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Summa.·y
When administered to humans the pineal honnone me\atonin can phase shift a number of
circadian rhythms. This property has prompted the investigation of exogenous melatonin in
sleep disorders known to have an underlying chronophysiological basis (i.e. circadian rhythm
sleep disorders). Both in field and simulated studies of jet lag and shift work suitably timed
melatonin improved sleep and, in some cases, hastened readaptation of the circadian rhythms
following the phase shift. Melatonin treatment has also been evaluated in the circadian sleep
disorders, delayed sleep phase syndrome (DSPS) and non-24-hour sleep wake disorder. Compared with placebo, me\atonin advanced the sleep period in subjects with DSPS. Melalonin
also improved a number of sleep parameters in blind subjects suffering from non-24-hour
sleep wake disorder. In addition, studies investigating circadian rhythm abnormalities in unlreated
blind individuals point to an association between the endogenous me\atonin rhythm and sleepl
napping patterns.

Introduction

The hormone melatonin (N-acetyl-5-methoxytryptamine) is synthesised primarily in the pineal gland and, to a lesser extent, in the retina. From unicellular
algae to man, there is a day/night rhythm in melatonin production with peak
levels occurring during the period of darkness (review 2).
The melatonin rhythm is endogenously generated by the circadian pacemaker localised in the hypothalamic suprachiasmatic nuclei (SeN). Light acting
via retinal photoreceptors and a nonvisual retinohypothalamic tract (RHT) entrains SeN activity and consequently the melatonin rhythm to a 24 hour cycle.
Daily and seasonal changes in light/dark cycles are capable ofinducing changes
in the SeN circadian pacemaker cells which, via aneurai output pathway, affect the pattem of melatonin secretion and other output circadian rhythm s such
as core body temperature, cortisol and sleep/wake cycle. For example, the duration ofnocturnal melatonin secretion increases in response to lengthening ofthe
night and this melatonin signal conveys information about season to the organism (8, 33, 35).
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As an endocrine signal reflecting the photoperiod, melatonin acts as a time
cue for the organisation of daily (circadian) and annual (circannual) events.
The high affinity melatonin receptors in the SeN (mel]/mel]b) and the hypophyseal pars tuberalis (mel]) are the presumed sites of melatonin's circadian
and reproductive effects, respectively (32). Melatonin has two distinct effects
on the SeN: an acute inhibitory effect on neuronal firing (28) and a phase
shift ing effect on the SeN electrical activity rhythm (29). Recent studies using
mice with targeted disruption of the mel]a receptor suggest that melatonin 's
acute inhibitory effect and its phase shifting effect are mediated by mel]a and
mel] breceptors, respectively (24). It may be that these receptors also mediate
the reported acute and phase shifting effects of cxogenous melatonin in humans.
The time giving (zeitgeber) properties of melatonin have a number potential
therapeutic applications from control of breeding cycles in seasonal breeders
such as sheep to resynchronisation ofbody rhythm s following an abrupt shift of
time (in timc zone travel, night shift work).
This review describes the results from our laboratory in investigating the
effects of exogenous melatonin administration on sleep and other circadian
rhythm s in subjects with circadian sleep disorders. Studies in blind subjects
with non-24-hour sleep-wake disorders have also allowed assessment of the
relationship between the endogenous melatonin rhythm and the sleep/wake
cycle.

Phase Shifting Effects of Exogenous Melatonin
Early work sl10wed that early evening administration (17.00 h) of melatonin
(2 mg daily for 4 weeks) produeed a phase advanee in the timing of sleep and
the endogenous melatonin rhythm in healthy subjeets (6, 36). Later studies showed that a single dose ofmelatonin (5 mg at 17.00 h) was eapable ofprodueing
an advanee in the onset of the endogenous melatonin rhythm and core body
temperature rhythm (13). These effects ofexogenous melatonin were later shown
to be dose-dependent (10). In addition to its phase shifting effeet exogenous
melatonin also has an aeute effeet (induces sleepiness, reduees eore body temperature and alertness) which is dose-dependent (13).
The phase shifting effeets of melatonin on endogenous eireadian rhythm s is
dependent upon the time of its administration. This effeet is deseribed by a
phase response eurve: melatonin given in the late subjeetive day produees phase
advanees, melatonin given in the late subjeetive night produees phase delays
(22, 23, 30, 37). For subjeets who are entrained to their lightldark eycle this
phase response eurve is useful to determine the time melatonin should be administered to produee the neeessary phase shift. For example, subjeets wishing to
phase advanee their eireadian rhythm s (required when flying eastwards aeross
time zones) should take melatonin in the early evening.
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Circadian Rhythm Sleep Disorders
According to the International Classification of Sleep Disorders (19), circadian rhythm sleep disorders are characterised by a mismatch between the subject's sleep pattern and "that which is desired or the societal nonn". Two ofthe
circadian rhythm sleep disorders result from a shift in time (Time zone change
Uet lag) syndrome and Shift work sleep disorder). The other circadian rhythm
sleep disorders are Irregular sleep-wake pattern, Delayed sleep phase syndrom e
(DSPS), Advanced sleep phase syndrom e (ASPS) and Non-24-hour sleep-wake
disorder. These sleep disorders may have an internal (e.g. neurological disease)
and/or an external cause (e.g. environment).
Effect of Exogenous Melatonin on Circadian Sleep Disorders
Time Zone Change (Jet Lag) Syndrome
Melatonin administration has been investigated in both field (3,4) and simulated (12) studies of jet lag. Following an eastward flight across 8 time zones, melatonin timed to phase advance (5 mg at 18.00 h local time for 3 days before flight
and at bedtime (23.00 h) in the newtime zone for 4 days post flight) significantly
alleviated subjective feelings ofjet lag compared to subjects treated with placebo.
Melatonin significantIy reduced sleep latency and improved subjective sleep quality post flight. The treatment also hastened the rate of resynchronisation of the
endogenous melatonin and cortisol rhythms. Since this early study evaluation of
melatonin on self-ratedjet lag has continued. To date 10 studies have been published, 8 of which have shown melatonin to be effective (see references in 7). Results from our placebo-controlled and uncontrolled studies (melatonin n = 474,
placebo n = 112) show that melatonin reduces self-rated jet lag by 50% in the
majority of subjects (7). The effect ofmelatonin was independent of subject gender
and direction oftravel but was significantIy more effective after flights over more
than 8 time zones. Side effects were minimai (7).
Simulated phase shift studies have supported the field study results. FolIowing a rapid 9-h advance shift and using a double blind placebo-controlIed
crossover design, melatonin administration (5 mg at 23.00 h for 3 days post
phase shift) significantly improved sleep (quality, duration and night awakenings), daytime mood and alertness compared wit h placebo (12). This effect of
melatonin occurred immediately post phase shift suggesting an acute effect on
the sleep/wake cycle folIowed by a hastened adaptation ofthe endogenous melatonin rhythm.
Overall our and most of the other studies suggest that if correctly timed
melatonin will alleviate the symptoms of jet lag (disturbed night sleep, increased daytime sleepiness) in the majority of subjects (see references in 7). The
optimum way to ensure correct timing is to administer melatonin in relation to
each individuals' own circadian phase. Determination of a subject's circadian
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phase, however, requires strict experimental conditions which are not practical
in field studies. Thus as a minimum requirement subjects should be entrained to
the pre-flight environment so that the timing of the melatonin treatment is approximatelyat the subjects' correct circadian phase. The importance of subject
entrainment is emphasised by a recent study in which subjects not synchronised
to the pre-ilight environment appeared not to benefit from melatonin treatment (34).

Shift Work Sleep Disorder
There are few studies investigating the effect of melatonin on shift work
sleep disorder experienced by rotating shift workers in the field. In a pilot study
wc gave melatonin (5 mg daily for 10 days) or placebo to workers foIlowing a
8-h night shift (18). Melatonin taken at their "bedtime" (approximately 07.00 h)
significantIy increased day sleep duration, improved subjective sleep quality
and increased alertness during the night shift.
Models simulating the phase shift experienced by a fuIly adapted night worker returning to a day shift or vice versa have been developed in our laboratory
(lI, 14) in order to investigate the efIcct of exogenous melatonin and/or light
trcatment on slcep and the readaptation process foIlowing phase shift (12, results described above).
Delayed Sleep Phase Syndrome (DSPS)
In delayed sleep phase syndrorne (DSPS) sleep is delayed in relation to desired cIock time (19). Subjects are unable to faIl asleep unti! between 02.00 and
06.00 h and have difficulty awakening in the morning to fuJm social/work obligations. In a randomised, double-blind, placebo-controIled trial, melatonin was
administered (5 mg daily at 22.00 h for 4 weeks) to 8 patients with DSPS (9).
Melatonin treatment significantly advanced the time of sleep onset and wake
time with no overaIl change in sleep duration.
In a re cent single case we have tried another approach. A blind man with
DSPS and a delayed melatonin rhythm (mean peak time of secretion 14 h 15
min) was given melatonin (5 mg) or placebo for 28 days. The time of administration was advanced by one hour for the first 5 days and then held constant.
This staggered treatment regimen attempted to account for the possible cumulative phase advances from each melatonin dose. In this subject melatonin significantly advanced sleep onset, delayed sleep offset, increased night sleep duration
and reduced daytime napping compared with placebo given in a similar timed
manner (unpublished results, Lockley, Skene, Arendt). Further studies using
this approach are required both in blind and sighted DSPS sufferers.
Advanced Sleep Phase Syndrome
In advanced sleep phase syndrome (ASPS) the sleep episode is advanced
relative to the desired cIock time (19). Subjects complain of excessive evening
sleepiness and early morning wakening. To date no controlled studies of the
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effectiveness of melatonin in ASPS have been performed in our laboratory.
TheoreticalIy melatonin should be taken in the early morning, i.e. timed to produce a phase delay.
Non-24-hour Sleep Wake Disorder
In this disorder the sleep/wake cycle occurs at a period different from 24
hours, i.e. it is free running. This sleep disorder occurs mainly in blind subjects
and is characterised by bouts of good sleep when their circadian clock is in
phase with the 24-hour world and bouts of disturbed sleep when they are out of
phase. We have recently completed a study of blind subjects (n = 49) with different degrees ofvisualloss and have shown that those subjects with no conscious
light perception (NPL) are more likely to have free running sleep and other
circadian rhythm s (26) supporting the idea that the light/dark cycle is a major
time cue in humans, which, via the retina-RHT pathway, entrains the SeN pacemaker.
We were the first to investigate the effect of melatonin on the sleep/wake
cycle of a blind person with free running circadian rhythms. Melatonin given
daily at bedtime ·(approximately 23.00 h) for 4 weeks stabilised sleep onset,
increased night sleep duration and reduced daytime sleepiness compared with
placebo (5). Studies assessing melatonin's effect on non 24-hour sleep in blind
individuals have continued (1, 7). As not all blind subjects appeared to benefit
from the treatment (e.g. only 6 out of 13 subjects had an improvement in one or
more ofthe sleep parameters) (1, 7), we are presently conducting studies where
melatonin is accurately timed according to each individual 's own circadian phase
in the hope of optimising melatonin 's effectiveness. The subjects' circadian phase
(assessed by the timing of the urinary 6-sulphatoxymelatonin rhythm) is determined just prior to melatonin administration and the first dose of melatonin
(5 mg) taken when the subject's 6-sulphatoxymelatonin peak is in a normai
phase position (04.00 h). To date 3 male NPL subjects with free running non
24-hour 6-sulphatoxymelatonin rhythm s have been given melatonin (5 mg daily
at 21.00 h) in a single-blind, placebo crossover design (7, Lockley, Skene, Arendt
unpublished data). Melatonin administration continued throughout a fulI circadian cycle, length of treatment thus varied between 35 and 60 days depending
up on the individuals' period length (tau = 24.37, 24.50 and 24.68 for the 3
subjects). Preliminary analysis shows that compared with placebo, melatonin
improved subjective sleep quality, reduced sleep latency and reduced the number and duration of daytime naps. Figure l shows the sleep/wake profile of one
NPL subject (male, aged 34 with a free running 6-sulphatoxymelatonin rhythm,
tau 24.68) folIowing melatonin or placebo treatment.
Although the above experiments show an action ofmelatonin on sleep parameters whether melatonin is capable of entraining the free running circadian
rhythm s in these subjects remains an open question. In our original case study
(5, 17) melatonin failed to entrain the subject's free running rhythms in core
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Figure l. Double plot of subjective sleep profile of a blind man with no conscious light perce ption (NPL) and a free running 6-sulphatoxymelatonin rhythm (period length 24.68 h). Melatonin
(5 mg) was administered daily at 21.00 h for a fuli circadian cycle (35 days) between days 25
and 59. During days l to 24 and 60 to 66 placebo was given. The Y axis shows sequential study
days, 'S' indicating weekend days. The shaded grey bars show sleep onset and sleep offset
times, the black bars show self-rated naps. Melatonin treatment significant1y advanced sleep
onset and reduced daytime napping in this subject.

MELA TONIN AND CIRCADIAN SLEEP DISORDERS

99

body temperature and cortisol. aur present studies in free running blind subjects are designed to investigate this issue further.
Experiments on sighted subjects kept in constant dim light « 8 lux) and
partial temporai isolation have also been performed to assess the ability of melatonin treatment to entrain free running circadian rhythm s (30). In a randomised double-blind crossover design volunteers received 5 mg melatonin at 20.00 h
for 15 days folIowed by placebo for 15 days, or vice versa. In these triais melatonin stabilised the sleep/wake cycle in most of the subjects. However, in
a proportion ofsubjects melatonin treatment produced fragmented sleep (30, 31).
Melatonin's effect on the core body temperature rhythm was not consistent between subjects. During melatonin administration a shortening of the period or
the temperature rhythm was observed in some individuals suggesting a weak
zeitgeber effect.
Role of Endogenous Melatonin in Sleep
The role of endogenous melatonin in human sleep is difficult to investigate
without control oflighting and complicated experimental designs, such as "7/13"
ultra-short sleep/wake paradigm (20) or fractional desynchronisation studies
(16). Using these approaches an association between the circadian rhythm in
sleep propensity and melatonin has been shown (reviews 15, 21)
aur studies in the blind support a possible association between the endogenous melatonin rhythm and sleep propensity. Blind subjccts with abnormal
melatonin rhythms (free running or abnormally timed) had significantly more
daytime naps of a longer duration than those with entrained, normally timed
melatonin rhythm s (Fig 2). The increased daytime sleepiness was associated
with a melatonin rhythm out of phase with the 24 hour world (27). Blind
subjects with no conscious light perception and free running circadian rhythms are ideal to investigate the possible relationship between the endogenous
melatonin rhythm and the sleep/wake cycle as they eliminate the need for constant dark conditions and lengthy isolation experiments. Using these subjects
the quality /timing of sleep can be evaluated at each phase of thc circadian
cycle. Preliminary analysis of this has shown that night sleep is rcduced, and
daytime napping increased whcn the mclatonin rhythm is abnormally timcd
(25, 27).
Conclusions
The ability of appropriately timed exogenous melatonin to phase shift circadian rhythm s suggests it will be ofuse in sleep disorders that have an underlying
chronobiological basis. Field and simulated studies investigating the cffect of
exogenous melatonin administration in circadian rhythm sleep disorders broadly support this proposal. Knowledge ofthe individual's circadian phase prior to
treatment will allow accurate timing of the mclatonin dose in order to achieve
the desired phase shift.
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Figure 2. The number (a) and duration (b) of self-rated naps in blind subjects with normally
entrained (NE), abnormally entrained (AE) or free-running (FR) 6-sulphatoxymelatonin rhythms. The numbers in italics represent the number of subjects per subgroup.
* p < 0.05 compared with the other subgroups.
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The role of endogenous melatonin in sleep is less elear eut at present. Although studies show an association between the endogenous melatonin rhythm and
some eireadian sleep processes, eause and effeet have not been proven. It is
possible that the reported eorrelation between melatonin and sleep merely refleets two output rhythms driven by a single SCN oseillator.
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