedure (SAS Institute Inc., Cary, NC) with Green-
house-Geisser correction was used (if a factor had more
than two levels). Visually scored sleep variables, EEG
power spectra in NREMS and REMS, the time course
and evolution of SWA and in the first four NREMS epi-
sodes, and regional differences of EEG spectra were an-
alyzed. Significant effects of the treatment and differ-
ences between bipolar derivations were assessed using
one-, two-, and three-way analyses of variance for re-
peated measures (rANOVA). Statistical models in-
cluded terms for the between factor ‘sequence’ and
multiple within factors as described in the Results sec-
tion. The significance level was set at p

 

,

 

0.05. To ap-
proximate the normal distribution, values of sleep la-
tency, REMS latency, absolute power densities and
ratios of power densities between derivations were log-
transformed prior to statistical tests.
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RESULTS

Sleep variables derived from visual scoring and 
subjective sleep quality

 

The major change induced by the drug consisted of the
large increase of SWS as well as its constituent stages 3
and 4 (Table 1 and Table 2). While the enhancement of
SWS reached the highest level in the second NREMS
episode, it was increased in each of the first three epi-
sodes. In contrast, stage 2 was reduced in the second
NREMS episode. Waking after sleep onset and the com-
bined arousal variable (wakefulness 

 

1

 

 movement time

 

1

 

 stage 1) did not differ significantly from the placebo
level, but movement time was reduced. There was no
significant difference in the all-night duration of REMS.
However, when expressed as a percentage of total sleep
time, REMS was decreased (Table 2). The duration of
the second and the third NREMS episodes were pro-
longed (Table 1).

No significant differences between the placebo and
treatment nights were observed for sleep episode, total

sleep time, sleep efficiency, latency to stage 1, latency to
stage 2, and REMS latency (Table 2).

State variables in the morning, and subjective sleep
quality did not differ significantly between the treatments.

 

EEG power spectra

 

Figure 1 is a composite representation of the sleep stage
profiles and EEG SWA from a subject after placebo (up-
per panel) and drug treatment (lower panel). Note the
increase in stage 3 and 4 sleep and the concomitant en-
hancement of SWA in the drug night. The comparison
of corresponding NREMS episodes reveals enhanced
SWA in the second and following episodes. In the mean
all-night power spectra shown in Figure 2, the values
for the drug night are expressed as percentage of the
placebo night. Power density values were averaged into
0.5-Hz (0.25-5.0 Hz) and 1.0-Hz (5.25-25.0 Hz) bins. The
spectra were calculated separately for NREMS (stages
2, 3, and 4), stage 2, SWS, and REMS. The NREMS spec-
trum showed a bimodal pattern in the low-frequency

 

Table 1.

 

Visually Scored Sleep Variables (min) and Heart Rate (bpm)

 

NREM-REMS Cycle
‘Treatment’ 

F

 

1,8

 

 (

 

p

 

)
‘Cycle’ 
F

 

3,24 

 

(

 

p

 

)
‘Treatment’ 

 

3

 

 
‘Cycle’ F

 

3,24

 

 (

 

p

 

)Variable Treatment Night 1 2 3 4

 

Cycle length Placebo 82.1 (7.3) 104.5 (5.4) 96.1 (8.5) 112.4 (7.2) 3.9 (.10) 3.7 (.03) 6.1 (.02)
SR 46349B 82.1 (3.9) 123.6 (6.0) 127.9 (8.5) 92.5 (3.5)

 

d

 

NREM-Ep. Placebo 65.8 (5.2) 75.5 (3.9) 67.1 (4.3) 59.9 (2.7) 31.3 (

 

, 

 

.01) 6.7 (

 

,

 

 .01) 6.1 (

 

,

 

 .01)
SR 46349B 68.6 (3.3) 87.3 (4.5)

 

b

 

88.9 (5.5)

 

c

 

62.2 (2.4)
REM-Ep. Placebo 15.7 (3.5) 26.1 (3.5) 27.7 (6.3) 49.2 (7.7) 0.5 (.53) 7.5 ( 

 

,

 

 .01) 2.4 (.15)
SR 46349B 12.4 (2.1) 34.6 (3.1) 36.2 (4.2) 29.5 (3.5)

 

d

 

WASO Placebo 16.3 (6.4) 1.9 (1.4) 0.2 (0.2) 0.4 (0.2) 7.6 (5.9) 1.2 (.31) 1.7 (.23) 0.8 (.41)
SR 46349B 6.8 (2.6) 0.3 (0.2) 0.3 (0.2) 0.8 (0.5) 2.6 (1.1)

Stage 1 Placebo 43.9 (4.9) 4.3 (0.9) 8.8 (2.0) 9.5 (1.0) 13.2 (1.5) 0.4 (.57) 12.8 (

 

,

 

 .01) 0.5 (.61)
SR 46349B 37.3 (3.5) 2.9 (0.6) 7.6 (1.0) 11.4 (1.9) 12.0 (2.5)

Stage 2 Placebo 217.2 (9.0) 27.3 (2.6) 42.3 (4.2) 56.5 (5.2) 52.6 (3.0) 6.4 (.04) 21.9 (

 

,

 

 .01) 6.4 (

 

,

 

 .01)
SR 46349B 183.5 (8.9)

 

b

 

21.5 (2.5) 23.4 (4.3)

 

b

 

57.5 (7.1) 55.2 (2.8)
Stage 3 Placebo 45.3 (4.0) 16.2 (1.9) 17.2 (2.3) 5.6 (1.8) 2.9 (1.2) 39.8 (

 

,

 

 .01) 20.1 (

 

,

 

 .01) 11.9 (

 

,

 

 .01)
SR 46349B 77.8 (5.8)

 

b

 

17.4 (1.7) 33.3 (3.4)

 

c

 

24.4 (4.7)

 

b

 

1.8 (1.0)
Stage 4 Placebo 36.8 (4.4) 19.2 (2.6) 14.4 (3.8) 2.1 (1.4) 0.0 (0.0) 29.4 (

 

,

 

 .01) 24.5 (

 

,

 

 .01) 10.5 (

 

,

 

 .01)
SR 46349B 66.0 (7.8)

 

c

 

30.4 (3.1)

 

b

 

31.0 (5.5)

 

c

 

4.6 (1.8) 0.0 (0.0)
SWS Placebo 82.2 (4.9) 35.4 (2.9) 31.6 (3.7) 7.7 (2.7) 3.0 (1.2) 58.1 (

 

,

 

 .01) 51.9 (

 

,

 

 .01) 12.6 (

 

,

 

 .01)
SR 46349B 143.8 (10.5)

 

c

 

47.8 (2.6)

 

b

 

64.3 (5.4)

 

c

 

29.0 (5.7)

 

b

 

1.8 (1.0)
REMS Placebo 97.7 (7.6) 12.0 (3.4) 19.5 (2.7) 20.0 (4.3) 33.7 (4.9) 0.01 (.93) 5.8 (.02) 3.8 (

 

,

 

 .06)
SR 46349B 85.6 (4.6) 9.0 (1.7) 26.9 (3.1) 27.5 (3.5) 20.8 (2.5)

 

d

 

MT Placebo 8.5 (0.9) 1.2 (0.2) 1.5 (0.2) 1.9 (0.4) 2.3 (0.3) 21.5 (

 

,

 

 .01) 3.9 (.04) 0.8 (.47)
SR 46349B 5.1 (0.4)

 

c

 

0.6 (0.2)

 

a

 

1.0 (0.2) 1.6 (0.3) 1.3 (0.3)

 

a

 

W

 

1

 

MT

 

1

 

1 Placebo 68.7 (7.6) 7.5 (2.3) 10.6 (2.2) 11.9 (1.3) 23.1 (6.5) 2.3 (.17) 4.7 (.04) 1.5 (.25)
SR 46349B 49.2 (4.9) 3.8 (0.8) 9.0 (1.2) 13.9 (2.3) 16.0 (3.8)

Heart rate Placebo 53.9 (1.7) 54.7 (1.8) 53.8 (1.8) 53.0 (1.8) 53.6 (1.8) 0.7 (.42) 4.0 (.07) 0.2 (.70)
SR 46349B 52.9 (1.7) 54.4 (2.0) 53.5 (1.7) 51.9 (1.6) 52.1 (1.7)

 

Values represent means (SEM) of 10 subjects. NREM-Ep., NREMS episode; REM-Ep., REMS episode; WASO, wakefulness after sleep onset; Stage
1, Stage 2, Stage 3, Stage 4: NREMS stages 1–4; SWS, slow wave sleep (stages 3 

 

1

 

 4 ); SWA, slow-wave activity (EEG power density in the 0.75–4.5 Hz
range); MT, movement time; W 

 

1

 

 MT 

 

1

 

 1, accumulated values of wakefulness after sleep onset, movement time and stage 1.

 

F

 

 and 

 

p

 

 values: rANOVA with the within factors ‘treatment’ (placebo, SR 46349B) and ‘cycle’ (1–4).

 

a

 

p 

 

,

 

 .05.

 

b p , .01.
cp , .001 compared to placebo (rANOVA with within factor ‘treatment’).
d Two subjects were awakened in REMS prior to the completion of the fourth NREM-REMS cycle (VP #8 and VP #10) after intake of SR 46349B. In

the fourth cycle, their data were excluded from the calculation of mean values for Cycle length, REM-Ep. and REMS.
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range. The major peak was situated at 1.5 Hz and a sec-
ondary peak at 6 Hz. Within the 11.25–14.0 Hz and
15.25–19.0 Hz range, the drug values were below the
placebo level, the minimum corresponding to the
12.25–14.0 Hz spindle frequency range. The changes in
the spectra were most pronounced in the second and
third NREMS episode (data not shown). The spectrum

in stage 2 was very similar to that of NREMS with the
exception that the enhancement was restricted to the
low-frequency range (< 3 Hz). In contrast, the SWS
spectrum did not exhibit an increase of SWA. Power in
the 2.75–3.0 Hz bin was even below the placebo level.
The increased SWA in stage 2 and the absence of an in-
crease in SWS is also evident in the records shown in
Figure 1. In REMS, power density was reduced in two
bins of the delta band (2.75–3.25 Hz).

Dynamics of slow-wave activity (SWA) and spindle 
frequency activity (SFA)

In both the placebo and drug condition SWA was high
in NREMS and low in REMS, and a declining trend was
present over consecutive NREMS episodes. In Figure 3
(upper panel) the enhancement of SWA by SR 46349B is
evident. This was confirmed by a rANOVA with the
within factors ‘treatment’ (placebo, SR 46349B) and ‘time-
bin’ (1–20) which revealed a significant effect of the fac-
tor ‘treatment’ for NREMS episodes 2 and 3 (F1,8 5 263.5,
p , .0001 and F1,8 5 24.1, p , .001, respectively). A sta-
tistical trend for ‘treatment’ was present for episodes 1
and 4 (F1,7 5 4.8, p , .07 and F1,7 5 3.8, p , .1).

The typical pattern of SFA with low values in REMS
episodes, and a higher level, U-shaped pattern in
NREMS, was present in both conditions. However, SFA
was significantly lower in the drug night in all four
NREMS episodes (Figure 3, lower panel; rANOVA,
within factor ‘treatment’: NREM-1: F1,7 5 7.4, p , .03;
NREM-2: F1,8 5 17.8, p , .003; NREM-3: F1,8 5 15.2,
p , .005; and NREM-4: F1,7 5 11.3, p , .02). The global
pattern during the first four NREMS episodes was simi-

Table 2. All-night sleep variables

Variable Placebo SR 46349B
‘Treatment’

F1,8 (p)

SL_EP (min) 461.5 (5.2) 460.6 (5.3) 0.0 (.86)
TST (min) 440.9 (7.2) 450.2 (6.8) 1.0 (.34)
SL_EFF (%) 91.9 (1.5) 93.8 (1.4) 1.0 (.34)
L1 (min) 11.8 (4.1) 15.8 (4.5) 1.2 (.32)
SL (min) 14.3 (4.0) 17.9 (4.7) 0.4 (.54)
RL (min) 65.8 (5.2) 68.6 (3.3) 0.7 (.43)
WASO (%) 3.9 (1.6) 1.6 (0.6) 1.6 (.25)
Stage 1 (%) 9.9 (1.0) 8.3 (0.8) 4.9 (.06)
Stage 2 (%) 49.2 (1.9) 40.9 (2.1) 12.9 (,0.01)
Stage 3 (%) 10.2 (0.9) 17.2 (1.2) 33.1 (,0.01)
Stage 4 (%) 8.4 (1.0) 14.6 (1.7) 28.0 (,0.01)
SWS (%) 18.6 (1.0) 31.8 (2.1) 65.0 (,0.01)
REMS (%) 22.2 (1.9) 19.0 (1.0) 6.9 (.03)
MT (%) 1.9 (0.2) 1.1 (0.1) 22.7 (,.01)
W 1 MT 1 1 (%) 15.7 (1.9) 11.0 (1.2) 4.2 (.07)

Values represent means (SEM) of 10 subjects. SL_EP, sleep episode
(time between sleep onset and final awakening); TST, total sleep time;
SL_EFF, sleep efficiency (TST/TIB 3 100); TIB, time in bed; L1, Latency
to Stage 1 (time from lights-off to the first occurrence of Stage 1); SL,
Sleep latency (time from lights-off to the first occurrence of Stage 2); RL,
REM latency (time from sleep onset to the first occurrence of REM sleep);
other variables are explained in legend of Table 1.

F and p values: rANOVA with the within factor ‘treatment’ (placebo,
SR 46349B).

Figure 1. Sleep stages and EEG slow-wave activity (SWA, power density within 0.75–4.5 Hz; C3A2-derivation) of a subject
after intake of placebo (upper panel) and SR 46349B (lower panel). 1, 2, 3, and 4: NREMS stages 1–4; W, wakefulness; MT,
movement time; R, REMS. The curves of SWA were smoothed by a three-point moving average.
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lar in both conditions (rANOVA on mean episodic SFA
values: ‘treatment’ 3 ‘episode’: F3,24 5 2.1, n.s.).

Evolution of SWA and SFA in the first four
NREMS episodes

The build-up of SWA and SFA in the first part of
NREMS episodes, and the decline in the final part of the
episodes, are illustrated in Figure 4. Values for consecu-
tive 2-min epochs are plotted for the first and last 30
min of each episode. For each 30-min interval a signifi-
cant effect of ‘2-min epoch’ was revealed by rANOVA
for SWA and SFA (data not shown). SWA values of sev-
eral 2-min bins of episodes 2, 3, and 4 were higher after
drug treatment than after placebo. To analyze the rise
rate of SWA, the median of the differences of adjacent
2-min values was computed for the interval from 22
min to 120 min for each NREMS episode. A signifi-
cantly higher rise rate was observed for the drug condi-
tion in the second (6.4 vs. 19.8%/2 min) and fourth epi-
sodes (2.0 vs. 3.9%/2 min; rANOVAs with within factor
‘treatment: F1,8 5 10.7, p , .02 and F1,8 525.7, p , .01, re-
spectively), and a similar tendency prevailed in the
third episode (5.1 vs. 8.5%/2 min, F1,8 5 3.4, p 5 .1).

SFA showed a rapid initial rise reaching the peak value
after 5–10 min after the onset of NREMS, and decreased
thereafter. In the last 30 min of NREMS, a transient in-
crease preceded occasionally the sharp decline in the first
three NREMS episodes. This typical time course of SFA
was preserved after drug administration (rANOVA:
‘treatment’ 3 ‘2-min epoch’, p > .09 in the initial and final
30 min of the first four NREMS episodes). Nevertheless,
the SFA values were below the placebo level in several
2-min epochs as shown by the statistics in Figure 4.

Regional differences of the EEG spectra

The six panels on the right side of Figure 5 show the rel-
ative NREMS spectra of the drug night for three bipolar
derivations along the antero-posterior axis recorded
from the left and right hemisphere. Absolute spectra
averaged over both hemispheres are shown in the left
column of the figure. The pattern of changes seen for
the referential derivation (Figure 2) was present also for
the bipolar derivations. It consisted of a main peak in
the low delta band, a secondary peak around 6 Hz and
a trough at 13 Hz. Significant deviations from placebo
are indicated by the F-values at the bottom of the panels
(rANOVA with within factor ‘treatment’).

The regional differences of the bipolar derivations
along the antero-posterior axis are indicated in Figure 6
where the mean values of the middle (CP) and poste-
rior derivations (PO) are expressed as a percentage of
the anterior derivation (FC). The F-values of a rANOVA
with the within factors ‘A-P derivation’ (FC, CP, PO),
‘L-R derivation’ (left hemisphere, right hemisphere)

Figure 2. EEG power density (C3A2-derivation) in non-
REM sleep (NREMS, stages 2, 3, and 4), stage 2 (S2), slow
wave sleep (SWS, stages 3 and 4) and REM sleep (REMS)
after SR 46349B administration. For each frequency bin (•,
6 1 SEM, n 5 10), means were expressed as a percentage of
the corresponding value after placebo (horizontal dashed
lines at 100%). Values are plotted at the upper limit of the
bins. Triangles at the bottom of the panels indicate fre-
quency bins which differed significantly from placebo (p ,
.05, rANOVA with within factor ‘treatment’); their orienta-
tion indicates the direction of deviation from placebo.
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and ‘treatment’ confirm that significant regional differ-
ences prevail in the 1.125–2.0 Hz and 4.375–14.5 Hz
range (Figure 6, middle panel). Although the regional
differences were similar for the placebo and drug con-
dition, a significant interaction ‘treatment’ 3 ‘A-P deri-
vation’ was present in the 9.125–12.0 Hz range as well
as in most bins within the 13.375–16.0 Hz band. The lat-
ter was due to the anterior shift of power in these fre-
quency bins. The interaction ‘treatment’ 3 ‘L-R derivation’
(hemispheres) and the 3-way interaction ‘treatment’ 3
‘A-P derivation’ 3 ‘L-R derivation’ were not significant.

Core body temperature

Rectal temperature declined in the first 6 hours of sleep
and showed an increasing trend in the last 2 hours (Figure
7). However, temperature was lower in the drug night
than in the placebo night. The difference of the mean val-
ues in hour 5–6 was 0.248C. A rANOVA with the within
factors ‘treatment’ and ‘hour’ (1–8) revealed significant
effects of ‘treatment’ (F1,6 5 6.3, p , .05) and ‘hour’
(F7,42 5 10.1, p,0.004; ‘treatment’ 3 ‘hour’: F7,42 5 0.7, n.s.).

DISCUSSION

The present study shows that a single oral dose of 1 mg
SR 46349B, a potent and selective 5-HT2 receptor antag-

onist, affects the sleep stages and EEG power spectra of
young healthy men. The principal effect consisted of a
massive increase of SWS and SWA. Similar changes had
been reported for the less selective 5-HT2 antagonists ri-
tanserin and seganserin (Idzikowski et al. 1986; De-
clerck et al. 1987; Borbély et al. 1988; Dijk et al. 1989). In
previous studies, also a 10-mg dose of the 5-HT1A ago-
nist ipsapirone enhanced SWA in the first two hours of
NREMS (Seifritz et al. 1996), yet did not increase SWS
(Gillin et al. 1994, 1996). The effects of ipsapirone on
EEG power spectra in NREMS were remarkably similar
to those induced by seganserin (Seifritz et al. 1996).
These results and single unit recordings (Ashby et al.
1994) support the notion that inhibitory 5-HT1A recep-
tors and excitatory 5-HT2 receptors mediate opposite
changes. Unlike ritanserin (Borbély et al. 1988), segan-
serin (Dijk et al. 1989), and ipsapirone (Tissier et al. 1993;
Gillin et al. 1994, 1996; Driver et al. 1995), SR 46349B did
not influence the amount and the latency to REMS.

Hypothermia is also a well-known effect of the
5-HT1A agonist ipsapirone (Lesch et al. 1990). The slight
hypothermia induced by SR 46349B demonstrates that
the 5-HT1A and 5-HT2 receptors mediate opposite
changes also at the level of thermoregulation.

There were striking similarities between the effects
of SR 46349B and those induced by sleep deprivation
(SD). Specifically, after both interventions: 1) the maxi-
mum increase of delta frequency activity was at 1.5 Hz

Figure 3. Time course of EEG slow-wave
activity (SWA, 0.75–4.5 Hz range; C3A2-
derivation) and spindle frequency activity
(SFA, 12.25–15.0 Hz range; C3A2-deriva-
tion) plotted after treatment with placebo
(left) and SR 46349B (right). For each sub-
ject, individual NREMS episodes were sub-
divided into 20 equal time-bins, and REMS
episodes as well as the interval between
lights-out and sleep onset were subdivided
into four equal time-bins. Data were aver-
aged across subjects (n 5 10) and plotted
against the mean timing of NREMS and
REMS. Vertical bars represent 6 1 SEM and
dashed vertical lines delimit REMS epi-
sodes. Triangles indicate NREMS episodes
with a significant ‘treatment’ effect (see text
for statistics); orientation of the triangles
indicates the direction of deviation from
placebo.
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(SD: Borbély et al. 1981, 1984; Dijk et al. 1990, 1993; To-
bler and Borbély 1990; Aeschbach et al. 1996) (SR
46349B: Figure 2); 2) the build-up rate of SWA within
NREMS episodes was increased (SD: Dijk et al. 1993;
Aeschbach et al. 1996) (SR 46349B: Figure 4); and 3) SFA
was reduced (SD: Borbély et al. 1981; Dijk et al. 1990,
1993) (SR 46349B: Figures 3 and 4). These findings sug-
gest that 5-HT2A receptors are involved in the regula-
tion of SWS. However, since the selective specificity of
SR 46349B for 5-HT2A receptors has been so far demon-
strated only in rodents (Rinaldi-Carmona et al. 1992),
this aspect needs to be confirmed in humans.

There were also differences from the physiological
effects. For one, unlike the typical unimodal increase of
power in the delta and theta band following prolonged
waking, the relative spectra of the present study had a
bimodal appearance with a trough at 3.5–5 Hz. The
trough appears to be a state independent feature, since
it was present in both SWS and REMS (Figure 2). An as-
sociation of this bimodal spectral pattern with the sero-
tonergic system is supported by the observation that it
is common to both 5-HT2 antagonists, i.e., seganserin in
humans (Dijk et al. 1989) and ritanserin in rats (Borbély
et al. 1988), and 5-HT1A agonists, i.e., ipsapirone (Sei-

Figure 5. All-night EEG power spectra of bipolar derivations along the antero-posterior axis. Power density values for each
frequency bin are expressed as mV2/0.25 Hz (left; placebo: thin line, SR 46349B: thick line; values averaged over left and right
hemispheres), or as a percentage of the corresponding value after placebo (right; vertical lines represent 6 1 SEM, n 5 8).
Mean values are plotted in the middle of the bins. Vertical bars above the abscissae represent significant log. F-values of a
rANOVA on log-transformed absolute power density values with the within factor ‘treatment’ (df 5 1,6).
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fritz et al. 1996). Another difference from the physiolog-
ical changes was that low-frequency EEG activity was
increased only in stage 2 (Figure 2), whereas prolonged
waking had been shown to enhance SWA also in SWS
and REMS (Borbély et al. 1981). Moreover, unlike after
recovery from SD, the second and third NREMS epi-
sodes were prolonged. This suggests that antagonism at
5-HT2 receptors promotes the maintenance of synchro-
nized EEG activity without enhancing maximal SWA
beyond the usual level. The reduction of SFA at the ex-
pense of SWA seems to reflect the promotion of ‘deep
NREMS’. The finding that NREMS does not appear to
be intensified beyond the baseline level is in accordance
with the observation that sleep was not perceived to be
deeper than usual.

Different effects at the level of 5-HT receptors may
be responsible for the discrepancies between physiolog-

ical and pharmacological effects. In the present study,
blockade of 5-HT2 binding sites may have prevented
depolarization of thalamocortical neurons by their nat-
ural ligand (McCormick 1992; Bobker 1994), and pro-
longed burst-pause firing and EEG synchronization. In
contrast, due to continued 5-HT release during wake-
fulness (Portas et al. 1998), the serotonergic system may
be desensitized after SD. Functional desensitization of
endogenous 5-HT2 receptors associated with a partial
down-regulation of receptor number has been demon-
strated recently in vitro after treatment with 5-HT (Sau-
cier et al. 1998).

The topographic analysis along the antero-posterior
axis revealed robust derivation effects that correspond
to those reported previously (Werth et al. 1997). The
typical drug-induced changes were evident in all bipo-
lar derivations. Nevertheless, the subtle yet significant
interactions between treatment and derivation showed
that the compound did affect the spatial distribution of
EEG power. Interestingly, the significant interaction in-
cluded not only the frequency range around 15 Hz in
which drug-induced changes were manifest, but also
frequencies at 10 Hz where no significant treatment ef-
fects were seen. These selective changes may be related
to the regional distribution of cortical 5-HT2 receptors
(Pazos et al. 1987) and demonstrate that the spatio-tem-
poral analysis of the sleep EEG may disclose novel ef-
fects in pharmacological studies.

In conclusion, the antagonism of 5-HT2 receptors
mimics the effects of sleep deprivation by enhancing
SWA and attenuating SFA. However, unlike after pro-
longed waking, it is the duration of the NREMS fraction
dominated by high SWA, which is increased, rather

Figure 6. Regional differences of all-night power spectra in
NREMS (stages 2, 3, and 4) along the antero-posterior axis
after placebo (continuous lines) and SR 46349B (interrupted
lines). Top panel: For each frequency bin, power density val-
ues in the central (thick lines) and parietal (thin lines) deri-
vations are expressed as a percentage of the corresponding
values in the frontal derivation (100%). Mean values over
the left and right hemispheres are plotted in the middle of
the bins. Bottom panels: Vertical bars represent significant
log. F-values of a rANOVA on log-transformed absolute
power density values with the within factors ‘treatment’
(df 5 1,6), ‘A-P derivation’ (FC, CP, PO; df 5 2,12), and ‘L-R
derivation’ (left hemisphere, right hemisphere; df 5 1,6).

Figure 7. Time course of rectal temperature after adminis-
tration of placebo (open circles) and SR 46349B (filled cir-
cles). Mean values (n 5 8) are plotted in the middle of
consecutive 1-hour intervals; vertical lines represent 6 1
SEM. A rANOVA with the within factors ‘treatment’ and
‘hour’ revealed a significant ‘treatment’ effect (F1,6 5 6.03,
p , .05).
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than NREMS intensity as reflected by the level of SWA
in SWS (Figure 2). Moreover, perceived sleep intensity
is not augmented. The 5-HT2 receptor antagonist in-
duces a bimodal pattern in the NREMS spectrum which
differs from the unimodal pattern seen after sleep dep-
rivation. The bimodality is caused by a state indepen-
dent reduction of power at 2–3 Hz. This effect has been
reported for other 5-HT2 receptor antagonists, as well as
for a 5-HT1A agonist. Hypothermia may represent a
similar common feature of 5-HT2 antagonists and 5-HT1A

agonists. The present results show that altering the bal-
ance between 5-HT2 and 5-HT1A receptor activity may
be necessary, but is not sufficient, for inducing the
changes in the EEG spectrum which are typically seen
after sleep deprivation.
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