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Different Effects of Phenelzine Treatment on 
EEG Topography in Waking and Sleep in 
Depressed Patients

 

Hans-Peter Landolt, Ph.D., and J. Christian Gillin, M.D.

 

A novel approach to investigate the relationship between 
depression and changes in sleep-wake regulatory 
mechanisms used the monoamine oxidase inhibitor (MAOI) 
phenelzine that is known to suppress rapid-eye-movement 
(REM) sleep. Sleep architecture and EEG topography 
during wakefulness and sleep were studied in eight 
depressed patients before and after five weeks of treatment 
with phenelzine (30–90 mg/day), which induced a 
significant alleviation of depressive symptoms. Theta power 
(4.75–7.5 Hz) during a 5-min wake EEG prior to sleep 
increased two-fold during administration of phenelzine. 
REM sleep was almost completely eliminated. This latter 
effect was compensated by increased duration of stage 2, 
whereas total sleep time was not shortened. In non-REM 
sleep (stages 2, 3, and 4), treatment slightly reduced EEG 

power between 2.0–6.25 Hz and 8.5–13.75 Hz; power in the 
16.75–25.0 Hz band increased. Activity in the delta band 
(2.0–3.25 Hz) tended to be reduced in the fronto-central 
derivation, but not in centro-parietal and parieto-occipital 
derivations. However, the Treatment X Derivation 
interaction was not significant. These data indicate that in 
contrast to wakefulness the effects of phenelzine treatment 
on the EEG in non-REM sleep were small. Rank correlation 
analyses revealed no association between the antidepressant 
treatment response and the changes in sleep and EEG power 
spectra during administration of phenelzine.
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Mood and the regulation of sleep are closely related.
This notion is supported by the presence of frequent
sleep abnormalities in depressed patients, which may
affect both rapid-eye-movement (REM) sleep and non-

rapid-eye-movement (non-REM) sleep (Benca et al.
1992). A tight association between sleep and mood is
further suggested by the beneficial action of total and
partial sleep deprivation, as well as phase advance ther-
apies of sleep in many patients with depression (Gillin
and Borbély 1985; Wirz-Justice and Van den Hoofdak-
ker 1999). Different theories have been proposed to ac-
count for the antidepressant effects of sleep manipula-
tions. They include prolonged major suppression of
REM sleep (Vogel 1975; Vogel et al. 1990), elevation of
sleep propensity (Borbély and Wirz-Justice 1982), and
reduction of non-REM sleep intensity (Beersma and
Van den Hoofdakker 1992).

The timing of sleep and wakefulness and the struc-
ture of sleep are regulated by the interaction of a ho-
meostatic, sleep-wake-dependent process S and the cir-
cadian pacemaker located in the hypothalamus
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(Borbély 1982; Dijk and Czeisler 1995). Similar mecha-
nisms may underlie the regulation of mood (Boivin et
al. 1997; Wirz-Justice and Van den Hoofdakker 1999).
According to the two-process model (Borbély 1982),
sleep propensity (i.e. process S) accumulates during
wakefulness and dissipates during sleep. The time
course of this process has been estimated from low-fre-
quency activity (power below 

 

�

 

8 Hz) in central electro-
encephalogram (EEG) recordings during sleep (Borbély
et al. 1981; Daan et al. 1984; Dijk et al. 1987; Achermann
et al. 1993). Recent studies have indicated that an EEG
correlate of sleep propensity can also be measured dur-
ing wakefulness. Power in the theta band (

 

�

 

5-8 Hz) of
the wake EEG increases during sleep deprivation (Ca-
jochen et al. 1995; Aeschbach et al. 1997; Finelli et al.
2000). The time constant of this increase is similar to
that obtained for the wake-dependent rise of delta
power as measured in non-REM sleep. Furthermore, to-
pographical analyses of the EEG during prolonged
wakefulness have shown that the increase of theta ac-
tivity in waking and delta activity (

 

�

 

1–4 Hz) in non-
REM sleep are largest in frontal EEG derivations and
positively correlated (Werth et al. 1998; Cajochen et al.
1999a, 1999b; Finelli et al. 2000). These findings suggest
that sleep regulation may exhibit local features. In other
words, frontal parts of the cortex may be particularly
susceptible to sleep loss and reflect the homeostatic
process of sleep regulation more sensitively than other
cortical regions.

The monoamine oxidase inhibitor (MAOI) phenel-
zine is an effective “first generation” antidepressant ca-
pable of virtually abolishing REM sleep (Akindele et al.
1970; Wyatt et al. 1969, 1971; Dunleavy and Oswald
1973; Landolt et al. 2001). Its antidepressant action has
been proposed to be linked to the potent and long-last-
ing suppression of REM sleep (Vogel et al. 1990). Possi-
ble drug-induced changes in non-REM sleep, however,
have not been taken into account. This is important, be-
cause alterations of REM sleep may also affect non-
REM sleep. Studies in healthy subjects revealed that in-
creased pressure for REM sleep, due to selective or
preferential REM sleep deprivation by awakenings, in-
hibits delta activity in non-REM sleep (Beersma et al.
1990; Brunner et al. 1990). Similar changes may be ex-
pected to be associated with pharmacological REM
sleep suppression.

We have recently reported that delta power in non-
REM sleep was not affected in a central EEG derivation
in depressed patients when REM sleep was virtually
abolished during treatment with phenelzine (Landolt et
al. 2001). In view of possible regional differences in
sleep regulation, we have now investigated the effect of
phenelzine on EEG topography in wakefulness and
sleep. We predicted that a possible reduction of delta
power in non-REM sleep might become apparent in
frontal EEG derivations.

 

METHODS

Patients and Study Protocol

 

Eight patients (4 women, 4 men; mean age: 42.2 

 

�

 

 10.0
(SD) years) who met diagnostic criteria for major de-
pressive disorder, according to DSM-IV, participated in
a treatment study with phenelzine. Seven of the pa-
tients were included in our previous publication
(Landolt et al. 2001). Three patients in that previous
study were excluded by the absence of artifact-free full
topographical data. With the exception of three individ-
uals who were treated for stable hypertension, no pa-
tient suffered from a medical disorder. Polysomno-
graphic screening in the sleep laboratory served to
exclude sleep apnea and/or nocturnal myoclonus.
None of the patients was treated with any psychoactive
or sleep medication for at least two weeks prior to the
study, nor did they receive additional pharmacother-
apy during the study. On sleep recording days, moder-
ate caffeine consumption was limited to the morning
hours; no alcohol was permitted for the duration of the
study. Patients were instructed to keep a regular sleep-
wake cycle with sleep scheduled at their habitual bed-
times and to avoid naps. Written informed consent was
obtained prior to the screening night, and the patients
were paid for the sleep studies in the laboratory.

The study protocol was approved by the local Insti-
tutional Review Boards (IRB) of UCSD and the Veter-
ans Administration Medical Research Foundation
(VMRF). In each patient, EEG topography was recorded
during a 5-min wake period immediately prior to
lights-out and during the entire sleep episode during a
drug-free baseline night prior to initiation of antide-
pressant therapy, and in weeks 3–4 and 5–6 (in week 9
in one patient) of phenelzine treatment. Each recording
night was preceded by at least one adaptation night.
Only the data from baseline (BL) and week 5–6 (P5) of
pharmacotherapy are reported here. Open-labeled
treatment with phenelzine was initiated within three
days after the baseline recording, and an individual
daily dose of 30–90 mg was prescribed according to
clinical considerations by a psychiatrist blind to the
EEG findings. Symptoms of depression, medication
side effects and vital signs were assessed within three
days of each sleep study. Patients were asked to keep a
sleep and dream log throughout the study period. The
effect of phenelzine on dream-recall in treatment re-
sponders and non-responders has been reported else-
where (Landolt et al. 2001).

 

Polygraphic Recordings

 

The EEG, submental electromyogram (EMG), electroocu-
logram (EOG), and electrocardiogram (ECG) were re-
corded by a portable polygraphic amplifier (PS1, Institute
of Pharmacology and Toxicology, University of Zürich,
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Switzerland). The signals were digitized and transmitted
via fiber-optic cables to a notebook computer with a digi-
tal signal processor board. The detailed procedures of
data recording and signal conditioning are described
elsewhere (Landolt et al. 2001). Briefly, EEG electrodes
were placed bilaterally along the antero-posterior axes at
the locations F3, F4, C3, C4, Cz, P3, P4, O1 and O2. Vigi-
lance states were visually scored from the records of the
C3-A2 derivation for consecutive 20-s epochs according
to standard criteria (Rechtschaffen and Kales 1968). EEG
power spectra of six bipolar derivations (F3-C3, F4-C4,
C3-P3, C4-P4, P3-O1 and P4-O2) were computed off-line
by a Fast-Fourier-Transform (FFT) routine for consecu-
tive 4-s epochs during wakefulness prior to lights-out and
non-REM sleep (stages 2, 3, and 4). A 10% cosine window
was applied, and spectra above 25 Hz were omitted.
Power spectra of five consecutive 4-s epochs were aver-
aged and matched with the 20-s stage scores. Before aver-
aging, 4-s epochs contaminated with artifacts in any deri-
vation (e.g. due to body movements, eye movements,
sweating etc.) were visually identified and eliminated.
Power spectra of homologous derivations were averaged,
and the average values were used in all analyses. Non-
REM/REM sleep cycles in BL were defined according to
the modified criteria (Werth et al. 1997) of Feinberg and
Floyd (1979).

 

Data Analyses and Statistics

 

For statistical analyses the SAS General Linear Model pro-
cedure (SAS Institute Inc., Cary, NC) was used. Effects of
phenelzine were assessed using 1-, 2- and 3-way analyses
of variance for repeated measures (rANOVA) with the
within-factors Treatment (baseline, phenelzine), Deriva-
tion (frontal-central, central-parietal, parietal-occipital)
and Non-REM sleep period (1-3). If a factor had more than
two levels, the presented probability values are based on
Greenhouse-Geisser corrected degrees of freedom, but the
original degrees of freedom are reported. If not mentioned
otherwise, the significance level (

 

�

 

) was set at 0.05. Mood,
visually scored sleep variables, EEG power spectra, tonic
EMG and the time course of delta power in non-REM
sleep were analyzed. Values of sleep efficiency, wakeful-
ness after sleep onset (WASO) and absolute EEG power
values were log-transformed prior to statistical tests.

 

RESULTS

Dose of Phenelzine and Treatment Response

 

The average daily dose of phenelzine in week 5–6 of
treatment was 58.1 

 

�

 

 6.6 mg (SEM; n 

 

�

 

 8). The treat-
ment induced the significant improvement of depres-
sive symptoms as assessed with the Hamilton Rating
Scale of Depression (HRSD, 24 items; F

 

1,7

 

 

 

�

 

 16.4, 

 

p

 

 

 

�

 

.004). Mean HRSD scores dropped from 23.6 

 

�

 

 1.6 in BL
to 11.8 

 

�

 

 3.7 in P5.

 

EEG Power Spectra during Wakefulness

 

The waking EEG was recorded at 22.26 h 

 

�

 

 11 min in
BL and at 22.38 h 

 

�

 

 20 min in P5 (F

 

1,7

 

 

 

�

 

 0.3, 

 

p

 

 

 

�

 

 .6;
1-way rANOVA with factor Treatment). During record-
ings, patients were instructed to relax, to keep their
eyes open, and to fixate a dot on the ceiling. A 2-way
rANOVA with the factors Treatment and Derivation re-
vealed a significant effect of Treatment for all 0.25-Hz
bins between 4.75–7.5 Hz (minimum F

 

1,7

 

 

 

�

 

 6.6, 

 

p

 

 

 

�

 

 .04).
During treatment, power was increased in this fre-
quency range independent of EEG location (Treatment:
F

 

1,7

 

 

 

�

 

 16.2, 

 

p

 

 

 

�

 

 .005; Derivation: F

 

2,14

 

 

 

�

 

 2.5, 

 

p

 

 

 

�

 

 .1; Treat-
ment X Derivation: F

 

2,14

 

 

 

�

 

 0.6, 

 

p

 

 

 

�

 

 .4; 2-way rANOVA
with factors Treatment and Derivation). The mean ab-
solute power density values in BL and P5 are illustrated
in Figure 1 for the centro-parietal EEG derivation.

The Spearman rank correlation between the treat-
ment-induced increase of theta power (4.75–7.5 Hz) in
the centro-parietal derivation (in %) and improvement
of depressive symptoms as assessed with the HRSD (in
%) was not significant (r

 

s

 

 

 

�

 

 0.31, 

 

p

 

 

 

�

 

 .4; n 

 

�

 

 8).

 

Visually Scored Sleep Variables

 

All-night sleep variables in BL and P5 are summarized
in Table 1 (means 

 

�

 

 SEM of 8 patients). The durations
of non-REM sleep episodes 1–3 in BL were 68.6 

 

�

 

 5.1
min, 87.3 

 

�

 

 11.0 min and 80.5 

 

�

 

 5.0 min. In P5, REM
sleep was almost completely eliminated (range: 0–11
min). This effect was compensated by increase of stage
2 and did not shorten total sleep time. Sleep latency and
sleep efficiency did not differ between BL and P5.

Figure 1. EEG power spectra in a 5-min wake interval
prior to sleep in baseline (�) and in week 5–6 of phenelzine
treatment (�). Absolute power density in each frequency
bin is expressed as �V2/Hz. Values represent means � 1
SEM (n � 8) for the centro-parietal derivations averaged
over the left and right hemispheres. The asterisk indicates
the significant difference for the averaged frequency band
4.75–7.5 Hz (F1,7 � 10.2, p � .02; 1-way rANOVA with the
factor Treatment).
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Spearman rank correlation analysis revealed no cor-
relation between the drug-induced reduction of REM
sleep (in minutes) and the percentage change in the
HRSD score (r

 

s

 

 

 

�

 

 

 

	

 

0.01, 

 

p

 

 

 

�

 

 .9; n 

 

�

 

 8).

 

EEG Power Spectra in non-REM Sleep

 

Effects of phenelzine on all-night EEG power spectra in
non-REM sleep are illustrated in Table 2 and Figure 2. A
2-way rANOVA with the factors Treatment and Deriva-
tion revealed a significant effect of Treatment in all 0.25-
Hz bins in the ranges 2.0–6.25 Hz, 8.5–13.75 Hz and
16.75–25.0 Hz (minimum F

 

1,7

 

 

 

�

 

 5.4, 

 

p

 

 

 




 

 .05). In P5 power
was lower than in BL in the fronto-central derivation in
the ranges 2.75–5.25 Hz and 9.75–11.25 Hz, and in the pa-
rieto-occipital derivation in the ranges 8.5–12.0 Hz and
13.0–13.75 Hz (Figure 2). No changes were found in the
centro-parietal derivation. Within the frequency bands
showing a significant Treatment effect, rANOVA identi-
fied four distinct bands with either a significant effect of
Derivation and/or a significant Treatment X Derivation
interaction. They were located in the ranges 2.0–3.25 Hz,
8.5–10.25 Hz, 11.5–13.0 Hz and 19.0–22.25 Hz (Table 2).

As reported in our previous paper, phenelzine treatment
was associated with increased tonic EMG activity during
sleep (Landolt et al. 2001). Spearman rank correlation anal-
ysis revealed that the treatment-induced increase of EEG
power density in the 19.0–22.25 Hz band in fronto-central
and centro-parietal derivations (Table 3) was significantly
correlated with the increase of tonic EMG activity (r

 

s 

 

�

 

 0.74
and 0.76, respectively, 

 

p

 

 

 

�

 

 .04; n 

 

�

 

 8). Further EEG analyses
were therefore restricted to frequencies below 15 Hz.

A 2-way rANOVA with the factors Treatment and
Derivation on log-transformed averaged power values in
the 2.0–3.25 Hz, 8.5–10.25 Hz and 11.5–13.0 Hz bands re-
vealed significant main effects (Treatment: minimum F

 

1,7

 

 

 

�

 

9.7, 

 

p

 

 

 

�

 

 .02; Derivation: minimum F

 

2,14

 

 

 

�

 

 5.6, 

 

p

 

 

 

�

 

 .02), yet
no Treatment X Derivation interactions. Activity in the
delta (2.0–3.25 Hz) and alpha bands (8.5–10.25 Hz) was
reduced during treatment in the fronto-central deriva-
tion (Table 3). In the parieto-occipital derivation, power
in P5 was below the BL values in the alpha range, as well
as in the low spindle frequency range (11.5–13.0 Hz). No
significant differences between BL and P5 were noted in
the centro-parietal derivation (Table 3).

The Spearman rank correlation between the reduction
of delta power (2.0–3.25 Hz) in the fronto-central deriva-
tion (in %) and improvement of depression (in % of HRSD
score) was not significant (r

 

s 

 

�

 

 

 

	

 

0.44, 

 

p

 

 

 

�

 

 .2; n 

 

�

 

 8).

 

Time Course of EEG Power in the 2.0–3.25 Hz Band in
non-REM Sleep.

 

Absolute power in the 2.0

 

–3.25 Hz
band was computed for the first three non-REM sleep

Table 1. All-night Sleep Variables

Variable BL P5 F1,7 (p �)

Time in bed (min) 452.5 (15.8) 462.1 (20.3) 0.2 (0.71)
Sleep episode (min) 433.0 (17.4) 445.3 (18.5) 0.3 (0.63)
Total sleep time (min) 384.7 (18.5) 373.2 (22.5) 1.0 (0.36)
Sleep efficiency (%) 85.3 (3.6) 80.6 (2.6) 1.0 (0.37)
Sleep latency (min) 14.7 (2.8) 15.9 (3.1) 0.1 (0.76)
REM latency (min) 68.6 (5.1) 303.3 (41.4) 33.2 (0.02)
WASO (min) 47.6 (17.3) 68.0 (13.8) 7.1 (0.02)
Movement time (min) 5.5 (0.8) 5.1 (1.3) 0.2 (0.68)
Stage 1 (min) 44.3 (3.0) 33.6 (8.9) 2.2 (0.19)
Stage 2 (min) 225.0 (9.9) 275.0 (19.8) 12.3 (0.01)
Stage 3 (min) 21.9 (5.3) 35.0 (9.5) 2.6 (0.16)
Stage 4 (min) 27.8 (9.0) 26.0 (8.7) 0.0 (0.86)
Slow wave sleep (min) 49.8 (13.1) 61.5 (17.8) 0.9 (0.39)
REM sleep (min) 65.7 (7.4) 3.0 (1.4) 96.8 (0.01)

Values represent means (SEM) of 8 subjects. BL: pre-treatment baseline.
P5: week 5–6 of phenelzine treatment. Time in bed: time between lights-
out and lights-on. Sleep episode: time between sleep onset and final awak-
ening. Sleep efficiency: total sleep time per time in bed. Sleep latency: time
from lights-off to the first occurrence of Stage 2. REM latency: time from
sleep onset to the first occurrence of REM sleep. REM sleep: rapid-eye-
movement sleep. WASO: wakefulness after sleep onset (stage 2). Stage 1, 2,
3 and 4: non-REM sleep stages. Slow wave sleep: stages 3 � 4.

F and p values: One-way rANOVA with the within-factor Treatment
(BL, P5).

Figure 2. Relative EEG power density in non-REM sleep
(stages 2, 3, and 4) during phenelzine treatment. In fronto-
central (FC), centro-parietal (CP) and parieto-occipital deri-
vations (PO), power density in each frequency bin during
treatment was expressed as a percentage of the correspond-
ing value in baseline (horizontal dashed lines at 100%).
Mean values (� 1 SEM; n � 8) were plotted at the upper lim-
its of the 0.25-Hz bins. Triangles at the bottom of the panels
indicate frequency bins that differed significantly (df � 1,7;
p � .05; 1-way rANOVA with the factor Treatment).
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periods in BL and for the same time intervals in P5 (Fig-
ure 3). A 3-way rANOVA with the factors Treatment,
Derivation and Non-REM sleep period revealed signifi-
cant main effects (Treatment: F1,7 � 10.4, P � .02; Deriva-
tion: F2,14 � 7.5, p � .02; Non-REM sleep period: F2,14 �
45.3, p � .001), as well as a significant Derivation X Non-
REM sleep period interaction (F4,28 � 4.5, p � .03). While
the global decline of delta EEG activity across consecu-
tive non-REM sleep episodes was not affected, power in
this frequency band tended to be lower during treatment
in the fronto-central derivation in the first two non-REM
sleep periods (period 1: F1,7 � 4.9, p � .06; period 2: F1,7 �
5.3, p � .05; 1-way rANOVA with factor Treatment).

DISCUSSION

Our study confirmed early reports (e.g. Akindele et al.
1970; Wyatt et al. 1969, 1971; Dunleavy and Oswald

1973) that the MAOI phenelzine is capable of inducing
a virtually complete elimination of REM sleep. This ef-
fect was compensated by increased duration of stage 2
of non-REM sleep, and did not shorten total sleep time
or the duration of slow wave sleep. New findings were
the treatment-induced global increase of theta power
during wakefulness, and the slight local changes of
delta/theta, alpha, and low-sigma activity in non-REM
sleep. The latter effects tended to be located in fronto-
central and parieto-occipital EEG derivations and were
not apparent in centro-parietal and referential central
EEG recordings (Landolt et al. 2001). These results
highlight the usefulness of topographical sleep EEG
analyses in pharmacological studies.

Daytime sleepiness, sedation or drowsiness are fre-
quent side effects of phenelzine (Teicher et al. 1989;
Baldessarini 1995). These symptoms may or may not be
related to drug-induced sleep disturbances at night. In
agreement with earlier reports (Akindele et al. 1970;
Wyatt et al. 1971), our study revealed no change of mean
total sleep time and slow wave sleep in P5 when com-
pared with BL. Nevertheless, six of eight patients com-
plained of at least mild fatigue or drowsiness in week 5–6
of treatment (symptoms were severe in two patients).
These side effects may be reflected in the 2-fold increase
of EEG activity in the 4.75–7.5 Hz range during a 5-min
wake period prior to sleep (Figure 1). A significant asso-
ciation between enhanced power in the theta band and
subjective sleepiness or drowsiness is present in healthy
subjects (Makeig and Jung 1996; Cajochen et al. 1999b;
Finelli et al. 2000). Furthermore, the changes in the wake
EEG during phenelzine treatment were reminiscent of
those associated with increased sleepiness after melato-
nin administration (Cajochen et al. 1996) and sleep depri-
vation (Cajochen et al. 1995), or the differences in the
waking EEG between habitual short and long sleepers
(Aeschbach et al. 2001). It is interesting to note that other
MAOI have been shown to increase plasma melatonin
levels during day and night in psychiatric patients (Mur-
phy et al. 1986; Van Vliet et al. 1992).

Theta activity during wakefulness and delta activity
in non-REM sleep may represent closely related mark-
ers of the homeostatic process underlying sleep regula-
tion (Finelli et al. 2000). Accordingly, it might have been
expected that the treatment-induced enhancement of
theta activity in the wake EEG be accompanied by in-
creased delta power in non-REM sleep. However,
slightly reduced activity was found in non-REM sleep,
not only in delta/theta but also in alpha and low-sigma
frequencies. These spectral changes in non-REM sleep
are qualitatively similar to those observed previously
after administration of the tricyclic antidepressant clo-
mipramine to animals (Dijk et al. 1989), and the selec-
tive serotonin re-uptake inhibitor citalopram to de-
pressed patients (Van Bemmel et al. 1993). Because
significant changes in the latter study were restricted to

Table 2. Statistical Analysis of All-night Power Spectra in 
Non-REM Sleep

rANOVA factor df
Frequency

range F values p values

Treatment 1,7 2.0–6.25 Hz
8.5–13.75 Hz

16.75–25.0 Hz

5.4–27.1
6.2–41.0
5.6–16.1

.05–.001

.04–.0004

.05–.005
Derivation 2,14 1.0–3.25 Hz

4.0–10.25 Hz
11.5–13.0 Hz

3.9–19.6
4.0–15.4
4.3–6.5

.05–.0001

.04–.0004

.04–.01
Treatment X

Derivation 2,14 19.0–22.25 Hz 5.5–6.1 .05–.04

Table 3. Absolute All-night Power Densities in Delta, 
Alpha, Sigma and Beta Frequency Bands in Non-REM Sleep

BL P5 F1,7 p

2.0–3.25 Hz band
Fronto-central 23.8 � 6 .6 16.8 � 4.7 5.3 � .06
Centro-parietal 27.3 � 7.8 25.9 � 8.9 3.0 .13
Parieto-occipital 16.5 � 3.4 15.7 � 4.1 2.0 .20

8.5–10.25 Hz band
Fronto-central 2.3 � 0.4 1.6 � 0.4 5.6 .05
Centro-parietal 3.5 � 1.1 2.7 � 0.9 3.1 .12
Parieto-occipital 3.5 � 1.0 2.4 � 0.6 10.1 .02

11.5–13.0 Hz band
Fronto-central 1.7 � 0.4 1.3 � 0.3 2.3 .17
Centro-parietal 2.1 � 0.8 1.6 � 0.5 2.1 .19
Parieto-occipital 1.4 � 0.4 1.0 � 0.3 6.8 .03

19.0–22.25 Hz band
Fronto-central 0.3 � 0.1 2.1 � 1.1 8.2 .02
Centro-parietal 0.4 � 0.1 0.7 � 0.1 9.0 .02
Parieto-occipital 0.4 � 0.1 0.4 � 0.1 0.6 .45

Values represent means � SEM of eight patients in �V2/Hz averaged
over the left and right hemispheres. BL: pre-treatment baseline. P5: week
5–6 of phenelzine treatment.

F and p values: One-way rANOVA with the within-factor ‘treatment’
(baseline, phenelzine).
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the 8–9 Hz band and did not include lower frequencies,
it was concluded that citalopram affects the sleep EEG
nonspecifically and does not interfere with sleep regu-
latory mechanisms. Thus, caution is essential when
comparing physiological mechanisms of sleep regula-
tion and pharmacological interventions.

Although phenelzine, clomipramine and citalopram
belong to different classes of antidepressants, all mark-
edly reduced REM sleep. In accordance with the hypoth-
esis of Beersma and Van den Hoofdakker (1992), the
changes in non-REM sleep that were observed in the
present study may reflect a reduction of non-REM sleep
intensity due to increased REM sleep pressure. The fol-
lowing observations are consistent with this suggestion.
First, the treatment-induced changes were state-specific
and differed between wakefulness and sleep. Second, the
reductions of power in non-REM sleep were located in
those frequency bands, which declined gradually during
pre-treatment baseline sleep (Landolt et al. 2001, Figure
1). Decreasing power in delta/theta and alpha frequen-
cies in the course of sleep has been referred to as the
‘spectral fingerprint’ of sleep homeostasis (Landolt et al.
1995). Third, the treatment-induced reduction of delta ac-
tivity (2.0–3.25 Hz) occurred in the first two non-REM
sleep periods, and was restricted to fronto-central EEG
derivations (Figure 3 and Table 3). These findings are
consistent with the notion that frontal areas of the cortex
are particularly responsive to homeostatic changes of
sleep propensity (Werth et al. 1996, 1997, 1998; Cajochen et
al. 1999a). And fourth, the decrease of power in the fronto-
central derivation was not limited to the delta range, but
included also the 8.5–10.25 Hz band (Figure 2 and Table
3). A close functional relationship between delta and alpha
frequencies in non-REM sleep has been suggested previ-
ously (see Achermann and Borbély 1998 for discussion).

Nevertheless, the drug-induced changes in the EEG in
non-REM sleep were subtle and need to be interpreted
with caution. Thus, a pharmacological intervention may
not necessarily reflect sleep homeostatic mechanisms.
Moreover, no consistent treatment effects were evident
in all bipolar derivations along the antero-posterior axis.

Also the changes in the spatial distribution of EEG
power in non-REM sleep were minor and no significant
Treatment X Derivation interaction was found in delta,
theta and alpha frequency bands. Even though
phenelzine treatment virtually abolished REM sleep, en-
hanced theta activity during wakefulness, and tended to
reduce delta power in non-REM sleep in fronto-central
EEG derivations, none of these effects correlated with an-
tidepressant response of the patients. The complexity of
the treatment effects on the EEG might be related to the
non-selective action of phenelzine, enhancing serotoner-
gic, noradrenergic and dopaminergic neurotransmission
(Baldessarini 1995). Monoaminergic cells of brainstem
and basal forebrain have widespread projections to thal-
amus and cortex (Saper 1987) and may play distinct
modulatory roles in the regulation of sleep and arousal
(McCormick and Bal 1997).
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