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Abstract
The pineal gland is a neuroendocrine organ of the brain. Its main task is to synthesize and secrete
melatonin, a nocturnal hormone with diverse physiological functions. This review will focus on
the central and pineal mechanisms in generation of mammalian pineal rhythmicity including
melatonin production. In particular, this review covers the following topics: (1) local control of
serotonin and melatonin rhythms; (2) neurotransmitters involved in central control of melatonin;
(3) plasticity of the neural circuit controlling melatonin production; (4) role of clock genes in
melatonin formation; (5) phase control of pineal rhythmicity; (6) impact of light at night on pineal
rhythms; and (7) physiological function of the pineal rhythmicity.

The importance of the pineal gland in circadian physiology is evident in the more than 1,000
research articles published during the past decade. It is clearly a hopeless task to cover all of
these articles in a single review. Fortunately, many of the published primary research papers
have already been evaluated by a number of excellent review articles, which will be cited in
this manuscript wherever appropriate to eliminate redundancy. While increasing numbers of
studies support the role of pineal melatonin in a wide array of functions including seasonal
reproduction (Goldman, 2003; Malpaux et al., 2001; Revel et al., 2009), sleep regulation
(Cajochen et al., 2003; Pandi-Perumal et al., 2007; Pandi-Perumal et al., 2005; Turek and
Gillette, 2004), cancer (Bartsch and Bartsch, 2006; Blask et al., 2002; Jung and Ahmad,
2006; Reiter et al., 2007) and diabetes (Nishida, 2005; Peschke, 2008; Peschke and
Muhlbauer, 2010), these topics will not be covered in this manuscript. Readers who are
interested in these research areas are strongly encouraged to consult the review articles cited
above for in-depth discussion. In this review, we will focus on the central and local
mechanisms regulating amplitude and timing of melatonin synthesis in the mammalian
pineal gland. We will discuss emerging information related to these issues and contrast
published studies with those from our own laboratory, aiming to identify gaps in our
knowledge on in vivo regulation of pineal rhythmicity.

The pineal gland is an unpaired neuroendocrine organ situated in the midline of the brain. Its
primary function is to transduce light and dark information to whole body physiology via the
release of hormone melatonin (Arendt, 2005). Melatonin is synthesized from the amino acid
tryptophan via 4 sequential enzymatic steps (Borjigin et al., 1999): conversion of dietary
amino acid tryptophan to 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase 1
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(TPH1); synthesis of 5-hydroxytryptamine (5-HT or serotonin) by aromatic amino acid
decarboxylase; 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). All 4 enzymatic derivatives of
tryptophan display circadian rhythms of release in the rat pineal gland with higher levels at
night (Figure 1). Unlike NAS and melatonin that are barely detectable during the daytime,
both 5-HTP and serotonin are released at relatively high levels during the day and increase
further at night.

Local control of pineal rhythmicity
Local control - serotonin formation

The pineal gland receives adrenergic innervation, which activates a cascade of circadian
events that leads to the nightly formation of melatonin from serotonin. Serotonin is present
at high levels in the pineal gland during the day and increases further at night in the absence
of melatonin formation (Sun et al., 2002). In the presence of melatonin synthesis, however,
5-HTP (Bach et al.; Champney et al., 1984) and serotonin (Snyder and Axelrod, 1965;
Snyder et al., 1965) content of the rat pineal gland is below their daytime levels due to their
consumption by melatonin synthesis (Sun et al., 2002). The increased nocturnal synthesis of
serotonin is driven by increased enzyme activity (Ehret et al., 1991; Shibuya et al., 1977;
Sitaram and Lees, 1978) and protein levels (Huang et al., 2008) of TPH1, the rate-limiting
enzyme of serotonin production. Post-translational control by phosphorylation of serine-58
stabilizes the TPH1 protein to elevate serotonin production at night (Huang et al., 2008).

Serotonin secretion displays biphasic patterns at night with an early peak in amplitude,
followed by sustained decrease in concentration for the remainder of the night [Figure 1; see
(Sun et al., 2002)]. In both rats and hamsters where AANAT activation is transcriptionally
controlled, serotonin release surges during early night and precedes melatonin onset [Figure
2; (Liu and Borjigin, 2006)]. In contrast to the rat pineal gland where serotonin release
surges 1 hr earlier than melatonin onset, Syrian hamsters show a lag of 4 hrs between
serotonin surge and melatonin induction [Figure 2; (Liu and Borjigin, 2006)]. These data
indicate that mechanisms of transcriptional activation of melatonin synthesis downstream of
adrenergic stimulation in the pineal differ between rats and hamsters, a finding consistent
with studies conducted in other laboratories (Simonneaux and Ribelayga, 2003; Simonneaux
et al., 2006). In the degu pineal gland where AANAT activation is regulated
posttranscriptionally, however, nocturnal surge of serotonin release was undetectable (Lee et
al., 2009). These data suggest that nightly stimulation of adrenergic signaling leads to an
immediate activation of TPH1 (posttranscriptional) and a delayed stimulation of AANAT
(transcriptional), which generates a sequential surge of secretion of serotonin and melatonin
(Huang et al., 2008; Liu and Borjigin, 2006; Sun et al., 2002). When both TPH1 and
AANAT are stimulated posttranscriptionally in degus, the time lag of secretion between
serotonin and melatonin disappears (Chattoraj et al., 2009; Lee et al., 2009).

Local control - melatonin formation
Melatonin production from serotonin requires activities of both AANAT and HIOMT. In
humans, decreased melatonin levels are found in patients with Alzheimer’s disease (Liu et
al., 1999; Mishima et al., 1999), age-related macular degeneration (Rosen et al., 2009); or
autism spectrum disorders (Melke et al., 2008; Nir et al., 1995; Tordjman et al., 2005). In
addition, disrupted melatonin production in shift workers is considered a risk factor for
increased breast cancer rates (Blask et al., 2009). It is therefore critical to define the key step
of melatonin synthesis in vivo. Classically AANAT has been considered the rate-limiting
enzyme of melatonin production (Klein, 2007) ever since the discovery of its striking
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diurnal rhythms in enzyme activity (Klein and Weller, 1970). During daytime, AANAT
clearly limits the production of melatonin since its enzyme activity is low. For the bulk of
night, however, AANAT does not limit the amplitudes of melatonin formation (Liu and
Borjigin, 2005c). Several lines of evidence from the past few years support this view: (1) A
strain of rats harboring H28Y mutation in AANAT sequence shows low levels of AANAT
protein and activity in the night pineal (Huang et al., 2005). Despite this, melatonin levels
are the same as control rats with normal AANAT (Liu and Borjigin, 2005c); (2) NAS, the
enzymatic product of AANAT, is present in molar excess at night in rat pineal gland
(Chattoraj et al., 2009; Liu and Borjigin, 2005c; Sun et al., 2003) and in human circulation
(Attanasio et al., 1986); (3) AANAT protein level continues to increase in the second half of
night, hours after melatonin production reached its peak (Liu and Borjigin, 2005c); and (4)
Within the same individual animal, a change in NAS concentration is not associated with a
corresponding change in melatonin concentration (Liu and Borjigin, 2005c). It is thus not
surprising that no mutations in AANAT have been identified in any of the human disorders
associated with low melatonin levels. The identification of mutations in HIOMT in patients
with autism spectrum disorders (Melke et al., 2008), who possess very low levels of
melatonin, points to a need to redirect our research effort to the last step of melatonin
synthesis: the methylation of NAS by HIOMT.

Central control of pineal rhythmicity
The pineal gland is connected to the central rhythm generator in the suprachiasmatic nucleus
(SCN) of the hypothalamus via a multi-synaptic pathway (Figure 3) (Kalsbeek et al., 2006).
Circadian signals from the SCN are transmitted sequentially to the paraventricular nuclei
(PVN), intermediolateral nucleus of the spinal cord (IML), superior cervical ganglion
(SCG), then finally the pineal gland (Borjigin et al., 1999). The pineal is also innervated by
parasympathetic system (Larsen, 1999); the role and regulation of which are presently
unclear.

Central control – neurotransmitters involved
Diurnal rhythms of melatonin secretion are controlled by a complex cascade of
neurotransmission originating in the SCN. During the daytime, a synaptic input from
GABAergic SCN terminals to autonomic PVN neurons (Buijs et al., 2003; Teclemariam-
Mesbah et al., 1999) permits the SCN to block the glutamatergic inputs from PVN. The
resulting impact on the preganglionic sympathetic neurons in the IML (Kannan et al., 1989)
suppresses melatonin production during the day (Kalsbeek et al., 2000). It is however worth
noting that the experimental evidence for the glutamatergic signaling from PVN to IML to
regulate melatonin output is indirect, since melatonin was not one of the outputs measured
(including heart rate, arterial pressure, and renal sympathetic activity) in the study (Kannan
et al., 1989). At night, glutamatergic SCN output innervating PVN (Hermes et al., 1996)
stimulates melatonin synthesis in the pineal (Perreau-Lenz et al., 2004). Within the pineal
gland, melatonin synthesis is activated by the release of norepinephrine from the SCG
during the night (Drijfhout et al., 1996b; Drijfhout et al., 1996a). Norepinephrine release can
be potently inhibited by light (Drijfhout et al., 1996b) via the release of glutamate in the
SCN (Ebling, 1996) from the nerve endings of the retinohypothalamic tract – the axon
bundles of the melanopsin-containing retinal ganglion cells (Guler et al., 2008).

Central control – neuroplasticity of the circuit
The SCN-pineal circuit is one of the most well understood neural circuits of the brain with
clearly defined central components and a simple, robust, and predictable readout of the
circuit activity (melatonin). Moreover, the neuronal activity that stimulates the physiological
output (melatonin production) of the target organ (pineal gland) can be shut down with just a
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light switch. These advantages make the pineal gland an ideal system for understanding
activity dependent neuronalplasticity. In addition, since the pineal is bilaterally innervated
by two SCGs, a partial injury to the circuit can be reliably performed to allow investigation
of functional recovery from partial nerve lesions (Zigmond et al., 1981). Studies from
Zigmond laboratory have demonstrated that the pineal gland recovers fully within two days
after the loss of 50% of its adrenergic input (Kuchel and Zigmond, 1991; Zigmond et al.,
1981). Interestingly, the spontaneous and rapid functional recovery of the pineal gland
following partial injury to the circuit (Dornay et al., 1985) is reproducible only after partial
denervation of the pineal gland; no recovery is seen following a partial decentralization of
the pineal by denervating one of the two SCGs (Zigmond et al., 1985). A detailed
investigation of neuroplasticity within the SCN-pineal circuit is warranted to provide further
clues to this important process.

Central control – role of the clock genes
Circadian rhythms of melatonin synthesis and secretion are abolished after bilateral SCN
lesion, demonstrating that the SCN is the melatonin rhythm generator (Kalsbeek et al.,
2000). The SCN generates circadian rhythms through a set of positive and negative feedback
loops of transcription and translation (Mendoza and Challet, 2009; Welsh et al., 2010). The
rhythm generation involves two PAS domain helix-loop-helix proteins, CLOCK and
BMAL1, which form dimers to activate the transcription of three Period (Per1-3) and two
Cryptochrome (Cry1-2) genes via the E-Box sequences in their promoter. PER-CRY dimers
translocate to the nucleus and negatively interfere with CLOCK/BMAL1-dependent
transcription (Reppert and Weaver, 2002).

CLOCK—Takahashi’s group demonstrated that the mutation of CLOCK protein abolishes
behavioral rhythms (Vitaterna et al., 1994). Surprisingly, CLOCK-null mice continue to
display robust circadian activity rhythms (Debruyne et al., 2006). The role of CLOCK in
melatonin rhythm generation was investigated by Kennaway lab by crossing the melatonin-
deficient CLOCK mutant mice with melatonin-proficient mice (Kennaway et al., 2006). The
resultant CLOCK mutant mice possess normal melatonin rhythms, suggesting that a
functional homolog of CLOCK exists in the SCN. More recently, a thought-provoking study
has demonstrated that melatonin can suppress the behavioral phenotype of the CLOCK
mutant by acting directly on the SCN (Shimomura et al., 2010). This finding reveals an
important feedback role of melatonin in circadian timing.

CRY1/2—Cry 1 and Cry 2 double-deficient mice (Cry1/2 null) display arrhythmic behavior
in constant darkness (van der Horst et al., 1999). Cry1/2 null mice, generated in melatonin-
proficient background, do not display circadian rhythms of melatonin secretion under
normal light and dark condition and show very weak rhythms in constant darkness
(Yamanaka et al., 2010).

Per1—In Per1 null mice (Bae et al., 2001), the levels of aanat gene expression and
nocturnal melatonin secretion are significantly increased compared to the wildtype mice
(Christ et al., 2010), suggesting that PER1 normally functions to suppress melatonin
synthesis.

It is widely accepted that most cell types possess the basic clock machinery and the tissues
isolated in Petri dish can display dramatic oscillations of clock gene expression including
per1 (Welsh et al., 2010). The pineal gland is certainly no exception (Maronde and Stehle,
2007; Yoshikawa et al., 2005). In vivo, pineal rhythms are abolished in the absence of the
SCN-controlled sympathetic input, suggesting that the local clock machinery is not
sufficient for pineal melatonin rhythm generation. Yet, one cannot rule out the possibility
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that the normal oscillation of pineal rhythms require one or more of these local clock
components in addition to central input from the SCN. Role of clock genes within the pineal
gland in modulation of SCN-regulated pineal rhythmicity remains to be explored.

Central control – timing of pineal rhythmicity
Advanced sleep phase syndrome (ASPS) and delayed sleep phase syndrome (DSPS) are
circadian rhythm sleep disorders characterized by a change in the timing of the sleep episode
[reviewed in (Ebisawa, 2007)]. Both ASPS and DSPS are associated with altered timings of
melatonin secretion: individuals with ASPS show advanced melatonin onset (Jones et al.,
1999), whereas those with DSPS display delayed timing of melatonin secretion (Chang et
al., 2009). In recent years, circadian sleep phase disorders are becoming hot topics for
investigation of circadian rhythm abnormalities in humans, and are commonly investigated
by monitoring the phase of melatonin secretion (Kanathur et al., 2010; Reid and Zee, 2009).
We now know that mutations in casein kinase 1, which alter degradation rates of core clock
components, result in individuals with shortened circadian period and extremely early onset
of melatonin secretion in humans (Ebisawa, 2007).

In spite of such findings in humans, there have been very few studies conducted in animal
models that link circadian periods with phase angle of entrainment or connect phase of
entrainment with sleep phase disorders. This may be due to the lack of a clear association
between circadian period and phase angle of entrainment when behavioral rhythms are used
as the marker of the circadian clock. For instance, mice with mutations in per1 (Zheng et al.,
2001) and per2 (Zheng et al., 1999) display circadian periods shorter than 24h and yet show
no changes in behavioral phase angle of entrainment. On the other hand, mice with Clock
mutation that causes lengthening of circadian period from 24h to 28h possess phase angle of
entrainment indistinguishable with that of wildtype mice (Vitaterna et al., 1994). These
results suggest that behavior output may be inadequate for investigation of circadian
chronotypes in animal models.

Because melatonin is the most reliable and robust marker of the circadian pacemaker and is
used extensively in circadian chronotype studies, we have examined melatonin secretion
profiles from various strains of laboratory rats (Liu and Borjigin, 2006). Results indicate that
rats possess wide inter-individual and inter-strain variations in their phase of melatonin
secretion (Figure 4). Expectedly, rats from outbred strains show larger inter-individual
variations of melatonin onset compared with those from inbred strains. Importantly,
different rat strains show distinct characteristics in melatonin onset. For instance, melatonin
onset in Sprague Dawley rats is in general earlier than in Wistar rats (Figure 4). When
circadian period (assayed by free-running period in constant darkness) and timing of
melatonin onset were compared within the same animals, earlier melatonin onset was not
always associated with shorter circadian period (data not shown). Existence of wide
variations of melatonin onset in animal models is consistent with the wide range of circadian
chronotypes found in humans, and shall allow further understanding on the impact of phase
angle in circadian timing.

Central clock – impact of light on pineal rhythms
The clock driven melatonin production persists in constant dark conditions (Liu and
Borjigin, 2005a) and is entrained to the solar environment by the light:dark cycle. Light
entering the eyes stimulates photoreceptors in rods, cones, and melanopsin-expressing retina
ganglion cells, which convert light signals to electric signals in the ganglion cells (Do and
Yau, 2010). The circadian light signal from the melanopsin-positive ganglion cells transmits
to the SCN via the retinohypothalamic tracts (Do and Yau, 2010). Under entrained
conditions, melatonin secretion from the same individual is remarkably consistent from day
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to day with identical timings of onset and offset (Liu and Borjigin, 2005b, 2005a, 2006).
When light pulse interrupts the lighting regime at night, the resultant rapid termination of
norepinephrine secretion from the SCG (Drijfhout et al., 1996b) dramatically impacts pineal
rhythm and suppresses melatonin production.

The light effect is mediated by the light-stimulated release of neurotransmitters. These
include glutamate (Ebling, 1996) and pituitary adenylate cyclase-activating polypeptide
(PACAP) (Hannibal, 2002); both of which are co-stored in the presynaptic terminals in the
SCN (Hannibal, 2002). Earlier studies in hamsters showed that MK801, the non-competitive
inhibitor of N-methyl-D-aspartate (NMDA) receptor, did not prevent light mediated
inhibition of melatonin at night (Vuillez et al., 1998). In rats, it was shown that MK801
blocked suppression of melatonin by red light but not white light at night (Poeggeler et al.,
1995; Rowe and Kennaway, 1996). In our own laboratory using pineal microdialysis, we
were able to partially inhibit melatonin suppression by white light using MK801 (not
shown). We find that the effect of MK801 on blockade of light mediated melatonin
suppression is heterogeneous, and depends critically on the dose of MK801, light duration,
light intensity, and time intervals between the MK801 administration and light pulse
(manuscript in preparation). Nothing is currently known about the effect of PACAP in the
SCN on pineal melatonin production.

Physiological function of the pineal rhythmicity
NAS

As shown in Figure 1, pineal gland secretes NAS, in addition to melatonin in a diurnal
manner. At night, NAS levels in the circulation are higher than melatonin in both rats
(Chattoraj et al., 2009) and humans (Attanasio et al., 1986). Increasing evidence support the
role of NAS as an antioxidant, which is more effective than melatonin (reviewed in
(Oxenkrug, 2005)). NAS was shown to protect against 6-hydroxydopamine-induced
neurotoxicity (Aguiar et al., 2005) and against glutamine-induced lipid peroxidation in
retinal samples (Tang et al., 2006). More recently, NAS was shown to activate TrkB (a
receptor for brain derived neurotrophic factor – BDNF) leading to an antidepressant-like
behavior (Jang et al., 2010). These data suggest that endogenous NAS secreted from the
pineal gland may have physiological functions beyond its classical role as the precursor of
melatonin production.

Melatonin
Melatonin acts centrally and peripherally through type 1 and type 2 melatonin receptors
present in many tissues and cell types, including the SCN (Dubocovich, 2007).

In the periphery, melatonin is a well-known transducer of seasonal information, defining the
length of the night (Borjigin et al., 1999; Reiter, 1993). Melatonin plays an essential role in
reproduction rhythms of seasonal animals by acting on the pars tuberalis of the pituitary
where melatonin receptor is highly expressed (Hazlerigg et al., 2001; Pevet et al., 2006).
Similar to NAS, melatonin is a free radical scavenger and an effective antioxidant (Reiter et
al., 2010). In the past few years, melatonin receptors have been identified in pancreatic
islets, suggesting a possible direct role of melatonin in the regulation of insulin secretion
(Bouatia-Naji et al., 2009). Genetic studies in humans have revealed a potential link between
melatonin receptor allele variants and hyperglycemia and impaired insulin secretion
(Bouatia-Naji et al., 2009; Lyssenko et al., 2009). Increased secretion of insulin in isolated
islets from mice devoid of melatonin receptors further strengthen the link between melatonin
signaling and insulin secretion (Muhlbauer et al., 2009).
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Centrally, melatonin acts directly on the SCN and modulates the clock function (Challet,
2007; Pevet et al., 2006). In vitro, application of low concentration of melatonin on SCN
slices results in phase shifts of the neuronal firing rate rhythms in a phase-dependent manner
(McArthur et al., 1991). The direct effect of melatonin on SCN activities underscores the
effectiveness of melatonin in humans as the prototype of chronobiotics, a class of drugs that
influence the circadian system (Brown et al., 2009). Blind individuals with no circadian light
perceptions were entrained by timed administration of melatonin (Arendt and Broadway,
1987; Lockley et al., 2006; Sack et al., 1991). Melatonin has also been used widely in
normal subjects to reduce jet lag (Brown et al., 2009). More recently, melatonin was shown
to suppress the phenotype of the Clock mutant and to interact with Clock to affect the
circadian system in mice (Shimomura et al., 2010). As almost all genetic analyses of the
circadian system have been performed in melatonin-deficient mouse strains, there is a need
to reevaluate the role of melatonin in circadian timing in melatonin-proficient animals.
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Figure 1. Pineal gland rhythms
Dietary tryptophan is sequentially converted to 5-hydroxytryptophan (5-HTP, light blue), 5-
hydroxytryptamine (5-HT, pink), N-acetylserotonin (NAS, dark blue), and melatonin
(yellow). Dark shaded areas represent dark period. Pineal rhythms over 3 consecutive days
in one rat were monitored by pineal microdialysis.
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Figure 2. Time lag between serotonin and melatonin secretion in rodents
Serotonin release precedes melatonin release by about 1 hr in rat and 4 hrs in hamsters. In
rats, the time lag is constant, regardless the strain and individual differences in timing of
melatonin release.
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Figure 3. The neuronal circuit that controls pineal rhythmicity
SCG: superior cervical ganglion; IML: intermediolateral nucleus of the spinal cord; PVN:
paraventricular nucleus of the hypothalamus; SCN: suprachiasmatic nucleus.
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Figure 4. Inter-individual and inter-strain variation of the timing of melatonin secretion in rats
Melatonin secretion, monitored from outbred Sprague Dawley (SD; n=6) and Wistar rats
(n=8) and inbred PVG (n=4) and Lewis (LEW; n=4) rats, is normalized to the nocturnal
peak values.
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