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Introduction

Summary Melatonin, hormone of the pineal gland, is concerned with biological timing.
It is secreted at night in all species and in ourselves is thereby associated with sleep,
lowered core body temperature, and other night time events. The period of melatonin
secretion has been described as ‘biological night’. Its main function in mammals is to
‘transduce’ information about the length of the night, for the organisation of
daylength dependent changes, such as reproductive competence. Exogenous
melatonin has acute sleepiness-inducing and temperature-lowering effects during
‘biological daytime’, and when suitably timed (it is most effective around dusk and
dawn) it will shift the phase of the human circadian clock (sleep, endogenous
melatonin, core body temperature, cortisol) to earlier (advance phase shift) or later
(delay phase shift) times. The shifts induced are sufficient to synchronise to 24 h most
blind subjects suffering from non-24 h sleep-wake disorder, with consequent benefits
for sleep. Successful use of melatonin’s chronobiotic properties has been reported in
other sleep disorders associated with abnormal timing of the circadian system: jetlag,
shiftwork, delayed sleep phase syndrome, some sleep problems of the elderly. No long-
term safety data exist, and the optimum dose and formulation for any application
remains to be clarified.

© 2004 Elsevier Ltd. All rights reserved.

‘a substance that adjusts the timing of the central
biological clock’. Conditions in which adjustment of

The word chronobiotic does not yet figure in the
Oxford English dictionary. A practical definition
would be ‘a substance that adjusts the timing of
internal biological rhythms’ or more specifically
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the timing of circadian (ca. 24 h) rhythms is of
practical benefit include non-24 h sleep-wake dis-
order, delayed sleep phase syndrome (DSPS), shift
work, jet lag, living in very dim light, possibly some
sleep disorders in the elderly and probably many
other situations yet to be investigated (Fig. 1).
There is good evidence that exogenous melato-
nin can change the timing of some overt rhythms
such as sleep, core body temperature, endogenous
melatonin and cortisol, and that in vitro it will shift
the timing of activity (electrophysiological and
metabolic) within the suprachiasmatic nuclei
(SCN), the central circadian rhythm generator or
pacemaker. In some circumstances melatonin can
synchronise or ‘entrain’ to the 24 h day circadian
rhythms in individuals who are ‘free-running’,
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Acrophase

Amplitude

Circadian

Period

Nomenclature

The time of the peak of a
rhythm, usually the peak time
of the best-fitting mathemat-
ical function approximating the
data

The amount of variability due to
a given rhythm, usually defined
as equal to one-half the peak-
to-trough difference

Occurring or recurring about
(latin-circa) once per day
(diem). Biological circadian
rhythms are internally gener-
ated and, in humans, have a
period which is usually slightly
longer than 24 h, other terms
include circannual: about 1
year, ultradian or pulsatile:
with a period shorter than 20 h
The duration of one complete
cycle of a rhythmic variation,
also known as tau (7)

Phase

Photoperiod

Photoperiodism

Synchronizer,
time cue or
zeitgeber

A distinct stage in a process of
change, in this case a circadian
rhythm

Strictly the length of the light
phase of a particular light-dark
cycle, but may be used to des-
cribe the whole light-dark cycle
The response of an organism to
changes in the lengths of the
daily periods of light

A periodic stimulus capable of
determining the timing, with
respect to clock hour or calen-
dar date, of a given endogenous
rhythm. A synchronised rhythm
having the period of a specific
time cue (24 h) does not necess-
arily have the ‘correct’ phase,
e.g. melatonin peak production
at night. An ‘entrained’ rhythm
is synchronised with the correct
phase

Darkness/dim light
‘free run’

Light/dark cycle
synchronised

Phase advance of
light/dark

Synchronised

Synchronised
with phase delay

Synchronised with
phase advance

Synchronised

Phase delay of
light/dark

Circadian rhythm disorders

Blindness, dim light
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Jet lag, shift work
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SAD?
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Figure 1. Circadian rhythm disorders in which melatonin has potential therapeutic benefit by normalisation of
rhythms and/or enabling sleep during ‘biological day’. The grey bars show in diagrammatic form the behaviour of a
representative circadian rhythm on sequential days after changes in the light-dark cycle, the black bar represents
darkness. Redrawn by permission from an original diagram by Dr Jenny Redman, Thesis. The effects of melatonin on rat
circadian rhythms. La Trobe Univeristy, Australia, 1988.
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i.e. expressing the natural period of their internal
clock. To what extent the effects of melatonin on
the SCN dictate overt changes in circadian rhythms
remains to be determined. Likewise direct effects
of melatonin masking on overt rhythms may well
feedback to modify SCN activity. The receptors
involved in these effects remain to be properly
characterised in humans. This review will evaluate
the evidence for phase shifting and entrainment by
melatonin, the influence of dose, timing of treat-
ment and formulation, and the therapeutic appli-
cations of these properties.

Production and physiological role
of melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is syn-
thesised primarily in the pineal gland of mammals.
It is secreted with a robust circadian rhythm, which
in all species, whether nocturnal or diurnal,
normally peaks during the dark phase of the day
(Fig. 2). The rhythm is generated in the SCN and
synchronised (entrained) to the 24 h day largely by
the alternation of light and darkness. Light
exposure during the dark phase also suppresses

melatonin production.” Light of suitable intensity,
spectral composition and timing is the primary time
cue for the synchronisation of the circadian
system. Recent data indicate that short wavelength
(ca. 465 nm) blue light is the most effective for both
suppression and phase shifting of melatonin.?*

In animals and in the right conditions also in
humans the profile of melatonin synthesis and
secretion is longer during (long) winter nights
compared to (short) summer nights. The change in
duration of secretion serves as a time cue for the
organisation of daylength-dependent (photoperi-
odic) seasonal functions such as reproduction,
behaviour and coat growth in seasonal mammals.
This transduction of photoperiodic information is
the most important physiological function of
melatonin in mammals. Photoperiod-dependent
changes in seasonal species also include changes
in the waveform of core body temperature and in
the timing and distribution of sleep."?’

The role of melatonin in the mammalian circa-
dian system is less obvious. Removal of the pineal
induces subtle modifications of rhythmic function,
for example rats will adapt more rapidly to an
abrupt change in the light-dark cycle (equivalent to
crossing several time zones in humans), for refer-
ences, see Ref. 1. In humans there is very little data
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Figure 2.

Diagram to illustrate the normal profile of melatonin secretion (plasma) defining ‘biological night’. The

features of this profile and that of salivary melatonin and urinary 6-sulphatoxymelatonin (acrophase, duration, mid-
range crossing, 25% rise and fall, onset and offset of secretion), used to characterise the timing of the circadian clock are
indicated. Melatonin treatment timing is often based on ‘circadian time’ (CT) where by convention CT 14 is melatonin
onset. 6-Sulphatoxymelatonin acrophase is approximately 2 h after the plasma melatonin acrophase.
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regarding pinealectomy (which abolishes the mel-
atonin rhythm), although there is some recent
evidence suggesting a possible increase in sleep
problems.* However, pharmacological suppression
of melatonin with a B-blocker facilitates phase
shifts by light.> The night time rise of melatonin is
strongly correlated with increased sleepiness and
lowered core body temperature,® and it has been
proposed that the profile of melatonin defines the
biological night.” When melatonin is secreted at an
abnormal time (during the daylight hours), it is
associated with increased daytime sleepiness/low-
ered alertness and body temperature,® similarly if
melatonin is suppressed by light at night it is
associated with decreased sleepiness/increased
alertness and body temperature.”'° There is some
evidence for a causal relationship between high
melatonin levels and night time events such as
increased sleepiness and lowered body tempera-
ture.” "% These associations have led to the supposi-
tion that melatonin is a sleep hormone. In the
authors’ opinion it is a darkness hormone, and is
concerned with the timing and magnitude of events
associated with the dark phase—which differ in
nocturnal and diurnal species.

Phase shifting and acute effects of exogenous
melatonin

Most of the original ‘chronobiotic’ effects of
melatonin were observed in photoperiodic seasonal
breeders such as hamsters and sheep. Suitably
timed treatment over periods of weeks was
equipotent with artificial changes in daylength in
the induction or suppression of seasonal events such
as reproductive competence. These major physio-
logical changes were accompanied by clear changes
in the circadian waveform of prolactin secretion
and in the rhythmic characteristics of LH and FSH
secretion, suggesting effects of melatonin on
central rhythm generator(s)." The proposal was
made that if photoperiod (daylength) had effects on
human physiology, then melatonin should be able to
mimic photoperiodic (daylength-dependent)
effects in humans. "

Aaron Lerner, who first identified melatonin, was
also the first to report its ability to induce transient
sleepiness during the day.'? His observations were
followed by a number of reports describing acute
sleepiness after melatonin in single doses ranging
from 0.3 to 85 mg (reviews''®). One exceptional
study used doses up to 2 g in a variety of psychiatric
patients: some daytime somnnolence was reported,
and exacerbation of depression. Only after the
time-dependent effects of melatonin in photoperi-
odic species became evident, was timing taken into

account in human studies. Taken during the
‘biological day’, i.e. when endogenous melatonin
is low, melatonin clearly possesses mild transient
sleepiness inducing effects and lowers core body
temperature.

In 1983 Redman et al.' showed that melatonin
could synchronise the free-running activity rhythms
of rats kept in constant darkness when the timing of
the dose coincided with activity onset and a study
by Murakami et al."® indicated that implants of
melatonin close to the SCN could accelerate
reentrainment of the circadian rhythm of cortisol.
At this time also, human volunteers took daily
melatonin (2 mg, oral, fast release) at 17:00 h for
3-4 weeks to give an extended (long duration)
profile in the circulation, comparable in both dose
and timing to treatment used to change seasonal
functions in sheep. The effects of this daily dose
were to advance the timing of sleepiness or sleep
and to advance the timing and extend the circadian
profile of endogenous melatonin (in subjects where
endogenous and exogenous melatonin could be
distinguished).’®'” Even in the early 1980s, mela-
tonin was regarded as the best index of the timing
of the circadian system and these data were
interpreted as probable chronobiotic effects on a
central circadian clock. They led directly to the
initial investigations of melatonin in the treatment
of circadian rhythm disturbance (see sections on
therapeutics).

Timing exogenous melatonin

Phase response curves

A stimulus of any nature, which shifts circadian
rhythms is known as a zeitgeber (time cue).'®
Zeitgebers advance or delay circadian rhythms
according to the time they are experienced. The
direction and magnitude of the change in timing
(phase shift) is described by a phase response curve
(PRC). The time base of a PRC is ‘circadian time’
(CT) which is effectively internal biological time
usually defined in humans by the timing of the core
body temperature rhythm or melatonin secretion
(see Fig. 2 for explanation). The phase shifting PRC
data for melatonin have mostly been derived from
melatonin onset as a phase marker. Several PRCs for
melatonin have now been described (Fig. 3)."" 22
Although the PRCs for melatonin have provided
to date the template to determine the time of
melatonin administration needed for an appropri-
ate phase shift (advance or delay), they do
have some methodological problems. A classic
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Diagram to illustrate the timing of melatonin treatment, relative to the endogenous melatonin rhythm, to

induce phase advances or phase delays, based on published phase response curves.'” 22 The probability of obtaining
advances or delays is maximum in the totally dark or the totally light sections of the bar, in grey areas individual

differences are apparent.

PRC assesses phase shifts following a single pulse of
the zeitgeber under free-running conditions.
The use of repeated doses of melatonin, sighted
subjects in entrained conditions, possible light
confounds and transience following the melatonin
dose mean that the current PRCs for melatonin are
not ideal. A single pulse PRC for melatonin in
subjects with free-running circadian rhythms is
therefore still needed to define the degree of
phase shift and optimum time of melatonin admin-
istration. The study of free-running blind subjects
provides an opportunity to carry out this onerous
undertaking, although an approach using constant
routine protocols is also appropriate.

Much work has now confirmed the time-depen-
dent phase advancing effects of melatonin with
regard to the rhythms of sleep, endogenous mela-
tonin itself, core body temperature and cortisol.
Phase delaying effects of melatonin given during the
‘biological morning’, i.e. during the declining phase
of melatonin secretion, originally reported by Lewy
et al., and later by others, are slightly more
contentious. One report?* failed to find a delaying
effect of oral melatonin in a carefully controlled
study, however delays were observed after
intravenous infusion of melatonin in amounts
giving circulating concentrations comparable to

physiological night time values.?' In fact the oral
administration approach commonly used to induce
phase shifts may not be appropriate for the
demonstration of delays. One reasonable assump-
tion is that the declining phase of endogenous
melatonin signals the end of the biological night,
and that a delay of this decline is responsible for
phase delays. Large individual differences in the
pharmacokinetics of oral melatonin' given in the
early morning to induce delays mean that the decline
of exogenous melatonin will differ substantially
from one subject to another. Thus some individuals
may experience a decline at a suitable delaying
phase, others may not. Indeed with slow clearance
of the exogenous dose melatonin may be present at
both delaying and advancing times, possibly negat-
ing any overall effect (for further discussion see
section on entrainment). The infusion approach is
likely to be the most appropriate, and even here
variable clearance with differing rates of metab-
olism will provide a heterogeneous signal.

Dose and formulation

The question of appropriate dose and formulation
of melatonin for the adjustment of circadian
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rhythms has not been resolved. Most information
derives from fast release preparations. Acute phase
advances derived from single dose administration at
17:00 h, in normally synchronised individuals, are
clearly dose dependent with respect to sleepiness,
endogenous melatonin and cBT (core body tem-
perature), in the range of 0.05-5 mg in controlled
conditions (dim light, 50 lux, recumbency following
the dose).?* The conditions during which melatonin
is administered appear to be very important and
may dictate the effectiveness of any given dose,
particularly with respect to acute changes in cBT
and sleepiness. During daily administration (2 mg,
fast release, 17:00 h) without control of light or
posture, earlier sleepiness or sleep was only evident
after 3-4 days treatment.'® With dim light and
recumbency small doses (0.1-10 mg fast release)
induced sleepiness or sleep.?® Further careful
investigation of postural effects indicated that the
acute induction of sleepiness and lowering of cBT by
5mg melatonin at 17:00 h were dependent on
recumbency.'® Most recently, the daily adminis-
tration of 1.5 mg (surge-sustained release, with
peak values comparable to 0.5 mg fast release) at
16:00 h for 8 days, followed by 16 h of very dim light
(<5 lux in the angle of gaze) and recumbency, led
to very substantial phase advances (3-4h) of
endogenous melatonin and cortisol together with
an earlier timing and redistribution of sleep.?
Notably, the amount of total sleep time was not
changed, underlining the timing function of mela-
tonin with regard to sleep (and other rhythms)
rather than a hypnotic effect.?’

These observations can be interpreted as relat-
ing to the short-term effects of changed photo-
period on human circadian rhythms, whereby
application of a ‘winter’ night led to phase
advances.?® Moreover, the redistribution of sleep
during a long artificial ‘melatonin night’ may well
relate to the phenomenon seen in photoperiodic
species, where sleep homeostasis is conserved but a
redistribution of sleep occurs with changing photo-
period.?’ Longer term effects (2 months) of an
artificial long night in humans included an increased
duration of the endogenous melatonin profile,
changes in the waveform of ¢BT and redistribution
of sleep,®® however, such a lengthy controlled
experiment using melatonin administration is pro-
bably not feasible.

The combination of artificially advancing the
evening rise in melatonin over several days, with
recumbency and very dim light, appears to be a very
effective method of advancing circadian rhythms.
Few consistent deleterious effects have been
observed in healthy subjects during administration
over periods from 8 days to several weeks with

regard to daytime alertness and pituitary/gonadal
hormones, with the exception of acute elevation of
prolactin after the dose."'

Entrainment/re-entrainment,
synchronisation/resynchronisation

The term ‘entrained’ is usually used to describe a
circadian system which is synchronised to the 24 h
day with appropriate timing of overt rhythms
(e.g. peak melatonin and trough of cBT around
03:00-05:00 h). Synchronisation usually means
that the period (7) of the circadian system is
24 h but that the timing of overt rhythms is not
necessarily at the correct phase (for example,
persistent peak of melatonin and trough of cBT
during the day). Re-entrainment describes the
process of re-establishing the correct timing with
respect to the 24 h day.

Intrinsic circadian period is displayed in a time
free environment.'® The overt phenomenon is
known as free-running. It is very difficult indeed
however to keep humans for long periods in a
completely time free environment and various
alternative protocols have been employed to try
to define human 7. At present, average human r
in sighted individuals is thought to be around
24.2 h.?232:33 (ircadian period is an inherited
characteristic and has been shown to closely relate
to diurnal preference and the early or late timing of
the circadian system (melatonin, cBT) in a normal
entrained situation.?>*3> Subjects with longer
periods will have more of an evening preference
than those with a shorter intrinsic period. Recently,
a strong association of a length polymorphism in a
human clock gene (per3) with diurnal preference
has been identified, with an even stronger relation-
ship to the extreme diurnal preference of DSPS.> In
order to remain entrained to 24 h, the circadian
system needs to be reset frequently. For example, a
subject with an intrinsic 7 of 24.5 h will need to be
advanced by 0.5 h per day, with a 7 of 24.1 h, the
advance required is 0.1 h per day and with a 7 of
23.8 h a delay of 0.2 h per day is required. Ocular
light exposure is the primary resetting time cue.
This is evident particularly from studies in the blind.

Studies on totally blind subjects have proved to
be very valuable with respect to the investigation of
human circadian rhythms and the phase shifting
ability of exogenous melatonin. Many blind people
with no conscious perception of light cannot remain
entrained to the 24 h day and exhibit non-24 h
sleep-wake disorder. This phenomenon is universal
in our subjects with no eyes (albeit with a small
number of study subjects to date, n = 13).3”°8 The
sleep disorder is comparable to intermittent jet lag,
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whereby when the circadian system is out of phase,
with melatonin production during the day, subjects
experience daytime sleepiness/naps, and problems
sleeping at night. The frequency with which
subjects suffer from these cyclic sleep problems
depends on an individual’s 7. For example, with an
intrinsic period of 24.5 h subjects will delay by 0.5 h
per day and will be in the same phase every 49 days.
Their out-of-phase sleep problems will thus occur
with a 49 day periodicity, referred to as a circadian
beat cycle.

Sighted people living in very dim light with other
weak time cues (for example, little social contact,
no structured daily activities) may show either
complete desynchronisation and free-run, or very
late timing of the circadian system (delayed phase).
Examples include life in the Polar winter (no natural
sunlight) with little structured activity,?**® living in
artificial very dim light for extended periods with no
imposed activity.?? It is possible that some elderly
people encounter weak time cues due to poor
mobility, few social contacts and reduced exposure
to light both by natural reduction of lens
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transmittance with age and remaining indoors. In
these situations circadian entrainment is required.

The maximum phase shifts induced by melatonin
(combined or not with other zeitgebers) are
theoretically sufficient to entrain most people to
24 h.19:20:22.2441 |3 principle, a person with a long
free-running 7 (e.g. 25h) will require a greater
adjustment than someone with a 7 close to 24 h. It
has proved difficult until recently to show entrain-
ment of free-running rhythms in humans. Redman
et al." described entrainment of the free-running
rest activity cycle in rats by daily melatonin
injections, started at various CTs, in 1983. Entrain-
ment only occurred when the injections corre-
sponded to activity onset (which is equivalent to CT
9-11 in humans). In principle therefore, treatment
of a person with free-running rhythms at the same
time every day, starting at any CT, should entrain
the circadian system when the free-run brings the
internal clock into the appropriate phase (Figs. 4
and 5). This approach was used in 10 sighted
subjects transferred from a normal environment
to very dim light (<8, or <5lux in the angle of

Blind subject entrained by 5 mg
melatonin daily timed to advance
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Figure 4. Use of melatonin to entrain free-running subjects to 24 h. Left panel, theoretical diagram: the grey bars
show the period of melatonin secretion (biological night) free-running with placebo or no treatment, with presumed
phase shifts due to melatonin treatment (21:30 h). Melatonin (daily from day 12 of free-run) is timed to phase advance
with respect to the circadian clock. The right panel shows actual data from a totally blind subject treated with
melatonin (M, 5 mg fast release) or placebo (P, lactose-gelatine) daily at bedtime, initially in a phase advance window.
Circadian rhythm markers urinary cortisol (open circles) and 6-sulphatoxymelatonin (closed squares) acrophases are
derived at weekly intervals. Endogenous melatonin cannot be used as a rhythm marker during melatonin treatment.
Free-running rhythms are evident during placebo treatment followed by entrainment after one week with melatonin.
Right panel from Ref. 46 by permission of the Society for Endocrinology.
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Entrainment after a lag period:
presumed phase shifts
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Figure 5. Use of melatonin to entrain free-running subjects to 24 h. Left panel, theoretical diagram: the grey bars
show the period of melatonin secretion (biological night) free-running with placebo or no treatment, with presumed
phase shifts due to melatonin treatment (21:30 h). Melatonin (daily from day 12 of free-run) is initially timed such that
the daily circadian delay due to free-run moves the treatment time into a phase advance position. Small phase advances
(shortening the period) and eventual entrainment occur. The right panel shows actual data from a totally blind subject
treated with melatonin (M, 0.5 mg fast release) or placebo (P, lactose-gelatine) daily at bedtime, initially in a phase
delay window, entrainment after a lag (3-4 weeks) occurs when the treatment falls within a phase advance window.
Urinary cortisol (open circles) and 6-sulphatoxymelatonin (closed circles) acrophases are derived at weekly intervals.
Free-running rhythms are evident during placebo treatment followed by entrainment with melatonin. Most subjects
treated with 0.5 mg fast release melatonin have been entrained.3®“¢4° Right panel from Ref. 38 by permission of Sage
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gaze).”? Melatonin (5mg) at 20:00 h daily for 2
weeks was able to maintain entrainment (cBT)
when treatment started immediately after transfer
to dim light from a normal environment, albeit with
irregular sleep in two subjects. However, if sub-
jects were allowed to free-run in the dim light with
placebo treatment for 2 weeks and melatonin was
then given daily at 20:00 h, each individual started
melatonin at different CTs. Under these conditions,
some subjects entrained to 24 h, others showed a
shorter free-running 7 (cBT). Both delays and
advances were seen, in general consistent with
the first published PRC. There was little effect of
melatonin on cBT of the subject with the longest
average 7(24:52 h), only stabilisation of sleep onset
to 24 h: almost certainly an acute sleep inducing
effect of melatonin.

Initial attempts to entrain free-running blind
subjects preceded those in sighted subjects and
used a similar approach. Treatment (5 mg daily)

was given at ‘bedtime’ when the subjects were in a
self-assessed ‘good’ sleep phase. Theoretically, the
timing of the daily dose combined with a delaying
free run should have placed the treatment within a
phase advance ‘window’ from which entrainment
should occur. However, this design led to stabilis-
ation of sleep timing, substantial reduction of
daytime naps, but little evidence of circadian
entrainment in some studies.*> ** In others phase
shifts were observed, and either entrainment or
shortening of 7 in one subject.* Subsequently, we
were able to show entrainment in a small number of
blind subjects (3/7) when treatment (5 mg fast
release) was timed to start in the ‘phase advance’
region of the PRC.“® Similar observations were later
reported in six of seven totally blind subjects by
Sack et al.*’ In the latter case timing of treatment
was not assessed in relation to circadian phase, but
in relation to bedtime. As with the first attempts to
entrain blind subjects, we started treatment,
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Reduction in the number and duration of naps in 10 free-running totally blind subjects treated daily with

0.5 mg melatonin (fast release) for a complete circadian ‘beat’ cycle (see text for definition). From Ref. 38 by

permission of Sage Publications Inc.

just before bedtime, as subjects moved into
a subjectively ‘good’ sleep phase (Fig. 4). This
approach to treatment is designed to try and
maintain subjects in an appropriate phase, assum-
ing that when in a good sleep phase their circadian
system is correctly timed. If this assumption is valid
then treatment just before bedtime should phase
advance a delaying circadian clock and also
maximise the soporific effects of melatonin. With
a subject who phase advances daily, it would be
necessary to time the treatment differently, how-
ever such subjects are rare.

Following this initial success in entraining blind
patients it has proved possible to entrain, and
maintain entrainment, with much lower doses
(0.5 mg fast release and in some cases even less)
in most subjects with substantial benefits for
sleep3®*® (Figs. 5 and 6). At present however, it is
not clear which factors dictate the ability of
melatonin to entrain. Discussion is ongoing con-
cerning the dose, formulation, timing, length of
treatment required and indeed the characteristics
of the blind patients themselves and their environ-
ment. It is likely that 0.5 mg fast release is
sufficient to entrain most subjects and maintained
entrainment may require less. Slow release formu-
lations may be more effective, but no comparative
data exist to address this question. We have found
that entrainment is more likely when treatment is
started in the phase advance region of the PRC,*
however Lewy et al.*’ and our subsequent exper-
iments®® have shown that entrainment may also
occur with treatment started in a delay phase of the
PRC. Effectively with daily treatment at the
same clock time, the circadian system delays until
the treatment timing corresponds to the phase

advance part of the PRC as in the experiments
of Redman et al." (Fig. 5). Specifically, and
probably importantly, this has only been observed
with the lower 0.5 mg dose.

Lewy et al.** have proposed that higher doses
may compromise entrainment in some individuals if
melatonin is present during both the advanced and
delay parts of the PRC. This of course is more likely
with the higher 5 mg dose, however his group have
also reported increasing the dose to 10 mg for
entrainment to occur.*” Failure to entrain with any
dose may be associated with the intrinsic 7 of the
subjects themselves. A longer 7 needs a greater
daily phase shift to maintain entrainment and in
some cases this may exceed melatonin’s phase
shifting ability (this of course also applies to sighted
subjects suggesting that owls need greater phase
shifts than larks to remain entrained). Another
factor, difficult to evaluate in field studies, is the
effect of non-photic time cues such as exercise,
scheduled sleep/activity, meal times and con-
tent.>® It is likely that entrainment by melatonin
is reinforced in some subjects and not others, by
such time cues. However, with a small number of
subjects studied to date, these questions remain to
be resolved.

Therapeutic applications of the
chronobiotic properties of melatonin

Phase shift conditions: jet lag and shift work

Melatonin administered from about 6 h before to
about 4h after the initial onset of endogenous
secretion will normally induce an advance shift of
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sleep, cBT and the endogenous melatonin rhythm.
Delays occur when melatonin is given on the
declining phase of the endogenous rhythm such as
to extend high levels into the morning hours. There
are minor differences between authors and rather
large individual differences. The scatter of data is
such?® that it is difficult to determine precise times
when only advances or only delays occur (Fig. 3). In
subjects entrained to a normal 24 h environment,
the timing of melatonin to achieve the desired phase
shifts is relatively simple and can to some extent be
judged by habitual sleep times, which occur
approximately 2 h after the evening melatonin
rise. Optimal timing however is not so simple after
time zone travel (Fig. 7), in shift workers, and in
blind subjects unless circadian phase is determined
prior to treatment. This is an onerous undertaking
and impractical (at present) in clinical use. In fact
most clinical reports of the therapeutic use of
melatonin have used subjective measures of benefit
(e.g. improvedsleep). Reported effects on circadian
phase are sparse and the clinical importance
attached to optimal circadian timing as a study
outcome is evidently not great.

A number of studies have addressed the ability of
melatonin to hasten circadian adaptation to simu-
lated phase shift. In environmental isolation,

studies using advanced phase shift and suitably
timed melatonin treatment (5 mg) have shown an
increase in the rate of re-entrainment of tempera-
ture, hormonal, and electrolyte rhythms but with
inconsistent effects on sleep.' Of particular note
was the observation that melatonin was able to
specify the direction of re-entrainment to advance
rather than delay,”’ consistent with very early
observations in rats. After a simulated rapid 9-h
phase advance, we investigated the ability of
melatonin with or without conflicting bright light
treatment to hasten adaptation.®* Melatonin (5 mg
fast release) or placebo was taken at 23:00 h on the
first night after the shift and for two subsequent
nights at the same time. Conflicting light (white,
1200 lux) exposure occurred from 08:00 to 12:00 h
during the first 3 days after the shift. Melatonin
treatment was (theoretically) timed to be just
within a phase advance window, and light treat-
ment was timed to phase delay. Melatonin consist-
ently improved sleep (quality, duration, and night
awakenings) compared with placebo even in the
presence of inappropriate light, and this appeared
to be independent of the direction of phase shift.
Daily mean alertness and performance efficiency
were higher for melatonin treatment compared
with placebo. The effects of melatonin were

Presumed phase shifts

Eastward travel, 8 time zones

Flight on day 7

>

- 70 09
e 01 09 17

Melatonin pre-flight (approx. 1800 h)
then daily for 4 days post-flight (bedtime)

[

Westward travel, 8 time zones
Flight on day 7

01 09 17 timeh
17 01 09 time h
Melatonin daily for 4 days post flight
(bedtime)

Period of melatonin secretion: biological night

Figure 7. Diagram to illustrate the timing of melatonin (arrows) to hasten adjustment to flights over eight time zones
East and West, assuming greater phase shifts during initial adaptation. Eastward melatonin may be taken on departure
day at approximately 1800 h to initiate a phase advance, and then at bedtime in the new time zone, to reinforce phase
advances and the soporific effects. Westward melatonin may be taken at bedtime in the new time zone initially to phase
delay, but primarily using soporific effects. Note that for short stopovers, long haul pilots and aircrew, timing relative to
circadian phase is almost impossible to judge and there is no evidence for effectiveness in these circumstances.
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immediately evident even before phase adaptation
had occurred. They appear to be related to its acute
effects on behaviour and temperature reinforced by
a hastening of phase adaptation. The latter,
however, did not appear to play a major role, at
least during the first post-phase shift days. In a
recent crossover study of simulated phase shift,
timed melatonin (1.8 mg sustained release)
appeared to be effective in hastening circadian
adaptation to the new schedule.>

At least 14 placebo-controlled field studies have
reported the use of melatonin to alleviate per-
ceived jet lag (primarily sleep disturbance)
(reviewed in Ref. 54). Of these, 11 were successful
in the sense that some measures of subjective jet
lag, sleep and alertness improved compared with
placebo. The first study (Eastward, 8 time zones)
used objective and subjective measures and a time
sequence designed to initiate an eastward
(advance) phase shift before departure with 5 mg,
fast release melatonin at 18:00 h for 3 days before
flight and a reinforcement of the advance by
bedtime (23:00 h) administration on arrival for 4
days.”® The results indicated that both subjective
and objective parameters (including endogenous
melatonin and cortisol rhythms) showed more rapid
adaptation in the melatonin-treated group (n = 8)
than in the placebo group (n = 9). Over 6-11 time
zones eastward or westward, 5 mg melatonin at
bedtime accelerated adaptation of the cortisol
rhythm with a consistent, but not significant,
improvement of subjective jet lag in 36 subjects.”
A very small recent study (six subjects), used
complete plasma melatonin profiles to determine
phase, and reported faster resynchronisation with
melatonin at 23:00 h after travel from Tokyo to Los
Angeles, in spite of uncontrolled exposure to
natural light.>®

Several studies using only subjective measures
have reported positive outcomes,>* however posi-
tive reports are in contrast to the results of three
other studies, none of which assessed circadian
phase. The successful studies involved subjects
demonstrably or probably synchronised to the local
environment prior to melatonin treatment. With
short stopovers and with long-haul aircrew, diffi-
culties with timing the treatment arise and there is
no evidence for efficacy in these cases.’* One
unsuccessful study on athletes travelling to Aus-
tralia from the UK, apparently used phase delay
timing of treatment when an advance would have
been preferable.” A method suitable for use in field
situations for rapid assessment of circadian phase
would be highly desirable.

In both controlled and uncontrolled field studies
on the travelling public since 1986 we have

observed an overall 50% reduction in subjective
assessment of jet lag symptoms (n = 474) using
5 mg fast-release melatonin and specific instruc-
tions for timing the treatment** (examples are
shown in Fig. 7). A meta analysis of those studies
considered suitable for analysis has been pub-
lished.”® The authors concluded that melatonin
was indeed effective at alleviating jet lag. There is
a need to explore the limitations of the treatment
and to make further comparisons with for example,
benzodiazepine hypnotics and caffeine.

Success using melatonin to adapt to night shift
has proved to be inconsistent.”**° Field studies
were usually uncontrolled with respect to con-
founding variables such as light exposure. The first
report used early morning melatonin adminis-
tration, designed to phase delay, and significantly
improved day sleep duration and quality and night
shift alertness in a 7 day rotating shift system.®® In
another study (also a 7 day rotation) melatonin
improved the synchrony between endogenous cir-
cadian rhythms and daytime sleep.®’ Some later
studies have shown no significant effects. However,
recent simulated and carefully controlled shiftwork
studies have shown objective benefits of melatonin
treatment.>35%:62

In situations (fast rotation) where adaptation is
undesirable melatonin may be used in other ways to
facilitate ‘out of phase’ sleep. Taken in the late
afternoon just before a period of recumbency and
very dim light, it is clearly effective at facilitating
sleep.2%?7 Shiftworkers complain that it is difficult
to sleep prior to nightwork in the evening, and
thereby reduce sleep deprivation. Use of melatonin
in this context might well be helpful. Secondly,
melatonin can facilitate daytime sleep in the short-
term without necessarily shifting circadian phase
(although whether or not a ‘dead zone’ of the PRC
to melatonin exists remains to be determined). It is
a question of considerable importance whether the
use of melatonin is accompanied by consistent
changes in work-related performance. However,
melatonin clearly shows promise in the context of
shiftwork.

Therapeutic benefits in the blind

There is no doubt that melatonin treatment
improves sleep in blind subjects suffering from
non-24 h sleep-wake disorder.38424447 |t is prob-
ably the treatment of choice in this situation, and
may in future be combined with behavioural
therapy with regard to reinforcing the treatment
by appropriate behaviour, e.g. regular bedtime and



36

J. Arendt, D.J. Skene

structured daytime activities. In principle entrain-
ment of all circadian rhythms is desirable for
optimising the treatment effects. However, sleep
improvement has been seen in both entrained and
non-entrained individuals.3®“%4* |In one case
report, a subject taking melatonin (5 mg daily at
bedtime) for more than 10 years showed no
evidence of entrainment of endogenous melatonin,
cortisol or cBT, but his subjective sleep has been
consistently stabilised to 24 h during this time.
Moreover, he showed no evidence of any deleter-
ious effects of long-term treatment after 10
years.*

A problem may arise if a subject’s 7 is
shortened rather than entrained to 24h, since
this will lengthen the period in which he/she is in
a poor sleep phase (but also the period of good
sleep).3®* The worst outcome is probably syn-
chronisation to 24 h but with an abnormal phase,
for example the peak of endogenous melatonin
occurring persistently during the daytime. This
phenomenon has not so far been reported in blind
subjects treated with melatonin. To date there
are no reports of subjects developing tolerance to
treatment. However non-24 h sleep-wake disorder
of the blind is a lifetime problem requiring
lifetime treatment. It is essential therefore that
long-term safety of melatonin is evaluated and
the lowest possible dose used.

Elderly

Age-related changes in the human circadian
system are well documented. The most commonly
described characteristics include reduced ampli-
tude and advanced timing of melatonin, cortisol
and cBT rhythm.®* ®° The causes of these changes
are less well known and are likely to be a
combination of endogenous and exogenous fac-
tors. Ageing of the retina, the SCN oscillator, the
SCN afferent and efferent neural connections or
the downstream target nuclei or glands such as
the pineal gland are possible endogenous fac-
tors,®> while changes in environmental light
exposure such as reduced daytime illumination
or changes in behaviour including early morning
awakening or daytime napping are some exogen-
ous factors. Age-related sleep changes: increased
sleep latency, reduced sleep efficiency, increased
night awakenings, increase in early morning
awakenings and difficulty falling asleep again
(review®®) may in part be associated with the
age-related changes in the circadian system. This
possible relationship has justified the assessment
of exogenous melatonin in the treatment of
insomnia in the elderly.

The decline in melatonin production with ageing
has led to the so-called ‘melatonin replacement’
hypothesis and melatonin replacement studies have
been conducted in older people with insomnia
(reviews'®¢7). Melatonin in a range of doses
(0.5-6 mg) in different formulations (fast and slow
release) given at different times before bedtime
(0.5-2 h) has been shown to improve some sub-
jective and objective sleep parameters (measured
by actigraphy or polysomnography) in some studies,
but conflicting data exist.’>%” As few of these
studies have performed circadian phase assess-
ments, it is not clear whether melatonin’s ben-
eficial effect is a result of its soporific or phase
shifting effect or both.

Delayed sleep phase syndrome

The ability of exogenous melatonin to phase
advance circadian rhythms suggests that it will be
effective in the treatment of instrinsic DSPS. In the
first placebo controlled crossover study, melatonin
(5 mg fast release) was given at 22:00 h (5 h before
sleep onset) to eight men with DSPS.® Compared to
placebo, melatonin advanced sleep onset and wake
time (P < 0.01). Later studies using 5 mg melatonin
have agreed with the first report.®®”" Nagtegaal
et al.”® demonstrated beneficial effects of melato-
nin in 25 DSPS patients when melatonin (5 mg) was
given earlier (5h before melatonin onset =7h
before sleep onset). Lower melatonin doses
(0.3-1.0mg) at 1, 3 and 5h before sleep onset
have also been assessed.”?

In the above studies melatonin was given at
the same clock time for 2-6 weeks. A more
effective treatment regimen may be to ‘stagger’
the timing of melatonin administration in order to
utilise the phase shifting effect of each melatonin
dose. This protocol has been successfully tried in
a single blind subject with delayed circadian
rhythms (peak time of 6-sulphatoxymelatonin at
14h 18 min). The first dose of melatonin was
administered at 02:00 h (CT9) and then given an
hour earlier each day for 5 days after which the
time of administration was held constant at
22:00 h for 23 days. This melatonin dosing
schedule significantly advanced the onset of
sleep, delayed wake up time, increased sleep
duration and reduced daytime napping compared
to a similar placebo dosing schedule.”® More
studies of this nature are required to determine
the optimum dosing schedules (set or staggered)
for phase shifting.
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Future

There is no doubt that melatonin has chronobiotic
properties, as well as the ability to induce transient
sleepiness or sleep. Very few reports of deleterious
effects exist, however the vast majority of subjects
have been normal healthy volunteers and experi-
menters use rigorous exclusion criteria. The safety
of melatonin in long-term use has still not been
evaluated. Little is known of possible drug inter-
actions with melatonin. In virtually all of the
applications described here the dose, formulation,
timing and duration of treatment require optimis-
ation. Most progress has been made with these
factors in studies of blind subjects and hopefully a
consensus will be reached in the near future. It is
likely in view of the individual pharmacokinetic
differences that treatment will have to be adjusted
on an individual basis in order to use the lowest
effective dose.

Although melatonin appears to be well tolerated
and an effective treatment for a number of sleep
disorders related to circadian rhythm disturbance,
it is possible that more effective melatonin ana-
logues will emerge, with proper safety and efficacy
assessments. In the meantime many countries (but
not the USA) regard it as a drug requiring regis-
tration. A priority is to make melatonin available on
prescription as a registered medication in these
countries.

Practice points

o Sleep disorder which is related to underlying
circadian rhythm disorder is probably often
not identified and consequently
inappropriately treated: diagnosis by
actigraphy may be of use.

e Melatonin timing measured in saliva or
plasma, or 6-sulphatoxymelatonin in urine
provides the most accurate but labour
intensive assessment of circadian timing.

o Treatment with melatonin for circadian
rhythm disorders should be timed to
maximise phase shifting and soporific
effects.

o Use the lowest effective dose.

o Use a licensed preparation with guaranteed
purity.

e Be aware that no long-term safety data
exists.

Research agenda

e Optimise dose, timing and formulation of
melatonin for all applications.

e Construct a single dose PRC for melatonin in
free-running conditions.

e Assess power of combined melatonin, and
light in sighted individuals.

e Assess power of combined melatonin and
non-photic zeitgebers in blind individuals.

e Develop a rapid simple and cheap method
for assessing circadian timing.

e Produce advice for clinicians on diagnosis and
treatment of circadian rhythm disorder.
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