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Adenosine triphosphate inhibits melatonin synthesis in the rat

pineal gland

Abstract: Adenosine triphosphate (ATP) is released onto the pinealocyte,
along with noradrenaline, from sympathetic neurons and triggers P2Y
receptors that enhance f-adrenergic-induced N-acetylserotonin (NAS)
synthesis. Nevertheless, the biotransformation of NAS into melatonin, which
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neuroprotective, and neurogenic effects.

Introduction

The sympathetic input to the rat pineal gland, driven by
hypothalamic suprachiasmatic nuclei (SCN), promotes
melatonin synthesis [1]. Activation of the f;-adrenoceptor
triggers the following cascade: cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA)/phos-
phorylated cAMP response element-binding protein
(pCREB) [2]. In rodents, the binding of pCREB to CRE
motifs induces the gene transcription of the enzyme
aralkylamine N-acetyltransferase (AA-NAT; EC 2.1.3.87),
which converts serotonin into N-acetylserotonin (NAS).
In addition, this enzyme is activated by phosphorylation
by PKA [3, 4]. NAS synthesis is circadianly regulated,
while its conversion into melatonin by acetylserotonin
methyltransferase (ASMT; EC 2.1.1.4; previously known
as hydroxyindole-O-methyltransferase, HIOMT) is regu-
lated by changes in photoperiod [5]. Both indoleamines
(NAS and melatonin) are readily released into the circu-
lation [6, 7].

Several transduction pathways modulate the ff;-adrener-
gic-induced AA-NAT gene transcription and enzyme acti-

242

occurs due to the subsequent methylation by acetylserotonin O-
methyltransferase (ASMT; EC 2.1.1.4), has not yet been evaluated in the
presence of purinergic stimulation. We therefore evaluated the effects of
purinergic signaling on melatonin synthesis induced by f-adrenergic
stimulation. ATP increased NAS levels, but, surprisingly, inhibited melatonin
synthesis in an inverse, concentration-dependent manner. Our results
demonstrate that enhanced NAS levels, which depend on phospholipase C
(PLC) activity (but not the induction of gene transcription), are a post-
translational effect. By contrast, melatonin reduction is related to an ASMT
inhibition of expression at both the gene transcription and protein levels.
These results were independent of nuclear factor-kappa B (NF-kB)
translocation. Neither the P2Y receptor activation nor the PLC-mediated
pathway was involved in the decrease in melatonin, indicating that ATP
regulates pineal metabolism through different mechanisms. Taken together,
our data demonstrate that purinergic signaling differentially modulates NAS
and melatonin synthesis and point to a regulatory role for ATP as a
cotransmitter in the control of ASMT, the rate-limiting enzyme in melatonin
synthesis. The endogenous production of melatonin regulates defense
responses; therefore, understanding the mechanisms involving ASMT
regulation might provide novel insights into the development and progression
of neurological disorders since melatonin presents anti-inflammatory,
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vation. The oj-adrenoceptors promote an increase of both
gene transcription and enzyme activity by a mechanism
dependent on phospholipase C (PLC) [8, 9]. Nuclear fac-
tor-kappa B (NF-kB), which is pivotal for initiating innate
immune responses [10] and the growth and differentiation
of neurons [11, 12], translocates to the nucleus and inter-
acts with kB motifs present in the Aa-nat gene [13]. This
interaction impairs Aag-nat transcription in pinealocytes
under both physiological [14] and pathophysiological con-
ditions [15, 16].

ATP serves as a co-transmitter of noradrenaline in the
rat pineal gland [17] and potentiates f;-adrenergic-induced
NAS synthesis [18, 19]. Adenine nucleotides act on P2X
ligand-gated ionotropic receptors (P2X1-7) and the G-
protein-coupled P2Y receptors (P2Y 2 4. 6, 11-14) [20]. In
cultured rat pineal glands, ATP, ADP, and their less
hydrolysable analogs [e.g., adenyl-imidodiphosphate,
2-methylthioATP (2MeSATP), 2-chloroATP, and adeno-
sine 5-O-2-thiodiphosphate], but not UTP, enhance f;-
adrenergic-induced NAS synthesis [18, 19]. Suramin, a
nonselective P2 receptor antagonist [21]; pyridoxalphos-
phate-6-azophenyl-2, 4-dissulphonic acid (PPADS), an



inhibitor of PLC-coupled P2Y receptors [21, 22]; and
1-(6-((17p-3-methoxyestr-1,3,5(10)-trien-17-yl)amino)-hexyl)-
IH-pyrrole-2,5-dione (U73122), an inhibitor of PLC [23,
24] reversed this purinergic enhancement of NAS synthesis
[18, 19]. The pharmacological profile indicated an ATP
response mediated by P2Y, receptor activation, followed
by activation of PLC and an increase in intracellular
calcium in pinealocytes [25].

This previous work focused on the synthesis of NAS,
as the goal was to evaluate the functional expression of
AA-NAT activation. However, emerging data show no
direct correlation between enhancing AA-NAT activity
and melatonin synthesis [26]. For instance, in some exper-
imental conditions, even o;-adrenergic potentiation of f;-
adrenergic-induced AA-NAT activation was not followed
by an increase in melatonin content [27]. Another inter-
esting example of differential regulation of AA-NAT and
ASMT was described for L-glutamate, where the G-pro-
tein coupled class II glutamate receptors induced a reduc-
tion in AA-NAT activity, whereas the reduction in
ASMT was mediated by an as yet unidentified mecha-
nism [28].

In this study, we confirmed the ATP/P2Y; receptor-
mediated potentiation of the f§;-adrenoceptor-induced syn-
thesis of NAS, and we report a decrease in melatonin
levels modulated by nonidentified purinergic signaling.
The P2Y1 receptor-mediated response does not involve
Aa-nat transcription. Increases in intracellular calcium
concentration mediate a PLC-induced enhance in NAS
synthesis. The reduction in melatonin synthesis, on the
other hand, is mediated by inhibition of the transcription
Asmt and the expression of the protein. These effects are
not mediated by PLC. In summary, we have disclosed a
new mechanism for understanding the responsiveness of
the rat pineal gland to ATP and provide strong evidence
for an opposite regulation of AA-NAT and ASMT
activities.

Materials and methods
Animals

Male and female Wistar rats (45 days old) were housed
under a 12/12-h light/dark cycle (lights on at 6:00 a.m.)
with water and food ad libitum. The animals were eutha-
nized by decapitation in the light phase (10 hr after lights
on) and the pineal glands were immediately removed and
placed in culture or stored at —80°C until processing. All
experiments were performed in accordance with the Ethics
Committee of the Biosciences Institute of the University of
Sao Paulo under protocol 195/2013.

Pineal gland culture

Rat pineal glands were incubated (37°C; 95% O,; 5%
CO,; 48 hr) in BGJb medium with glutamine (2 mwm),
penicillin (100 U/mL), and streptomycin (10 pug/mL) in a
24-multiwell plate (1 gland per well, 200 uL per well).
The medium was replaced after 24 hr. This denervated
culture [29] was stimulated with ISO (0.1 um) for 5 hr in
the presence or absence of other treatments (0.01-3 mm
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ATP; 1 um melatonin). Antagonists and inhibitors
(100 um suramin; 30 um PPADS; 1 um U73122) were
incubated for 1 hr before the isoprenaline-ATP costimu-
lation. PDTC (12.5 um) was incubated for 48 hr. For
RNAm assays, the glands were stimulated with ISO
(0.1 um) for 90 min in the presence or absence of ATP
(1 mm).

Pinealocyte culture

Pinealocytes were cultured according to previous studies
[25]. The glands were removed, cut into small pieces, and
dissociated with trypsin (0.25%, 37°C, 15 min), followed
by mechanical dispersion in the presence of 0.3% trypsin
inhibitor in a solution containing 120 mm NaCl, 5 mm
KCI, 25 mm NaHCO3;, 1.2 mm KH,POy4, 12 mm glucose,
and 0.1% w/v bovine serum albumin. After centrifugation
(1000 g, 15 min, 25°C), the supernatants were resuspended
in DMEM containing fetal bovine serum (10% heat inacti-
vated) and penicillin (100 U/mL). Cell viability was esti-
mated by trypan blue exclusion. The pinealocytes were
seeded in poly I-lysine-coated wells (0.5 to 1 x 10° cells/
well) and maintained at 37°C in 5% CO, for 18 hr before
beginning the treatments. Pinealocytes were stimulated
with ISO (0.1 um) for 4 hr in the presence or absence of
ATP (1 mm).

Determination of NAS and melatonin by high-
performance liquid chromatography (HPLC)

NAS and melatonin contents in the incubation medium
were measured by HPLC as previously described [17, 18].
The chromatographic system (Waters, Milford, MA,
USA) was isocratically operated with a mobile phase con-
sisting of sodium acetate (0.1 m), citric acid (0.1 m),
EDTA (0.15 mm), and 10% methanol for N-acetylseroto-
nin (30% methanol for melatonin), pH 3.7, flowed at a
rate of 0.5 mL/min through a 5 um Resolve CI18 reversed-
phase column (150 x 3.9 mm i.d.; Waters, Milford, MA,
USA). The detector potential was adjusted to + 0.90V ver-
sus an Ag/AgCl reference electrode.

RT-PCR real time

Pineal glands were processed for total RNA extraction
using TRIzol reagent following the manufacturer’s instruc-
tions. The cDNA was generated from 1 pg of total RNA
using SuperScript III reverse transcriptase. Pineal cDNA
was used to quantify the relative mRNA expression of the
Aa-nat and Asmt genes, normalized by the expression of
Gapdh and 18S housekeeping genes, by real-time RT-PCR
using SYBR Green PCR mix reagent. The sequences of
forward (F) and reverse (R) primers were as follows:
5-AGCGCGAAGCCTTTATCTCA-3' (Aa-nat, F); 5-AA
GTGCCGGATCTCATCCAA-3 (Aa-nat, R); 5-AGCGC
CTGCTGTTCATGAG-3 (Asmt, F); 5-GGAAGCGT-
GAGAGGTCAAAGG-3' (4smt, R); 5-TTCTTGTGCA
GTGCCAGCC-3;, 5-CGGCTACCACATCCAAGGA
A-3" (18S, F); 5-CTGGAATTACCGCGGCT- 3" (188,
R); and — TTCTTGTGCAGTGCCAGCC-3' (Gapdh, F),
and 5-GTAACCAGGCGTCCGATACG-3 (Gapdh, R).
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Immunocytochemistry

After stimulation, pinealocytes were washed twice with
phosphate-buffered saline (PBS; 137 mm NaCl, 2.7 mm
KCl, 10 mm Na,HPO,, and 1.8 mm KH,PO,4, pH 7.4),
fixed in 4% cold methanol acetone for 15 min, and perme-
abilized with PBS supplemented with saponin (0.5%) at
room temperature. The nonspecific binding sites were
blocked with solution containing 0.3 M glycine for 60 min.
The preparation was then incubated with primary rabbit
polyclonal anti-ASMT antibody (dilution 1:200, IM-0441;
Imuny, Sao Paulo, SP, Brazil) for 18 hr at 4°C, followed
by secondary polyclonal anti-rabbit conjugated with FITC
C (1:200, SIGMA F7512) for 1 hr at room temperature.
Nuclei were stained with 4’, 6-diamidino-2 phenylindole
(DAPI, 300 um, 5 min) at room temperature. Primary and
secondary antibodies were diluted in blocking buffer. For
negative controls, no primary antibodies were incubated.
Immunopositive cells were observed by fluorescence
microscopy with a 40x objective and Zeiss Axio Scope Al
instrument (Zeiss Axio Vision 4.8 software, Berlin, Ger-
many). Fluorescence of three randomly chosen fields per
well (20 cells) from three independent experiments in
duplicate was quantified using Image] software (http://
rsb.info.nih.gov/ij). The mean fluorescence measured per
well was used in the statistical analysis. The results were
normalized to untreated control cells. The validation assay
of ASMT antibody was performed by Western blot and is
presented as supplementary data (Fig. S1).

Drugs

Isoprenaline (ISO) hydrochloride, N-acetylserotonin,
melatonin, BGJb medium, DMEM medium, bovine albu-
min fraction V, poly l-lysine, trypsin, trypsin inhibitor,
ATP, pyrrolidine dithiocarbamate (PDTC), and secondary
polyclonal anti-rabbit conjugated with FITC C (SIGMA
F7512) were purchased from Sigma (St Louis, MO, USA).
Suramin was obtained from Bayer (Leverkusen, Ger-
many), ascorbic acid from Hoechst (Sao Paulo, SP, Bra-
zil), and fetal bovine serum, penicillin/streptomycin,
glutamine, Deoxyribonucleotide triphosphate mix, DNase,
primers, SuperScript III enzyme, SYBR Green PCR mix,
and TRIzol reagent were purchased from Invitrogen
(Grand Island, NY, USA and Eugene, OR, USA). Citric
acid, ethylenediaminetetraacetic acid (EDTA), sodium
acetate, sodium bisulfite, methanol, perchloric acid, and
acetic acid were from Merck (Rio de Janeiro, RJ, Brazil)
and PPADS and U73122 were from RBI (Natick, MA,
USA). Trypan blue solution was purchased from Mediat-
ech Inc (Herndon, VA, USA), 4, 6-diamidino-2-phenylin-
dole dihydrochloride (DAPI) from Santa Cruz
Biotechnology (Dallas, Texas, USA), and primary rabbit
polyclonal antibody anti-ASMT (IM-0441), from Imuny
(Sao Paulo, SP, Brazil).

Statistical analysis

All data are presented as mean + S.E.M. The difference
between two means was compared by Student’s r-test.
Values of P < 0.05 were considered statistically significant.
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Results

ATP (0.01-3 mm) modulated the f-adrenergic (0.1 um iso-
prenaline)-induced synthesis of NAS and melatonin in a
concentration-dependent manner, although in opposite
directions. NAS (control =29.13 £+ 2.23 ng/well) was
increased up to 130%, while melatonin synthesis (con-
trol = 62.31 £ 5.71 ng/well) was decreased up to 70%
(Fig. 1). Notably, the values of ECsy for ATP potentiating
NAS (280 pm, 95% confidence intervals 230-350 um) and
for impairing melatonin synthesis (225 um, 95%
confidence intervals 31-1618 um) were not significantly
different.

We tested whether ATP activation accelerates the degra-
dation of melatonin by incubating the pineal glands with
melatonin itself (I um) in the presence or absence of ATP
(1 mm). After S hr, the melatonin content was not signifi-
cantly different between control (72.43 4+ 3.35 ng/well,
n=06) and stimulated glands (69.47 + 4.94 ng/well,
n = 95), indicating no increase in degradation.

Since P2Y receptor activation enhances NAS synthesis
[19], we evaluated whether these receptors were also
responsible for the effects observed on melatonin synthesis.
Suramin (100 um) and PPADS (30 um) blocked ATP-
induced enhancement of NAS synthesis, but did not
reverse the inhibition of melatonin synthesis (Fig. 2). Like-
wise, the ATP potentiation of isoprenaline-induced NAS
synthesis was reversed by the PLC inhibitor U73122
(1 um), while the melatonin content was persistently
diminished. Therefore, different pathways appeared to
mediate the ATP effects on NAS and melatonin.

The gene that encodes the enzyme responsible for the
conversion of serotonin to N-acetylserotonin is regulated
by NF-kB [13, 30]. In the pineal gland, nuclear transloca-
tion of NF-kB impairs the gene activation of Aa-nat [14—
16, 31]. NF-kB is also regulated by ATP in different cell
types [32, 33]. Here, we evaluated the effect of the NF-kB
inhibitor, PDTC (12.5 um). As expected, isoprenaline-
induced NAS and melatonin synthesis was potentiated in
the presence of PDTC (Fig. 3). Otherwise, blocking the
NF-kB pathway had no effect on the ATP-induced
changes in NAS and melatonin synthesis. In addition,
ATP did not modify Aa-nat mRNA transcription. There-
fore, we excluded any participation of NF-kB in the
response to ATP in our model.

Despite the NAS enhancement and melatonin reduction,
ATP displayed the same affinity regarding its ability to
modulate pineal hormones (Fig. 1). Therefore, we tested
whether ATP would impair ASMT. As expected, ATP
impaired gene transcription and protein expression of
ASMT (Fig. 4). Taken together, the results indicated that
the ATP-dependent decrease in melatonin synthesis was
dependent on ASMT inhibition.

Discussion

The sympathetic innervation of the rat pineal gland is
responsible for transducing environmental light informa-
tion into a hormonal signal: melatonin, the darkness hor-
mone. As in other regions innervated by sympathetic
nervous system, ATP is a cotransmitter of noradrenaline
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in the pineal gland [17] and is able to potentiate nora-
drenaline-induced NAS synthesis by triggering P2Y,
receptors [19]. We therefore investigated the effects of
ATP upon melatonin synthesis. We confirmed the P2Y
receptor mediated NAS enhancement, whereas, unexpect-
edly, ATP reduced melatonin content. This effect was
dependent on a reduction in ASMT gene transcription and
protein expression, which was not mediated by P2Y;
receptors. Therefore, ATP promoted opposite effects on
the final contents of NAS and melatonin, resulting in an
increase in NAS and a reduction in melatonin levels, in
agreement with ASMT as the limiting step in melatonin
synthesis [5, 26, 27, 34, 35]. Interestingly, a different modu-
lation between NAS and melatonin was previously
described in the literature, although with a reduction in
NAS and a potentiation of melatonin, in response to
stressful conditions [36].

Besides acting as a cotransmitter [37], ATP is also a dam-
age-associated molecular pattern (DAMP) molecule [38,
39]. High levels of ATP are released during stress condi-
tions [40] and injury [41], which might trigger P2X7 recep-
tors and activate NF-kB [32, 33, 41]. Moreover, Aa-nat
transcription is regulated by kB motifs [13]. In fact, data
show that NF-kB is constitutively expressed in the pineal
gland and its expression is inversely related to melatonin
synthesis [14], as the translocation of NF-kB inhibits the
melatonin biosynthetic pathway under physiological [14,
31] and pathophysiological [15, 16, 42] conditions. Our
data, however, showed that ATP effects did not involve
either the NF-kB pathway or changes in Aa-nat transcrip-
tion. This finding was expected, since ATP, although it
decreases the melatonin levels, increases NAS content.

The triggering of P2Y receptors could activate the reg-
ulator of G-protein signaling 2 (RGS2) [43], which exerts

245



Souza-Teodoro et al.

(A) (B) (€)
o 1504 150 1 154
= * <
S * ]
- = Z
S = 100 1 €S 100 Z2 1041
o2 23 E=
2% 53 %3
32 501 2 501 2T 05-
O —= * 5 ©
P I—-_'-—] S i < 3
= 0 4 04 \\ ~ 0.0 -
p?;g 13? -+ - 4+ PDTC 125um =— + = ISO 0.1um +  +
Aum  +  + + + ISO 01um + +
AP 1mm  _  _ o AP 1mm - - + ATP A=t
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Fig. 4. Putative control of ASMT by
ATP. (A) Asmt mRNA in pineal glands
stimulated with ISO (0.1 um) in the
presence or absence of ATP (1 mm) for
90 min. Gapdh and [8S were used as
normalizers. Data represent
mean + SEM. of 4-6 glands per
treatment. *P<0.05 versus ISO. (B)
Immunofluorescence quantification of
ASMT labeling in pinealocytes treated
with ISO (0.1 um) in the presence or
absence of ATP (1 mm) for 4 hr. Data
are normalized to the untreated control
cells and represent mean + S.E.M. of
three independent experiments. *P < 0.05
versus ISO. (©) Representative
fluorescence image of ASMT
immunostaining in dispersed pinealocytes
stimulated with ISO (0.1 um) in the
presence or absence of ATP (1 mm) for
4 hr. Nuclei were labeled with DAPI.
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a negative feedback signal on the melatonin biosynthetic did not induce changes in Aa-nat transcription. These
pathway and impairs noradrenaline-induced Aa-nat tran- purinergic receptors also increase intracellular calcium
scription in pinealocytes [44]. In our case, however, ATP [31], which could activate protein kinase C (PKC) and
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enhance AA-NAT phosphorylation [45]. The NAS
enhancement is dependent on PLC activation [19; present
study] and does not involve gene transcription, so our data
strongly suggest a post-translational effect of ATP that
leads to AA-NAT phosphorylation.

The last hypothesis we tested was whether ATP reduces
melatonin synthesis by impairing ASMT activity. Notably,
ASMT regulation by neurotransmitters has already been
shown; for instance, neuropeptide Y (NPY) is released to
the pineal gland in a circadian rhythm [46] and increases
ASMT availability [47]. In fact, suprachiasmatic
nuclei also control extracellular levels of ATP, which pre-
sent a circadian rhythm and reach a peak during the dark
phase [48]. Nonetheless, ATP has an opposite effect to
NPY and inhibits ASMT availability.

The fact that ATP regulates NAS and melatonin in
opposite directions suggests that both these serotonin
metabolites play independent functional roles, and might
indicate that, in some conditions, NAS synthesis is pre-
ferred over melatonin synthesis. Corroborating this
hypothesis, NAS, but not melatonin, was previously
shown to activate brain derived neurotrophic factor
(BNDF) and tyrosine kinase receptors type 2 (TRK-B)
[49, 50]. A NAS/TRK-B interaction ameliorates depressive
behavior in a swim test [49, 51], promotes proliferation of
progenitor neuronal cells in sleep-deprived animals [52],
and shows neuroprotective properties by reducing caspase
3 activation in the brain in response to a neurotoxic gluta-
mate analog [53].

There are data showing that NAS distribution through-
out the central nervous system differs from that of mela-
tonin [54]. In the cortex and hypothalamus, but not in the
hippocampus, an increase in Aa-nat transcription is not
followed by potentiated melatonin synthesis [55, 56].
Emphasizing the importance of NAS itself in some scenar-
ios, primate retina displays Aa-nat but barely expresses
ASMT gene or enzyme activity [57]. Some clinical evidence
supports the relevance of ASMT control; for example, low
expression of mRNA and protein was correlated with
depression and cognitive impairment [58], reinforcing the
association of ASMT with decreased levels of melatonin in
severely depressed patients [59]. Autism spectrum disor-
ders, which present different rates of sleep disturbance
[60], also show a positive correlation between the increase/
reduction of NAS/melatonin and the severity of the disor-
der [61], suggesting a reduction in ASMT activity. Interest-
ingly, antipurinergic therapy corrects autism-like features
in the Fragile X mouse model [62]. Thus, taking together
the effects of antipurinergic drugs and the changes in NAS
and melatonin in autistic patients, we might speculate that
changes in the quantity of ATP in the pineal gland could
be relevant in this syndrome. Emphasizing this hypothesis,
ATP released by astrocytes has been shown to follow a
circadian rhythm [48], and autism spectrum disorder is
associated with an activation of white matter astrocytes
[63].

In summary, to the best of our knowledge, this is the
first study to demonstrate that purinergic signaling regu-
lates NAS and melatonin, in opposite directions and
through independent mechanisms in mammals. Melatonin
deficit is a result of impaired transcription and protein
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expression of ASMT, emphasizing the role of this enzyme
in the modulation of melatonin synthesis regardless the
NAS availability. We also started to uncover the mecha-
nisms underlying ASMT regulation, which might reveal
novel insights about the development and progression of
various disorders.

Acknowledgements

We gratefully acknowledge the technical support provided
by Débora Aparecida Moura and Eduardo Braga
Fernandes.

Financial support

Financial support was provided by the following: Sao
Paulo Research Foundation (FAPESP 2013/13691-1;
2007/07871-6), National Council for Scientific and Tech-
nological Development (CNPq, 480097/2013-5), and Coor-
dination for the Improvement of Higher Education
Personnel (CAPES). RPM and ZFS are research fellows
of CNPq (304637/2013-0 and 307329/2010-0). CLPL,
LDG, and LHST were supported by FAPESP (2009/
12307-8; 2012/06110-0), CNPq (130705/2014-4), and
CAPES, respectively.

Authors’ contribution

Souza-Teodoro LH, Dargenio-Garcia L, Markus RP, and
Ferreira ZS involved in concept/design of the study;
Souza-Teodoro LH, Dargenio-Garcia L, Petrilli-Lapa CL,
and Souza ES performed the acquisition of data; Souza-
Teodoro LH, Dargenio-Garcia L, Petrilli-Lapa CL, Fer-
nandes PACM, Markus RP, and Ferreira ZS took part in
data analysis/interpretation; Souza-Teodoro LH, and Fer-
reira ZS drafted the manuscript; Fernandes PACM and
Markus RP did the critical revision of the manuscript; all
authors involved in the approval of the article submitted.

Conflict of interest

The authors declare none.

References

1. SimonNEAUX V, RiBELAYGA C. Generation of the melatonin
endocrine message in mammals: a review of the complex reg-
ulation of melatonin synthesis by norepinephrine, peptides,
and other pineal transmitters. Pharmacol Rev 2003; 55:325—
395.

2. KLemn DC, CooN SL, RoseBoom PH et al. The melatonin
rhythm- generating enzyme: molecular regulation of serotonin
N-acetyltransferase in the pineal gland. Recent Prog Horm
Res 1997; 52:307-357.

3. GanGuLy S, GasteL JA, WELLER JL et al. Role of a pineal
cAMP-operated arylalkylamine N-acetyltransferase/14-3-3-
binding switch in melatonin synthesis. Proc Natl Acad Sci
USA 2001; 98:8083-8088.

4. Gangury S, Coon SL, KrLein DC. Control of melatonin syn-
thesis in the mammalian pineal gland: the critical role of sero-
tonin acetylation. Cell Tissue Res 2002; 309:127-137.

247



Souza-Teodoro et al.

5.

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

248

RiBeELAYGA C, PEVET P, SiMONNEAUX V. HIOMT drives the
photoperiodic changes in the amplitude of the melatonin peak
of the Siberian hamster. Am J Physiol Regul Integr Comp
Physiol 2000; 278:R1339-R1345.

Pang SF, Yir MK, Liu HW et al. Diurnal rhytm of
immunoreactive N-acetylserotonin and melatonin in the
serum of male rats. Acta Endocrinol Cop 1980; 95:571-576.

. ReITer RJ, Tan DX, RosaLes-CorRAL S et al. The universal

nature, unequal distribution and antioxidant functions of
melatonin and its derivatives. Mini Rev Med Chem 2013;
13:373-384.

. Ho AK, Krein DC. Activation of alpha l-adrenoceptors,

protein kinase C, or treatment with intracellular free Ca®"*
elevating agents increases pineal phospholipase A2 activity.
Evidence that protein kinase C may participate in Ca’" -
dependent alpha l-adrenergic stimulation of pineal phospho-
lipase A2 activity. J Biol Chem 1987; 262:11764-11770.

. Ho AK, Cuik CL, KrLein DC. Permissive role of calcium in

alpha l-adrenergic stimulation of pineal phosphatidylinositol
phosphodiesterase (phospholipase C) activity. J Pineal Res
1988; 5:553-564.

Bonizzi G, KariN M. The two NF-kappaB activation path-
ways and their role in innate and adaptive immunity. Trends
Immunol 2004; 25:280-288.

Kartscamipt B, Wipera D, KavrtscumipT C. Signaling via
NF-kappaB in the nervous system. Biochim Biophys Acta
2005; 1745:287-299.

MaLek R, Borowicz KK, JarRGIELLO M et al. Role of nuclear
factor kappaB in the central nervous system. Pharmacol Rep
2007; 59:25-33.

MuxieL SM, Pires-Lapa MA, MonTEIRO AW et al. NF-xkB
drives the synthesis of melatonin in RAW 264.7 macrophages
by inducing the transcription of the arylalkylamine-N-acetyl-
transferase (AA-NAT) gene. PLoS ONE 2012; 7:¢52010.
CecoN E, FErNanDES PA, PinaTo L et al. Daily variation of
constitutively activated nuclear factor kappa B (NFKB) in
rat pineal gland. Chronobiol Int 2010; 27:52-67.

DA SiLveiRa Cruz-MacHAaDO S, CarvaLHO-Sousa CE,
Tamura EK et al. TLR4 and CD14 receptors expressed in
rat pineal gland trigger NFKB pathway. J Pineal Res 2010;
49:183-192.

CecoN E, CHEN M, Marcora M et al. Amyloid f peptide
directly impairs pineal gland melatonin synthesis and mela-
tonin receptor signaling through the ERK pathway. FASEB
J 2015; 29:2566-2582.

. MortANI-BARBOSA EJ, FERREIRA ZS, MARKUS RP. Purinergic

and noradrenergic cotransmission in the rat pineal gland. Eur
J Pharmacol 2000; 401:59-62.

FErRREIRA ZS, CipoLLA-NETO J, MARKUS RP. Presence of P2-
purinoceptors in the rat pineal gland. Br J Pharmacol 1994;
112:107-110.

FERREIRA ZS, MARrRkUs RP. Characterisation of P2Y(1)-like
receptor in cultured rat pineal glands. Eur J Pharmacol 2001;
415:151-156.

Burnstock G. Purine and pyrimidine receptors. Cell Mol
Life Sci 2007; 64:1471-1483.

ABBRACCHIO MP, BUrRNsTOCK G, BOoEYNAEMS JM et al. Inter-
nationational Union of Pharmacology LVIII: update on the
P2Y G protein-coupled nucleotide receptors: from molecular
mechanisms and pathophysiology to therapy. Pharmacol Rev
2006; 58:281-341.

Bover JL, Zoun IE, JacossoN KA et al. Differential effects
of P2-purinoceptor antagonists on phospholipase C- and

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

adenylyl cyclase-coupled P2Y-purinoceptors. Br J Pharmacol
1994; 113:614-620.

BrLeaspALE JE, Bunpy GL, BunTtinG S et al. Inhibition of
phospholipase C dependent processes by U-73, 122. Adv
Prostaglandin Thromboxane Leukot Res 1989; 19:590-593.
MesHk1 J, Turuc F, BREDETEAN O et al. Signaling pathways
downstream of P2 receptors in human neutrophils. Purinergic
Signal 2006; 2:537-544.

FERREIRA ZS, Garcia CR, Spray DC et al. P2Y(1) receptor
activation enhances the rate of rat pinealocyte-induced extra-
cellular acidification via a calcium-dependent mechanism.
Pharmacology 2003; 69:33-37.

REeiter RJ, TaN DX, TERRON MP et al. Melatonin and its
metabolites: new findings regarding their production and their
radical scavenging actions. Acta Biochim Pol 2007; 54:1-9.
CeiNnos RM, CHANSARD M, REVEL F et al. Analysis of adren-
ergic regulation of melatonin synthesis in Siberian hamster
pineal emphasizes the role of HIOMT. Neurosignals 2004;
13:308-317.

Isnio S, Yamapa H, Crarr CM et al. Hydroxyindole-O-
methyltransferase is another target for L-glutamate-evoked
inhibition of melatonin synthesis in rat pinealocytes. Brain
Res 1999; 850:73-78.

ParriTT A, WELLER J. KLEIN, DC. Beta-adrenergic blockers
decrease adrenergically stimulated N-acetyltransferase activity
in pineal glands in organ culture. Neuropharmacology 1976;
15:353-358.

Markus RP, FEerreira ZS, FerNanDEs PA et al. The
immune-pineal axis: a shuttle between endocrine and para-
crine melatonin sources. NeurolmmunoModulation 2007;
14:126-133.

FERREIRA ZS, FERNANDES PA, Duma D et al. Corticosterone
modulates  noradrenaline-induced  melatonin  synthesis
through inhibition of nuclear factor kappa B. J Pineal Res
2005; 38:182-188.

FErRRARI D, WESSELBORG S, BAUER MK et al. Extracellular
ATP activates transcription factor NF-kappaB through the
P2Z purinoreceptor by selectively targeting NF-kappaB p65.
J Cell Biol 1997; 139:1635-1643.

Liu Y, Xiao Y, L1 Z. P2X7 receptor positively regulates
MyD88-dependent NF-xB activation. Cytokine 2011; 55:229—
236.

Liu T, BoriiGIN J. N-acetyltransferase is not the rate-limiting
enzyme of melatonin synthesis at night. J Pineal Res 2005;
39:91-96.

BoriiGIN J, ZHANG LS, CaLiNEscu AA. Circadian regulation
of pineal gland rhythmicity. Mol Cell Endocrinol 2012;
349:13-19.

SEGGIE J, CamPBELL L, BRowN GM et al. Melatonin and N-
acetylserotonin stress responses: effects of type of stimulation
and housing conditions. J Pineal Res 1985; 2:39-49.
Burnstock G. Purinergic signalling and disorders of the cen-
tral nervous system. Nat Rev Drug Discov 2008; 7:575-590.
di VirgiLio F. Purinergic signalling in the immune system. A
brief update. Purinergic Signal 2007; 3:1-3.

JuNnGER WG. Immune cell regulation by autocrine purinergic
signalling. Nat Rev Immunol 2011; 11:201-212.

CARrTA S, PENco F, Laviert R et al. Cell stress increases ATP
release in NLRP3 inflammasome-mediated autoinflammatory
diseases, resulting in cytokine imbalance. Proc Natl Acad Sci
USA 2015; 112:2835-2840.

Xu P, Xu Y, Hu B et al. Extracellular ATP enhances radia-
tion-induced brain injury through microglial activation and



42.

43.

44.

45.

46.

47.

48.

49.

50.

S

52.

53.

paracrine signalling via P2X7 receptor. Brain Behav Immun
2015; 50:87-100.

FErRNANDES PA, Cecon E, MArRkus RP et al. Effect of TNF-
alpha on the melatonin synthetic pathway in the rat pineal
gland: basis for a ‘feedback’ of the immune response on circa-
dian timing. J Pineal Res 2006; 41:344-350.

FiLirov AK, FERNANDEZ-FERNANDEZ JM, MARsH SJ et al.
Activation and inhibition of neuronal G protein-gated
inwardly rectifying K(+) channels by P2Y nucleotide recep-
tors. Mol Pharmacol 2004; 66:468-477.

MaTtsuo M, CooN SL, KLein DC. RGS2 is a feedback inhibi-
tor of melatonin production in the pineal gland. FEBS Lett
2013; 587:1392-1398.

Cnor BH, CHAE HD, Park TJ et al. Protein kinase C regu-
lates the activity and stability of serotonin N-acetyltransfer-
ase. J Neurochem 2004; 90:442-454.

SHiNoHARA K, InouYvE ST. Circadian variations of neuropep-
tide Y-like immunoreactivity in the rat pineal gland. Neu-
roReport 1994; 5:1262-1264.

RiBELAYGA C, PEVET P, SiMoNNEAUX V. Adrenergic and pep-
tidergic regulations of hydroxyindole-O-methyltransferase
activity in rat pineal gland. Brain Res 1997; 777:247-250.
Womac AD, BUrkeeN JF, NeEuenDorRFF N et al. Circadian
rhythms of extracellular ATP accumulation in suprachias-
matic nucleus cells and cultured astrocytes. Eur J Neurosci
2009; 30:869-876.

JanGg SW, Liu X, PrADOLDES S et al. N-acetylserotonin acti-
vates TrkB receptor in a circadian rhythm. Proc Natl Acad
Sci USA 2010; 107:3876-3881.

OXENKRUG G, RATNER R. N-acetylserotonin and aging-asso-
ciated cognitive impairment and depression. Aging Dis 2012;
3:330-338.

PrakHIE IV, OXENKRUG GF. The effect of nifedipine, Ca(2+)
antagonist, on activity of MAO inhibitors, N-acetylserotonin
and melatonin in the mouse tail suspension test. Int J Neu-
ropsychopharmacol 1998; 1:35-40.

SompoL P, Liu X, Basa K et al. N-acetylserotonin promotes
hippocampal neuroprogenitor cell proliferation in sleep-
deprived mice. Proc Natl Acad Sci USA 2011; 108:8844-8849.
TuvoneE PM, BoatrigHt JH, Tosint G et al. N-acetylseroto-
nin: circadian activation of the BDNF receptor and neuro-
protection in the retina and brain. Adv Exp Med Biol 2014;
801:765-771.

ATP inhibits melatonin synthesis

54. BrRowN GM, Puripo O, Grota LJ et al. N-Acetylserotonin in
the central nervous system. Prog Neuropsychopharmacol Biol
Psychiatry 1984; 8:475-480.

55. Uz T, Qu T, Sucaya K et al. Neuronal expression of ary-
lalkylamine N-acetyltransferase (AANAT) mRNA in the rat
brain. Neurosci Res 2002; 42:309-316.

56. PiNnaTo L, DA SiLvEIRA CRUZ-MAcHADO S, FrRaANCO DG et al.
Selective protection of the cerebellum against intracere-
broventricular LPS is mediated by local melatonin synthesis.
Brain Struct Funct 2015; 220:827-840.

57. Coon SL, DEL Ormo E, Young WS III et al. Melatonin syn-
thesis enzymes in Macaca mulatta: focus on arylalkylamine
N-acetyltransferase (EC 2.3.1.87). J Clin Endocrinol Metab
2002; 87:4699-4706.

58. TALaArROWSKA M, SzemRrAJ J, ZajaczkowskA M et al. ASMT
gene expression correlates with cognitive impairment in
patients with recurrent depressive disorder. Med Sci Monit
2014; 20:905-912.

59. CarvaLHO LA, GoreNsTEIN C, MORENO RA et al. Melatonin
levels in drug-free patients with major depression from the
southern hemisphere. Psychoneuroendocrinology  2006;
31:761-768.

60. Fapint CC, Lamonica DA, Fert-ConTE AC et al. Influence
of sleep disorders on the behavior of individuals with autism
spectrum disorder. Front Hum Neurosci 2015; 9:347.

61. Pagan C, DELORME R, CALLEBERT J et al. The serotonin-N-
acetylserotonin-melatonin pathway as a biomarker for autism
spectrum disorders. Transl Psychiatry 2014; 4:e479.

62. Naviaux JC, WanG L, Li K et al. Antipurinergic therapy cor-
rects the autism-like features in the Fragile X (Fmrl knock-
out) mouse model. Mol Autism 2015; 6:1.

63. CrawrorD JD, CHanDLEY MJ, Szeent K et al. Elevated
GFAP protein in anterior cingulate cortical white matter in
males with autism spectrum disorder. Autism Res 2015; 8:
649-657.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. ASMT detection by Western blot analysis in
protein extracts from rat pineal gland.
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