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Abstract

Melatonin is a hormone secreted from the pineal gland specifically at night and contributes to a wide
array of physiological functions in mammals. Melatonin is one of the most well understood output
of the circadian clock located in the suprachiasmatic nucleus. Melatonin synthesis is controlled
distally via the circadian clock located in the suprachiasmatic nucleus and proximally regulated by
norepinephrine released in response to the circadian clock signals. To understand melatonin synthesis
in vivo, we have performed microdialysis analysis of the pineal gland, which monitors melatonin as
well as the precursor (serotonin) and intermediate (N-acetylserotonin) of melatonin synthesis in
freely moving animals in realtime at high resolution. Our data revealed a number of novel features
of melatonin production undetected using conventional techniques, which include (1) large inter-
individual variations of melatonin onset timing; (2) circadian regulation of serotonin synthesis and
secretion in the pineal gland; and (3) a revised view on the rate-limiting step of melatonin formation
in vivo. This article will summarize the main findings from our laboratory regarding melatonin
formation in mammals.
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1 Introduction

The pineal gland synthesizes and secretes melatonin with a dramatic circadian rhythm. Precise
daily regulation of the melatonin biosynthetic pathway results in rhythmic secretion patterns
conserved across vertebrate species [1,2]. Melatonin plays an important role in a multitude of
physiological functions [3,4] and may be involved in human disorders including autism [5],
cancer [6], and diabetes [7]. Thus, it is important to understand how melatonin synthesis is
regulated both in vivo and in vitro.

Melatonin synthetic mechanisms have been studied in a number of laboratories over the years
and are summarized in several excellent review articles published recently. Simonneaux and
Ribelayga [2] offer a comprehensive review of pineal physiology and melatonin formation up
to 2003. A concise review of arylalkylamine N-acetyltransferase (AANAT), the key enzyme
in melatonin formation, can be found in Klein [8]. Maronde and Stehle [9] outline the potential
role of a number of transcription factors controlling melatonin synthesis, and Falcon et al.
[10] offer a review of the structural and functional evolution of pineal melatonin synthesis. In
this paper, we will complement the existing reviews in the field by summarizing in vivo studies
of melatonin production regulation, focusing on experiments conducted in our laboratory using
pineal microdialysis.

Melatonin synthesis commences with the active uptake of amino acid tryptophan into the pineal
gland. Tryptophan is subsequently hydroxylated and decarboxylated to serotonin (5-
hydroxytryptamine, 5-HT). 5-HT is N-acetylated by serotonin N-acetyltransferase (or
Arylalkylamine N-acetyltransferase, AANAT) to form N-acetylserotonin (NAS), which is
converted to melatonin (N-acetyl-5-methoxytryptamine) by the enzyme hydroxyindole-O-
methyltransferase (HIOMT) [1]. The three components of the melatonin synthetic pathway,
namely 5-HT, NAS, and melatonin, all display dramatic circadian rhythms in nocturnal rodents
(Fig. 1). Such rhythms persist in constant darkness, indicating that a circadian clock drives the
pineal secretion of these indoles.

2 Timing of melatonin secretion

A large inter-individual variation in timing of melatonin secretion exists between animals in
the same strain and between different species [11]. Recent analysis of degu pineal gland
indicates that melatonin onset is much earlier in this species than in rats (Fig. 2) or hamsters
[11]. Indeed, in animals entrained in light and dark cycle of 12h, melatonin onset timing ranges
from 0.2 to 6.5 hrs after the onset of darkness. The variable timing of melatonin secretion within
the same species of rats is not due to an altered regulation of melatonin synthesis, since
exogenously applied activators of beta-adrenergic receptors elicit melatonin production in
these animals with identical kinetics [11]. The timing of melatonin increase is tightly associated
with the timing of 5-HT surge [11]. It remains to be determined if the timing of 5-HT and
melatonin release strictly correlates with the timing of norepinephrine release from the superior
cervical ganglion. In human studies, the onset timing of melatonin secretion was shown to be
associated with the circadian period length [12]; however, a similar association was not found
in rats (data not published).

In contrast to the variable timing of melatonin onset, the decline of melatonin secretion at the
end of each night occurs with little individual variations. When animals are entrained, the
decline of melatonin release always precedes the lights-on by about one to two hours, indicating
a circadian control of both onset and offset of melatonin production [13].
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3 Circadian regulation of 5-HT, the melatonin precursor

One of our initial findings using the pineal microdialysis technique was the novel discovery
that 5-HT secretion level surges early in the night in all rodents examined (Fig. 1) [11,14,15].
In fact, the minimum level of 5-HT production as reflected by the sum of the extracellular 5-
HT, NAS, and melatonin concentrations is far greater than the daytime 5-HT level (Fig. 3)
[15]. Thus, in contrast to the common notion of 5-HT being produced constitutively, such
results indicate that 5-HT synthesis increases at night through active diurnal regulation. The
daily increase in 5-HT production is independent of melatonin secretion, but is dependent on
the adrenergic signaling at night [14]. By blocking melatonin formation, the total content and
secretion of 5-HT increases at night since 5-HT is not converted to NAS [14]. The nighttime
increase of 5-HT synthesis is mediated by the increased beta-adrenergic and cAMP signals
[15]; however, elevated 5-HT secretion is independent of beta-adrenergic receptors [14]. The
increased 5-HT synthesis may be necessary to meet the demand of nocturnal NAS and
melatonin production, and to compensate for the loss of intracellular 5-HT from increased
secretion at night.

5-HT is synthesized from amino acid tryptophan first by the rate-limiting enzyme tryptophan
hydroxylase (TPH), and by the aromatic amino acid decarboxylase (AADC). Recently, we
have shown that TPH1, the peripheral isoform of the enzyme, is phosphorylated at serine 58
(858) residue in the pineal gland at night, and this phosphorylation occurs in parallel with the
nocturnal increase in TPH1 protein content [15]. Phosphorylation at the S58 is responsible for
cAMP induced increase in TPH1 protein content in vitro. Furthermore, in vivo termination of
nocturnal cAMP surge in the pineal gland from nighttime light exposure abolishes the nocturnal
increase in TPH1 protein content [15]. These results indicate that the surge in 5-HT synthesis
at night is mediated by posttranslational modification of TPH1 protein.

In contrast to the rapid surge in 5-HT output, melatonin and NAS secretion rises with a
persistent delay following the 5-HT increase in rats. The interval between the onset of 5-HT
and melatonin is remarkably conserved in individuals of the same species regardless of strains,
and is about 50 min for rats and 4 hrs for hamsters [11]. The long delay in melatonin surge in
hamster pineal gland may indicate an alternative mechanism of Aanat activation or melatonin
synthesis in this species [16]. The delay in melatonin rise following the 5-HT surge is
presumably due to the time required for transcriptional activation of Aanat mRNA levels
[17] in response to the increased cAMP signaling [18]. We reasoned if AANAT activation at
night is controlled at posttranscriptional levels, the surge of 5-HT secretion might not be
detectable. To test this hypothesis, we have analyzed melatonin synthesis in Octodon degus, a
diurnal mammal that belong to the infraorder Hystricognathi and are distinct from the members
of Myomorpha suborder that include nocturnal rodents such as laboratory rats, mice, hamsters,
and diurnal rodents including grass rats and sand rats. Melatonin release surges early in
Octodon degus compared to rats (Fig. 2) and is controlled by posttranscriptional activation of
AANAT [19]. As predicted, the early surge of 5-HT at night was not detected in this species
(data not shown). These results indicate that 5-HT surge at early night is detectable only when
melatonin synthetic rate is slower than that of 5-HT.

Importantly, these data indicate that the nocturnal increase in 5-HT synthesis functions to
support maximum levels of melatonin induction in vivo. It remains to be seen if melatonin
output is reduced when diurnal rise of 5-HT synthesis is blocked in future studies.

4 The rate-limiting step of melatonin synthesis

In contrast to the consistently high level of 5-HT released during daytime, NAS and melatonin
secretions are minimal during daytime and increases dramatically at night, reaching maximum
levels within one hour following the onset of darkness in all rats examined. While secretion of
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5-HT from the pineal gland is regulated [14], release of NAS and melatonin appears to be
constitutive. This suggests that extracellular levels of NAS and melatonin monitored by the
microdialysis technique (Fig. 1) are proportional to the synthesis of the two compounds inside
the pineal cells.

For many years, AANAT, which converts 5-HT to NAS, has been considered the rate-limiting
enzyme of melatonin production, which implies that NAS is present in smaller molar quantity
compared to melatonin at night. While this is true for daytime and the initial hour of melatonin
synthesis at night (Fig. 3), our data clearly demonstrate that melatonin synthesis is limited by
the speed of conversion from NAS to melatonin for the bulk of night, which is mediated by
HIOMT activities [20]. This conclusion is based on three lines of evidence: (1) Melatonin
levels remained unchanged when AANAT activity was reduced by 10 fold in a mutant strain
of rat; (2) the continuous increase in NAT protein levels at late night does not produce a
proportional increase in melatonin; and (3) an increase in NAS in the same animal over several
circadian cycles do not result in corresponding increase in melatonin output [20]. These results
strongly suggest that AANAT is not the rate-limiting enzyme of melatonin formation at night.
The predominant feature of AANAT in the pineal gland of most species is its large nocturnal
increase in activity that drives the daily rhythm in melatonin secretion, and as such should be
considered the “melatonin rhythm-generating enzyme.”

In addition to the three lines of evidence presented, we have also found that NAS, the enzymatic
product of AANAT, is almost always present in vast molar excess to melatonin in the pineal
at night [20]. To further illustrate this point, we analyzed the ratio of NAS to melatonin from
rats of different strains (Fig. 4). For Sprague Dawley rats, majority of the animals display a
NAS/melatonin ratio between 1.2-2.4, whereas Wistar rats display a ratio that is more
widespread in the 1.2—6.4 range. Longitudinal study of the same animal show that NAS peak
levels can vary dramatically from day to day due to parameters such as surgical stress, while
melatonin levels rarely display parallel changes unless NAS is decreased to a level lower than
melatonin [20]. These studies are consistent with the earlier in vitro finding that levels of NAS
released from norepinephrine-stimulated pinealocytes are much higher than that of melatonin
[21]. These results suggest that the rate-limiting step in melatonin production of rats is actually
the conversion of melatonin from NAS through methylation. In light of the fact that human
NAS levels in circulation is also much higher than melatonin levels [22], the conversion of
NAS to melatonin may also be the rate-limiting step of melatonin synthesis in humans.

While it is clear that the conversion of NAS to form melatonin limits the rate of melatonin
synthesis at night, there are also supporting factors for HIOMT as the rate-limiting enzyme of
melatonin synthesis. Recent identification of missense mutations in HIOMT from patients who
suffer from autism spectrum disorders supports the notion that HIOMT is the rate-limiting
enzyme in melatonin formation as these patients display lower levels of melatonin secretion
[5]. In addition to HIOMT, methionine adenosyltransferase (MAT) may also be important in
determining the rate of melatonin formation. MAT is essential for synthesis of (S)-
Adenosylmethionine, which acts as the methyl donor required for HIOMT activity [23]. Future
studies are warranted to further investigate the rate-limiting step of melatonin formation in
vivo.

5 In vivo stability of AANAT, a key enzyme of melatonin formation

Mammalian AANAT protein is a polypeptide consisting of either 204 (Fat sand rat), 205
(laboratory rats and mice), or 207 (all primates, ungulates, and degus) amino acids (Fig. 5)
(also see [24]). The N-termini (amino acids 1-27 in degu AANAT) is the most divergent among
all AANATS identified to date (Fig. 5), while the following phosphorylation motif (RRHT3!
in degus and RRHT?2? in rats) is absolutely conserved. Phosphorylation of the threonine residue
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leads to 14-3-3 interaction and stabilization of AANAT in vitro [24]. Within this motif, it is
rather peculiar that there exists an invariant histidine residue not required for the
phosphorylation at threonine to occur. The identification of a natural mutation of the histidine
to tyrosine at this position, which exhibits reduced protein stability, informed us of the potential
function of this residue in supporting AANAT function in vivo as will be discussed below
[25,26].

In our earlier studies we have identified a pineal night-specific ATPase (PINA), a novel splice
variant of the ATP7B gene disrupted in Wilson disease [27]. PINA expression exhibits a
dramatic diurnal rhythm in both pineal gland and retina with 100-fold greater expression at
night than at day. Further study with Long Evans Cinnamon (LEC) rats, which lack PINA in
the pineal gland, revealed an additional defect in AANAT [28]. Linkage studies confirm that
the AANAT phenotype is entirely independent of PINA mutation in the pineal gland of LEC
rats, and sequence analysis demonstrates that AANAT defect is due to a point mutation in
AANAT coding region [28]. While analyzing the melatonin synthetic pathways of LEC rats,
we discovered that AANAT activity and protein levels are greatly reduced, and that the highly
conserved histidine 28 is mutated to tyrosine (H28Y) [25]. To study the effect of H28Y, we
isolated a new strain of rat (termed LPN) defective in AANAT but normal for both PINA and
coat color. Compared to control rats, the LPN rats display lower NAT protein levels and enzyme
activities. Furthermore, when expressed in vitro, AANAT-H28Y is very unstable in both
bacteria and mammalian cells, indicating that the H28Y mutation is the cause of reduced
AANAT activity and protein levels in vivo [25]. To date, the H28Y mutation is the only
missense mutation identified in animals or humans that affect AANAT protein levels.

The H28 residue is conserved in all known AANAT from mammalian species (Fig. 5) and is
adjacent to the similarly conserved threonine residue at the 29th position (31st in degus). The
T29 residue in the RRH28T2° motif is phosphorylated in vivo and in vitro by PKA and PKC
[24,29]. Upon phosphorylation of AANAT at T29 residue, AANAT interacts with 14-3-3
proteins, which in vitro leads to a stabilization of AANAT protein [24,26,30]. Accordingly,
mutations that affect either AANAT phosphorylation at the T29 position or a subsequent
interaction with 14-3-3 would affect AANAT protein stability. Recent study from our lab
clearly demonstrates that the decreased stability of the AANAT-H28Y mutant in vivo is due
to inefficient interaction of the H28Y mutant with the 14-3-3, and provides a platform for
further understanding of molecular mechanism of AANAT protein degradation [26].

6 A new animal model for in vivo understanding of melatonin formation

While AANAT is the key enzyme in melatonin synthesis, and responsible for the dramatic
diurnal rhythms of melatonin secretion in all species analyzed, significant differences exist
between the molecular regulations of Aanat in various species. In nocturnal rodents commonly
used in laboratory investigations, melatonin production is rate limited by cAMP-dependent
transcriptional activation of Aanat [18,20,31]. In diurnal mammals, however,
posttranscriptional control of AANAT by PKA dominantly regulates melatonin production
since Aanat mRNA levels display very little diurnal variation [32—-34]. The differential
mechanisms of AANAT control result in marked differences in the dynamics of melatonin
secretion at night. In nocturnal animals such as rats and hamsters, the onset of melatonin
secretion is markedly delayed after dark onset [11]. In contrast, melatonin in humans rapidly
surges following dark onset without latency [35]. The rapid release of melatonin following
dark onset in non-rodent diurnal mammals and the expression of significant quantities of
Aanat mRNA in the day demonstrate that AANAT is posttranscriptionally controlled during
the diurnal cycle, likely by cAMP mediated protection of AANAT from proteasome-dependent
degradation [36]. To understand melatonin synthesis in humans, it is thus desirable to establish
a laboratory animal model with a similar mode of melatonin regulation as in humans.
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Recently, we have analyzed melatonin synthesis in Octodon degus, a small diurnal mammal
classified in the Hystricognath suborder that is distinct from nocturnal rodents such as all
common laboratory rats, mice, and hamsters, and diurnal rodents such as grass rats and fat sand
rats [19]. We have found that (1) degu Aanat is constitutively expressed in the pineal gland
with little diurnal variation; (2) degu melatonin onset is much earlier than in rats and hamsters,
and is similar to the rapid onset of melatonin found in primates and ungulates; (3) degu AANAT
protein sequence reads more like those of primates and ungulates than those of the nocturnal
rodents (Fig. 5). Combined with the small size of this species, the degu proves to be a valuable
laboratory animal model that can be used to understand melatonin synthesis in non-rodent
diurnal mammals including humans.

7 Conclusion

Our studies in the past few years have demonstrated that a large inter-individual variation in
timing of melatonin secretion exists within rats from the same strain, between rats from
different strains, and in animals from different species. Using microdialysis technique, we have
also found that 5-HT synthesis and secretion display marked circadian rhythms with high levels
at night, which contrasts the traditional notion of constitutive production. Moreover, we have
discovered that AANAT is not the rate-liming enzyme of melatonin synthesis at night.
Additionally, we have demonstrated that AANAT protein stability depends critically on the
integrity of the RRHZT2? motif whose phosphorylation at the T29 residue and its subsequent
interaction with 14-3-3 is important for AANAT stability. These studies reveal new features
of in vivo melatonin formation, which will guide further understanding of melatonin formation
in mammals both in vivo and in vitro.
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Fig. 1.

Secretion profiles of 5-HT, NAS and melatonin from pineal microdialysis of a rat. All three
compounds display marked circadian rhythms in both light and dark (LD) and constant dark
(DD) conditions with nocturnal increase in secretion
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Fig. 2.

Inter-individual and inter-species variation of melatonin onset timing. Three Degus (red
dots), 5 Sprague Dawley rats (purple dots), and 7 Wistar rats (green dots) are shown. The onset
timing is defined as when melatonin reaches 20% of daily maximum level, which is marked
by the dashed line
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Fig. 3.

The total 5-HT output displays marked circadian rhythm with high levels at night. The total 5-
HT is calculated as the sum of 5-HT, NAS (N-acetylated 5-HT), and melatonin (final metabolic
product of 5-HT in the pineal)
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Fig. 4.
NAS is secreted in molar excess of melatonin in all outbred rats tested
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sequence comparison was performed using MacVector ClustalW alignment program and was

color-coded based on functionality of the amino acids. Acidic residues were marked in red,
basic residues in blue, hydrophobic residues in gray, and hydrophilic residues in purple. The

numbers indicated on the upper right lines denote the amino acid positions based on the degu

Amino acid sequence comparison of AANAT from degu and other mammalian species. The
AANAT sequence

Fig. 5.
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