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ABSTRACT

An unpaired neuroendocrine and highly vascularized organ, the pineal gland is located in the middle of the brain nearly in all
vertebrates. Its main function is to synthesize the melatonin hormone (N-acetyl-5-methoxytryptamine) in the pinealocytes, which
converts light and dark information to complete body physiology. Light inhibits melatonin production whereas darkness stimu-
lates it. Melatonin is synthesized from amino acid tryptophan. Dietary amino acid tryptophan is converted into melatonin in four
consecutive biochemical steps.This conversion process includes: conversion of amino acid tryptophan to 5-hydroxytryptophan
(5-HTP) by tryptophan hydroxylase 1 (TPH1); synthesis of 5-hydroxytryptamine (5-HT or serotonin) by aromatic amino acid de-
carboxylase; formation of N-acetylserotonin (NAS) by arylalkylamine N-acetyltransferase (AANAT), and production of melatonin
by hydroxyindole-O-methyltransferase (HIOMT) (also termed N-acetylserotonin methyltransferase or ASMT).The pineal gland in
rat exhibits circadian rhythms of release for all four tryptophan enzymatic derivatives, with larger levels at night. 5-HTP and sero-
tonin are both released at quite high levels during the day and increase much more at night, in contrast to NAS and melatonin,
which are hardly detectable during the day.
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INTRODUCTION ganglion cells) detects light and transmits neural impulses to
the brain’s optic regions. A small number of retinal ganglion
cells do, however, contain melanopsin and have an intrinsic
photoreceptor capability that allows them to transmit neuro-
logical signals via intricate neuronal connections to regions
of the brain that do not participate in image formation, such
as the pineal gland. The suprachiasmatic nucleus (SCN), the
main rhythm-generating mechanism or “clock” in mammals,
receives the photic information from the retina and trans-
mits it to other hypothalamic regions. Gamma-amino butyric
acid, secreted by the SCN when the light signal is positive
inhibits the neurons that synapses in the paraventricular nu-
cleus (PVN) of the hypothalamus and it also interrupts the

Humans have a tiny (100-150 mg), highly vascularized
gland called the pineal gland that secretes neuroendocrine
hormones. It is situated in the middle of the brain, outside of
the blood-brain barrier, and has a small stalk that connects
it to the roof of the third ventricle. The superior cervical
ganglia are the source of the sympathetic main innervation.'
Both the anterior and posterior circulations deliver blood to
the pineal gland’s arterial vascularization, with the posteri-
or circulation’s lateral pineal artery serving as the primary
blood vessel.? Pinealocytes (95%) and scattered glial cells
(astrocytic and phagocytic subtypes) are the two primary cell

types in mammals present in the pineal gland.* Melatonin signal to the pineal gland and prevents the synthesis of mela-
is produced by pinealocytes.The primary role of the pineal  opin n contrast, the SCN secretes glutamate in the absence
gland is to collect and transmit information from the environ- of light (darkness), which helps the PVN to transmit the sig-
ment about the present light-dark cycle through the cyclical nal to the pineal gland. It’s crucial to remember, though, that
production and release of melatonin at night (dark period).* 0 SCN, which serves as an endogenous oscillator (master
Although the pineal gland is photosensitive in cold-blooded pacemaker or clock), continues to produce rhythmic output

vertebrates (lower-vertebrate species), higher vertebrates i, the absence of light suppression. The rhythm deviates
lack this ability. In higher vertebrates, the inner retina (retinal
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from 24 hours and “free-runs” when the crucial cue of light
time is absent. Cycles of light and dark help to synchronise
the rhythm to 24 hours. Prior to transmitting information to
the pineal gland via sympathetic postsynaptic fibres and the
release of norepinephrine (NE) , the superior cervical gan-
glion gets input from the PVN nucleus and higher thoracic
segments of the spinal column. Fibres and the release of
norepinephrine (NE). By stimulating the transcription of the
mRNA encoding the enzyme arylalkylamine N-acetyltrans-
ferase (AA-NAT), the first molecular step for melatonin pro-
duction, NE causes the pinealocytes to produce melatonin.”

Enzymatic production of melatonin in the pin-
ealocyte

An increase in the activity of the enzyme serotonin-N-acetyl-
transferase (also known as arylalkylamine N-acetyltrans-
ferase, or AA-NAT), which converts 5-hydroxytryptamine
(5HT, or serotonin) into N-acetylserotonin (NAS), stimu-
lates the production of melatonin (N-acetyl-5-methoxy-
tryptamine). This process generally occurs during the dark
phase of a 24h day. Finally, N-acetylserotonin is converted
to melatonin by acetylserotonin O-methyltransferase (Fig. 1).
SHT is a monoamine neurotransmitter having physiological
function.! Many drugs that affect the SHT receptor can treat
a wide range of diseases by altering the central serotogen-
ic activity.®! The generation of melatonin is constrained by
both AA-NAT and serotonin availability. The pineal gland,
retina, and, to a lesser extent, the pituitary and testis, are the
principal locations where AA-NAT mRNA is expressed. The
activation of B1 and alb adrenergic receptors by NE results
in AA-NAT activation.** NE is the major transmitter via -1
adrenoceptors with potentiation by -1 stimulation. The
availability of NE and serotonin both stimulate the produc-
tion of melatonin. Melatonin’s rhythmic synthesis and the
light-dark regulation of its production are both eliminated by
pathological, surgical, or traumatic sympathetic denervation
of the pineal gland or by the use of adrenergic antagonists.

Adrenergic innervation of the pineal gland triggers a series
of circadian events that cause serotonin to be converted to
melatonin each night. In the absence of melatonin produc-
tion, serotonin is present in the pineal gland at high lev-
els throughout the day and increases even more at night.’
Moreover, 5-HTP and serotonin present in the rat pineal
gland is lower than its daytime levels due to the consump-
tion of these substances during melatonin synthesis. 3757
Lower than its daytime levels due to the consumption of
these substances during melatonin synthesis (Sun et al.,
2002). TPH1, the rate-limiting enzyme of serotonin synthe-
sis, possesses enhanced enzyme activity and protein levels,
drives the increased night time synthesis of serotonin. The
TPHI protein is stabilised after translation by the phospho-
rylation of serine-58, which results in increased in seroto-
nin synthesis at night.!®!12.13

Serotonin secretion exhibits biphasic patterns at night, with
an early peak in amplitude and a continuous fall in concen-
tration throughout the balance of the night.!* Release of ser-
otonin increases in the early hours of the night and occurs
before the beginning of melatonin secretion in both rats and
hamsters. AANAT activation is transcriptionally controlled
in both these species.'*! Syrian hamsters have a 4 h delay
between serotonin surge and melatonin induction, in contrast
to the rat pineal gland where serotonin release spikes 1 h be-
fore melatonin onset." These findings are in line with study
done by other researchers.!®!” These researches shows that
rats and hamsters have different pathways of transcriptional
activation of melatonin synthesis downstream of adrener-
gic stimulation in the pineal. However, the nocturnal surge
of serotonin release has not been found in the degu pineal
gland, where AANAT activation is post-transcriptionally
controlled.”® These findings imply that nightly adrenergic
signalling stimulation causes a delayed transcriptional stim-
ulation of AANAT and an immediate posttranscriptional ac-
tivation of TPH1, which results in a surge in serotonin and
melatonin secretion.”'>!* The lag in serotonin and melatonin
release time is eliminated in degus when both TPH1 and
AANAT are stimulated post-transcriptionally.'®!?
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Figure 1: Schematic diagram showing neurocircuitry involved
in melatonin synthesis (Redrawn as per Arendt, 1998)"®

Melatonin synthesis in the pinealocyte from serotonin re-
quires activities of both AANAT and HIOMT. Since the dis-
covery of AANAT’s strong diurnal patterns in enzyme ac-
tivity, the enzyme has traditionally been thought of as the
rate-limiting enzyme of the production of melatonin.?*?! Due
to AANAT’s reduced enzyme activity during the day, it is
obvious that it restricts melatonin generation. Yet, AANAT
does not restrict the amplitudes of melatonin synthesis over
the majority of the night.> The following recent evidences
point to the view: (1) In the night pineal, a strain of rats with
the H28Y mutation in the AANAT sequence exhibits low
levels of AANAT protein and activity.”® Even so, according
to Liu and Borjigin’s study, melatonin levels are the same as
those of control rats with normal AANAT;*(2) Rat pineal
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glands and human circulation both exhibit molar excesses
of NAS, the enzymatic result of AANAT, at night;!*?>%
(3) Hours after melatonin production peaked, the levels of
AANAT protein keeps rising in the second half of the night*
and (4) A change in NAS concentration does not cause a
commensurate change in melatonin concentration within the
same individual animal.?.

Regulation of melatonin synthesis

The pineal gland and the suprachiasmatic nucleus (SCN) of
the hypothalamus which contains the central rhythm genera-
tor are linked by a number of synaptic pathways.?> The SCN
sends circadian signals to the paraventricular nuclei (PVN),
intermediolateral nucleus of the spinal cord (IML), superior
cervical ganglion (SCG) and then to the pineal gland.?

Circadian signals from the SCN in that order (Borjigin et al.,
1999). The parasympathetic system also innervates the pin-
eal, albeit its function and control are currently unknown.?’

Neurotransmitters and the circuit

Diurnal rhythms of melatonin secretion are controlled by
a complex cascade of neurotransmission that originates in
the SCN.SCN may suppress the glutamatergic inputs from
PVN during the daytime via a synaptic input from GABAe-
rgic SCN terminals to autonomic PVN neurons.?®?’ Mela-
tonin production during the day is suppressed as a result of
the effect on the preganglionic sympathetic neurons in the
IML.%3°Nevertheless, as melatonin is not one of the outputs
examined in the study along with heart rate, arterial pressure,
and renal sympathetic activity, the experimental evidence for
the glutamatergic transmission from PVN to IML to modu-
late melatonin output is indirect.** Glutamatergic SCN output
innervating PVN promotes melatonin production in the pin-
eal during the night.*'*? The release of norepinephrine from
the SCG during the night triggers the synthesis of melatonin
within the pineal gland.**** By causing the release of glu-
tamate in the SCN from the nerve endings of the retinohy-
pothalamic (RH) tract, which is the bundles of axons of the
melanopsin-containing retinal ganglion cells, light can effec-
tively limit the release of norepinephrine.**

One of the best-understood neuronal circuits in the brain is
the SCN-pineal circuit, which has well-defined core compo-
nents and a straightforward, reliable, and consistent readout
of circuit activity (melatonin). Also, a simple light switch
can turn off the neural activity that stimulates the physiologi-
cal output (melatonin production) of the target organ (pineal
gland).The pineal gland is a good system for comprehending
activity dependent neural plasticity because of these benefits.
Additionally, because the pineal is bilaterally innervated by
two SCGs, it is possible to conduct an examination into the
functional recovery from partial nerve lesions by performing
a partial injury to the circuit.’® According to research from
the Zigmond laboratory, the pineal gland fully recovers in

just two days after losing 50% of its adrenergic input.>*’
The spontaneous and quick functional recovery of the pineal
gland after partial circuit injury is interestingly only repro-
ducible after partial denervation of the pineal gland; no re-
covery is seen after a partial decentralisation of the pineal by
denervating one of the two SCGs.** To elucidate this cru-
cial process further, a thorough research of neuroplasticity in
the SCN-pineal circuit is necessary.

Genes involved in the pineal rhythmicity

After bilateral SCN lesions, circadian cycles of melatonin
production and secretion are eliminated, proving that the
SCN is the source of generation of the melatonin rhythm.?
Via a series The SCN Produces circadian rhythms through
positive and negative feedback loops involving transcription
and translation.**!

The PAS domain helix-loop-helix proteins CLOCK and
BMALI, which form dimers to stimulate the transcription of
two Cryptochrome (Cry1-2) and three Period (Per1-3) genes
via the E-Box sequences in their promoters, are involved
in thythm generation. PER-Cry dimers adversely affect the
CLOCK/BMALI-dependent transcription by translocating
into the nucleus.*

CLOCK:It has been shown that CLOCK protein mutation
eliminates behavioural cycles.® Unexpectedly, CLOCK-null
mice nevertheless exhibit strong circadian activity rhythms.*
A study shows that the function of CLOCK in melatonin
rhythm generation by mating melatonin-deficient CLOCK
mutant mice with melatonin-sufficient ones.** The fact that
the resulting CLOCK mutant mice have regular melatonin
rhythms suggests that the SCN has a functional CLOCK ho-
molog. An intriguing study by shows that melatonin directly
inhibits the SCN to decrease the behavioural phenotype of
the CLOCK mutant.* This discovery points to melatonin’s
significant feedback role in circadian timing.

Cry1/2: Cry 1 and Cry 2 double-deficient mice (Cry1/2 null)
held in constant darkness, exhibit arrhythmic behaviour.’
When exposed to typical light and dark conditions, Cry1/2
null animals from melatonin-proficient backgrounds do not
exhibit circadian rhythms of melatonin production, but they
do exhibit extremely weak rhythms when exposed to con-
stant darkness.*’” Perl: AANAT gene expression and noctur-
nal melatonin secretion are considerably higher in Perl null
mice than in wild type mice, suggesting that PER1 ordinarily
suppresses melatonin production.*®+

Most cell types are thought to have the basic clock mecha-
nism, and tissues isolated on Petri dishes can exhibit dra-
matic oscillations in the expression of clock genes, includ-
ing perl.*! No exception can be made for the pineal gland
5051 Pineal rhythms are eliminated in vivo when sympathetic
input is not present, indicating that the pineal melatonin
rhythm cannot be produced by the local clock mechanism
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alone. One cannot, however, rule out the possibility that
one or more of these local clock elements, in addition to the
SCN’s central input, are necessary for the regular oscillation
of pineal thythms. It is yet unknown how the pineal gland’s
clock genes affect SCN-regulated pineal rhythmicity.

Effect of light on pineal

The clock-driven melatonin production endures in constant
dark conditions and is entrained to the solar environment
by the light:dark cycle.? Rods, cones, and melanopsin-ex-
pressing retina ganglion cells are stimulated by light entering
the eyes, and these photoreceptors translate light impulses
into electric signals in the ganglion cells.**The retinohypo-
thalamic pathways transmit the circadian light signal from
the melanopsin-positive ganglion cells to the SCN.**Under
entrained conditions, the same person’s melatonin secretion
is stable from day to day with the same timings of onset and
offset.!>>2%The quick termination of norepinephrine secre-
tion from the SCG that occurs when the nighttime lighting
schedule is interrupted by a light pulse has a significant im-
pact on the pineal rhythm. This results into the decrease in
the generation of melatonin.*

The light-stimulated release of neurotransmitters mediates
the light effect. These neurotransmitters are glutamate and
pituitary adenylate cyclase-activating polypeptide (PAC-
AP).>>%¢ These are co-stored in the presynaptic terminals
in the SCN. Previous research in hamsters demonstrates
that MK801, a non-competitive NMDA receptor inhibitor,
does not prevent light-mediated suppression of melatonin at
night.’ According to research done on rats, MK801 prevents
the reduction of melatonin at night caused by red light, but
not by white light.>%%

Physiological function of the pineal rhythmicity
A daily secretion of NAS and melatonin occurs from the pin-
eal gland. In both rats and humans, NAS levels are higher
than melatonin in the circulation at night.'”** More and more
research is pointing to NAS’s potential role as an antioxi-
dant that outperforms melatonin.®! In retinal samples, NAS
was demonstrated to protect against 6-hydroxydopamine-
induced neurotoxicity and glutamine-induced lipid peroxi-
dation.®”” More recently, it was shown that NAS activates the
receptor TrkB, a brain-derived neurotrophic factor (BDNF),
causing behaviour similar to that of an antidepressant.®
These findings imply that endogenous NAS generated by the
pineal gland may have physiological uses in addition to its
function as a precursor to melatonin.

Type 1 and type 2 melatonin receptors, which are found
in numerous tissues and cell types, including the SCN, en-
able melatonin to exert its central and peripheral effects.®
Melatonin is a well-known seasonal information transducer
in the periphery that determines the length of the night.?6.%
Melatonin acts on the pars tuberalis of the pituitary, which

is home to a higher expression of melatonin receptors, and
plays an important role in the cycles of seasonal animals’
reproduction.®®®” Melatonin is an efficient antioxidant and
free radical scavenger, much like NAS.% Melatonin recep-
tors have recently been identified in pancreatic islets, indi-
cating a potential direct function for melatonin in the control
of insulin secretion.® Melatonin receptor allele variants have
been linked to hyperglycemia and reduced insulin secre-
tion in human genetic investigations.®*™ The relationship
between melatonin signalling and insulin production is fur-
ther strengthened by increased insulin secretion in isolated
islets from mice lacking melatonin receptors.”'Melatonin
directly affects the SCN in the brain, modulating how the
clock works.””* Neuronal firing rate rhythms are phase-
dependently shifted when low concentrations of melatonin
are applied to SCN slices in vitro.”? The fact that melatonin
directly affects SCN activity supports its usefulness in hu-
mans as the model chronobiotic, a family of medications that
affects the circadian clock.”™ Melatonin was timed adminis-
tered to blind people who had no circadian light perceptions
for the purpose of entrainment.”>’¢’” Melatonin has also been
frequently used in healthy individuals to reduce the effect
of jet lag.” It has been found that melatonin suppresses the
Clock mutant’s phenotype and interacts with clock to affect
circadian systems in mice.*

CONCLUSION

Melatonin, a hormone released by the pineal gland, has a dis-
tinct circadian cycle. During the dark phase of the day, me-
latonin production is at its highest. The length of the secre-
tion of this hormone corresponds to the length of the night.
A completely new pharmacology of chronobiotic medicines
has been sparked by melatonin. Moreover, it is promoted as
a potent immunostimulant, anti-aging agent, and powerful
antioxidant.
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