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Melatonin advances the circadian timing of EEG sleep
and directly facilitates sleep without altering its duration
in extended sleep opportunities in humans
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The rhythm of plasma melatonin originating from the pineal gland and driven by the circadian
pacemaker located in the suprachiasmatic nucleus is closely associated with the circadian
(approximately 24 h) variation in sleep propensity and sleep spindle activity in humans.
We investigated the contribution of melatonin to variation in sleep propensity, structure,
duration and EEG activity in a protocol in which sleep was scheduled to begin during the
biological day, i.e. when endogenous melatonin concentrations are low. The two 14 day trials
were conducted in an environmental schedulingfacility. Each trial included two circadian phase
assessments, baseline sleep and nine 16 h sleep opportunities (16.00-08.00 h) in near darkness.
Eight healthy male volunteers (24.4 + 4.4 years) without sleep complaints were recruited,
and melatonin (1.5 mg) or placebo was administered at the start of the first eight 16 h sleep
opportunities. During melatonin treatment, sleep in the first 8 h of the 16 h sleep opportunities
was increased by 2 h. Sleep per 16 h was not significantly different and approached asymptotic
values of 8.7 h in both conditions. The percentage of rapid eye movement (REM) sleep was not
affected by melatonin, but the percentage of stage 2 sleep and sleep spindle activity increased,
andthepercentage of stage 3 sleep decreased. During the washout night, the melatonin-induced
advance in sleep timing persisted, but was smaller than on the preceding treatment night and
was consistent with the advance in the endogenous melatonin rhythm. These data demonstrate
robust, directsleep-facilitatingand circadian effects of melatonin without concomitant changes
in sleep duration, and support the use of melatonin in the treatment of sleep disorders in which

the circadian melatonin rhythm is delayed relative to desired sleep time.
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Human sleep is regulated by an interaction between
circadian (~24h) and homeostatic processes (Dijk &
Czeisler, 1995; Dijk et al. 1999). In mammals the
circadian process is generated and maintained by an end-
ogenous, self-sustaining pacemaker located in the supra-
chiasmatic nuclei (SCN) of the anterior hypothalamus
(Klein et al. 1991). Circadian rhythms are synchronized
to the environment mainly by light via a photoreceptor
system in melanopsin-containing, light-sensitive ganglion
cells (Berson et al. 2002). Disorders of circadian timing
include delayed sleep phase syndrome and non-24h
sleep—wake disorder. Melatonin administration has, to
some extent, proved effective in the treatment of such
disorders (Arendt, 2000). However, the mechanisms by
which melatonin exerts these effects are unclear.

© The Physiological Society 2004

The hypothesis that endogenous melatonin is involved
in the physiological regulation of sleep is based largely
on correlational evidence. The circadian rhythm of pineal
melatonin synthesis and secretion is closely associated
with the rhythm of sleep propensity in both sighted and
blind individuals (Nakagawa et al. 1992; Dijk et al. 1997;
Lockley et al. 1997; Wyatt et al. 1999; Wehr et al. 2001),
and exogenous melatonin, especially at times of the day
when endogenous levels are low, appears to facilitate sleep
(Arendtetal. 1985; Dollins et al. 1994; Cajochen et al. 1996;
Zhdanova et al. 1996; Hughes & Badia, 1997; Lavie, 1997;
Stone et al. 2000), and influence sleep-stage-specific EEG
characteristics (Dijk et al. 1995). Just prior to the onset of
melatonin secretion is a time of the day referred to as the
wake maintenance zone (Strogatz et al. 1986), or forbidden

DOI: 10.1113/jphysiol.2004.073742



340 S. M. W. Rajaratnam and others

zone for sleep (Lavie, 1986), when sleep propensity is
lowest (~20.00-22.00 h). Coinciding with the nocturnal
rise in endogenous melatonin, there is an abrupt
transition from increased wakefulness or arousal to
high sleep propensity (Lavie, 1986; Dijk et al. 1997,
1999). It has been suggested that melatonin gates the
increase in nocturnal sleepiness by inhibiting circadian
wakefulness-generating mechanisms (Lavie, 1997; Sack
etal. 1997).

Appropriately timed melatonin administration to
humans shifts the timing of endogenous circadian rhythms
(Arendt et al. 1985; Sack et al. 1987; Deacon et al. 1994;
Attenburrow et al. 1995; Deacon & Arendt, 1995; Lewy
et al. 1998; Sharkey & Eastman, 2002; Rajaratnam et al.
2003). Melatonin appears to act on the circadian system
via melatonin receptors at the SCN, although it is not
clear which receptor subtype is responsible (von Gall et al.
2002). While it appears that sleep timing can also be shifted
by exogenous melatonin (Arendt et al. 1985; Deacon &
Arendt, 1995; Lavie, 1997), to date there are no conclusive
polysomnographic data in this regard. Furthermore, the
interaction between the direct, sleep-facilitating effects of
melatonin and its circadian phase-shifting effects is poorly
understood, and it is not clear if these effects are mediated
by separate mechanisms.

Many previous studies examining the acute effects
of melatonin on sleep and circadian rhythms have
used protocols in which sleep propensity was assessed
by self-report, actigraphy or from relatively short,
polysomnographically recorded sleep episodes. To our
knowledge there have been no studies that have examined
the effects of chronic melatonin administration on poly-
somnographic sleep in a protocol in which longer term
changes in sleep timing could be properly assessed. To
establish whether or not melatonin could advance the
timing of sleep, such that sleep occurred at a time normally
associated with the wake maintenance zone, we devised a
protocol in which the effects of melatonin were tested in
healthy volunteers who were exposed to extended (16 h)
sleep opportunities that began during the biological day
(i.e. when endogenous melatonin levels are normally low).
This protocol allowed us to examine simultaneously the
effects of melatonin on sleep timing and the duration
of sleep in the absence of constraints on sleep that are
associated with protocols in which the sleep opportunity is
only 8 h. Furthermore, the protocol avoided the problem
of chronic sleep loss that is likely to occur in studies in
which an 8 h sleep opportunity is shifted into the daytime
over several days, as sleep under such conditions is likely
to be disrupted due to the circadian drive for wakefulness
(Dijk & Czeisler, 1995). On the basis of earlier work
(Deacon & Arendt, 1995), it was hypothesized that early
evening melatonin administration would cause an abrupt
advance in the timing of sleep without affecting total sleep
duration, because melatonin is not acting as a traditional
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hypnotic (Lancel & Steiger, 1999). It was also hypothesized
that melatonin would promote sleep during the wake
maintenance zone by a combination of its sleep-facilitating
and circadian phase-shifting effects. It was predicted that
EEG slow wave activity and slow wave sleep would be
partially suppressed by exogenous melatonin, and that
sleep spindle activity and stage 2 sleep would be increased
(Dijk et al. 1995; Hughes & Badia, 1997; Stone et al. 2000).
Finally, it was predicted that latency to sleep onset would be
reduced by melatonin (Waldhauser ef al. 1990; Zhdanova
et al. 1995; Reid et al. 1996; Zhdanova et al. 1996; Hughes
& Badia, 1997).

Methods
Participants

Participants were eight healthy, non-smoking, male
volunteers (body mass index 23.8+3.0kgm™?; age
244+ 4.4years) who were recruited by one of the
investigators via poster and newspaper advertisements.
Two additional participants commenced the study, but
one withdrew after completing the first of two trials,
and one withdrew during the first trial. The final sample
consisted of six Europeans, one Australasian and one South
American. Females were not included as the protocol
would have involved comparing circadian temperature
parameters across the follicular and luteal phases of
the menstrual cycle, which may have compromised the
reliability of phase assessments (Kattapong et al. 1995;
Baker et al. 2001). The sample size was determined on
the basis of effect sizes observed in previous melatonin
and sleep extension trials, carried out in controlled
laboratory conditions, within the University of Surrey,
QinetiQ Ltd and elsewhere (Wehr, 1991; Deacon & Arendt,
1995; Dijk et al. 1995; Stone et al. 2000). Exclusion
criteria were chronic or recent acute medical illness,
psychiatric or sleep disorders, drug or alcohol abuse,
abnormal blood biochemistry or haematology, recent
shiftwork or transmeridian travel, average daily caffeine
consumption exceeding 300 mg, average daily alcohol
consumption exceeding 90 mg, and abnormal sleep. These
were assessed by self-report questionnaires, history-taking,
medical examination, electrocardiography, biochemical
and haematological screening tests and polysomnographic
evaluation of sleep during a laboratory adaptation night.

Experimental protocol

We used a sound-attenuated, light-, temperature- and
humidity-controlled environmental scheduling facility,
consisting of four individual bedrooms, communal
kitchen and living areas, showers and lavatories (QinetiQ
Ltd, Farnborough, Hampshire, UK). Participants gave
written informed consent to the procedures. The
protocol was approved by the Defence Evaluation

© The Physiological Society 2004



J Physiol 561.1

Research Agency Centre for Human Sciences Ethics
Committee (Farnborough, Hampshire, UK), and the
study conformed to the standards set out by the
Declaration of Helsinki. Ambient light was supplied
by ceiling-mounted, broad-spectrum fluorescent tubes
(Osram Biolux, Langley, Berkshire, UK).

The study used a double-blind, placebo-controlled,
repeated measures design, and was conducted between
November 2000 and August 2001. Participants took
part in two separate trials in which either melatonin
(1.5 mg, surge-sustained release; Rajaratnam et al. 2003)
or placebo was administered for 8 consecutive days in
gelatine capsules presented in coded plastic containers.
The two trials were separated by at least 14 days. Treatment
order was counterbalanced. An individual who was not
involved with recruitment, data collection or data analysis,
and who did not have any contact with participants
or knowledge of their identity, determined the order of
treatment administration according to participant codes,
such that four participants received melatonin in the first
trial and four received placebo. After treatment order
was determined, participants were allocated their codes
according to the order in which they were recruited to the
study.

Prior to attending the laboratory, participants were
instructed to abstain from caffeine for 7 days and from
alcohol for 24 h. They maintained a controlled sleep—wake
schedule (sleep 23.00-07.00h) for 10 days, which was
verified by wrist actigraphy (Actiwatch-L, Cambridge
Neurotechnology, Cambridge, UK).

Each laboratory trial commenced at 16.00h on day
(D)1 and was concluded at 09.00h on DI14. Meals,
light levels and sleep times were controlled during
the trials. During scheduled wake episodes (except
constant routines), ambient light was 147.6 £4.31x
(mean * s.e.M.) measured at the horizontal angle of
gaze. During constant routines and sleep opportunities,
ambient light was 2.4 +0.11x. After a 8.25h baseline
sleep opportunity from 23.00h on D1, a 29 h constant
routine was imposed to assess circadian rhythms (Duffy
& Dijk, 2002). During the constant routine, participants
were instructed to remain awake and semirecumbent
and received identical nutrients every 2h. A 9day
extended sleep opportunity protocol then followed, with
participants confined to their beds with no recreational
materials such as books or television from 16.00h to
08.00 h. Melatonin or placebo was administered at 16.00 h
for the first 8 days (D3-10), followed by a ‘washout night’
on D11 when placebo was administered in both trials. After
the last extended sleep opportunity, a second 29 h constant
routine was imposed commencing at 08.00h on D12.
The trial ended after a 16 h recovery sleep episode. The
protocol has been previously described (Rajaratnam et al.
2003).
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Sleep recording and analysis

During all scheduled sleep opportunities and constant
routines, vigilance state was monitored by poly-
somnography (EEG, EOG, submental EMG and a two-lead
EKG) using Embla 16-channel digital sleep recorders
(Flaga hf., Iceland). EEG signals were derived from the
0O1-A2, O2-Al, C4-Al and C3-A2 positions, with a
high-pass filter at 0.5 Hz and a low-pass filter at 45 Hz.
Hormone, actigraphy, alertness and mood data that were
collected during this protocol are reported elsewhere
(Rajaratnam et al. 2003).

Polysomnographic recordings were scored in 30s
epochs according to standard criteria (Rechtschaffen &
Kales, 1968) by an experienced, experimentally naive sleep
technician. Sleep records were excluded from analyses if
more than 2.5% of data were missing. In addition, two
sleep records from one participant were excluded due to a
minor elevation of core body temperature and headache
during 2 days of the study. A total of 11 sleep records (6.3%)
were excluded.

EEG power spectra were calculated per 256 samples
and were averaged per 30s epoch using 50% overlap
between consecutive 256 sample windows (Somnologica
Science, Flaga hf., Iceland). Here we report data on
delta (or slow-wave) activity in non-rapid eye movement
(NREM) sleep, which corresponds to power density in
the 0.75-4.50 Hz range, and sigma activity in NREM
sleep, which is power density in the 12.0-13.59 Hz range.
EEG activity in these frequency ranges appears to be
most influenced by melatonin (Dijk et al. 1995). Epochs
with artefacts were manually identified and excluded
from the spectral analysis. To reduce the between-subjects
variability in delta and sigma activity, these data were
expressed as a percentage of each participant’s baseline
value (Dijk et al. 1997), deemed as the mean level of delta
or sigma activity for the first night (D1).

Total sleep time (h, TST) was defined as the amount
of time in which the participant was asleep, including all
sleep stages. Sleep efficiency was defined as the TST divided
by the chosen interval, and expressed as a percentage. To
evaluate the effects of melatonin on the distribution of
sleep during the treatment, the 16 h sleep opportunity was
divided into two separate 8 h intervals. The percentage
of wakefulness, delta and sigma activity expressed as
percentages of baseline were analysed by factors treatment
and interval. For the analysis of melatonin effects on sleep,
the first sleep episode after the initial constant routine
(i.e. D3) was excluded because sleep during this episode
was affected by the sleep deprivation associated with the
constant routine.

Data were analysed by repeated measures analysis of
variance (ANOVA), or paired samples ¢ test. Significant
effects (P < 0.05) revealed by ANOVA were subjected
to post hoc paired sample t tests. To examine possible
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Figure 1. Sleep profiles for one representative participant

Sleep opportunities are shown for the placebo (left side) and melatonin (right side) trials, as a function of clock
time (h). Study days are presented beneath each other. For each day, sleep stages (REM, wake, stage 1, stage 2,
stage 3, stage 4) are shown in the upper panel, and delta activity (power density in the 0.75-4.5 Hz band) is shown
in the lower panel. On the constant routine days (D2 and D12), participants were instructed to remain awake, and
therefore sleep profiles on these days are not presented. The onset of endogenous melatonin secretion (the time
when plasma melatonin levels increased beyond 25% of the peak nocturnal level) is indicated as an open circle
for each constant routine (redrawn with permission from Rajaratnam et al. 2003). Baseline sleep (D1) was similar
in the two treatment trials. Sleep during the 16 h sleep opportunity following the first constant routine was well
consolidated in both the placebo and the melatonin trials (D3). During the subsequent 16 h sleep opportunities (D4
to D10) clear differences between the two conditions emerged. In the placebo trial, the 16 h sleep opportunities
were often characterized by relatively rapid onset to sleep, followed by long periods of wakefulness in the initial
8 h (i.e. 16.00 h to 00.00 h). This in turn was followed by consolidated sleep in the second 8 h (i.e. from 00.00 h
to 08.00 h). In the melatonin trial, the longest consolidated bout of sleep was present in the first part of the sleep
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associations between the sleep efficiency profile on the
washout night (D11) and the observed shift in the
endogenous melatonin rhythm (Rajaratnam et al. 2003),
cross-correlation analyses over fourteen 1h lags were
performed (Cajochen et al. 1999). Statistical analyses were
performed using SAS version 8.0 (SAS Institute Inc., Cary,
NC, USA) or SPSS version 11.0 (SPSS Inc., Chicago, IL,
USA).

Results

Sleep profiles for one representative participant during all
sleep opportunities for the placebo and melatonin trials are
shown in Fig. 1. Clear differences between the melatonin
and placebo trials are observed in the distribution of sleep
during the 16 h sleep opportunities (D4-10).

Baseline sleep characteristics

The first sleep opportunity was used to determine base-
line sleep characteristics, that is, prior to melatonin
treatment and the extension of sleep opportunity. No
significant differences were observed in baseline sleep
characteristics between the treatment trials (Table1).
On the baseline day of each treatment trial, sleep was
relatively consolidated (Figs 1 and 2), and although mean
sleep efficiencies were slightly different between the two
groups (85.5% versus 90.9% for placebo and melatonin
trials, respectively) no significant difference was observed
(Table 1). Latencies to sleep onset were within the normal
range.

Sleep duration and structure

Sleep duration and structure data were averaged for the
melatonin and placebo treatment periods (D4-10) in
order to examine the effects of melatonin during extension
of the sleep opportunity. The mean TST in the placebo trial
was 8.9 h and in the melatonin trial was 9.3 h (Table 1).
Melatonin treatment did not significantly affect TST over
the entire sleep opportunity.

During melatonin treatment, no significant changes in
sleep structure across the extended sleep opportunity were
observed (Table 1). However, in the first half of the sleep
opportunity, NREM sleep stages 1 and 2 were significantly
longer after melatonin compared to placebo (stage 1:
P < 0.001, 95% confidence interval (CI) 0.1-0.3; stage 2:
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P <0.01, 95% CI 0.9-1.6), and in the second half, the
amount of time spent in these stages was significantly less
after melatonin compared to placebo (stage 1: P < 0.05,
95% CI 0.1-0.5; stage 2: P < 0.05, 95% CI 0.2-1.5). As
with the duration of sleep stages 1 and 2, REM sleep
duration was significantly greater during the first half of
the sleep opportunity after melatonin compared to placebo
(P <0.01,95% CI 0.2-0.6). In the second half, REM sleep
duration was lower after melatonin compared to placebo
(P < 0.05, 95% CI 0.1-0.7). The amount of time spent in
stages 3 and 4 of NREM sleep was not significantly affected
by melatonin.

To examine the acute effects of melatonin on sleep
structure whilst taking into account the change in the
distribution of sleep, the percentage of each sleep stage was
examined as a function of TST in the first half of the sleep
opportunity (16.00-00.00 h) compared to the second half
(00.00-08.00 h). Stage 2 as a percentage of TST was found
to increase in the first half of the sleep opportunity after
melatonin (P < 0.05,95% CI 0.7—6.4), and decrease in the
second half after melatonin (P < 0.05, 95% CI 0.2-1.5).
Melatonin treatment decreased the stage 3 percentage in
the first half of the sleep opportunity (P < 0.05, 95% CI
0.5-5.9), but did not significantly affect it in the second
half. When expressed as a percentage of TST, NREM sleep
stages 1 and 4 and REM sleep were not significantly affected
by melatonin treatment.

Sleep timing

Mean sleep latencies were greater in the placebo trial;
however, these differences did not reach statistical
significance (Table 1). Latency to the first REM episode
was longer in the melatonin trial, but again this difference
was not significant. However, the timing or distribution of
sleep within the 16 h sleep opportunity was substantially
altered by melatonin (Fig. 2). To examine changes in the
distribution of sleep during melatonin treatment, TST
in the first and second halves of the sleep opportunity
were compared. In the placebo trial, participants slept
on average for 3.4 h during the first half, whereas in the
melatonin trial they slept on average for 5.4 h (P < 0.01,
95% CI 1.3-2.7). All participants (8/8) slept more during
the first half in the melatonin trial compared with the
placebo trial. In contrast, during the second half of the sleep
opportunity participants slept on average 1.6 h less during
melatonin treatment compared to placebo (P < 0.05, 95%
CI 0.4-2.8).

opportunity and more wakefulness was observed in the second part. It is noted that on several occasions, sleep
was not initiated immediately after melatonin administration (e.g. D7 to D10). During the washout night on D11,
when placebo was administered in both trials, sleep onset occurred earlier in the melatonin trial than in the placebo
trial. Wakefulness was present in the second half of the sleep opportunity in the melatonin trial, but not in the
placebo trial. Following the second constant routine, sleep was well consolidated in both trials and delta activity
declined progressively in the course of the sleep episode, as it did in most other episodes of consolidated sleep.
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Table 1. Effects of melatonin on sleep parameters during baseline and extended sleep opportunity nights

Baseline 1st half of sleep 2nd half of sleep Total sleep opportunity
(D1) opportunity (D4-10) opportunity (D4-10) (D4-10)
Placebo Melatonin Placebo Melatonin Placebo Melatonin Placebo Melatonin
Total sleep time 7.07 (0.38) 7.51(0.12) 3.37*(0.24) 5.37(0.20) 5.57* (0.36) 3.96 (0.45) 8.94 (0.22) 9.33(0.37)
(TST) (h)
Sleep efficiency  85.51 (4.61)  90.90 (1.50) 42.31* (2.96) 67.52(2.53) 69.61* (4.56) 49.56 (5.67) 56.00(1.39) 58.52(2.33)
(%)
Stage 1 sleep 0.89 (0.11) 0.87 (0.15)  0.42* (0.03) 0.64 (0.05) 0.84* (0.09) 0.57(0.07) 1.26 (0.10) 1.21 (0.10)
duration (h)
Stage 2 sleep 3.86 (0.23) 4.24(0.18) 1.83*(0.16) 3.08 (0.12) 2.94* (0.21) 2.09 (0.30) 4.78(0.16) 5.17 (0.30)
duration (h)
Stage 3 sleep 0.52 (0.07) 0.43 (0.06) 0.36 (0.03) 0.43 (0.06) 0.25(0.05) 0.18(0.05) 0.61 (0.05) 0.61 (0.09)
duration (h)
Stage 4 sleep 0.26 (0.10) 0.23 (0.09) 0.19 (0.06) 0.24 (0.07) 0.06 (0.04) 0.04 (0.01) 0.25(0.08) 0.27 (0.08)
duration (h)
REM sleep 1.53 (0.23) 1.73 (0.14) 0.57* (0.08) 0.99 (0.08) 1.47* (0.09) 1.07 (0.11) 2.04 (0.10) 2.07 (0.11)
duration (h)
Stage 1 sleep, 12.74 (1.74) 11.61 (1.92) 12.95(1.10) 12.12(1.12) 15.37(1.30) 14.65(1.59) 14.13(1.03) 13.01 (1.07)
%TST
Stage 2 sleep, 55.20 (3.11)  56.53(2.24) 53.74* (1.47) 57.31(1.50) 52.43(1.81) 51.21(1.78) 53.38(1.49) 55.13(1.24)
%TST
Stage 3 sleep, 7.40 (1.01) 5.77 (0.84) 11.13* (1.21)  7.93 (0.96) 4.38(0.80) 5.11(1.12) 6.91(0.60) 6.72 (0.97)
%TST
Stage 4 sleep, 3.57 (1.39) 3.12 (1.25) 6.28 (2.00)  4.46 (1.21) 0.92 (0.53) 1.02(0.37) 2.73(0.83) 3.04 (0.81)
%TST
REM sleep, 21.09 (2.30) 22.98 (1.83) 15.90 (1.35) 18.17(0.95) 26.89(1.26) 28.02 (1.51) 22.86 (1.02) 22.10 (0.87)
%TST
REM : NREM 0.27 (0.04) 0.30 (0.03) 0.20 (0.02) 0.23 (0.01) 0.38(0.02) 0.44(0.06) 0.30(0.02) 0.29 (0.01)
sleep ratio
Latency to 24.06 (12.46) 16.56 (4.15) 81.36 (23.13) 54.34 (12.56)
stage 1 (min)
Latency to 29.44 (12.23) 23.38 (4.89) 98.72 (29.26) 62.97 (13.90)

stage 2 (min)

Latency to first  99.75(21.97) 95.38 (15.08) 65.68 (5.86)  75.18 (4.88)
REM (min)

Duration of first 22.50 (5.09) 17.00 (3.72) 15.51 (2.10) 15.91 (1.34)
REM (min)

Mean sleep parameters (with standard error of mean in parentheses) during the baseline night (D1), during the first and second half
of the treatment nights (8 h) and across the entire sleep opportunity (16 h) on treatment nights. For each participant, mean sleep
parameters were calculated across the treatment period excluding the first treatment night (D3) due to the influence of the extended
period of wakefulness associated with the preceding constant routine. The 16 h sleep opportunity was divided into two equal parts:
16.00 h to 00.00 h, and 00.00 h to 08.00 h. *Significant differences (P < 0.05) between the melatonin trial and the corresponding data

for the placebo trial.

The effects of melatonin treatment on sleep timing
were more closely examined by calculating mean sleep
efficiency per hour (Fig.2) and conversely percentage
wakefulness per hour (Fig.3A). When averaged across
D4-10, percentage wakefulness was greater than 50%
for the first half of the sleep opportunity but decreased
substantially in the second half in the placebo trial
(Fig. 3A). The wakefulness profile in the melatonin trial
showed an approximately inverse pattern with higher
levels of wakefulness in the second half of the sleep
opportunity. ANOVA revealed a significant treatment
by interval interaction (P < 0.01), and paired sample

t tests confirmed that wakefulness during the first half
of the sleep opportunity was significantly greater in the
placebo compared to melatonin trials (P < 0.01, 95% CI
16.6-33.8), and wakefulness in the second half of the
sleep opportunity was significantly greater for melatonin
compared to placebo (P < 0.05, 95% CI 5.1-35.0).

Delta and sigma activity

Deltaactivity in NREM sleep (% baseline) showed a similar
time course after melatonin and placebo (Fig.3B). In
both trials, delta activity decreased approximately equally
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throughout the sleep opportunity. ANOVA revealed
a significant main effect of sleep opportunity half,
confirming the decrease in delta activity from the first to
the second half (P < 0.01, 95% CI 27.0-58.4). However,
there was no significant effect of treatment or treatment
by sleep opportunity half interaction. In contrast, sigma
activity in NREM sleep was increased by melatonin during
the first half of the sleep opportunity, but did not appear
to differ in the second half (Fig.3C). ANOVA revealed
no significant main effects of treatment or interval, but
showed a treatment by interval interaction (P < 0.01).
Paired sample ¢ tests confirmed that sigma activity was
higher after melatonin compared to placebo in the first
half of the sleep opportunity (P < 0.05, 95% CI 1.9-33.8)
but was not significantly different in the second half.

Dynamics of TST, REM sleep and NREM sleep
during protocol

This protocol involved extension of the sleep opportunity
and also sleep deprivation associated with constant

Placebo trial
Clock time (h)
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routines. We examined the dynamics of TST, REM sleep
and NREM sleep in the course of the 14 day protocol
(Fig. 4) to assess the effects of melatonin on the homeo-
static regulation of sleep. TST, NREM sleep and REM
sleep were all higher in the sleep episodes immediately
following the constant routines and declined during sub-
sequent sleep episodes. Asymptotic values were estimated
tobe 8.7 hfor TST, 2.0 hfor REM sleep and 6.6 h for NREM
sleep. These values were identical for the melatonin and
placebo trials.

Separation of direct and circadian effects
of melatonin on sleep

To investigate the direct, sleep-facilitating effects of
melatonin, the mean sleep efficiency profile (in 1h
intervals) during the last day of melatonin treatment (D10)
was compared to the profile during the washout night
(D11) (Fig. 5A). This analysis is based on the assumption
that circadian phase differences between these 2 days are
minor because 1 day of placebo treatment is unlikely to

Melatonin trial
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Figure 2. Sleep efficiency profiles in the melatonin and placebo trials

Mean sleep efficiency profiles in the placebo (left side) and melatonin (right side) trials. Sleep efficiency is calculated
across participants (n = 8) in 1 h intervals for each sleep opportunity. Data are represented as colour contour plots
according to the legend presented in the lower panel, with lowest (0%) sleep efficiency indicated in dark purple
and highest sleep efficiency (100%) indicated in dark orange. Consecutive study days are presented beneath each
other. Clock time (h) and hours into the sleep opportunity are shown on the horizontal axis. For each day, important
study events and treatments are indicated (baseline; CR1, constant routine 1; Rec1, recovery sleep 1; placebo or
melatonin treatment administration; CR2, constant routine 2; Rec2, recovery sleep 2). In the placebo trial, sleep
efficiency was generally low in the initial part of the 16 h sleep episode, i.e. 16.00 h to midnight, though D4 to
D11. The major bout of sleep, as indicated by high sleep efficiency, occurred at a similar phase throughout the
protocol, i.e. from about midnight to 08.00 h, with some day-to-day variability. In contrast, in the melatonin trial,
the major sleep bout was substantially advanced in time compared to placebo, and occurred during the first half of
the sleep opportunity. This change in distribution was found to persist on D11, when both groups received placebo,
although the advance in the period of high sleep efficiency on D11 is less pronounced than when melatonin was

administered on D10.
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undo the phase-shifting effects of 8 days of melatonin
treatment. Substantially higher sleep efficiency values were
observed during melatonin treatment for the first 3h of
the sleep opportunity. Sleep efficiency was found to be
significantly greater during melatonin treatmentat 18.00 h
(2 h post-treatment) compared to the corresponding time
on the washout night (P < 0.01, 95% CI 34.5-103.6).

The mean sleep efficiency profile on the washout
night of the melatonin trial (D11) was compared to the
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Figure 3. Wakefulness, delta activity and sigma activity
Time course of mean wakefulness (% per 2 h; A), mean delta activity
in NREM sleep (power density in the 0.75-4.5 Hz band) expressed as a
percentage of baseline (D1; B), and mean sigma activity in NREM sleep
(power density in the 12.0-13.59 Hz band) expressed as a percentage
of baseline (D1; C) (n = 8). Standard error of the mean (s.e.M.) is
shown. Data points have been calculated across the treatment
administration period (D4 to D10). D3 was excluded due to the
influence of the extended period of wakefulness associated with the
initial constant routine. During the placebo trial, wakefulness was
greater during the first half of the sleep opportunity compared to the
second half. In contrast, the opposite pattern is observed for
wakefulness during the melatonin trial. The time course of delta
activity is similar for the melatonin and placebo trials, showing a
decrease as a function of the number of hours into the sleep
opportunity. Sigma activity is increased in the first half of the sleep
opportunity after melatonin treatment, but is not different to placebo
in the second half of the sleep opportunity.
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corresponding night of the placebo trial to examine the
circadian (or phase-shifting) effects of melatonin (Fig. 5B).
The sleep profile was phase-advanced after melatonin
compared to placebo. Sleep efficiency was found to be
significantly higher after melatonin treatment at 20.00 h
(P < 0.05, 95% CI 2.8-80.9) and 22.00 h (P < 0.05, 95%
CI 3.6-84.2), and was significantly lower after melatonin
treatment at 02.00 h (P < 0.05, 95% CI 4.5-69.5), 04.00 h
(P < 0.01, 95% CI 5.6-22.6) and 05.00 h (P < 0.01, 95%
CI 18.8-76.2) compared to placebo.

To examine the possible association between the
shifts in sleep timing and in the endogenous melatonin
rhythm, sleep efficiency data from the washout night were
cross-correlated with plasma melatonin levels from the
second constant routine in each treatment trial (Fig. 5D).
The highest correlation obtained in both trials was for 0 h
lag (Fig. 6). These analyses indicate that the profile of sleep
propensity was advanced by an amount approximately
equal to the advance observed in plasma melatonin,
which we previously reported was 5.3 h and 2.4 h for the
melatonin and placebo trials, respectively (Rajaratnam
et al. 2003).

Discussion

Using an extended sleep opportunity protocol, the
present study demonstrates unequivocally that exogenous
melatonin can advance the timing of human sleep, without
significantly affecting TST. To our knowledge, this is
the first demonstration of the phase-shifting effects of
melatonin on polysomnographically recorded sleep with
concurrent assessment of melatonin effects on homeo-
static sleep regulation, in the absence of the confounding
effects of sleep restriction.

When the sleep opportunity commenced during the
day, sleep could be initiated in both the placebo and
melatonin trials, in accordance with nap studies that have
demonstrated that young people can initiate sleep at this
time of day, even when sleep pressure is relatively low
(Dijk et al. 1987). The finding that sleep latency was not
significantly reduced by melatonin is somewhat surprising,
as the majority of previous studies report that melatonin
decreased sleep latency (Waldhauser et al. 1990; Zhdanova
et al. 1995; Reid et al. 1996; Zhdanova et al. 1996; Hughes
& Badia, 1997). However, clear effects of melatonin were
observed on the temporal placement of the primary sleep
bout within the sleep opportunity. In the placebo trial the
initial sleep bout was typically followed by a prolonged
period of wakefulness in the late evening, a time which has
been previously described as the wake maintenance zone
(Strogatz et al. 1986), and the ‘forbidden zone’ for sleep
(Lavie, 1986). In contrast, during the melatonin trial, the
corresponding time was characterized by a relatively long,
consolidated sleep bout.

According to current models of sleep—wake regulation,
the wake maintenance zone is thought to be a function of
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the circadian peak in arousal which promotes wakefulness
at this time (Dijk & Czeisler, 1995). Lesion studies in
squirrel monkeys indicate that the SCN are primarily
responsible for this wakefulness-generating mechanism
(Edgar et al. 1993). The wake maintenance zone occurs
close to the onset of melatonin secretion, and the abrupt
rise in nocturnal sleep propensity coincides with, or occurs
shortly after, the rise of melatonin (Dijk & Czeisler, 1994).
It is speculated that melatonin contributes to this abrupt
change by inhibiting the wake-promoting signal from the
SCN, and thereby opening the sleep gate (Lavie, 1986, 1997;
Shochat ef al. 1998; Jin et al. 2003). The present findings
support this claim by showing that (artificially) increased
melatonin levels during the early evening effectively
‘silenced’ and shifted the wake maintenance zone (Sack
etal. 1997).

When the sleep propensity profile was examined 24 h
after the last melatonin treatment (i.e. during the washout
night, DI11), the redistribution in sleep timing was
found to persist, albeit to a lesser extent than during
melatonin administration (e.g. D10). These data clearly
demonstrate that the observed changes in the distribution
of sleep during melatonin treatment were caused by a
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combination of the direct, sleep-promoting effects of
melatonin and the circadian or phase-shifting effects.
In a previous report on this study, we demonstrated
that melatonin administration at the beginning of the
sleep opportunity (16.00 h) phase advanced endogenous
melatonin and cortisol rhythms (Rajaratnam et al. 2003).
Here we report that melatonin essentially phase-advanced
sleep by an amount approximately equal to the shift
in the endogenous melatonin rhythm. In addition,
melatonin directly facilitated sleep for approximately 3 h
post-administration.

Although melatonin exerted both direct and circadian
effects on sleep, there was no change in TST or duration
of REM sleep and NREM sleep. These data indicate
that unlike classic hypnotic drugs (Lancel & Steiger,
1999), melatonin facilitates sleep rather than inducing it.
Furthermore, as sleep duration is known to be regulated by
an interaction between circadian and homeostatic factors
(Dijk & Czeisler, 1995; Dijk et al. 1999), our finding
that TST was unaffected even though melatonin advanced
the circadian system suggests that sleep need (as reflected
by TST) was not altered. By exposing participants to
extended sleep opportunities (16 h) in very dim light with
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enforced bedrest, we were able to assess how much sleep an
individual would obtain in such an environment. It should
be noted that if the duration of the sleep opportunity had
been limited to the standard 8 h, a significant change in
TST would probably be observed, due to a combination
of the phase-shifting effects of melatonin on sleep and its
direct, sleep-facilitating effects.

To reduce interindividual differences in sleep duration
and the duration of endogenous circadian rhythms
(Aeschbach et al. 2003), we excluded potential sub-
jects with short (< 7h) or long (> 10h) habitual sleep
duration. We estimate that after recovery from the sleep
deprivation associated with the first constant routine,
TST in our sample was 8.7h in both the melatonin
and placebo trials (Fig.4). Therefore, despite the 16h
available for sleep, and the fact that participants reported

Direct effect

S. M. W. Rajaratnam and others
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anecdotally that they were highly motivated to sleep to
relieve boredom, participants were only able to obtain on
average approximately 8.7 h of sleep. REM sleep duration
was 2.0 h under these conditions, and NREM sleep was
6.6 h.Ina previous sleep extension study, TST after 4 weeks
of exposure to a 14:10 h sleep—wake cycle was 8.2 h (Wehr
et al. 1993). The slight discrepancy between findings of
the previous study and ours may be explained by the
imposition of an initial constant routine in the present
study, differences in the duration of exposure to the
extended sleep opportunities (9 days versus 4 weeks), and
differences in duration of the sleep opportunity (16 h
versus 14 h).

When sleep structure was assessed across the entire
16 h sleep opportunity, no changes were observed
during melatonin treatment. Corresponding with the
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Figure 5. Separation of direct and circadian effects of melatonin

Mean sleep efficiency levels (% per hour; A and B, n=38) and mean plasma melatonin levels (C and D,
n = 8). Standard error of the mean (s.e.m.) is shown for sleep efficiency and plasma melatonin data. The direct,
sleep-facilitating effect of melatonin (4) is illustrated by a comparison between sleep efficiency profiles on the last
day of melatonin treatment (D10, ®) and sleep efficiency on the washout day (D11, 0). Increased sleep efficiency is
observed for the first 2-3 h during melatonin treatment. The circadian effect of melatonin on sleep (B) is illustrated
by a comparison between sleep efficiency levels on the washout day (D11), which was the day after melatonin (@)
or placebo (0). On D11, placebo was administered to all participants. A shift in the distribution of sleep can be
observed after melatonin treatment, with the major bout of sleep occurring earlier in the sleep opportunity. On the
corresponding day after placebo, the major bout of sleep occurred later in the sleep opportunity, although an initial
rise in sleep efficiency is noted at around the commencement of the sleep opportunity. Mean plasma melatonin
profiles are presented (C) to illustrate the difference in circulating melatonin levels during melatonin treatment
(®) compared to the levels after treatment had stopped (0) (reproduced and re-analysed with permission from
Rajaratnam et al. 2003). Note that during melatonin treatment, plasma melatonin levels remained elevated for
the duration of the 16 h sleep opportunity. Plasma melatonin levels during the second constant routine (i.e. after
the treatment period) are presented (D) to illustrate the melatonin-induced advance in timing of the endogenous
melatonin profile (®) compared to placebo (0) (reproduced with permission from Rajaratnam et al. 2003).
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melatonin-induced change in the distribution of sleep,
NREM stages 1 and 2 sleep and REM sleep were found
to be greater in the first half of the sleep opportunity after
melatonin treatment. The selective increase in these sleep
stages by melatonin has previously been reported (Nave
et al. 1996; Cajochen et al. 1997, 1998; Hughes & Badia,
1997; Stone et al. 2000). When the relative proportion of
time spent in each sleep stage was examined as a function
of the amount of sleep in each half of the sleep opportunity,
stage 2 sleep percentage was increased by melatonin and
stage 3 sleep percentage was decreased in the first half of
the sleep opportunity. Again, these findings are consistent
with a previous report that melatonin administration
during the daytime increases visually scored stage 2
sleep and decreases slow wave sleep (Hughes &
Badia, 1997).

Daytime effects of melatonin on sleep-stage-specific
EEG characteristics have been demonstrated (Dijk et al.
1995; Nave et al. 1996). Here we report that melatonin
administered during extended sleep opportunities did not
influence delta activity, but did increase sigma activity in
NREM sleep during the first half of the sleep opportunity.
Sigma represents the frequency range of sleep spindles.
Low-frequency spindle activity shows a marked circadian
variation, reaching its maximum just prior to the peak in
endogenous melatonin synthesis (Dijk et al. 1997). The
present findings lend further support to the proposition
that melatonin may be involved in the circadian regulation
of sleep spindle activity (Dijk et al. 1995).

The physiological mechanisms by which melatonin
alters sleep and circadian timing in humans are pre-
sently unclear. Rodent studies provide evidence that
the phase-shifting effects of melatonin are mediated by
melatonin receptors in the SCN (Cassone et al. 1986;
Vanecek et al. 1987; Kilduff et al. 1992; McArthur et al.
1997; Dubocovich et al. 1998; Hunt et al. 2001). Melatonin
receptors have also been identified in human SCN
(Dubocovich, 1995) and cerebellar cortex (Al-Ghoul et al.
1998). As for the sleep-facilitating effects of melatonin,
the mechanisms have not been elucidated. It may be
that these effects are related to the acute inhibition
of SCN multiple unit activity (MUA) observed after
melatonin administration in vitro. This inhibitory effect
of melatonin on MUA appears to be mediated primarily
by the Mella receptor (von Gall et al. 2002). Alternatively,
the sleep-facilitating effects of melatonin may be related
to a hypothermic response mediated by peripheral vaso-
dilatation (Krauchi et al. 1997). Posture is believed to play
animportantrolein the hypothermicand sleep-facilitating
effects of melatonin. It is likely that enforced recumbency
(and very dim light) contributed to the effects observed in
the present study (Krauchi et al. 1997).

The mean peak plasma melatonin concentration
achieved after melatonin was administered in this study
was 626 pg ml~!, which was approximately 10 times higher
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than the endogenous peak levels for these individuals.
Whether this could be considered a pharmacological or a
physiological treatment is a matter for discussion, and will
depend on the concentration of melatonin at its target sites.
In sheep studied in the absence of exogenous melatonin,
endogenous melatonin concentrations in cisterna magna
are approximately 20 times higher than in plasma (Skinner
& Malpaux, 1999). The relationship between plasma
melatonin concentration and melatonin concentration
in cisterna magna during melatonin administration is
presently unclear, but it may very well be that under
such conditions plasma concentrations are more similar
to concentrations at target sites.

We have demonstrated that melatonin administration
(1.5mg) can advance the timing of sleep and endo-
genous circadian rhythms (Rajaratnam et al. 2003) and
facilitate sleep during the wake maintenance zone, without
significantly affecting sleep duration. These findings
suggest that endogenous melatonin is involved in the
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Figure 6. Relationship between the sleep efficiency profile and
the plasma melatonin rhythm

Mean cross-correlation coefficients, where the observations from one
data series are correlated with another series at various lags and leads.
Sleep efficiency data from the washout night are compared to plasma
melatonin levels during the second constant routine, for the melatonin
trial (upper panel) and the placebo trial (lower panel). Plasma
melatonin data were taken with permission from Rajaratnam et al.
(2003). The horizontal dashed line represents a correlation coefficient
(r) of 0. Time lag (h) is shown on the horizontal axis. Data points
represented by open circles indicate time lags with significant
correlation coefficients (P < 0.05). Maximal correlation coefficients
obtained for both trials were at 0 h lag.



350 S. M. W. Rajaratnam and others

circadian regulation of sleep propensity in humans. The
findings also have practical relevance for the use of
melatonin in the treatment of circadian rhythm sleep
disorders, such as delayed sleep phase syndrome (Dahlitz
et al. 1991), and in other situations in which the end-
ogenous sleep propensity rhythm is delayed relative to the
preferred time for sleep (Arendt, 2000).
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