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INTRODUCTION

The pineal gland has variously been described as the ‘Seat of the Soul’ (by Renee Descartes),
a good neuroradiological marker, and, in view of its shape in humans, the ‘penis of the brain’.
The rhythmic production of its major hormone melatonin (5-methoxy-N-acetyltryptamine) is
extensively used as a marker of the phase of the internal clock. Melatonin itself is successfully
used as a therapy for certain sleep disorders related to circadian rhythm abnormalities and as a
mild hypnotic. It may have more extensive therapeutic applications. In lower vertebrates the
pineal is an important determinant of rhythms. In mammals whose seasonal functions are timed
by daylength, melatonin production at night provides a (probably) universal time cue for
changing daylength. In humans, the evidence to date indicates that it serves to reinforce
physiological events associated with darkness, such as sleep and to act as an internal time cue.
The profile of its secretion defines “biological night”.

Pineal Structure

The pineal gland (epiphysis cerebri) is a small (100-150mg in humans), unpaired central
structure, essentially an appendage of the brain. The mammalian pineal is a secretory organ,
whereas in fish and amphibians it is directly photoreceptive (the ‘third eye’) and in reptiles and
birds it has a mixed photoreceptor and secretory function. Pinealocytes retain elements of their
photoreceptive evolutionary history in both structure and function (1, 2). In humans and some
other species the gland usually shows a degree of calcification after puberty (3), and this
process may well begin earlier in life. This phenomenon may not be associated with a decline in
metabolic activity, except that activity declines in general with aging. The gland is richly
vascularized. The principal innervation is sympathetic, arising from the superior cervical
ganglion (4) with good evidence for parasympathetic, commissural, and peptidergic innervation
(5). Major functional importance has only been shown for sympathetic innervation.

MELATONIN SYNTHESIS AND METABOLISM
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Melatonin is synthesized within the pinealocytes- from tryptophan (Fig 1), . Most synthetic
activity occurs during the dark phase, with a major increase (7-150 fold) in the activity of
serotonin-N-acetyltransferase (arylalkylamine N-acetyl transferase, AA-NAT). AA-NAT is usually
rate limiting in melatonin production, but serotonin availability may also play a role. The rhythm
of production is endogenous, being generated by interacting networks of clock genes in the
suprachiasmatic nuclei (SCN), the major central rhythm-generating system or “clock” in
mammals (the pineal itself is a self sustaining “clock” in some if not all lower vertebrates) (6).
The main feedback loop involving transcription of a number of genes (Per1, Per2, Per3, Cry1,
Cry2, and Reverbα) is activated by heteromeric complexes of CLOCK and BMAL1. This
transcription continues into the night until nuclear levels of PER and CRY proteins become
sufficiently high to repress CLOCK/BMAL1 activation. Declining levels of PER/CRY in the early
morning then allows transcription of the genes again and the cycle continues. Within this cyclical
process, the stability of PER and CRY proteins is tightly controlled by casein kinases (CK1d/e)
and the F-box protein FBXL3 respectively. Most, if not all peripheral tissues also express this
sequence and the SCN is considered to synchronise other clocks such that they are optimally
phased (7,8,9 ) thus establishing links between the central circadian system and virtually all
aspects of physiology. The SCN rhythm is synchronized to 24 hours primarily by the light-dark
cycle acting via the retina and the retinohypothalamic projection to the SCN. An additional
central clock, indepenedent of the SCN, has recently been discovered. It is entrained by food
availability and timing. (8).
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Figure 1.Melatonin synthesis in the pineal gland.

The cDNAs encoding both AA-NAT and the O-methylating enzyme HIOMT have both been
cloned (10). There are substantial species differences in regulation of AA-NAT. It is likely that in
humans and ovines the enzyme is regulated primarily at a post transcriptional level, whereas in
rodents the key event appears to be cyclic AMP-dependent phosporylation of a transcription
factor that binds to the AA-NAT promoter. Rapid decline in activity with light treatment at night
appears to depend on proteasomal proteolysis (10,11). According to distribution studies of AA-
NAT mRNA this enzyme is expressed mainly in the pineal, retina and, to a much lesser extent,
some other brain areas, the pituitary and the testis, but apart from the pineal these structures
contribute little to circulating concentrations in mammals. There is also evidence that melatonin
can be synthesised in numerous other sites where it may have local effects (12,13). In the
gastro-intestinal tract it may contribute to gut function (13). Within the rodent retina a self
sustaining ‘clock’ maintains rhythmic production of melatonin in vitro as it does in many lower
vertebrates (14). Whether or not this is true of humans remains to be seen. In humans and
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rodents melatonin is metabolized to 6-sulphatoxymelatonin (aMT6s), primarily within the liver,
by 6-hydroxylation, followed by sulfate conjugation. A number of minor metabolites are also
formed, including the glucuronide conjugate, which predominates in mice.(15). Exogenous oral
or intravenous melatonin has a short metabolic half-life (20 to 60 minutes, depending on author
and species), with a large hepatic first-pass effect and a biphasic elimination pattern. In
ruminants longer half-lives are seen after oral administration (16,17).

Most effects of pinealectomy can be reversed by melatonin, administered appropriately in
physiological concentrations. Hence, it is difficult to consider the numerous other compounds
found and/or synthesised within the pineal as major pineal hormones.

Control of Melatonin Synthesis: A Darkness Hormone

Sympathetic denervation of the pineal in mammals abolishes the rhythmic synthesis of
melatonin and the light-dark control of its production. Norepinephrine is clearly the major
transmitter, acting via beta-1-adrenoceptors with potentiation by alpha-1 stimulation, but the role
of neural serotonin is probably not negligible. There is a day-night variation in pineal
norepinephrine, with highest values at night, approximately 180 degrees out of phase with the
pineal serotonin rhythm. cAMP acts as a second messenger and stimulates AA-NAT activity.
Beta-adrenergic receptor binding sites in the rat pineal vary over a 24-hour period, the lowest
number being found toward the end of the dark phase, increasing shortly after lights on (16,18).
There is evidence for modulation of melatonin synthesis in vitro by other factors, notably
neuropeptides (18), but their physiological importance remains obscure. Table 1 summarises
factors influencing melatonin secretion and production.

Table 1. Some factors influencing human melatonin secretion. A comprehensive revue
addresses mostly animal in vivo and in vitro effects, for references see 18,19. A:
antagonist, U: uptake, I: inhibitor, MAO: monoamine oxidase, OC: oral contraceptives,
5HT: 5-hydroxytryptamine, : increase, : decrease. Reproduced by permission from
(19)
Factor Effect(s) on melatonin Comment
Light Suppression >30 lux white 

460-480 nm most effective
Light Phase-shift/ Synchronisation Short wavelengths most

effective
Sleep timing Phase-shift Partly secondary to light

exposure
Posture  standing (night)
Exercise  phase shifts Hard exercise
ß-adrenoceptor-A  synthesis Anti-hypertensives
5HT UI  fluvoxamine Metabolic effect
NE UI  change in timing Antidepressants
MAOA I  may change phase Antidepressants
α-adrenoceptor-A  alpha-1,  alpha-2
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Benzodiazepines Variable 

 diazepam, alprazolam

GABA mechanisms

Testosterone  Treatment
OC 
Oestradiol ? Not clear
Menstrual cycle Inconsistent  amenorrhea
Smoking Possible changes  ?
Alcohol  Dose dependent
Caffeine  Delays clearance (exogenous)
Aspirin, Ibuprofen 
Chlorpromazine  Metabolic effect
Benserazide Possible phase change,

Parkinson patients
Aromatic amino-acid
decarboxylase-I

Melatonin is synthesized and secreted during the dark phase of the day in virtually all species
(16). In most vertebrates the rhythm is endogenous, that is, internally generated. It persists in
the absence of time cues, in general assuming a period deviating slightly from 24 hours, and is
thus a true circadian rhythm (20,21). Lesions of the SCN lead to a loss of the vast majority of
circadian rhythms including melatonin (22). Circadian rhythms are entrained (synchronized) to
the 24-hour day primarily by light-dark cycles. Factors (zeitgebers) other than light-dark cycles
which are involved in entrainment include behavioral imposition such as forced activity and rest,
social and nutritional (rhythmic feeding) cues, temperature variations, knowledge of clock time,
certain drugs, possibly electromagnetic fields and melatonin itself (23). There is some recent
evidence that in strictly controlled conditions women have slightly higher levels of plasma
melatonin than men, at night. (24).

Daylength Dependence of Melatonin Secretion

Melatonin secretion is related to the length of the night: The longer the night, the longer the
duration of secretion in most species (16). Ocular (not extra-ocular) light serves to
entrain/synchronise the rhythm to 24h and to suppress secretion at the beginning and/or the
end of the dark phase (Fig 2). The amount of light required to suppress melatonin secretion
during the night varies from species to species, with time of night, and with previous light
exposure (25-27). In humans, 2500 lux full spectrum light (domestic light is around 100 to 500
lux) is required to completely suppress melatonin at night (27). However much lower intensities
will partially suppress and shift the rhythm in humans (28,29). Image forming vision (rods and
cones) is not required for suppression of melatonin, or indeed for synchronising /phase shifting
the circadian clock. A novel non-image forming photoreceptor system is implicated, with
evidence for a pivotal role of a new opsin: melanopsin (30). In humans maximum suppression
for equal numbers of photons is given by blue light (~ 480 nm) with an action spectrum that is
distinct from that of scotopic and photopic vision (31-33).
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Figure 2.Diagrammatic representation of the control of production and the functions of
melatonin, with regard to seasonal and circadian timing mechanisms. RHT- retino-hypothalamic
tract, NA ” norepinephrine (noradrenalin), SCN – suprachiasmatic nucleus, PVN –
paraventricular nucleus, SCG – superior cervical ganglion. The melatonin rhythm is generated
by a closed loop negative feedback of clock gene expression in the SCN, Clock and Bmal,
positive stimulatory elements, Per, Cry, negative elements, CCG, clock controlled genes. The
SCN via neural pathways drives the pineal melatonin rhythm. Per and NAT mRNA oscillate in
the pineal although post transcription control is evident in some species. Melatonin influences
SCN activity via one or more receptors. Melatonin conveys photoperiodic information influencing
the pattern of per expression in the pars tuberalis for the control of seasonal prolactin variations.
Melatonin target sites in the hypothalamus influencing seasonal variations in reproductive
hormones have yet to be fully defined, although the premammillary hypothalamus is implicated
(34). Based on an original diagram by Dr Elisabeth Maywood, MRC Laboratory of Molecular
Biology, Neurobiology Division, Hills Road Cambridge, CB2 2QH, UK.

The initial treatment for winter depression (SAD) with bright light was based on the assumption
that melatonin duration was a seasonal signal in humans (35). In order to demonstrate
daylength dependence of melatonin secretion in humans it has been necessary to maintain
subjects in total darkness for 14h per day for 2 months, when the secretion profile is clearly
longer than after 10h total darkness for two months, with accompanying changes in body
temperature and sleep (36). This photoperiodic response has sometimes been observed in
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polar regions and even in subjects living according to the natural light dark cycle in temperate
regions. The most consistent seasonal observation in humans is that melatonin profiles show a
phase change from winter to summer, with earlier secretion in summer than in winter e.g. (37).

Synchronisation of the Melatonin Rhythm to the 24h Day

A single daily light pulse of suitable intensity and duration in otherwise constant darkness is
sufficient to phase shift and to synchronize the melatonin rhythm to 24 hours in animals (38,39).
Phase shifting and entrainment (synchronisation with an appropriate phase) have been
demonstrated in humans with suitable intensity, spectral composition and duration of light
treatment (40-42). However, the relative contribution of light in a normal environment with
numerous other time cues remains to be fully determined. Studies in Antarctica suggest that a
structured social routine in a dim light environment suffices to synchronize melatonin to 24
hours in most people (16). Many blind people with no conscious or unconscious light perception
living in a normal social environment show ‘free running’ or abnormally synchronised melatonin
and other circadian rhythms (39,43,44). Moreover the incidence of circadian desynchrony, with
its attendant sleep and other problems, is directly related to the degree of light perception of the
individual. The less light the more likely is desynchrony to occur. Some blind subjects retain an
intact retino-hypothalamic tract and a melatonin suppression response even in the absence of
conscious light perception.(45) . The contribution of the so-called “non-photic” time cues to
entrainment has been evaluataed in a small number of blind people (39).

PHYSIOLOGICAL FUNCTIONS OF MELATONIN IN
MAMMALS

Melatonin Secretion as a Function of Daylength: a Seasonal Time Cue

When seasonal functions such as reproduction, pelage (coat growth and color), appetite,
bodyweight are primarily timed by daylength, species are referred to as photoperiodic .
Photoperiod is often critical for the timing of pubertal development (46,47). It is now clear that in
photoperiodic mammals and marsupials, an intact innervated pineal gland is essential for the
perception of photoperiod change (47-50).

It is possible to administer melatonin by daily infusion or feeding so as to generate at will
circulating profiles, with a duration characteristic of particular photoperiods, in the intact or
pinealectomized animal (48,49). In this way it has become clear that a particular melatonin
duration is the necessary and sufficient condition for the induction of a given seasonal response
and is equipotent with a particular photoperiod. Long-duration melatonin is equivalent to short
days and short-duration melatonin is equivalent to long days (Fig. 2, see above). The
interpretation of the signal, as with daylength, depends on the physiology (for example, long- or
short-day breeder) of the species in question. In sheep, melatonin can time the whole seasonal
cycle, at least of reproduction, acting as a seasonal zeitgeber for a presumed endogenous
circannual rhythm (50). The circannual rhythm of prolactin secretion (synchronised by
photoperiod) is dependent on the circadian melatonin signal and is thought to derive from a
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pituitary-based timing mechanism whereby melatonin regulated pars tuberalis timer cells serve
to coordinate adjacent prolactin-secreting cells which together function as an intrapituitary
“pacemaker-slave” timer system. (51)..

Reproduction in domestic ruminants and the winter coat of animals such as mink, arctic foxes,
and cashmere goats has commercial significance and can be manipulated by photoperiod and
melatonin administration. Implanted melatonin induces short-day effects,and a number of
commercial preparations of melatonin have been developed to this end.

Photoperiod via melatonin secretion determines the timing of puberty in some species, provided
that a sufficient degree of physical maturity has been reached (46). Interestingly, photoperiod
perception by the fetus is present before birth in rodents and ungulates and ensures a rate of
development appropriate to environmental conditions (52-54). Melatonin injections to the mother
can dictate the timing of postnatal reproductive development. In rats injections of melatonin
during the late light phase, during a small window in the late dark phase or even using
continuous release implants, specifically during the period of pubertal development, delay
reproductive maturity in both males and females (55). Full sexual maturity is eventually
achieved; thus the system is not permanently compromised. Moreover in vitro melatonin inhibits
gonadotropin-releasing hormone (GnRH)-induced luteinizing hormone (LH) release by cultured
rat pituitary glands from prepubertal animals (56). These observations constitute the main
evidence for a possible causal role of melatonin in the pubertal development of humans.

Role of the Pineal Gland and Melatonin in Circadian Rhythms

Melatonin is produced rhythmically by both the pineal and the retina in many lower vertebrates
and probably serves as the common humoral signal for circadian organization (23). In mammals
its role appears to be modulatory with regard to circadian organisation. Pinealectomy of rodents
in constant light leads to disruption of the circadian system (57). In rats pinealectomy increases
the rate of re-entrainment to forced phase shifts of the light-dark cycle (58). Interestingly, in
humans, pharmacological suppression of melatonin by atenolol enhances the magnitude of light-
induced phase shifts (59) and melatonin and light can act in concert to effect a phase shift (60).
Thus, a possible conclusion might be that the presence of melatonin determines the rate of
adaptation to phase shift. A specific melatonin antagonist which can be administered to humans
is awaited to resolve these questions. Melatonin is also implicated in circadian thermoregulation
(see (61) for a review). Many such effects may involve the thyroid gland.

EFFECTS OF TIMED ADMINISTRATION OF MELATONIN
IN MAMMALS

In vivo effects

Daily melatonin administration to rats and some hamster strains, by injection or by infusion, will
synchronise free-running activity and temperature rhythms in constant darkness. It is also
reported to partially or completely synchronize disrupted activity rhythms in constant light (23).
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Circadian phase can be set in fetal hamsters by maternal injections of melatonin at 24-hour
intervals at specific circadian times (54). Timed administration to rats hastens adaptation of
activity and melatonin production to forced phase shift, and can change the direction of re-
entrainment (58,62). A phase response curve (PRC) to single injections of melatonin can be
demonstrated with small phase advances of at most one hour during the late subjective day
(58).

As the pineal is involved in circadian timing, the presumption must be that it is concerned with
the timing of the LH surge and indeed with general estrous timing. There is evidence that in
rats, timed melatonin administration can mimic the effects of extending the light-dark cycle on
the timing of the LH surge. Observations of the peripheral melatonin rhythm itself show a
decreased amplitude during proestrus in rodents but with conflicting reports in other species
(see (16,63) for reviews). In the rat, gestation length depends on the ambient light-dark cycle.
Small advances or delays of parturition can be induced by daylengths shorter or longer than 24
hours, and the effect can partially be mimicked by timed melatonin administration (64).

A fairly consistent observation in pineal research is the decline in amplitude of the melatonin
rhythm in old age (see (16) for references). Pinealectomy accelerates the aging process, and
there has been some considerable publicity concerning claims for an anti-aging effect of
melatonin (65,66). The most widely published hypothesis is that melatonin acts as a free radical
scavenger and anti-oxidant (67,68). Being an easily oxidised molecule melatonin does indeed
have some anti-oxidant activity. However the quantities of exogenous melatonin required to
generate clinically relevant anti-oxidant activity in vivo remain to be specified.

In Vitro Phase Shifts

Melatonin inhibits 2-deoxyglucose uptake into the SCN in late subjective day, with no effect at
other times, and inhibits electrical activity also during late subjective day (23). In this way
melatonin may counter a ‘wake’ signal from the SCN. The most convincing evidence for a direct
influence on the circadian system is the phase-advancing effect of melatonin on the circadian
rhythm of electrical activity in cultured SCN (69). The effect was large, acute, and time-
dependent, with shifts of up to several hours being observed.

Retinal Rhythms

Melatonin appears to function as a paracrine signal within the retina. It enhances retinal function
in low intensity light by inducing photomechanical changes and regulating the turnover rates of
the photoreceptive apparatuses of rods, cones and the surrounding pigment epithelium (70).

The pineal, the retina, and the SCN together form the basic structures perceiving and
transducing non-visual effects of light. Melatonin provides a closed loop to this system. It is
reasonable to conclude that in adult mammals melatonin serves to modulate circadian phase
and strengthen coupling. Since optimal circadian phase is important to health, this is clearly a
very significant function. In fetal and neonatal mammals it may help to program the circadian
system and to determine the timing of developmental stages, especially puberty.
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Miscellaneous

The numerous reports of other effects of melatonin in animals and in vitro are beyond the scope
of this article. Many of these concern “protective” effects attributed to anti-oxidant activity
(71)(review). Evidence for anti-tumour activity of melatonin is now strong and possible
mechanisms have been proposed (72-75). Circadian control of metabolism (9,76,77) means
that there is much scope for effects of melatonin in this area. Anti-apoptopic activity of melatonin
has been investigated and attributed to mitochondrial mechanisms (75)

HUMAN PINEAL PHYSIOLOGY AND PATHOLOGY

Human Melatonin Production

Pinealectomy in humans removes virtually all plasma melatonin (78). Other consequences of
the operation consist of diffuse neurological problems that do not add up to a consistent
functional effect as yet and may be more related to non-specific effects of operation. Some
preliminary evidence suggests that pinealectomised humans are less “seasonal” than healthy
subjects, underlining the predominantly photoperiodic role of melatonin if confirmed (79). There
is good evidence that the neural and biochemical pathways known to control pineal function in
rats are similar in humans. Pathological or traumatic denervation of the pineal abolishes the
plasma melatonin rhythm. Beta-adrenergic antagonists suppress melatonin production, and
increased availability of norepinephrine and serotonin are stimulatory (for references see
reviews (16,26)). The melatonin content of pineals obtained post-mortem is related to the time
of death with, as expected, higher values at night (80).

In a “normal” environment, melatonin is secreted during the night in healthy humans as in all
other species. The average maximum levels attained in plasma in adults are of the order of 60
to 70 pg/ml when measured with high-specificity assays. The concentrations in saliva are
approximately one third of those in plasma. Minimum concentrations in both fluids are usually
below 5 pg/ml. The peak concentrations of melatonin in plasma normally occur between 0200
and 0400 hours. The onset of secretion is usually around 2100 to 2200 hours and the offset at
0700 to 0900 hours in adults in temperate zones. The appearance and peak levels of
6-sulfatoxymelatonin (aMT6s) in plasma are delayed by 1 to 2 hours, and the morning decline
by 3 to 4 hours. The mean concentrations of plasma and saliva melatonin together with urinary
6-sulfatoxymelatonin (aMT6s) are shown in Fig. 3a. There are strong correlations between the
timing and amplitude of the plasma melatonin and urinary aMT6s rhythms, such that aMT6s is a
useful measure of circadian phase in field situations (16, 26, Fig.3b). In urine 50 to 80 per cent
of aMT6s appears in the overnight sample (2400 to 0800 hours), and it is low but rarely
undetectable in the afternoon and early evening. Possibly the most striking characteristic of the
normal human melatonin rhythm is its reproducibility from day to day and from week to week in
normal individuals, rather like an hormonal fingerprint. There is however a large variability in
amplitude of the rhythm between subjects. A small number of apparently normal individuals
have no detectable melatonin in plasma at all times of day (16,26) .
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Figure 3a.Average concentrations of melatonin in plasma (black, average N=133), saliva (blue,
average N=28) and 6-sulphatoxymelatonin (aMT6s) in urine (red, average N=88), all
measurements by radioimmunoassay. Diagrammatic representation of mean normal values
(healthy men and women over 18 years old) from the author’s laboratory.
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Figure 3b.Plasma melatonin and urin ary aMT6s in hourly samples, mean ” SEM, N=14, to show
the delay in the rhythm of aMT6s compared to melatonin. If urine is sampled 3-4 hourly with an
over-sleep collection as shown, a close correlation with plasma melatonin amplitude and phase
is found. Drawn from data in reference 105.

As stated previously, even domestic intensity light can suppress human melatonin production at
night. Exposure to light during ‘biological night’ (LAN) has been perceived as deleterious to
health (for example the increased risk of cancer in most epidemiology studies on night shift
work) (73,74,81,82). This hypothesis is based on the beneficial effects of melatonin in some
situations (see later). For example, the progression or spontaneous appearance of cancer in
animals is enhanced by continuous light (82) and in human breast cancer xenografts
exogenous melatonin is reported to reverse this effect (83). Whether or not the suppression of
endogenous melatonin has undesirable consequences in the long term remains to be
evaluated. A more substantive hypothesis considers that LAN disrupts the expression of clock
genes with probable deleterious effects on numerous systems. Such disruption is associated
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with vulnerability to cancer in animals (73,74,84).

Melatonin and Core Body Temperature

The melatonin peak is closely associated with the nadir in core body temperature, together with
maximum tiredness/fatigue, lowest alertness and performance (Fig. 4) (85). Causal links are
suggested by a number of observations. For example, bright light at night suppresses
melatonin, simultaneously increasing body temperature, alertness and performance, and
decreasing sleepiness (86). Exogenous melatonin during the daytime acutely increases
sleepiness and decreases core body temperature (87). This latter observation is dependent on
posture: subjects must be seated or recumbent (88). The ovulatory rise in temperature during
the menstrual cycle is associated with a reported decline in amplitude of melatonin, but the
decline in melatonin is not a consistent observation.

Figure 4.Relationship of plasma melatonin to other major circadian rhythms. Note the close
correspondence between the core temperature nadir and the melatonin peak. Sleep propensity
closely follows the melatonin rhythm. Reproduced from Rajaratnam SMW and Arendt J. Lancet
358:999-1005, 2001 by permission.

Melatonin and Sleep
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Endogenous melatonin production is clearly closely related to the onset and offset of sleep.
However sleep deprivation does not abolish the melatonin rhythm and in very dim light does not
affect secretion (85). In controlled experimental conditions it is clear that the evening rise of
melatonin corresponds closely to the opening of the ‘sleep gate’, following a period of wake
maintenance which has been called the ‘forbidden zone for sleep’ (89). Few associations have
emerged between melatonin production and sleep stages, with the exception of a relationship
between the timing of sleep spindles and certain other EEG characteristics, and the circadian
phase of melatonin (90). Possibly the best correlative evidence for a role of melatonin in human
sleep is the appearance of daytime naps, in free-running blind subjects when the peak of
melatonin (and of course the temperature nadir) occurs during the daytime (91). Another
pertinent observation is the poor sleep of patients with Smith-Magenis syndrome, most of whom
have an inverted melatonin rhythm with high values during the daytime (92).

The relationships of stress, exercise, and some other non-pharmacological interventions in
modification of melatonin production are somewhat unclear and do not appear to play a major
physiological role in humans.

Melatonin during Development, Puberty, Menstrual cycle and Aging

Shortly after birth very little melatonin or aMT6s is detectable in body fluids. A robust melatonin
rhythm appears around 6 to 8 weeks of life (93). The plasma concentration of melatonin
increases rapidly thereafter and reaches a lifetime peak on average at 3 to 5 years old (94). The
increment is much greater at night. Subsequently a steady decrease is seen, reaching mean
adult concentrations in mid to late teens with the major decline occurring before puberty. Values
remain relatively unchanged until 35 to 40 years, and a final decline in amplitude then takes
place until (on average) low levels are seen in old age (see (16) for references). Exceptionally
healthy elderly may not show this age-related decline. Reports of differences in secretion in
adults with gender, height, or body weight are not consistent, although a recent carefully
controlled study reports earlier phase and slightly higher levels in women (24). The measured
plasma concentrations of melatonin in children are probably related to Tanner stage and
possibly body weight (95).

Although lower melatonin has been reported in precocious puberty and higher concentrations in
delayed puberty and hypothalamic amenorrhea compared with age-matched controls (96,97),
these remain correlative not causal associations, and there is no good evidence for a causal
role of melatonin in primate pubertal development. Ovarian suppression with a GnRH analogue
in precocious girls is not accompanied by changes in melatonin secretion (98). However,
induction of sexual development with estrogen was associated with a very rapid decline of
melatonin metabolite excretion in one case report (99). Likewise testosterone treatment of
hypogonadal men led to a normalization of previously high circulating melatonin. (100).

Circulating melatonin may or may not vary during the menstrual cycle, the existing data are
inconsistent. There is (101) evidence for abnormal melatonin secretion in patients with pre
menstrual tension .
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Low melatonin is reported to associate (inter alia) with cardiovascular disease and diabetic
autonomic neuropathology (102-104). Studies of intensive care unit patients have shown very
abnormal rhythms- but the data are confounded by the concomitant medication (105).

Clearly, the importance of the pineal in humans depends on the importance of light in human
physiology. It is reasonable to assume that the pineal conveys information concerning light-dark
cycles for the organization of seasonal and circadian rhythms in humans as in animals.

PATHOLOGY

Post-Mortem observations: Pineal Hyper- and Hypoplasia

A number of reports of variations in post-mortem pineal weight as a function of cause of death
have been summarized by Tapp (106). Of the most interesting, hypoplasia of the pineal in
association with retinal disease may be causally interrelated. Tapp has reported that pineals in
patients dying of carcinoma of the breast or melanoma are heavier than those from patients with
other cancers. Very large pineals (1 g) have been described in a rare genetic syndrome with
insulin resistance (107). Sudden infant death syndrome (SIDS) is associated with small pineals
and decreased melatonin production (108). SIDS deaths usually occur at night and may be
associated with abnormalities of sleep. If melatonin helps to coordinate circadian organization in
the developing infant, its underproduction may contribute to the disorder.

Pineal Tumors

Tumors of the pineal region in children are frequently associated with abnormal pubertal
development (109). In precocious puberty it was thought that the capacity of the pineal to inhibit
sexual development was impaired. Much evidence now suggests that precocity is due to the
production of human chorionic gonadotrophin (beta-hCG) by germ cell tumors of the pineal
(110,111). Delayed puberty has also been associated with pineal tumors. Pineal tumors are
heterogeneous and may arise from germ cells (teratomas, germinomas, choriocarcinomas,
endodermal sinus tumors, mixed germ cell tumors), pineal parenchymal cells (pineoblastoma
and pineocytoma), and the supporting stroma (gliomas) (112). All are rare (less than 1 per cent
of intracranial space-occupying lesions) and tend to occur below 20 years of age with the
exception of parenchymal cell tumors, which occur equally in adults and children. Germinomas
respond well to radiation therapy, whereas primary surgery is more frequently the treatment of
choice in other types. Tumor markers in CSF, alpha-fetoprotein and beta-hCG, together with
CSF cytology and imaging (CT or MRI), aid in differential diagnosis. The most common
symptoms are secondary to hydrocephalus (headache, vomiting, and drowsiness) together with
the triad of visual problems, diabetes insipidus, and reproductive abnormalities (112).
Germinomas and teratomas occur predominantly in males. Precocious puberty is more
commonly associated with teratoma. As beta-hCG is identical to beta-LH, pubertal development
can be directly attributed to ectopic beta-hCG production in many cases. Moreover, the
predominance in boys may be explained on the basis that LH alone can stimulate testosterone
production, whereas in girls both LH and FSH are required for ovarian follicular development
and estrogen production. Reviewing a series of 37 patients, Drummond and Rosenfeld (113)
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concluded that there have been significant improvements in outcome over the last 30 years. A 5
year survival of 62% was quoted for germinomas, but only 14% for other malignant tumours.

Classification of pineal parenchymal tumours is complicated by the presence of mixed
pineocytoma-pineoblastoma types some with intermediate differentiation. A new classification
has been proposed based on histological features which is closely related to patient survival
(114).

A new type of pineal tumour was described in 2003 ” the pineal papillary tumour. These tumors
of the pineal region are similar to those described for ependymal cells of the subcommissural
organ, and may be derived from these specialized ependymocytes (115).

There is no consistent information on overproduction or underproduction of melatonin with
specific types of tumor. Some work suggests that melatonin is absent or very low in treated or
untreated pineal germinomas, but the consequences remain to be defined (116).

Other Solid Tumors

In tumour-bearing animals both increases and decreases in melatonin production have been
reported. In humans low levels may be associated at least with (stage-dependent) breast and
prostatic cancer (117) (and some other endocrine-independent tumours) with a negative
correlation to tumour size. Remission is associated with normalisation of melatonin levels. In
ovarian cancer, on the other hand, elevated melatonin is reported. A number of broad studies
that have included various oncological conditions report significant differences, both increases
and decreases, in plasma melatonin between types of cancer and control populations. At
present these are uninterpretable, and no mechanism has been shown to account for the
observed changes. The subject has been extensively reviewed (74, 117). Some data suggests
that the growth of human benign prostate epithelial cells depends on both steroids and
melatonin (118).

Considerable effort has been expended investigating melatonin timing and production in
prospective and retrospective “field” studies of cancer patients and shiftworkers (women
shiftworkers have increased risk of breast cancer in most studies) assessed by the urine levels
of aMT6s. An increased risk of breast cancer has been attributed to lower melatonin; however,
the data are inconsistent and in some cases may be interpreted as a different timing of the
rhythm rather than altered production (73,74,119,120,121). Most data are based on aMT6s
concentration in morning void urines, where a change in timing of the rhythm can lead to under
or over estimation of production. Breast cancer risk is associated with the presence of a clock
gene polymorphism (in hper3) (122) which is associated with morning diurnal preference (lark)
(123), which in turn is associated with earlier timing of the melatonin rhythm and hence lower
morning aMT6s values. When urine collected over 24h is used for aMT6s measurement no
associations have been found in 2 prospective studies (121,124). Thus, a causal connection
has not been firmly established and many other factors (such as continual disruption of the
circadian system in general) may be involved.
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The association of both breast cancer and childhood leukemia with environmental exposure to
electromagnetic fields (EMF) has also been attributed to melatonin suppression by EMF (81).
There is little convincing evidence for this association and most recent data deny any acute
suppression of melatonin in humans by EMF.

Psychiatry

Melatonin has been extensively used in psychiatry to assess biological clock status. There is
evidence for a decline in amplitude of the melatonin rhythm in depression associated with an
increase in cortisol, and possibly an increase in mania, although not all studies are consistent
(125). Exceptionally delayed melatonin rhythms in winter were reported in patients with SAD
compared with the small delay seen in normals (126,127) and Parry and co-workers have found
abnormal melatonin patterns and response to light in premenstrual dysphoric disorder (101). At
present there is still no consensus as to what causes SAD. Light treatment for SAD appears to
be slightly more efficient when given in the morning (albeit with a large placebo effect) (128),
thereby inducing an advance in the melatonin rhythm. However, other mechanisms are also
possible. In particular it has been suggested, based on careful timing studies, that a specific
phase relationship (phase angle difference) between melatonin and sleep is of primary
importance.(129). Many pharmacological antidepressant treatments stimulate melatonin
secretion, acting through increased availability of the precursors tryptophan and serotonin and
the major pineal neurotransmitter norepinephrine, or by direct action on serotonin and
catecholamine receptors . There may be a link between an increase in melatonin production
and efficacy of treatment, and this possibility merits exploration. A recently introduced melatonin
agonist has been developed for anti-depressant activity through its actions on serotonin-2C
(5-HT2C) receptors (130,131).

Melatonin and metabolism

Pinealectomy in rats was reported to induce insulin resistance many years ago (e.g.132). One
of the most interesting relationships of this molecule with metabolic problems emerged recently.
It was observed that the gene encoding the melatonin receptor 1B (MT2/ MTNR1B ) possessed
variants that were closely associated with fasting glucose and reduced beta-cell function.
Moreover the same allele was associated with an increased risk of type 2 diabetes in a meta-
analysis of case-control studies totalling 18,236 cases and 64,453 controls (133,134). The risk
genotype predicts the future development of type 2 diabetes. Given that this is an ever
increasing problem in the developed world, the scope for therapeutic interventions is clearly to
be explored.

Miscellaneous

Many clinical attempts have been made to relate circulating melatonin to endocrine and other
pathology. The results on the whole are difficult to interpret and inconsistent (see references
(16, 26)). Liver disease such as cirrhosis, which impairs metabolic function, leads to higher than
normal plasma concentrations of melatonin (135). Drugs that stimulate or suppress
hydroxylation and conjugation mechanisms or that compete for metabolic pathways can be
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expected to affect circulating melatonin. Surprisingly, little evidence exists for a disturbance of
melatonin secretion in major sleep disorders such as narcolepsy and Klein-Levine syndrome.
However in delayed sleep phase insomnia delays in the rhythm are usually found and provide a
basis for diagnosis (136).

EFFECTS OF MELATONIN IN HUMANS

Sleep and Circadian Rhythms

Circadian rhythm disturbance is associated (among other things) with shift work, jet lag,
blindness, delayed and advanced sleep phase syndromes, and old age. The most obvious
symptom is poor sleep. A treatment able rapidly to shift the biological clock in all its
manifestations would be of substantial benefit to large numbers of people. To date bright light is
the only treatment that in suitable intensity and duration is able to do this (but clearly cannot be
used in the free running sleep disorder of the blind). Although melatonin has been known to
have acute sleep inducing and phase shifting effects for many years, a consensus
acknowledging therapeutic benefit has only emerged in the last 10 years (137).

The first evidence dates from 40 years ago when Aaron Lerner, who first isolated the
substance, took 100 mg and described sleepiness after the dose . Subsequently a substantial
literature, generally using much lower doses (0.3-10mg), has described advance shifts in the
timing of sleep after early evening administration, transient sleepiness at several different times
of day within 2-4h of the dose, time dependent increases in sleep propensity, effects on the
waking EEG comparable to, but not identical with, benzodiazepines, a lengthening of the first
rapid eye movement (REM) episode after early evening administration, increases in the fast
EEG frequencies after evening naps or night time sleep and ‘beneficial effects’ taken at
bedtime. The latter are usually a reduction in wake after sleep onset (WASO) and an increase in
total sleep time (TST) evaluated subjectively, by actigraphy and, rarely, by EEG. When
melatonin was used to hasten adaptation to a 9h phase advance, TST, sleep efficiency and
stage 2 sleep were increased whereas slow wave sleep (SWS) was decreased. The subject has
been extensively reviewed (138-141). Convincing evidence supports a primary effect of
melatonin on sleep timing, whereby melatonin induced a redistribution of sleep during an
imposed sleep opportunity of 16h without an increase in total sleep time (142).

Phase shifting of human circadian rhythms by melatonin was initially described in humans in the
early 1980s. Phase advances were seen after 2mg daily at 1700h for one month. There were no
significant effects on self-rated mood, or on levels of LH, FSH, testosterone, cortisol, growth
hormone, or thyroxine. No deleterious effects were reported by the subjects (143). Advance
shifts in sleep, endogenous melatonin, prolactin and core body temperature can be induced by
oral administration (0.5- 10mg) in the ‘biological afternoon/evening’ (where biological night is the
time of endogenous melatonin secretion). The magnitude of the shift is dose dependent. Delay
shifts can be obtained by early ‘biological morning’ administration, and these time-dependent
responses have been formalised as a phase response curve (PRC) (144). A simplified PRC
diagram is shown in Figure 5. Melatonin given ca. 8-13 hours before core temperature minimum
will phase advance, and given ca 1-4h after core temperature minimum will phase delay. More
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recently, it has become clear that the rhythms of cortisol and TSH (and no doubt other rhythmic
variables) are also shifted by melatonin (145).

Figure 5.A highly simplified diagram of phase shifts of the circadian system, as evidenced by
changes in the melatonin rhythm itself, following oral treatment with fast release melatonin at
different times. The maximum advance shift obtainable with a single treatment of 3-5 mg is
approximately 1-1.5h. A combination of timed bright light treatment, timed melatonin and timed
darkness/sleep applied over several days can produce much larger shifts. “Biological night” is
the time of endogenous melatonin secretion and defines “circadian time” or CT which is
independent of clock time. Individual timing of treatment according to clock time can vary
substantially, as extremely early and extremely late phase people (larks and owls) will have
differently timed “biological night”. After time zone travel, or a series of night shifts, circadian
phase (or biological night) can be completely reversed with, for example, melatonin production
during the daytime.
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In addition to these acute effects, melatonin can clearly maintain synchronisation of the
circadian clock to 24 hours in sighted subjects living in conditions conducive to free run, and
appeared to resynchronise some subjects after a period of free run (146). In the free running
blind it has been possible to stabilise the sleep wake cycle to 24 hours with improvement in
sleep and mood variables, without synchronising strongly endogenous rhythms such as core
body temperature. With suitable dose (0.3-10mg) and timing however,
entrainment/synchronisation is possible in most subjects (147-149) (Figure 6). Success was
attributed to careful timing either to the advance portion of the PRC or for the treatment to start
an hour before preferred bedtime, as the subjects’ free running rhythm approached a normal
phase. Individual sensitivity to melatonin varies and the pharmacokinetics are very different from
one individual to another. The lower dose of 0.3-0.5 mg may be more effective than higher
doses in many subjects. Timing at the start of treatment may be critical; however, it is possible
that subjects with a very long free running period will not, ever, synchronise to melatonin.

Figure 6.Melatonin can phase shift and, in some cases, synchronise circadian rhythms in some
sighted and blind subjects with suitable timing of treatment and dose. Shown are the times of
the calculated peaks (acrophases) of urinary 6-sulphatoxymelatonin (squares) and cortisol
(circles) of a free-running blind subject with a period of 24.57h treated with placebo or 5mg
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melatonin daily, timed to phase advance the internal clock. Note that with melatonin a 24h
period is maintained (with beneficial effects on sleep). Redrawn from reference (147).

Even without full circadian synchronisation however, melatonin has generally positive effects on
sleep in the blind (150).

Reproductive axis

The effects of melatonin on core body temperature are reported to vary in the course of the
menstrual cycle and herein may lie a physiological function (151). LH pulses are amplified in
early follicular phase by oral melatonin at 0800 hours (152). Attempts to develop melatonin as a
contraceptive pill in combination with a synthetic progestin “minipill” have not been successful
(153).

A series of studies in males with and without hypogonadism has reinforced the perception that
melatonin is essentially inhibitory to human reproductive function (e.g. (154,155)), and very
large doses (100 mg daily) potentiate testosterone-induced LH suppression (156). In the
author’s opinion, low, timed doses of melatonin used to reinforce circadian organization are
likely to improve fertility in humans. Acute oral doses of melatonin stimulate prolactin secretion
(157). Acute effects on other pituitary hormones are somewhat inconsistent, although a
relationship between melatonin and and vasopressin secretion has been established (158).

Miscellaneous

Some interesting data suggests that melatonin has anti-hypertensive effects (159). Melatonin,
given during the daytime, can impair performance (e.g. 160). The acute pharmacological
properties of melatonin in animals include sedation, hypothermia, anxiolysis, muscle hypotonia,
decrease in locomotor activity with a rebound increase on increasing the dose, slight analgesia,
slight protection against electroconvulsive shock, constriction of cerebral arteries, potentiation of
noradrenaline-induced vasoconstriction and very low toxicity (161).

THERAPEUTIC USE OF MELATONIN

Jet Lag and Shift Work

Melatonin treatment timed to induce phase advances and delays has been used in the
alleviation of jet lag in numerous real life and simulation conditions of which the vast majority
reported beneficial effects. Field studies suggest that self-rated jet lag can be reduced on
average by 50 per cent with appropriately timed treatment both westward and eastward (see
(140 and 141) for a review and for recommended dose and timing). The improvement appears
to be greater with larger numbers of time zones. The subjective impressions are reinforced by
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improved latency and quality of sleep, greater daytime alertness, and slightly more rapid
resynchronization of melatonin and cortisol rhythms. Neither the dose nor the timing of
melatonin administration has been fully optimized although the largest successful study
reported, with respect to alleviating sleep problems, that 5 mg was more effective than 0.5mg
and a slow release preparation taken at bedtime after flight (162). Three studies have shown no
effect”a common factor in two was that the subjects were not adapted to local time before
departure with consequent problems for timing the treatment. The third also appeared to use
inappropriate timing of treatment. Unpredictable exposure to bright light can theoretically act in
opposition to the desired result. A Cochrane review (163) recently concluded that timed
melatonin was effective as a jet lag treatment; however, a meta-analysis of the effects of
melatonin as a “nutritional supplement” was less enthusiastic (Agency for Healthcare Research
and Quality ( http://www.ahrq.gov/news/press/pr2004/melatnpr.htm ). The American Academy
of Sleep Science now recommends the use of melatonin for jet lag, delayed sleep phase
syndrome and non-24h sleep wake disorder (mostly seen in blind people) (164).

Some inconsistent work has been published on the use of melatonin in shift work. Preliminary
work (165) suggested improved sleep and increased daytime alertness in night shift workers
receiving melatonin at the desired bedtime during a night shift week compared with placebo and
baseline conditions. A number of recent studies have successfully used melatonin to adapt to
simulated or real shift work (reviewed in (166)) although it has to be said that several reports in
the literature have shown no beneficial effects. Questions of posture, light environment and
timing need to be resolved in field studies. Exposure to bright light sufficient to suppress
melatonin secretion during the night is clearly beneficial to alertness and performance on the
night shift whilst at the same time being a possible cause of increased cancer risk.. Some recent
studies have used glasses (blue blockers) (167) which block the short wavelengths of light
known to be most effective at suppressing melatonin, for work on the night shift. In theory these
should preserve melatonin whilst enabling the use of bright light. More data is needed before
robust recommendations can be made.

Sleep Disorder in the Elderly

Initially encouraging results using melatonin to alleviate sleep disorder in the elderly have
proved inconsistent; however, there is no doubt that some subjects will derive benefit. As a
result a slow release 2 mg melatonin formulation “Circadin” has been registered for use in
insomnia of the over 50s (168). Dose, timing and formulation have not been fully optimized in
the author’s opinion. A melatonin agonist, ramelteon, has also been developed for insomnia in
general and others are being developed (130). Particularly notable are a series of studies in the
demented elderly evaluating the use of increased light environment and/ or melatonin treatment.
Positive outcomes were associated with both light and melatonin however the authors noted a
tendency to depression with melatonin and advise the use of small (0.5 mg) doses (169).

Delayed Sleep Phase Insomnia

Patients with delayed sleep phase insomnia cannot sleep at the socially acceptable time of
night and delay sleep onset until the early hours of the morning, sleeping through much of the
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day. This condition has been successfully treated with bright light in the early morning to induce
phase advances of the clock. In other trials evening melatonin (0.5-5 mg) has been
administered, preferably 5h ahead of endogenous melatonin onset when known, or initial timing
to advance the circadian clock, usually late afternoon/early evening. After realignment of sleep
time the dose is taken just before normal bedtime . This treatment also advances sleep time
significantly (170,171). Both children and adults were patients in one group of studies with
successful outcomes (136). Judicious, timed application of both melatonin and bright light as
time cues may well be the treatment of choice for rhythm disturbances.

Cancer

There is good evidence for photoperiod dependency and/or melatonin responsiveness of the
initiation and evolution of certain cancers, particularly hormone-dependent cancers, in animals.
Oncostatic effects are reported on some human cell lines, and in general the pineal and
melatonin appear to have anti-tumor activity (172). In dimethylbenzanthracene-induced
mammary tumors in rats, pinealectomy greatly increased the incidence of induced tumor
growth, and daily melatonin administration in the late light phase greatly decreased incidence
(173). Not all reports show positive results, however. A few early reports of positive effects of
combination therapy- melatonin and tamoxifen, melatonin and interleukin, require confirmation
(174,175). Most recently, survival time and quality of life were significantly enhanced by adjunct
melatonin therapy in small cell carcinoma of the lung (176). The World Health Organisation
recently concluded in a monograph (IARC) summarized in the Lancet (73,74) that there was
good evidence for effects of melatonin on cancer in animals, but insufficient as yet for efficacy in
humans.

Melatonin when appropriately administered has generally stimulatory effects on aspects of the
immune system, and positive effects on cancer may be a consequence (175). A comprehensive
review of the immune system effects of melatonin can be found in (74). The evidence that
melatonin also acts as a free-radical scavenger has been discussed previously.

A recent review addresses the general question of the circadian system in relation to cancer:
disruption of clock gene function is associated with increased risk of cancer in recent animal
studies (9). Perhaps here may lie one aspect of the oncostatic activity of melatonin. By acting as
a circadian coupling agent countering desynchrony amongst central and peripheral clocks, and
optimising phase with respect to external time cues, cellular and system processes may be
optimized and defense systems augmented. These considerations may also apply to risk of
other major diseases associated with shift work (heart disease, metabolic syndrome, possible
decreased fertility (177,178)).

MECHANISM OF ACTION OF MELATONIN

Target Sites

The actions of melatonin are multiple and many must derive essentially from modification of
events in the CNS. However numerous melatonin target sites also exist in the periphery. Any
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endogenous free-radical scavenging activity does not require a receptor. Lesions of the SCN
and the anterior hypothalamic area can block photoperiodic and/or circadian effects of
melatonin in some rodents, but with a degree of disparity between laboratories (179). Implants
or infusion of melatonin in the hypothalamus mimic or block photoperiodic responses in several
species (49). Melatonin target sites in the hypothalamus influencing seasonal variations in
reproductive hormones have yet to be fully defined although there is strong evidence for a role
of the premammillary hypothalamus in sheep..A recent revue considers the roles of different
hypothalamic targets (180).

In prepubertal rats melatonin inhibits GnRH-induced LH release in pituitary cultures at
concentrations comparable to those circulating in the blood (56), and there is evidence that
melatonin influences GnRH secretion from the hypothalamus (181).

Using 2-125I iodomelatonin as a ligand, high-affinity (Kd 25 to 175 pM), saturable, specific, and
reversible melatonin binding to cell membranes was initially reported in the SCN (151) and the
pars tuberalis of the pituitary (183). Subsequently binding has been found in many brain and
other areas including cells of the immune system, a number number of cancer cell lines, the
gonads, the kidney and, importantly, the cardiovascular system. The SCN shows clear binding
in human postmortem tissue (184). Species variation of melatonin-binding sites in the brain is of
course apparent. The most consistent (but not universal) binding site between mammalian
species is the pars tuberalis. There is good evidence that the pars tuberalis transduces the
effects of photoperiod, via melatonin, on seasonal variations in prolactin secretion in ruminants
(185). Morgan (186) proposed that pars tuberalis cells secrete an entirely new hormone
‘tuberalin’ that subsequently mediates the physiological effects of melatonin-although to date
the structure has not been elucidated. Pars distalis binding is absent in adult rats but persists
after birth in the neonate (187). This suggests that binding may indeed underlie function, as
melatonin inhibits GnRH induced pituitary LH release in prepuberty but not in adulthood.
Moreover, binding is detectable in the brain of neonatal Syrian hamsters whose circadian
system responds to melatonin whereas it is lost in adults who do not respond. There are also
changes with time of day, with season and as a function of exposure to melatonin (see (180) for
references).

Melatonin Receptors

White and co-workers initially demonstrated that melatonin-induced pigment aggregation in
amphibian melanophores is a pertussis toxin-sensitive system and that melatonin inhibits
forskolin-activated cAMP formation (188). Intensive investigation of the properties of the pars
tuberalis binding site has revealed that physiological doses of melatonin inhibit forskolin-
activated cAMP production in vitro in a time- and dose-related manner (189,190). Dubocovich
and co-workers have demonstrated a functional melatonin receptor, initially in rabbit and
chicken retina (inhibition of calcium-dependent dopamine release), which is localized in the
inner plexiform layer containing dopamine amacrine cells in rabbits, in the outer and inner
segments in mice, and possibly in the pigmented layer in some mammals (191). Nuclear
melatonin receptors (RZR/ROR alpha and RZR beta) have been described and may be involved
in peripheral melatonin effects (192). Genetic polymorphism has been identified within
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melatonin membrane receptors and further investigation of these polymorphisms in relation to
photoperioidism, human disease, sensitivity to melatonin etc. is ongoing (193,194). Melatonin
membrane receptors have now been cloned and three initial subtypes were named Mel 1a, Mel
1b and Mel 1c (195). The Mel 1a receptor gene has been mapped to human chromosome
4q35.1. Its primary expression is in the pars tuberalis and the SCN but other sites have been
described. Of particular interest is the observation that melatonin can alter the expression of
clock genes within the pars tuberalis in a manner analogous to photoperiod. Mel 1b has been
mapped to chromosome 11q21-22 and its expression is in the retina and the brain. Mel 1c is not
found in mammals. Two cloned mammalian receptors (Mel 1a, Mel 1b) have been renamed
MT1 and MT2 (191). They are a new family of G protein coupled receptors, have high affinity
(Kd 20-160 picomolar) and inhibit forskolin-stimulated cyclic AMP formation. MT1 acts through
both pertussis sensitive and insensitive G proteins. The tissue expression in the SCN, the
hypothalamus and the PT suggests that the circadian and reproductive effects are mediated
through this receptor. Using gene knockout technology and pharmacological manipulations,
results have suggested that the phase shifting receptor is MT2, whilst MT1 is associated with
acute suppression of SCN electrical activity in addition to its actions within the pars tuberalis.
There is also evidence for redundancy in these mechanisms, whereby both receptors can
perform similar functions and recent evidence has uncovered co-expression of both MT1 and
MT2 in sites associated with seasonal reproductive function in sheep (196). During
development, melatonin receptors are transiently expressed in multiple neuroendocrine tissues,
suggesting a novel role for melatonin as a neuroendocrine synchroniser in developmental
physiology (197).. Numerous other physiological responses have been ascribed to MT1 and
MT2 receptors, including (MT1) melatonin-mediated potentiation of adreneregic vasoconstriction
and (MT2) modulation of dopamine release in the retina. A third putative mammalian melatonin
receptor (MT3) has been identified as the enzyme quinone reductase. Numerous reviews
address melatonin receptor pharmacology e.g (191, 198).

Melatonin Antagonists and Agonists

Large numbers of putative and actual melatonin agonists together with some antagonists have
now been described. A series of agonists has been developed from napthalene derivatives.
They show a range of affinity for the pars tuberalis melatonin receptor, some being of much
higher affinity than melatonin. The most interesting have similar effects to melatonin on rhythm
physiology in both rodents and humans. Agomelatine is marketed as an anti-depressant in view
of its activity at the serotonin-2C (5-HT2C), receptor (130, 198-206)

Probably the first analogues to be synthesised were 6- and 2-halogenated melatonins. Beta-
methyl-6-chloromelatonin (LY156735) is being evaluated as a potential treatment for insomnia
and for jet lag with efficacy demonstrated in initial trials. Ramelteon is a selective MT1/MT2
agonist and is marketed for long term use in sleep onset insomnia. Another MT1/MT2 agonist,
tasimelteon (VEC-162), is under development for the treatment of circadian rhythm disorders
(130).

It is likely that SCN receptors mediate the circadian effects of melatonin, those in the
mediobasal hypothalamus and pars tuberalis influence photoperiodic seasonal reproduction
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with regard to gonadotrophin secretion and prolactin respectively, and those in the retina
mediate the retinal processes influenced by melatonin. The physiological functions of the
multiplicity of melatonin binding sites in other areas remain to be clarified.

Effects on Clock Genes

Probably the most interesting development in the mechanistic aspects of the effects of
melatonin concerns its influence on gene expression in the pars tuberalis. Many clock genes are
expressed in the pars tuberalis (Bmal1,Clock, Per1 Per2, Cry1, Cry2) with a 24h rhythmicity
different from their expression in the SCN. Per1 is activated at the beginning of the light phase
and Cry1 at the beginning of the dark phase. Long or short photoperiod information is encoded
within the SCN. Melatonin synthesis, driven by the SCN, conveys this photoperiodic information
to the pars tuberalis by virtue of its pattern of secretion. This in turn influences the pattern of
expression of the clock genes per1 and cry1 within the pars tuberalis providing a means of
translating the melatonin signal for the control of seasonal prolactin variations (207-209). More
recently multiple genes, including clock genes, influenced by melatonin have been identified in
the pars tuberalis with numerous potential seasonal effects deriving from melatonin (210,211).
The immediate early gene EGR1-RE, has been invoked as a contributor to acute melatonin
dependent effects in the pars tuberalis (212).

Interestingly maternal melatonin appears to influence the expression of clock genes in the
capuchin monkey fetal SCN thus providing a possible mechanism for the timing of post-natal
events and the setting of fetal/neo-natal circadian phase (213).

So far melatonin does not appear to influence clock gene expression in the SCN (214,215)).
However, it has been proposed that other “calender” cells will be identified in the CNS which
regulate seasonal changes other than prolactin and may use the relative phasing of clock gene
expression for translating the photoperiodic (melatonin) signal (216).

In rodent pars tuberalis cells rhythmic expression of per1 appears to be dependent on
sensitization of adenosine A2b receptors which in turn depend on melatonin activation of MT1
receptors (217). Clearly it is possible that the melatonin signal is a widespread humoral
mechanism related to biological timing, acting through modification of clock gene expression . It
appears not to be of major importance to rhythm generation in the SCN but it is within the
peripheral pars tuberalis system. The effects of melatonin on peripheral, as well as central,
clock gene expression is likely to be a rich field of enquiry.
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