Light, Melatonin and the Sleep-Wake Cycle
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Blood levels of the pineal hormone melatonin are high at night and low during the day. Its
secretion is regulated by a rhythm-generating system located in the suprachiasmatic nucleus of the
hypothalamus, which is in turn regulated by light. Melatonin is regulated not only by that circadian
oscillator but acts as a darkness signal, providing feedback to the oscillator. Melatonin has both a
soporific effect and an ability to entrain the sleep-wake rhythm. It also has a major role in regulating
the body temperature rhythm. Melatonin rhythms are altered in a variety of circadian rhythm
disorders. Melatonin treatment has been reported to be effective in treatment of disorders such as

jet lag and delayed sleep phase syndrome.
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INTRODUCTION

Today it is well established that the pineal gland is a major
transducer of photoperiodic information which is converted
in the light-dark cycle to a hormonal signal. The pineal
hormone melatonin is secreted during the hours of darkness
and is low during daylight hours. The pineal is regulated by
an endogenous rhythm-generating system located in the su-
prachiasmatic nuclei (SCN) of the hypothalamus. Superim-
posed on this rhythmic regulation is an overriding,
suppressing control by light. The pineal, in turn, regulates
other rhythms in the organism via its release of melatonin
into the general circulation. In man, melatonin has both a
sleep-promoting effect and a role in synchronizing the sleep-
wake cycle. There are a variety of conditions in which
melatonin regulation is altered and melatonin is a promising
agent for use in treatment of circadian rhythm disorders.
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Relationship of pineal to the light-dark cycle

In all species studied to date melatonin levels are elevated
in darkness and decrease promptly in light (Illnerova 1991).
This increase during darkness is due to an increase in the
activity of the pineal synthesizing enzyme N-acetyltrans-
ferase which results in a rise in the pineal content of mela-
tonin and in release of melatonin into the circulation and is
reflected in an increased urinary output of the melatonin
metabolite, 6-sulphatoxymelatonin. The duration of secre-
tion of melatonin tracks the duration of darkness in both
seasonal and nonseasonal animals and in man so that mela-
tonin has been called the hormone of darkness (Utiger 1992).

In man, the duration of both melatonin and sleep responds
to changes in the photoperiod in the laboratory (Wehr 1991).
The extent to which such changes occur in a naturalistic
seasonal setting is unresolved (Bojkowski and Arendt 1988).
The first documented physiological role of melatonin was the
timing of the seasonal rhythms in animal physiology and
behavior. In these, as the photoperiod changes with season,
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a corresponding alteration in the pattern of secretion of
melatonin occurs which triggers behavioral and physiologic
changes (Karsch et al 1991). The actual timing of these bodily
changes depends on the species. In seasonal breeding ani-
mals, breeding occurs at the time of year that will result in
birth of offspring under optimal environmental conditions.
Depending on the length of gestation, some animals are short
day breeders and others long day breeders; in both cases the
mechanisms producing the required physiologic and behav-
ioral changes are coordinated by the change in pattern of
melatonin secretion.

Neural regulation of the pineal

The predominant neural pathway to the pineal is via the
sympathetic nervous input to the gland from the superior
cervical ganglion (Moore and Card 1985; Cassone et al 1988;
Illnerova 1991). The dominant transmitter regulation is by
noradrenaline acting via pineal beta adrenergic receptors
with some participation of alpha adrenergic receptors. Other
transmitters such as VIP have a modulatory role on the
pinealoctye response (Chik et al 1988). Beta adrenergic
receptors regulate the synthesis of N-acetyltransferase, the
rate-limiting enzyme in melatonin synthesis, by a cyclic
AMP dependent mechanism. The sympathetic pathway to the
gland is regulated by the SCN via innervation of cells of the
paraventricular nuclei (Klein et al 1983; Yanovski et al 1987)
which in turn project via the median forebrain bundle and
reticular formation to the intermediolateral cell column of the
thoracic cord which innervates the superior cervical ganglia.
The transmitters employed in this pathway are not estab-
lished but both vasopressin and oxytocin immunoreactive
nerve fibres are found in the intermediolateral cell column in
the rat. The SCN, which form a major rhythm generating
system in the brain, receive visual information via the reti-
nal-hypothalamic tract, which keeps SCN activity entrained
to the photoperiod (Moore and Card 1985; Cassone et al
1988). Glutamate appears to be the primary active transmitter
in the retinal projection to the SCN in the rat (Gillette et al
1993; van den Pol 1993). Serotonin inputs from the raphe
nuclei together with neuropeptide Y and y-aminobutyrate
inputs from the intergeniculate nucleus modulate SCN activ-
ity in the rat (Gillette et al 1993; van den Pol 1993). The
human SCN contain four different populations of neurons
containing vasoactive intestinal peptide, vasopressin, neuro-
tensin and neuropeptide Y (Moore 1993). The efferent pro-
jections are widespread and include dense projections to the
paraventricular nuclei (Moore 1993).

Actions of light

In man bright light treatment has acute phase-shifting
effects resetting the human circadian pacemaker (Czeisler et
al 1989). The action of bright light follows a phase response
curve; bright light in the evening hours will produce a phase
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delay in the melatonin rhythm while bright light in the
morning will cause a phase advance (Sack et al 1990). In
addition to its role in regulating the daily rhythm, light has a
unique suppressant effect on pineal activity. In man bright
lights turned on during darkness will cause an acute drop in
serum melatonin (Lewy et al 1980) while in the rat N-acetyl-
transferase activity drops within minutes of light exposure
(Illnerova 1991). It is thought that the suppressant action of
light is important in tailoring the daily rhythm of melatonin
so that the nocturnal pattern mirrors the hours of darkness.
Bright light therapy has been used successfully in treating
a variety of rhythm disorders including delayed sleep phase
syndrome (Rosenthal et al 1990), seasonal affective disorder
(Rosenthal et al 1985; 1987; Sonis et al 1987; Winton et al
1989; Thompson et al 1990; Joffe et al 1993) and bulimia
nervosa with a seasonal component (Lam et al 1994). It has
also been reported to be a useful augmentation therapy in
treatment-resistant depression (Levitt et al 1991).

Other regulatory factors

In addition to the controlling effect of light, pineal activity
shows changes with age, stress and under the influence of
hormones. Nocturnal melatonin levels are highest in early
childhood, drop through adolescence, remain fairly constant
until late adult life and then show a decline (Touitou et al
1981; Waldhauser et al 1988; Bojkowski and Arendt 1990).
Melatonin is relatively unresponsive to stress (Vaughan et al
1978; 1985; Monteleone et al 1992), although intense exer-
cise has been shown to produce elevation of daytime mela-
tonin levels (Ronkainen et al 1986; David et al 1987;
Strassman et al 1989; Monteleone et al 1990). Alterations in
melatonin have been reported throughout the oestrous cycle
in the rat but there are inconsistent reports with a relationship
with the menstrual cycle in the human (Brzezinski et al 1988;
Berga and Yen 1990; McIntyre and Morse 1990). In humans,
binding sites are present in the SCN which may mediate
phase-shifting effects (Weaver et al 1993) and in the para-
ventricular nuclei of the thalamus whose function is currently
unknown (Weaver et al 1991). Binding sites in the pars
tuberalis, which are common in seasonal breeders including
the rhesus monkey, have been found in only one of eight
humans studied (Weaver et al 1993).

Actions of melatonin

In mammals the prime brain targets for melatonin are the
SCN of the hypothalamus and the pars tuberalis of the
pituitary. Early studies established that the SCN contained
melatonin as defined by immunohistochemistry, and that
local injections of melatonin had major effects on reproduc-
tion in the deer mouse. The use of [125]] iodomelatonin as a
radioligand has permitted the identification of melatonin
receptors in SCN and pars tuberalis in mammals by radiore-
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ceptor binding assay (Dubocovich 1988; Duncan et al 1988;
Weaver et al 1991) and by autoradiography (Cassone 1990).

Several studies have shown that melatonin administration
has entraining effects on circadian rhythms. In species which
are nocturnally active, the administration of melatonin
around the time of activity onset can entrain the activity-rest
cycle. In constant light or dark in which locomotor activity
free runs, it will cue to a daily timed injection of melatonin.
Under conditions in which the timing of the light-dark cycle
is shifted earlier requiring reentrainment of the activity-rest
cycle, melatonin injections can facilitate reentrainment (Red-
man et al 1983; Armstrong 1989; Cassone 1992). There is
also evidence that melatonin injections can entrain circadian
rhythms in both temperature and melatonin.

In man, melatonin shifts circadian rhythms according to a
phase-response curve (Lewy et al 1992) that is nearly oppo-
site in phase to that of light exposure. Circadian rhythms are
delayed with treatment in the morning and advanced when
treatment is given in the evening.

These findings have led to the concept that melatonin
provides a signal that supplements and reinforces the entrain-
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ing effects of the photoperiod. Although the SCN receive
direct information from the retinal-hypothalamic pathway by
which light can influence its rhythmic activity and the SCN
in turn regulate the pineal, melatonin, acting via receptors in
and around the SCN, acts as a dark signal to the SCN (see
Figure 1).

Effects of melatonin in man

In man there are both sleep-promoting and rhythm-syn-
chronizing actions of melatonin. Sleep-promoting or sopo-
rific effects have been well documented in studies using
doses which produce blood levels which exceed the physi-
ological range (Anton-Tay 1974; Cramer et al 1974; Lieber-
man et al 1984; Waldhauser et al 1990). In a recent
double-blind study in volunteers whose sleep was disrupted
by noise it was found that a single dose of 80 mg accelerated
sleep initiation and increased sleep efficiency without hang-
over problems (Waldhauser et al 1990). In addition, treat-
ment decreased stage 1 sleep and increased stage 2 sleep. It
has recently been shown that very low doses of melatonin,
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Relationships between the light-dark cycle, the endogenous circadian pacemaker, thought to be located in the

suprachiasmatic nuclei, and nighttime melatonin production by the pineal gland. Light produces phase shifts following
a phase response curve which is determined by the time of night or day while melatonin acts in the opposite direction,
thus acting as a darkness signal (indicated by opposing arrows). The suppressant effect of light on melatonin trims the
edges of the nighttime melatonin profile, thus reducing melatonin’s actions. This suppressant effect is particularly
important for phase shifts of the light-dark cycle. Reprinted from Lewy et al (1992) with permission.
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which produce levels in the physiologic range, decrease sleep
onset latency and oral temperature when given in the daytime
in a darkened room and increase self-reported sleepiness,
fatigue and sleep duration (Dollins et al 1994). A study of a
single dose of melatonin does not permit an assessment of its
hypnotic qualities and withdrawal effects after long-term use.
Seven days of melatonin treatment has been used in a dou-
ble-blind single crossover study in chronic insomnia
(MacFarlane et al 1991). A relatively large dose of melatonin
(75 mg) caused a significant increase in total sleep as well as
a decrease in daytime sleepiness. Sleep time and daytime
alertness showed a trend to increase over the seven days of
treatment. The delayed sleep phase syndrome (Weitzman et
al 1981a), in which patients have a chronic inability to fall
asleep at a desired clock time, has also been the object of
treatment studies. When not on a strict schedule, patients
have a normal sleep pattern and awaken spontaneously feel-
ing refreshed after a sleep of normal length. Following four
weeks or more of daily evening treatment with 5 mg of
melatonin patients showed a normalization of their sleep
pattern with a phase advance in sleep onset and wake time
(Dahlitz et al 1991; Tzischinsky et al 1993). It appears that
this disorder may be caused by ineffective entrainment of the
sleep-wake oscillator by the light-dark cycle and that mela-
tonin acts as a phase-setter which assists in the entrainment
process. Neurologically multiply handicapped children can
experience chronic sleep-wake rhythm disorders which are
reported to respond to 2 mg to 10 mg of oral melatonin given
at bedtime (Jan et al 1994a; b). Elderly insomniacs with lower
6-sulphatoxymelatonin output which is phase-delayed
(Haimov et al 1993a) are also reported to respond to daily
evening treatment with melatonin (Haimov et al 1993b).

One of the first reported uses of melatonin in man was for
treating the symptoms of jet lag. Jet lag, which is produced
by travelling across several time zones, is characterized by a
desynchronization of body rhythms with the external photop-
eriod. Those experiencing jet lag have disrupted sleep, poor
energy and difficulty in concentration (Gunby 1981; Wright
et al 1983; Gundel and Wegmann 1989). Several days are
required for the body rhythms to adapt to the new photope-
riod (Desir et al 1981; 1982; Fevre-Montange et al 1981;
Arendt and Marks 1982; Golstein et al 1983; Nickelsen et al
1991). Melatonin treatment in a dose of 5 mg or 8 mg assists
with reentrainment (Arendt and Marks 1983; Arendt et al
1985; 1987; Claustrat et al 1992).

Individuals living in a constant environment free of envi-
ronmental time cues (Kennaway and Van Dorp 1991) have
circadian rhythms which free run with a period close, but not
equal, to 24 hours (usually it is longer). Many totally blind
people also have free-running rhythms of temperature, corti-
sol and electrolytes (Miles et al 1977), melatonin (Smith et
al 1981; Lewy and Newsome 1983; Sack et al 1992b) and
6-sulphatoxymelatonin (Tzischinsky et al 1991).

Disturbed nocturnal sleep, daytime sleepiness and sleep
propensity occur as the free-running rhythms move out of
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phase with the 24-hour sleep schedules and remit as the
rhythms move back into phase (Miles et al 1977; Nakagawa
et al 1992a; b; Sack et al 1992b). The sleep disruption occurs
on a periodic basis as the blind individuals’ free-running
rhythms, which are longer than 24 hours, repeatedly go in
and out of phase with their 24-hour sleep schedules. It has
been reported that daily administration of 5 mg or 10 mg of
melatonin at a fixed time of day will help synchronize the
sleep rhythm in those blind subjects whose sleep patterns are
desynchronized from the environment (Arendt et al 1988;
Folkard et al 1990; Sack et al 1991; 1992b; Tzischinsky et al
1992). In a single case treated with oral melatonin, synchro-

- nization of sleep onset and relief of daytime sleepiness oc-

curred without cuing of the temperature or cortisol rhythm
(Folkard et al 1990). In a study of blind subjects whose sleep
cycle was free running with a period longer than 24 hours so
that the rhythm showed a progressive phase delay, melatonin
caused a phase advance in the rhythm which was sufficient
to cause entrainment in many of the subjects (Sack et al
1991). In another single case study, response occurred with
treatment at 2000 hours but not at 2200 to 2300 hours,
indicating that timing of treatment is important (Tzischinsky
et al 1992).

In these studies pharmacologic doses of melatonin have
been used which clearly have soporific effects. It is not clear
whether the soporific or the phase-setting characteristics of
melatonin are the key elements in treatment response.
Recently, it has been shown that administration of melatonin
orally or intravenously to achieve physiologic blood levels
can produce phase resetting (Lewy et al 1992; Zaidan et al
1993). During sleep deprivation, suppression of endogenous
melatonin by green light is associated with a decrease in
sleepiness (Horne et al 1991). It may be that phase-resetting
and soporific effects are inseparable.

Melatonin rhythms are also altered in shift workers
(Waldhauser et al 1986). In four subjects on fast rotating
shifts, marked changes were seen in melatonin with peak
levels four times higher in amplitude than in controls
(Touitou et al 1990). No apparent phase shift was seen. The
authors suggest that the large amplitude of the melatonin and
other rhythms (Reinberg et al 1978a; b; Andlauer et al 1979)
might be markers for tolerance to shift work which could help
the subjects maintain their internal synchronization. In a
study of permanent shift workers (Sack et al 1992a), the
melatonin rhythm shifted from its usual relationship to sleep.
It was also variable from worker to worker. On average,
melatonin onset was about seven hours earlier than usual.
Sleep was initiated about three hours after melatonin onset
whereas in subjects who were active during the day, sleep
onset preceded melatonin onset by about three hours. In a
study done in Antarctica it was found that readaptation of the
6-sulphatoxymelatonin rhythm following the night shift was
more rapid in summer than in winter and that morning and
evening bright light treatment was effective in speeding up
readaptation in winter time (Midwinter and Arendt 1991).
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A relationship of beta-blocker-induced CNS side-effects
and reduced melatonin secretion has been reported (Brismar
et al 1988). In patients receiving metoprolol there was a
significant relationship between the fall in melatonin and
sleep disturbance. Severe CNS side-effects such as night-
mares were, in all cases, accompanied by low melatonin.

The circadian rhythm of core body temperature, with a
maximum during the day and a minimum at night, has been
widely used as a marker for circadian rhythms in man
(Czeisler et al 1980; Weitzman et al 1981b; Moore-Ede et al
1983). It has been calculated that about 40% of the nocturnal
temperature drop is secondary to the melatonin rise (Cag-
nacci et al 1992; 1993). These studies indicate that melatonin
is a major modulator of core body temperature which inter-
acts with other circadian factors in producing the circadian
rhythm in temperature. Recent studies have established that
this rhythm is closely associated with the circulating mela-
tonin rhythm (Shanahan and Czeisler 1991; Strassrnan et al
1991; Cagnacci et al 1992). The fitted maximum of mela-
tonin consistently precedes the minimum of temperature by
1.8 h and bright light exposure induces substantial and
equivalent phase shifts of both rhythms (Shanahan and
Czeisler 1991). Suppression of the nocturnal melatonin rise
with atenolol attenuates the nocturnal decline in core body
temperature and melatonin administration during the day
causes a significant drop in core body temperature (Cagnacci
et al 1992). Exposure to bright light at night reduces the
nocturnal fall in core body temperature in both men (Strass-
man et al 1991) and women (Cagnacci et al 1993) and this
effect is reversed by concomitant melatonin administration.
These studies indicate that the nocturnal melatonin rise is a
major regulator of core body temperature in man.

CONCLUSION

Melatonin, the pineal hormone which is regulated by the
photoperiod and which has a role in regulating other body
rhythms such as that of temperature, has been the subject of
numerous investigations. One topic of considerable interest
is melatonin’s relationship to the circadian pacemaker. Mela-
tonin is not only regulated by that circadian oscillator but also
acts as a darkness signal providing feedback to the oscillator.
Melatonin shows pronounced synchronizing activity in and
around the time of both dusk and dawn, causing phase shifts
opposite in direction to those caused by light. Moreover,
acute suppression of melatonin secretion by light tends to
reinforce the phase-shifting effects of light by eliminating the
melatonin signal which opposes the phase-shifting action of
light. Melatonin rhythms are altered in a variety of circadian
rhythm disorders (Moore 1991) and melatonin has been of
use in treatment of such disorders both because of its ability
to entrain the sleep-wake rhythm and because of its
sleep-inducing and sleep-maintaining effect. Among tran-
sient disorders of the sleep-wake cycle, melatonin treatment
has been used in jet lag but not, as yet, in shift work disorder.
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Among persistent disorders there is some evidence that mela-
tonin treatment may have a role to play in delayed sleep-
phase syndrome and in the non-24-hour sleep-wake
syndrome, while studies remain to be done in advanced
sleep-phase disorders, and in those with irregular sleep-wake
patterns. The use of melatonin in treatment of chronic insom-
niais less well documented but clearly warrants further study.
Abnormalities in the pattern of melatonin secretion are re-
ported in affective disorder (Brown 1992) including both
seasonal affective disorder and major depressive disorder as
well as in aging. The role of light treatment in seasonal
affective disorder is well established although participation
of the pineal in the treatment response is not clearly estab-
lished. It remains to be determined whether or not alterations
which occur in pineal function in major affective disorder and
in aging may be of pathophysiological significance.
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