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Abstract

Descriptions of the pineal gland date back to antiquity, but its functions in humans are still poorly understood. In both diurnal and
nocturnal vertebrates, its main product, the hormone melatonin, is synthesized and released in rhythmic fashion, during the dark por-
tion of the day–night cycle. Melatonin production is controlled by an endogenous circadian timing system and is also suppressed by
light. In lower vertebrates, the pineal gland is photosensitive, and is the site of a self-sustaining circadian clock. In mammals, including
humans, the gland has lost direct photosensitivity, but responds to light via a multisynaptic pathway that includes a subset of retinal
ganglion cells containing the newly discovered photopigment, melanopsin. The mammalian pineal also shows circadian oscillations,
but these damp out within a few days in the absence of input from the primary circadian pacemaker in the suprachiasmatic nuclei
(SCN). The duration of the nocturnal melatonin secretory episode increases with nighttime duration, thereby providing an internal cal-
endar that regulates seasonal cycles in reproduction and other functions in photoperiodic species. Although humans are not considered
photoperiodic, the occurrence of seasonal aVective disorder (SAD) and its successful treatment with light suggest that they have
retained some photoperiodic responsiveness. In humans, exogenous melatonin has a soporiWc eVect, but only when administered dur-
ing the day or early evening, when endogenous levels are low. Some types of primary insomnia have been attributed to diminished mel-
atonin production, particularly in the elderly, but evidence of a causal link is still inconclusive. Melatonin administration also has mild
hypothermic and hypotensive eVects. A role for the pineal in human reproduction was initially hypothesized on the basis of clinical
observations on the eVects of pineal tumors on sexual development. More recent data showing an association between endogenous
melatonin levels and the onset of puberty, as well as observations of elevated melatonin levels in both men and women with hypogo-
nadism and/or infertility are consistent with such a hypothesis, but a regulatory role of melatonin has yet to be established conclusively.
A rapidly expanding literature attests to the involvement of melatonin in immune function, with high levels promoting and low levels
suppressing a number of immune system parameters. The detection of melatonin receptors in various lymphoid organs and in lympho-
cytes suggests multiple mechanisms of action. Melatonin has been shown to be a powerful antioxidant, and has oncostatic properties as
well, both direct and indirect, the latter mediated by its eVects on reproductive hormones. Finally, there are reports of abnormal daily
melatonin proWles in a number of psychiatric and neurological disorders, but the signiWcance of such abnormalities is far from clear.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The past 40 years have seen a proliferation of
research on the pineal gland and its main product, mela-
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tonin. This review focuses on the current state of
research on the human pineal, with reference to the non-
human literature when appropriate. First, the morpho-
logical characteristics of the adult human pineal organ
are summarized, drawing on over a century of scientiWc
observations on its anatomy, its connections to the rest
of the central nervous system and its extensive vasculari-
zation. The secretory mechanisms of the gland are then
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described, with speciWc emphasis on the synthesis of mel-
atonin and its control by the endogenous timing system.
Finally, the physiological signiWcance of melatonin is
discussed as it pertains to the well-investigated areas of
sleep and temperature regulation, circadian and seasonal
rhythmicity, and reproductive physiology, as well as to
the relatively less established involvement with the car-
diovascular and immune systems, and the complex rela-
tionship with psychiatric and neurological disturbances.

2. Historical notes

IdentiWcation of the pineal as a distinct cerebral organ
has been traced back to the III and IV centuries BC
[81,91]. Galen of Pergamon (130–200 AD) appears to
have provided the Wrst description of the pineal’s location
in the human brain, characterizing it as a gland (analo-
gous to lymph glands), and naming it ‘konareion’ (Latin
‘conarium’) for its pine cone shape [263]. The organ was
subsequently named ‘glandula pinealis,’ hence ‘pineal.’
The central location and singularity of the pineal as an
unpaired organ, as well as its extensive vascularization,
described by Andreas Vesalius Bruxellensis (1515–1564),
are probably the foundation of René Descartes’ (1596–
1650) conceptualization of the pineal as the ‘seat of the
soul,’ or as the organ coordinating psychophysiological
functions [1]. The organ has also been called ‘cervical
body’ and ‘epiphysis cerebri,’ the latter in reference to its
position at the top of the brain in many animals. As with
other anatomical structures and organs, the various
names given to the pineal gland often reXect the contem-
porary state of knowledge about its structure and func-
tions, which in turn depends on the development of new
technologies. For example, advances in microscopy and
in histological techniques led to the observation of simi-
larities between the pineal, known as ‘the third eye,’ and
the lateral eyes of lower vertebrates [2], and to the specu-
lation that the mammalian pineal was evolutionarily
linked to such photosensory organs [215]. Bioassay
advances resulted in the discovery of active pineal
“extracts” capable of lightening the color of frog skin
[147], leading to the isolation of the pineal hormone mel-
atonin in 1958 [120,121]. Development of Xuorescent
techniques allowed the measurement of pineal melatonin
and serotonin, and the discovery of large day–night vari-
ations in their levels [185,186], and of melatonin reduc-
tion by exposure to constant light in mice [64].

3. Structure of the mammalian pineal gland

3.1. Gross anatomy

There is a high degree of morphological variability in
mammalian pineal organs, both across and within spe-
cies. Such variability is thought to reXect species-speciWc
adaptive diVerences in pineal function [50] as well as
individual responses to environmental factors (e.g., sea-
son of the year and/or time of day). Of the several
attempts made at anatomical classiWcation, Vollrath’s
[232] is the most frequently cited. It is based on the posi-
tion of the organ relative to the diencephalon and third
ventricle, as well as on its shape and size. Thus, a type A
pineal rests proximally on the posterior aspect of the
diencephalon, while an elongated pineal reaching from
the diencephalon to near the cerebellum is a proximo-
intermediate-distal (or ABC) type. The human pineal is
classiWed as type A. Its position within 1–2 mm of the
midline makes it an ideal reference point for the midsag-
ittal plane. It starts developing in the second month of
gestation, as an envagination of the ependyma lining the
diencephalic aspect of the third ventricle, between the
habenular and posterior commissures, to which it retains
a connection (the pineal stalk) composed of a rostral and
a caudal lamina. Thus the pineal, surrounded by a pial
layer, is suspended in the CFS-Wlled pineal recess,
directly below the splenium (Fig. 1). Average adult
dimensions are 5–9 mm in length, 1–5 mm in width, and
3–5 mm in thickness; the average adult weight has been
reported as 100–180 mg, with little apparent variation
linked to age or gender [6,7,118,253].

3.2. Histology

The human pineal is often described as consisting of a
central core composed of lobules and a cortex or periph-
ery with a more diVuse distribution of neurons. The prin-
cipal cell type of the human pineal parenchyma is the
pinealocyte sensu stricto [103]. Human pinealocytes have
a prominent nucleus and a granular appearance, with
cytoplasmatic processes terminating in peduncula proxi-
mal to fenestrated capillaries, a conWguration character-
istic of endocrine glands (reviewed in [23]). Neuroglia
(mostly Wbrous astrocytes but also microglia) are
unevenly distributed, and usually found surrounding
pinealocytes and in peripheral patches [233]. While
mammalian pinealocytes are not capable of direct light
sensitivity, they retain many characteristics of the true
and modiWed pineal photoreceptors found in anamni-
otes and in lacertilian and avian species, including
immunoreactivity for photoreceptor-speciWc proteins
such as rod-opsin, S-antigen, and recoverin [83,107].
Another similarity with photoreceptors is the concentra-
tion of organelles (mitochondria and Golgi complex) in
an anucleus region [233]. Calcareous deposits (acervuli)
are the most distinguishable radiographic characteristic
of the pineal. They appear on both parenchymal and
intercellular tissue as layered concretions of calcium and
magnesium salts, hydroxyapatite, and trace elements.
They are thought to be formed by the combination of a
polypeptide secreted by the pinealocytes and calcium
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accumulated interstitially and intracellularly [136]. Drainage is into the straight sinus through short-course

Granular calcareous deposits are present since birth, but
their density greatly increases with age, leveling oV in
young adulthood [78]. Radiographic studies have failed
to show a correlation between degree of calciWcation and
secretory function [7]. However, calciWcation density
detected by computed tomography can be used to esti-
mate the size of functional tissue, which has been
reported to be negatively correlated with age and with
the incidence of chronic daytime sleepiness and self-
reported sleep disturbances [111,112]. Glial, and less fre-
quently, ependymal benign cysts are often observed, and
can lead to morphological and functional degradation of
pineal tissue [73,218].

3.3. Vascularization

It has been estimated that in the rat pineal, blood Xow
(4 ml/min/g) is higher than in any other endocrine gland,
excluding the kidney [72]. Indeed, the mammalian pineal,
including the human’s, is remarkable for its rich vascu-
larization. It receives copious blood supply by branches
of the posterior choroidal arteries (including quadrigem-
inal, thalamic, postero-medial, and postero-lateral
branches) deriving from the cerebral arteries that course
through the posterior aspect of the mesencephalon [188].
veins emptying into the internal cerebral veins and basal
veins of Rosenthal, which form the great cerebral vein of
Galen. Veins and arteries often enter pineal tissue
through vascular hila as paired vessels. The extensive
internal capillary system is characterized by a network of
large and sinusoid capillaries in the septae separating the
lobules located at the core of the gland, while the periph-
ery presents fewer and thinner vessels (for an extensive
review see [56]). In most mammals, including rats and
humans, the pineal is a circumventricular organ lacking
an endothelial blood–brain barrier, and reacts to periph-
erally acting drugs.

3.4. Innervation

Peripheral sympathetic and parasympathetic Wbers, as
well as Wbers originating in the central nervous system,
innervate the mammalian pineal. Despite being a fore-
brain structure located close to the midbrain, the pineal
diVers from other brain structures in receiving relatively
scarce aVerent innervation from the brain itself. The
most important aVerents are unmyelinated postgangli-
onic sympathetic Wbers originating in the superior cervi-
cal ganglia (SCG) and forming the bilateral nervi conarii
[92], which are thought to course rostrally along the vein
Fig. 1. Axial section of the head with view of the pineal gland. (Reprinted with permission from: Duvernoy et al. [56].) Axial section of the head.
Bar D 13 mm. 1, Pineal gland (note its situation in the center of the brain); 2, posterior commissure; 3, third ventricle; 4, pulvinar; 5, superior vermis
(culmen); 6, tentorium cerebelli; 7, hippocampus; 8, occipital horn; 9, isthmus; 10, anterior calcarine sulcus; 11, calcarine suscus; 12, cuneus; 13, supe-
rior occipital gyrus; 14, middle occipital gyrus; 15, middle temporal gyrus; 16, superior temporal sulcus; 17, superior temporal gyrus; 18, lateral
Wssure; 19, insula; 20, claustrum; 21, putamen; 22, globus pallidus, pars lateralis; 23, globus pallidus, pars medialis; 24, fornix and anterior commis-
sure; 25, internal capsule, posterior limb. Subarachnoid cisterns: 26, quadrigeminal cistern; 27, wing of the ambient cistern (lateral part of the trans-
verse Wssure).
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of Galen before entering the pineal posteriorly. Another
set of aVerents enters the pineal anteriorly through the
commissural peduncles, with Wbers more numerous in
the habenular than in the posterior commissure, and
possibly originating in the hypothalamus [233]. A third
set of (myelinated) Wbers, the ‘ventro-lateral pineal tract’
has recently been described as arising from the pretectal
region, posterior and lateral to the posterior commis-
sure; however, it is not known whether these tracts are
pinealofugal or pinealopetal or both [210]. A single
unmyelinated aVerent tract (midline tract) rising from
the rostral tectal area of the brainstem is found in mid-
gestational human fetuses, and may be homologous to
the nervus pinealis of lower animals [157]. Most nerve
terminals are not in direct contact with the pinealocytes,
but are found in perivascular spaces and near pinealo-
cyte processes. However, neurotransmission by diVusion
through extracellular space is relatively slow, and may
not account completely for the rapid physiological
response of the pineal to light (see below). In fact, syn-
apse-like contacts between nerve Wbers and pinealocytes
have also been observed in some species, including non-
human primates [87].

3.4.1. Sympathetic innervation
In human and other mammals, the most developed

and best studied pineal innervation is the sympathetic
noradrenergic (NE) pathway formed by cell bodies
located in the paired SCG and reaching the pineal
through the nervi conarii. These post-ganglionic neurons
receive regulatory input from the suprachiasmatic
nucleus (SCN) of the hypothalamus, which in turn
receives direct input from retinal ganglion cells [91,92]
via the monosynaptic retinohypothalamic tract. Neuro-
peptide Y (NPY) is colocalized with NE in postgangli-
onic sympathetic Wbers in many mammals, and is
thought to modulate noradrenergic transmission both
pre- and post-synaptically [152,206].

3.4.2. Central, parasympathetic, and peptidergic 
innervation

There is evidence of central nerve Wbers entering the
human pineal gland through the habenular and poster-
ior commissures and the pineal stalk [91,157]. These
Wbers have been shown to originate in hypothalamic,
limbic forebrain, and visual structures in non-human
mammals, and appear to contain various peptides (sub-
stance P, vasopressin, oxytocin or neurophysins) in the
monkey. It has been suggested that they are analogous
to neurosecretory Wbers found in the hypophysis [86].
However, to our knowledge the course of these Wbers has
not been fully traced in humans.

Similarly, parasympathetic innervation of the pineal has
not been thoroughly investigated in humans. Fibers con-
taining the primary neurotransmitter of parasympathetic
neurons, acetylcholine (ACh), have been found in some
mammalian species, including the cow and the rat
[105,179,247]. The human pineal has a group of interneu-
rons or intrapineal cells [16] which show acetylcholinester-
ase activity in the monkey [48]. Whether these ‘pineal
neurons’ can be considered true autonomic parasympa-
thetic ganglion cells is controversial [209]. There is some
evidence of parasympathetic Wbers originating in the
mammalian pterygopalatine ganglia and containing vaso-
active intestinal peptide (VIP) and other neuropeptides
[158]. In humans, there has been speculation that Mar-
burg’s and Pastori’s ganglia, located outside the pineal
parenchyma above and beneath the vein of Galen, may be
part of a pineal parasympathetic circuit [158,159,232].

Aside from NPY, which is colocalized with NE in
sympathetic Wbers, numerous other peptides have been
found in nerve Wbers terminating in perivascular and
intraparenchymal areas, including, in non-human prima-
tes and other mammals, substance P, vasopressin, oxyto-
cin, and luteinizing hormone releasing hormone [17,197].
It is not known where these peptidergic Wbers originate.
Experiments in rodents trace VIP-immunoreactive Wbers
to the pterygopalatine ganglion, the SCG, and the hypo-
thalamic paraventricular nucleus (PVN) [153,201,204];
the PVN also appears to contain the cell bodies of vaso-
pressin and oxytocin Wbers found in the pineal, while
substance P Wbers may originate in the habenula [115].
Neuropeptides may also be expressed by intrapineal
cells, which have been shown to be immunoreactive to
enkephaline in humans [163].

3.5. Biosynthesis and metabolism of pineal melatonin

The pineal has long been considered a secretory
organ, and so-called ‘pineal factors’ and ‘extracts’ have
been used in both research and clinical settings for over a
century [reviewed in 98]. However, it was not until 1958
that one of these ‘factors’ was isolated and identiWed in
the bovine pineal as the indoleamine N-acetyl-5-meth-
oxytryptamine [120,121]. The substance was named
‘melatonin’ for its ability to aVect frog skin melano-
phores and its chemical relation to serotonin (5-HT, 5-
hydroxytryptamine). It is by far the most important and
best studied of all pineal products, although several
other indoles and peptides are synthesized and secreted
by the mammalian pineal gland.

Axelrod [13] demonstrated that the pinealocytes pos-
sess all the machinery necessary for the synthesis of mel-
atonin. The biochemical cascade, described by Axelrod
[13], Klein et al. [99,100,216] and Reiter [188,189], can be
summarized as follows (Fig. 2): pinealocytes take up
tryptophan from the blood and convert it to serotonin
through hydroxylation and decarboxylation; serotonin
is then converted to N-acetyl-serotonin by the rate-limit-
ing enzyme N-acetyl transferase (NAT); N-acetyl-seroto-
nin is methylated into melatonin by the enzyme
hydroxyindole-O-methyl transferase (HIOMT).
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Melatonin is a highly lipophilic molecule, as well as
having hydrophilic properties; rather than being stored
in the secretory organ, upon biosynthesis it is released
into capillaries, where up to 70% is bound to albumin
[41]. Its half-life in blood after intravenous infusion is
about 30 min [144], but a biphasic elimination pattern
with half-lives of about 3 and 45 min has also been
observed following oral administration [7]. Melatonin is
metabolized primarily in the liver but also in the kidney,
undergoing hydroxylation and then conjugation into
sulfate and glucuronide. Liver and kidney pathologies
(e.g., cirrhosis and chronic renal failure) are known to
alter clearance rates [112,114,231]. In humans the main
metabolite is 6-sulfatoxymelatonin (aMT6s); its urinary
concentration accounts for up to 90% of administered
melatonin [7].

In addition to blood, saliva, and urine, melatonin has
been detected in the CSF of mammals, including prima-
tes, where its concentration is much higher than in
blood, and in the anterior chamber of the eye, with levels
equivalent to those in blood, possibly due to production
by the ciliary body [145]. As pointed out by Cagnacci
[35], melatonin is also found in many Xuids related to
reproduction, such as semen, amniotic Xuid, and breast
milk, as well as in preovulatory follicles. Melatonin levels
detected in plasma, CSF, saliva and urine using current
techniques are eliminated by pinealectomy, and thus pre-
dominantly reXect production by the pineal gland [169].
However, several studies have conWrmed the existence of
additional sites of melatonin synthesis, including, in
humans, the retina, the gut, and bone marrow [35,45].

Fig. 2. Chemical structure and synthesis of melatonin. (Reprinted with
permission from: Arendt [7].)
Thus, melatonin is likely to aVect physiological functions
by localized action, in addition to its central regulatory
function.

Two melatonin receptor subtypes (Mel1a and Mel1b,
also called mt1 and MT2) have been identiWed in
humans, based on their binding aYnity (picomolar or
nanomolar) and chromosomal localization (chromo-
some 4q35 or 11q21–22) [193]. Mt1 mRNA has been
detected in the suprachiasmatic nucleus (SCN) of the
hypothalamus, which controls the rhythmic production
of melatonin by the pineal gland, as described below
[195,242]. Both mt1 and MT2 receptors have been found
in the cerebellum [3] and in retinal rods, horizontal ama-
crine, and ganglion cells [193,202]. In addition, a protein
that is 45% identical to the mt1 and MT2 receptors is
found in the human hypothalamus and pituitary. It is
encoded by a g-protein coupled receptor (H9) with an
unknown ligand, which was cloned from the human
pituitary [194]. Outside of the CNS, human melatonin
receptors have been localized in lymphocytes [102,131],
in prostate epithelial cells [262], in granulosa cells from
preovulatory follicles [256], in spermatozoa [228], in the
mucosa/submucosa layer of the colon [183] and in blood
platelets [225]. Even in the absence of receptors, the
highly diVusible melatonin molecule exerts systemic
eVects at the most basic cellular level, by modulating
cytoskeletal and mitotic functions through binding with
calmodulin [19,65], as well as acting as a free-radical
scavenger.

Melatonin receptors are widespread in the human
fetus (reviewed in [224]), and fetal pinealocytes are capa-
ble of melatonin synthesis as early as the 26th week of
gestation. However, melatonin levels show no circadian
variation and remain unresponsive to light for the Wrst
2–3 months after birth [95,133]. A possible connection
has been hypothesized between the onset of melatonin
rhythmicity, changes in thermoregulatory control, and
sudden infant death syndrome (SIDS), which reaches
high levels of prevalence starting around this time [252].
Highest melatonin production occurs during childhood,
with a decrease starting around the onset of puberty.

Using radioimmunoassay (RIA) methods, mean mel-
atonin production in healthy adults has been estimated
at 28.8 �g/day [113], and at 39.2 and 14.8�g/night,
respectively, in a group of young healthy men and in
women in the follicular phase of the menstrual cycle [70].
Similarly, gas chromatography-mass spectrometry tech-
niques have shown slightly lower daily plasma concen-
trations in women (21.6�g) than in men (35.7 �g), with
constant rates of secretion at night (�g/h: 4.6 in males,
2.8 in females) and no diVerences related to age [66].
While very stable within individuals [137], the timing,
duration and amount of nocturnal melatonin produc-
tion, show pronounced individual diVerences, such that
very low concentrations may be observed even in
healthy, young individuals (low secretors) [9,21]. Pineal
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melatonin production is independent of the sleep–wake
state [165,234]. Exposure to electromagnetic Welds,
known to aVect rat pineal activity, appears to have little
or no eVect on human melatonin production [122,203].
Melatonin is, however, aVected by exercise [34,160] and
by postural changes, with nocturnal plasma and salivary
concentrations decreasing when moving from a standing
to a supine position and vice-versa [52,108].

3.6. Light–dark and circadian control of melatonin 
synthesis

The most salient regulatory factor in the production
of pineal melatonin is the daily alternation of light and
darkness. Melatonin levels are higher at night than dur-
ing the day in all organisms studied so far, regardless of
their rest-activity patterns. In healthy humans, plasma
melatonin concentration starts to rise from detectability
thresholds (generally D 5 pg/ml) during the evening,
reaches maximum levels in the middle of the night and
starts decreasing again before habitual wake up time.
Under normal diurnal lighting conditions this pattern is
very stable across days, and the nocturnal melatonin
proWle is considered a very reliable phase marker of the
endogenous timing system. In the absence of environ-
mental light-dark information (experimentally induced
or resulting from blindness), melatonin levels vary with a
periodicity slightly diVerent from 24 h (thus ‘circadian,’
from circa diem). The circadian rhythm of melatonin is
endogenously driven, since it persists indeWnitely in
organisms studied under constant darkness or very dim
light. It is abolished by lesions of the SCN [101], indicat-
ing that input from the main endogenous circadian pace-
maker, located in the SCN, is necessary for its
persistence and its synchronization with the external
day–night cycle (entrainment).

In addition to its entraining function, photic input has
an acute suppressive eVect on nocturnal melatonin lev-
els. This suppression is dose-dependent and varies with
the spectral characteristics of the light stimulus. Based
on inferences from animal research, it was thought ini-
tially that only relatively high intensity levels would
exert such an inhibitory eVect in humans, but several
studies have shown that even relatively low light levels,
such as those normally encountered indoors, can
suppress nocturnal melatonin production [27,128,148]
(Fig. 3).

Retinal photic signals reach the SCN through the
monosynaptic retinohypothalamic tract (RHT), which
originates from a small subset of retinal ganglion cells
[150]. In mammals, including humans, these ganglion
cells were recently shown to contain a novel photopig-
ment, melanopsin, so named because it was Wrst isolated
from frog dermal melanophores [184]. Melanopsin-con-
taining ganglion cells are intrinsically photoreceptive,
and are maximally sensitive to short-wavelength light at
484 nm [22]. The fact that light-induced suppression of
pineal melatonin output in humans also shows peak sen-
sitivity to short-wavelength light [26,27,223] strongly
suggests that melanopsin-containing ganglion cells are
involved in the transmission of light input to the pineal.
Indeed, animal studies have shown that melanopsin is
necessary for several non-image-forming visual func-
tions, including photoentrainment of circadian rhythms,
pupillary light reXex, and light-induced melatonin sup-
pression. However, while these functions are disrupted in
animals lacking melanopsin, they are not entirely abol-
ished, suggesting that the melanopsin-containing gan-
glion cells at the origin of the RHT also receive and
transmit photic input from the classical photoreceptors,
the rods and cones [22].

GABAergic input from the SCN reaches the auto-
nomic parvocellular subdivision of the PVN [90]. EVer-
ents from the PVN go through the medial forebrain
bundle and reticular formation and project to the inter-
mediolateral column of the cervical spinal cord (IML),
where preganglionic adrenergic Wbers then transmit the

Fig. 3. Maximum percentage suppression of melatonin by light of
diVerent intensities: intensity–response curve at 0100 h. (Reprinted
with permission from: McIntyre et al. [148].)

Fig. 4. The neural system regulating pineal N-acetyltransferase in the
rat. (Reprinted with permission from: Takahashi [217].) Light is
detected by the eye, generating a signal that is transmitted by the
retino-hypothalamic tract to the suprachiasmatic nucleus (SCN),
which contains a circadian clock. The neural pathway includes the
paraventricular nucleus (PVN), the intermediolateral cell column
(IML), the superior cervical ganglion (SCG), and the pineal gland.
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input to the SCG [162,163]; postganglionic adrenergic
Wbers reach the pineal from the SCG, and release NE
(Fig. 4).

As illustrated in Fig. 5, �-adrenergic receptors on the
pinealocytes are activated by a G-protein family subunit,
and in turn stimulate production of adenylate cyclase.
�1-Adrenergic receptors potentiate �-adrenergic activity
through a sharp increase in Ca2+ activity and the activa-
tion of protein kinase C (PKC) and prostaglandins
[80,109]. Ultimately, synergistic �- and �-adrenergic
stimulation results in an elevation of intracellular
cAMP, which increases the production of N-acetyltrans-
ferase (NAT) [99].

In the rat, activation of inducible cAMP early repres-
sor gene (ICER), which can negatively autoregulate, is a
control mechanism for limiting nocturnal melatonin
production [105,211,217]. There are also suggestions of a
parasympathetic regulatory mechanism, based on the
observation that rat pinealocytes express all the elements
of a glutamatergic system, and that administration of
glutamate inhibits NAT activity [164]; in addition, ACh
can trigger glutamate microvesicle-mediated exocytosis,
and inhibit cAMP-stimulated NE synthesis [106,254].

3.7. Other pineal products and substances

Aside from melatonin, several physiologically active
indoles are present in the mammalian pineal gland [188],
including 5-methoxytryptophol, which exhibits a circa-
dian rhythm parallel to melatonin [250]. However, little
research has been done on their synthesis and physiolog-
ical signiWcance. Aside from the already mentioned clas-
sic neurotransmitters and VIP, many other non-indolic
peptides have been detected in the pineal, and often
linked to reproductive function [98]. Some are associated
with pineal peptidergic innervation, including vasopres-
sin (VP), oxycitin, VIP, NPY, peptide histidine isoleucine
(PHI), calcitonin gene-related peptide (CGRP), sub-
stance P, and somatostatin. Pévet [178] has proposed a
classiWcation based on whether such peptides are in
nerve Wbers (class 1), taken up from the circulation (class
2), or synthesized by pinealocytes (class 3). However, no
speciWc peptide has been shown to belong incontrovert-
ibly to one class or another, and possible species-speciWc
diVerences have not been thoroughly examined
[7,106,207]. Hypothalamic and pituitary hormones are
also present, such as gonadotropin-releasing hormone
(GnRH), adrenocorticotropic hormone (ACTH), and
prolactin (PRL), among others, and are probably accu-
mulated but not produced by the pineal [106].

4. Role of the pineal gland in human physiology

The pineal exerts its eVect on human physiology
through a variety of functions: as an endocrine gland, as
a transducer, as a regulator of hormones and as a
damped circadian oscillator. While the physiological sig-
niWcance of pineal indoles other than melatonin, and of
pineal peptides, has not been thoroughly investigated in
Fig. 5. Adrenergic regulation of melatonin biosynthesis and ICER gene expression in a pineal gland cell. (Reprinted with permission from: Takahashi
[217].) AC, adenylate cyclase; G protein; PKC, protein kinase C; PLC, phospholipase C; CRE, cAMP-responsive element; CREBP, CRE-binding
protein; NAT, N-acetyltransferase; HIOMT, hydroxyindole-O-methyltransferase; CREM P2, CREM gene P2 promoter. Yellow arrows indicate
interactions.
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humans, melatonin is known or suspected to be involved
in mediating all these functions. Extensive animal
research has linked pineal melatonin to the expression of
seasonal rhythmicity in many mammalian species, to the
modulation of circadian rhythms, and to sleep regula-
tion. In addition, reproductive physiology, cardiovascu-
lar, and immunological regulation, as well as psychiatric
disorders, have been placed under the sphere of inXuence
of this hormone. However, the extent to which results
from animal studies can be generalized to humans is
often unclear.

4.1. Seasonal cycles

In most vertebrates, seasonal variations in photope-
riod duration (daylength) lead to opposite changes in the
duration of the nocturnal pineal melatonin secretion.
The duration of the melatonin secretory episode thus
conveys daylength information, which, in many species,
serves to regulate seasonal changes in reproduction,
metabolism, and other behavioral and physiological
functions [7]. Widespread use of artiWcial light in modern
society means that we are largely shielded from the sea-
sonal changes in daylength. However, it is clear that the
human pineal gland has retained the ability to respond
to photoperiod duration, although the functional signiW-
cance of such a mechanism remains uncertain (see exten-
sive review in [245]). Individuals living at high northern
latitudes show a lengthening of the nocturnal melatonin
peak during winter nights [113]. Similarly, artiWcial
shortening of the natural summer photoperiod results in
a lengthening of the melatonin signal [235,236], and
exposure to artiWcial “long nights” in the laboratory is
accompanied by an increase in the duration of melatonin
production in human subjects [244] (Fig. 6). Additional
evidence for the presence of photoperiodic responsive-
ness in humans is provided by the onset of depressive
symptoms with the short days of fall and winter, fol-
lowed by spontaneous spring–summer remission, char-
acteristic of seasonal aVective disorder (SAD) [198].
However, research on the correlation between SAD
prevalence rates and latitude, which determines photo-
periodic variations, yields conXicting results [151].

4.2. Circadian rhythms

The idea that melatonin acts as an endogenous circa-
dian rhythm synchronizer in mammals [10] is based pri-
marily on data from rodents. Evidence for the role of
melatonin in human circadian regulation is based on
studies showing phase shifts of circadian rhythms (e.g., in
body temperature, endogenous melatonin, and sleep tim-
ing) following administration of exogenous melatonin
(<5.0 mg). The size and direction of the phase shifts
depend on the phase (time of day) of melatonin adminis-
tration, with phase delays observed following morning
administration and phase advances following evening
administration [124]. Timed administration of melatonin
has been successfully used to facilitate readjustment after
acute phase shifts of the light–dark schedule, such as
those associated with jet lag and shift work [8]. In most
cases, however, it is unclear whether this eVect was attrib-
utable to the soporiWc properties of melatonin or to
entrainment of the circadian pacemaker responsible for
the timing of the sleep–wake rhythm. Some blind individ-
uals have circadian rhythms that cycle independently of
Fig. 6. Duration of the nightly sleep-phase (A), of the nightly rising-phase of sleepiness (B), and of the nightly phase of active MT secretion (C) all
expanded when the duration of night was lengthened from 8 (top) to 14 h (bottom). (Reprinted with permission from: Wehr [244].) The average per-
centage of time asleep during each 6 min (§SD each 30 min) is shown. The dark phase of each photoperiod schedule is indicated by a shaded rectan-
gle. Sleepiness and MT levels ere measured on the day following the last night of each photoperiod schedule during a 24-h period (1300–1300) in
which the subjects remained continuously awake in constant dim (<1 lux) light. Although no light–dark cycle was applied on the day when these
measurements were made, the dark phase of the photoperiod schedule that preceded the measurements is indicated by an open rectangle. Of seven
men who completed both phases of the experiment, the Wgure shows data for the six in whom the duration of nocturnal MT secretion lengthened
when the photoperiod was shortened.
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the light–dark cycle. Melatonin has been reported to be
helpful in stabilizing sleep in some such cases [7]. Lewy
and colleagues have shown that daily administration of
10 mg melatonin can result in true entrainment of other-
wise free-running circadian rhythms (with periods slightly
diVerent from 24 h) in eight totally blind individuals, and
that in three cases the endogenous melatonin rhythms
remained entrained to a 24-h day as the dose was gradu-
ally reduced to 0.5 mg/day [125,126,199].

4.3. Sleep

Several lines of research point to a complex web of
temporal associations and possible interactions between
melatonin, body temperature, and sleep. The evening rise
in melatonin secretion, which normally precedes habit-
ual bedtime by about 2 h, is thought to act as a “gating”
mechanism for sleep onset [117]. The peak in melatonin
production also coincides with the nocturnal trough in
body temperature, and there is evidence that the normal
nighttime decrease of the body temperature rhythm is
partially mediated by the nocturnal rise in endogenous
melatonin production [35].

4.3.1. Melatonin and body temperature
Melatonin administration is followed by a decrease in

core body temperature and an increase in distal skin
temperature, indicating increased heat loss [106]. Similar
changes in core and skin temperature also occur at sleep
onset, which suggests that the eVect of melatonin on
sleep may be mediated by thermoregulatory mechanisms
[49,108,205]. There are also reports that in healthy men
and women the suppression of nocturnal melatonin lev-
els by exposure to bright light is accompanied by an ele-
vation of core body temperature, and that this eVect is
reversed by administration of exogenous melatonin
[37,38,40,214]. The relationship between melatonin, core
body temperature and polysomnographic (PSG) sleep
parameters was explored in a study by van den Heuvel et
al. [226], in which �-adrenergic transmission was blocked
by atenolol administration, resulting in the suppression
of nocturnal melatonin levels. Atenolol produced a
blunting of the nighttime decrease in core body tempera-
ture and signiWcant increases in total wake time and
wake after sleep onset, at the expense of rapid eye move-
ment (REM) and slow wave sleep. These eVects were
reversed by administration of 5 mg melatonin. These
studies indicate that endogenous melatonin contributes
to the nocturnal decrease in body temperature, raising
the possibility that nocturnal temperature levels are ele-
vated after pineal resection and may be associated with
symptoms of insomnia.

4.3.2. EVects of exogenous melatonin in normal sleepers
The soporiWc eVects of exogenous melatonin in

healthy subjects have been extensively documented.
Administration of both pharmacological and physiolog-
ical (usually <0.3 mg) doses during the daytime or early
evening, when physiological levels are low, generally
increased sleep propensity, subjective sleepiness and
fatigue while decreasing sleep latency [55,84,168,180,
187,259,260]. In contrast, melatonin administration at
night, when endogenous levels are high, had little or no
eVect in most studies [47,88,213].

4.3.3. Association with insomnia
High melatonin levels throughout the night are

thought to promote sleep consolidation, and several
investigators have suggested that low nighttime melato-
nin levels are a causal factor in some types of primary
insomnia (e.g., sleep maintenance insomnia). In particu-
lar, the increase in sleep complaints and in the use of
hypnotic medications with age [53], often accompanied
by an increase in the number and duration of wake after
sleep onset (WASO), earlier wake-up times, and a
decrease in sleep eYciency, has been attributed to the
decrease in melatonin production that is frequently
found to accompany aging [155,167,258]. More recent
data, however, indicate that a reduction in endogenous
melatonin production is not a necessary concomitant of
aging [258], and that most of the age-related decreases in
6-sulfatoxymelatonin and plasma melatonin levels take
place in young adulthood, in the 20–30 year age range
[96].

Evidence of a direct relation between endogenous
melatonin production and insomnia has been mixed.
Some studies report lower melatonin levels in chronic
primary insomnia patients than in healthy controls
[12,69,74–76,261]. In several other studies, however, mel-
atonin production did not diVer between insomniacs and
healthy controls, and was not correlated with either acti-
graphic or PSG-determined sleep parameters [85,138,
139,257].

4.3.4. EVects of pinealectomy on sleep
Despite a lack of systematic research, a few published

case studies on the sleep of pinealectomized patients sug-
gest that sleep may be negatively aVected by abnormally
low post-surgical melatonin levels, and that exogenous
melatonin administration may be an eVective treatment.
Etzioni et al. [59] reported the case of a 14-year-old boy
with low postoperative serum melatonin levels and com-
plaints of sleep onset and sleep maintenance insomnia
both before and during (unsuccessful) chemotherapy;
treatment with 3 mg oral melatonin administered before
bedtime resulted in a consolidation of nocturnal sleep
(Fig. 7). Similarly, Lehmann et al. [119] found disrupted
pre- and postoperative sleep–wake cycles in a 24-year-
old woman with substantially reduced and arrhythmic
melatonin production; nocturnal sleep consolidation
was achieved under an 8-week regimen of 2 mg melato-
nin administered shortly before the desired bedtime.
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Fast release melatonin and a combination of fast and
slow release formulations were also eVective in consoli-
dating sleep into a single nocturnal episode in a female
patient followed for a period of 4 years after undergoing
partial pineal resection [89]. In a study of 12 patients
operated for pineal germinoma, Murata et al. [166] iden-
tiWed three patients who reported sleep problems, which
were conWrmed by polysomnography in two of these
patients. Results of a recent survey of 13 adult pineal
surgery patients, conducted 6 months to 6.5 years post-
surgery, suggest a moderate incidence of sleep and mood
disturbance in this clinical population: over half the
patients (54%) reported nighttime wake periods lasting
1 h or longer, 31% reported total nighttime sleep dura-
tions of less than 6 h, and 38% complained of experienc-
ing poor or disturbed sleep every night. In addition, 58%
of the patients reported clinically signiWcant symptoms
of depression [140]. However, the extent to which these
disturbances are directly attributable to pineal dysfunc-
tion rather than to a general eVect of brain surgery has
yet to be ascertained.

4.4. Reproductive function

A connection between the pineal and human repro-
ductive function was established over a century ago,
through clinical observation of the eVects of pineal
tumors on human sexual development (reviewed in
[92,24]). Animals studies, conducted mostly in rodents
and in seasonal breeders, have also shown that the dura-
tion of the melatonin signal, which depends on the dura-
tion of darkness, conveys photoperiodic information

Fig. 7. Sleep fragmentation associated with a pineal neoplasm in a 14-
year-old male: actigraphy data (activity in black) for 5 days before and
7 days after treatment with 3 mg melatonin. (Adapted with permission
from: Etzioni et al. [59].)
that modulates reproductive activity [71,7]). However,
the nature of relationship between pineal melatonin and
reproductive physiology in humans remains controver-
sial.

It has been suggested that there is a causal relation-
ship between the onset of puberty and the decrease in
pineal melatonin production taking place at this devel-
opmental stage [11], with the sharpest decline observed
between Tanner stages 1 and 5 [241]. Melatonin levels
are low in cases of precocious puberty, and decrease
after successful treatment of delayed puberty with gona-
dotropin releasing hormone [239]. However, a correla-
tion between the two variables has not been consistently
reported [51,240]. As pointed out by Webb and Puig-
Domingo [243] in their review of the literature, the asso-
ciation of melatonin with pubertal development may be
the product of maturation of the neuroendocrine–
gonadal axis, rather than reXecting a regulatory role of
melatonin.

Elevated melatonin levels have been found in women
with stress-induced, exercise-induced, or functional
hypothalamic hypogonadism [20,21,116], and in men
with primary hypogonadism or infertility with oligosper-
mia or azoospermia (Karasek et al., 1990). It has also
been reported that melatonin levels are inversely related
to estrogens in women with functional amenorrhea [173].
Moreover, administration of exogenous melatonin and
synthetic progestagen induces a decrease in LH secre-
tion, blocking ovulation, and the luteal phase increase in
progesterone, without aVecting FSH or inhibiting estra-
diol [44,237]. Acute suppression of LH levels has been
reported in healthy men as well [134], with a negative
correlation between inhibin-� and the LH/testosterone
ratio [133]. Inhibition of sperm motility in normal semen
has also been observed following melatonin administra-
tion in vitro [58]. These Wndings have prompted a series
of ongoing studies on the use of melatonin as a contra-
ceptive.

4.5. Cardiovascular system

There is a well-known diurnal variation in human
cardiovascular function, with lower blood pressure,
heart rate and cardiac output and higher peripheral vas-
cular resistance at night, when melatonin levels are high,
relative to the day [230]. Moreover, there is increased
risk of myocardial infraction and stroke in the early
morning, coinciding with the fall in melatonin levels
[18,67]. Relative to healthy controls, coronary heart dis-
ease patients have lower nocturnal melatonin levels in
addition to increased NE [31,200].

Early studies in both laboratory animals and humans
reported that pineal extracts decreased blood pressure
[98], and more recent studies show a hypotensive eVect
of melatonin in normal, pinealectomized, and spontane-
ously hypertensive rats [82,94,43]. However, there is also
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evidence of an in vitro vasoconstrictive eVect of melato-
nin on rat caudal and cerebral arteries and on pig and
human coronary arteries, as well as reduced cerebral
blood Xow in the rat [143]. In healthy young adults, day-
time melatonin administration acutely reduces the pulsa-
tility index of the internal carotid artery, systolic, and
diastolic blood pressure and blood NE levels [36,39,4].
Heart rate is also lowered following daytime melatonin
administration [77], but it is not aVected if melatonin is
ingested at the estimated onset of endogenous melatonin
production, whereas systolic blood pressure shows an
exogenous melatonin-induced decrease at this time [32].

It has been hypothesized that circadian and sympa-
thetic regulation of cardiac function could be mediated
by the action of melatonin on the SCN, possibly by
aVecting release of vasopressin [109,146]. However, when
human cardiac parameters are studied in constant condi-
tions by controlling the eVects of posture, motor activity
and sleep, only heart rate (but not blood pressure) shows
an endogenous circadian rhythm [227], as does melato-
nin, indicating that the daily variations in blood pressure
observed during normal routines reXect an eVect of
sleep. In addition, a distinction has been made between
sympathetic and parasympathetic control of cardiovas-
cular parameters, whereby respiratory sinus arrhythmia,
an index of parasympathetic activity, appears to be con-
trolled by the circadian system, but preejection period, a
measure of sympathetic activity, is probably inXuenced
mostly by sleep [33].

The mechanisms underlying these eVects have yet to
be elucidated. It is possible that the hypotensive eVects of
melatonin occur at the peripheral, rather than central,
level, or they may result from complex interactions
between the two. There is evidence of direct melatonin
action on both brain and peripheral blood vessel recep-
tors, but most studies have been conducted on rat caudal
artery, that is, on the specialized thermoregulatory organ
of a nocturnal animal (reviewed in [110]). As discussed
by Cagnacci et al. [39], the mainly vasorelaxant eVects of
melatonin may result from an eVect on NE and other
catecholamines, while its vasoconstrictive properties
could be associated with a suppression of prostaglandin
and nitric oxide, as observed in the rat.

4.6. Immune system and cancer

Research on the involvement of melatonin in immune
modulation has proliferated over the past 15 years. For
instance, studies by Maestroni and colleagues have
shown that suppression of endogenous melatonin in
mice results in a decrease in spleen and thymus activity
and in primary antibody response to T-dependent anti-
gens, which was reversed by melatonin administration
(reviewed in [141]). Additionally, chronic melatonin
administration increases T-helper cell activity and IL-2
production [42] and suppresses 5-lypoxigenase gene
expression in human lymphocytes [212]. Endogenous
melatonin is also thought to regulate production of IL-1
by blood mononuclear cells [68]. In their extensive
review Poon and Pang [182] suggest several possible
mechanisms of melatonin action on the immune system,
based on the detection of melatonin receptors in several
lymphoid organs and in lymphocytes. These mechanisms
include stimulation of opioid peptides by activated T-
helper lymphocytes and of lymphokines (IL2 and �-
interferon), and inhibition of the immunorepressive
action of corticosteroids. A well studied mechanism of
action is free radical scavenging. Melatonin, which is
highly diVusible and may bind to the cell nucleus, has
been shown to be a more powerful antioxidant than glu-
tathione, mannitol or vitamin E [190–192].

Animal studies have shown that melatonin has onco-
static properties which may slow down tumor promo-
tion or progression (reviewed in [93]). Pinealectomized
rats or hamsters show accelerated growth of trans-
planted melanoma, Walker 265 carcinoma, Yoshida sar-
coma, transplantable leukemia, and mammary tumors,
and the eVects are reduced by melatonin administration
(reviewed in [169]). The oncostatic eVect of melatonin is
especially pronounced in reproductive-hormone-depen-
dent tumors (breast and ovary), possibly by antagoniz-
ing estrogen-mediated mitogenesis [79].

It has also been reported that rats given melatonin
together with safrole show a suppression of chemical
carcinogen-evoked DNA adduct formation in liver tis-
sue [220,221], suggesting that melatonin may act directly
on carcinogenesis in addition to potentiating immune
responses. In humans, in vitro studies have shown a
dose-dependent inhibitory eVect of melatonin on MCF-7
breast cancer lines [25]. However, high doses adminis-
tered to melanoma patients did not aVect survival [196].
Clinical studies inclusive of several tumor types have
shown that administration of melatonin with low-dose
IL-2 increases the eVectiveness of IL-2 in patients that
did not tolerate or respond to standard treatments
(reviewed in [46]). Similarly, co-administration of mela-
tonin and � IFN improved tumor regression in meta-
static renal cell carcinoma [170].

Maestroni [142] has proposed a dual role of melato-
nin as an immunomodulator: one is the activation of the
immune system following an acute challenge (bacterial
or viral infection) by potentiation of Th1 cell activity,
macrophage function and cytokine production; the
other is a long-term resetting of the circadian modula-
tion of immune functions, aVecting hematopoiesis and
thymocyte mitosis.

4.7. Psychiatric and neurological disorders

There is an abundance of studies reporting altered
melatonin levels in several psychiatric and neurological
disorders. Given the complexity of such conditions, very
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little can be concluded on the possible functional signiW-
cance of abnormalities of the melatonin proWle. How-
ever, any involvement of melatonin is likely to be related
to its chronobiotic properties and/or its role in endocrine
modulation.

Several studies have reported low nocturnal melato-
nin levels in depression, as well as in dysthymia (reviewed
in [29]). However, other well-controlled studies have
failed to Wnd signiWcant diVerences between depressed
and healthy subjects [240]. Proponents of the “low mela-
tonin hypothesis” point out correlations between low
levels and emotional and cognitive retardation symp-
toms [248], and suggest a possible association between
the onset of seasonal depressive symptoms and a failure
to process photoperiodic signals [176]. Such photoperi-
odic disregulation in SAD patients is more likely to be
associated with the phase of the melatonin rhythm rela-
tive to the day–night cycle than with its amplitude or
absolute level [127]. This possibility is borne out by Wnd-
ings of higher therapeutic responses to bright light expo-
sure in the morning than in the evening [222], although
no changes in melatonin proWle have been associated
with symptom remission [246,251]. On the other hand,
treatment of nonseasonal depression with monoamine
oxidase (MAO) inhibitors is known to increase melato-
nin levels by enhancing NAT activity [123], while alpraz-
olam, a 1,4-benzodiazepine analog used in the treatment
of anxiety symptoms, suppresses both melatonin and
cortisol, possibly by direct action on pineal benzodiaze-
pines receptors [132,149].

Decreased melatonin production has also been docu-
mented in Wbromyalgia [249], which presents some of the
neurovegetative symptoms characteristic of depression
(e.g., sleep disturbances, fatigue, and muscle pain), while
levels in anorexia nervosa patients have been reported as
elevated or normal, possibly depending on diVerences in
relative weight loss and acute nutritional deWciencies
[28,30]. Pathological changes in biological rhythms,
including the melatonin rhythm, have been hypothe-
sized in chronic schizophrenia, possibly related to a
stress-induced degeneration of the hypothalamic–pitui-
tary–adrenal (HPA) axis [62,181]. Medication-free
schizophrenics show a blunting of the normal nocturnal
melatonin increase, but this pattern is not changed by
successful antipsychotic treatment [161].

Anomalies in melatonin production in various neuro-
logical conditions and disease states have been exten-
sively documented, and are generally thought to be
consequences of the existing disorder, although they may
in turn aVect the endocrine system and therefore the
course of a disease. All pathologies aVecting the hypotha-
lamic region (e.g., brainstem degeneration, progressive
supranuclear palsy, and midline hematoma) and/or
adrenergic function (e.g., multiple system atrophy, upper
cervical ganglion injury, spinal chord transection, Shy-
Drager syndrome, idiopathic orthostatic hypertension,
and diabetic autonomic neuropathy) are likely to result in
a disruption of pineal function (reviewed in [177]). Simi-
larly, patients with Cushing’s syndrome and with pitui-
tary prolactin- and ACTH-secreting adenomas may
present with an abolished melatonin rhythm, while low
melatonin levels have been described in cases of acromeg-
aly and prolactinomas. However, most studies report
unchanged melatonin production in patients with pitui-
tary tumors (reviewed by Webb and Puig-Domingo
[243]), leading to the hypothesis that abolition of melato-
nin production could result from large invasive lesions of
the hypothalamic–pituitary region interrupting the hypo-
thalamic connections to the spinal chord and the SCG,
rather than from changes in pituitary hormones [229].

Decreased melatonin levels have been observed fol-
lowing acute ischemic stroke, acute cerebral hemor-
rhage, and aneurysm rupture, likely due to increased
pressure by the third ventricle and altered cerebral artery
circulation [63,174,255]. Patients with alcohol-induced
CNS damage and Wernicke-KorsakoV syndrome also
show blunted nocturnal melatonin levels [249]. There is
some evidence that administration of melatonin may
reduce epileptic activity in patients with low endogenous
melatonin levels [60].

There are some indications of involvement of pineal
melatonin in the progression of senile dementia, particu-
larly of the Alzheimer’s type, and of a possible therapeu-
tic role of melatonin replacement (reviewed in [175]).
Nocturnal melatonin levels were found to be abnormal
in Alzheimer’s patients relative to healthy elderly, show-
ing reduced amplitude, larger variability in peak times
and diminished total secretion. Lower melatonin levels
were associated with increased fragmentation of the rest-
activity rhythm [156] and with immunological alterations
[61]. In a postmortem study, melatonin concentrations in
ventricular CSF of Alzheimer’s patients were found to
be only one-Wfth of those of elderly controls, with no
diVerence between presenile and senile diagnosis [130]
Diurnal plasma melatonin levels of Alzheimer’s patients
were reported to be higher than those of psychiatric
patients, and did not appear to be aVected by exposure
to bright light, possibly indicating altered light sensitiv-
ity in these patients [172]. A study of the eVects of don-
ezepil, a cholinesterase inhibitor, showed diurnal
variations in urinary 6-sulfatoxymelatonin levels in 50%
of healthy elderly, 20% of patients with untreated Alz-
heimer’s, and 67% of Alzheimer’s patients treated with
donezepil. However, total daily levels were not aVected
by treatment, and were not signiWcantly diVerent
between elderly controls and Alzheimer’s patients [135].
Amyloid-�-peptides aggregate spontaneously in vitro,
forming amyloid Wbrils, and are known to play a role in
the progressive neurodegeneration characteristic of Alz-
heimer’s disease. Several in vitro investigations have
shown that administration of melatonin inhibits the for-
mation of �-sheet or amyloid Wbrils (reviewed in [208]).
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4.8. Pineal neoplasms

The role of melatonin in patients with pineal tumors
has not been well deWned [5,14,15,104,154,238]. Curi-
ously, altered melatonin levels have been seen in
patients with other intracranial or systemic malignan-
cies but their signiWcance is unknown
[54,57,129,219,229]. Some case studies and anecdotal
reports suggest that melatonin levels may be important
as a diagnostic marker or as a measure of tumor
removal, but such evidence has been inconsistent
[5,14,15,97,171,238]. Melatonin may be secreted by
pineal tumors, particularly pineal cell tumors, and its
circadian secretory pattern may be altered by any mass
lesion in the pineal gland. Likewise, whether or not
absence of melatonin is an indicator of the extent of
pineal tumor removal has not been substantiated
[154,238]. More sensitive assays may determine some
residual melatonin secretion or it may be an indicator
of secretory capacity of other sources of melatonin out-
side of the pineal gland.

5. Conclusions

The vast amount of research conducted on the mam-
malian pineal over the past 40 years or so has led to
great progress in understanding its morphology and in
characterizing its mechanisms of action, but has not
been accompanied by a parallel clariWcation of its
physiological signiWcance, least of all in humans, despite
notable progress in understanding its functions in
human circadian rhythmicity and in sleep and tempera-
ture regulation. A few years ago one of the groups of
researchers most responsible for advancing knowledge
of this gland concluded that “there is no good evidence
for a major physiological role of the human pineal
gland,” and pointed out that most studies of pineal
function were limited to the eVects of melatonin, to the
exclusion of other pineal indoles and peptides [6, pp.
267–268]. Some developments have occurred since these
comments that point to the existence of a systemic and
diVuse modulatory action of pineal products, rather
than a strictly regulatory one, involving the reproduc-
tive, cardiovascular and immune systems. Our ability to
deWne physiological abnormalities now starts at the
molecular level, and allows us to observe the
contribution of the pineal and its products to a chain of
biological events culminating in phenomena that may
ultimately show no direct relationship to the pineal
itself. Whether the pineal is directly or indirectly
regulating or modulating certain physiological
processes may also be completely distinct from the
therapeutic potentials of melatonin, which show
some promise and should continue to be carefully
examined.
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