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Infection
TNF
LPS
Zymosan
Pam3CSK4
heparan sulfate
Malaria
Leishimaniasis

Models of disease
Alzheimer’s (Aβ)

Inflammation in Humans
Caesarean
Mastitis
Hysterectomy

Environmental danger signals
Air pollution (São Paulo city)



• LPS – in vitro

Da Silveira Cruz-Machado et al., J Pineal Res, 2010

• LPS – in vivo, icv

Pinato et al., 2015

Inflammatory mediators regulating pineal melatonin synthesis

• Amyloid β peptide

Cecon et al., 2015



Mastitis à suppresses nocturnal MEL surge

Pontes et al., 2006

Colostrum (milk of the first days after delivery; contains cells) à day 3

Maternity Unit at the Obstetric Clinics – USP, Br. 
The criteria for recently delivered mothers were: age (18–40), gestational age (37 weeks or more). 
All the mothers had given birth to healthy term babies. 

TNF – controlling the nocturnal melatonin surge in humans



Restoration of daily rhythm of melatonin 

obtained after a great reduction in the levels of TNF-a.
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Contribution of the purinergic
system in the modulation of the 

pineal output



ü ATP acts as a cotransmitter in the pineal gland
Mortani-Barbosa, Ferreira & Markus. Eur. J. Pharmacol. 401:59, 2000

ü Ectonucleotidases are expressed in the pineal

ü ATP triggers P2Y1 and P2X7 receptors
Ferreira & Markus. Eur. J. Pharmacol. 415:151, 2001.

Souza-Teodoro et al., J. Pineal Res 2016

ü Purinergic stimulus is translated by increasing
activity of PLC and [Ca2+]i

Ferreira et al., Pharmacology  69:33-37, 2003

Cecon et al., unpublished

Ø Functional role of purinergic signaling in the pineal
physiology and the immune-pineal axis

Dargenio-Garcia et al., submited

Ornelas et al., in preparation



The sympathetic co-transmission in the rat pineal gland
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ü The ectonucleotidase activity showed a significantly increase in ATP and AMP
hydrolysis in the dark phase (* p<0.05).

Therefore, the purinergic system presents a daily adaptation for 
regulating physiological pineal gland activity

Ornelas et al., in preparation 2016



Ornelas et al., in preparation 2016

NTPDase1 expression in rat pineal gland



NTPDase3 expression in rat pineal gland

Ornelas et al., in preparation



5’nucleotidase expression in rat pineal gland 

Ornelas et al., in preparation



Antagonists  EffectAgonists  Effect

Ferreira et al., 2003

Pharmacological profile – P2Y1 and P2X7 receptor

36 Pharmacology 2003;69:33–37 Ferreira/Garcia/Spray/Markus

Fig. 2. Effect of adenine nucleotides on the ECAR of cultured rat
pinealocytes. Increasing concentrations of 2MeSADP (n = 3),
2MeSATP (n = 4), ADP (n = 8) and ATP (n = 7) were tested. Results
are expressed as mean B SEM of % of maximal response to each
agonist for n different cultures.
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Fig. 3. A3)P-5)P A3)P-5)PS antagonized ADP-induced increase in
ECAR. Increasing concentrations of A3)P-5)P A3)P-5)PS in the pres-
ence of ADP (300 Ìmol/l) were tested. Results are expressed as mean
B SEM of the % of maximal response to ADP, in the absence of the
blockers, for 4 different cultures.
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50 Ìmol/l BAPTA shifted the concentration-response
curve to ADP rightward in a concentration-dependent
manner (fig. 4).

Discussion

An increase in [Ca2+]i could mediate not only a long-
term (5 h), but also a short-term cellular response. In this
study, we measured a more rapid and directly elicited cel-

Fig. 4. Effect of BAPTA on the ECAR of cultured rat pinealocytes.
Cells were assessed for their extracellular acidification response to
increasing concentration of ADP (n = 6) in the presence or absence of
BAPTA (30 and 50 Ìmol/l, n = 4) by microphysiometry. Results are
expressed as mean B SEM of % of maximal response for 3 different
cultures.

100 Control
BAPTA 30 mol/l!

75

50

25

0

EC
A

R
(%

 o
f m

ax
im

al
 r

es
po

ns
e)

–5 –4 –3 –2
ADP (log mol/l)

BAPTA 50 mol/l!

lular response, i.e. P2 receptor-induced in the extracellu-
lar acidification rate. This response begins as early as 10 s
after the initiation of drug perfusion, while the potentia-
tion of noradrenaline-induced N)-acetylserotonin produc-
tion was only detectable hours after the beginning of the
incubation.

Regarding the extracellular acidification rate, ATP has
lower potency than ADP and 2MeSADP, following the
rank order of responses of P2Y1 receptor, which are more
sensitive to adenine nucleotide diphosphates than to tri-
phosphates [12]. Regarding the methyl derivatives
2MeSATP and 2MeSADP, both had equal potencies, as
2MeSATP is known to be a potent and selective agonist at
P2Y1 receptors [12]. Finally, the effect of the selective
antagonists A3)P-5)P and A3)P-5)PS on ADP-induced
increase in extracellular acidification rate also pointed to
a response mediated by P2Y1 receptors. These com-
pounds and derivatives are inactive at recombinant P2Y2,
P2Y4 or P2Y6 receptors [11] and at the recently cloned
P2Y12 [13, 14], whereas they block competitively P2Y1
receptors coupled to PLC. As A3)-5)P and A3)P-5)PS
blocked the ADP-induced increase in pinealocyte extra-
cellular acidification rate, we conclude that this effect is
also mediated by P2Y1 receptors. Therefore, the P2Y1
receptor elicited in a short time the increase in extracellu-
lar acidification rate, and in a long time the potentiation
of noradrenaline-induced N)acetylserotonin production.

Considering that stimulation of P2Y1 receptors stimu-
lates PLC [8] and increases [Ca2+]i (present data), the
importance of [Ca2+]i increases in mediating purinergic-
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lular response, i.e. P2 receptor-induced in the extracellu-
lar acidification rate. This response begins as early as 10 s
after the initiation of drug perfusion, while the potentia-
tion of noradrenaline-induced N)-acetylserotonin produc-
tion was only detectable hours after the beginning of the
incubation.

Regarding the extracellular acidification rate, ATP has
lower potency than ADP and 2MeSADP, following the
rank order of responses of P2Y1 receptor, which are more
sensitive to adenine nucleotide diphosphates than to tri-
phosphates [12]. Regarding the methyl derivatives
2MeSATP and 2MeSADP, both had equal potencies, as
2MeSATP is known to be a potent and selective agonist at
P2Y1 receptors [12]. Finally, the effect of the selective
antagonists A3)P-5)P and A3)P-5)PS on ADP-induced
increase in extracellular acidification rate also pointed to
a response mediated by P2Y1 receptors. These com-
pounds and derivatives are inactive at recombinant P2Y2,
P2Y4 or P2Y6 receptors [11] and at the recently cloned
P2Y12 [13, 14], whereas they block competitively P2Y1
receptors coupled to PLC. As A3)-5)P and A3)P-5)PS
blocked the ADP-induced increase in pinealocyte extra-
cellular acidification rate, we conclude that this effect is
also mediated by P2Y1 receptors. Therefore, the P2Y1
receptor elicited in a short time the increase in extracellu-
lar acidification rate, and in a long time the potentiation
of noradrenaline-induced N)acetylserotonin production.

Considering that stimulation of P2Y1 receptors stimu-
lates PLC [8] and increases [Ca2+]i (present data), the
importance of [Ca2+]i increases in mediating purinergic-



Purinergic receptors in the pineal gland
 

1   2    3    4   5    6    7   8   9   10  11  12  13 

 

 

 

 

 

 

 

 

 

Figura 2. RT-PCR para mRNA de receptor P2Y1 de rato. Linha 1 - Marcador de peso 

molecular (Fermentas Gene Rule 100bp DNA ladder). Linhas 2 a 10 - Amostra de 

cDNA de ratas sacrificadas nos horários 6h, 9h, 12h 15h, 18h, 21h, 00h, 3h e 18h 

respectivamente. Linha 11 - controle da síntese de cDNA; linha 12 - controle 

positivo (cDNA genômico); Linha 13 – controle negativo (ausência de cDNA), 

respectivamente.  
 

 Como observado, em todos os horários analisados há a expressão de mRNA do 

receptor P2Y1 não parecendo haver diferença aparente entre esta expressão nos diferentes 

horários. Esses resultados juntamente com os de relatórios anteriores, indicam um possível 

controle pós-transcricional da expressão de receptores P2Y1  na glândula pineal de ratas. 

 Para dar continuidade à caracterização de um padrão temporal de expressão de 

receptores P2Y1 na pineal serão realizadas as técnicas quantitativas de RT-PCR em tempo 

real e Western Blot já em andamento para este projeto.  
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Fig. 1. Figure 1. P2X7 receptor expression in the rat pineal gland. A - RT-PCR analysis of P2X7 receptor in 
the rat pineal gland. The glands were removed from animals sacrificed at 3 hours interval along 24 h. 
Zeitgeber time (ZT). ZT0 was defined as the moment lights went on. – and + represents negative and 
positive control respectively. B- Densitometric analysis . C - P2X7 receptor protein expression in pineal 
cryosections (18 um) from animals sacrificed at two time points of the light/dark cycle (ZT6 and ZT18). For 
negative controls, no primary antibodies were incubated. Results are representative of independent 
experiments.  
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Figura 2. Imunomarcação do receptor P2Y1 em secção de glândula pineal de rato. Fotomicrografias representativas obtidas em 
microscopia de campo claro de secções de pineais de ratos sacrificados nas fases de claro (ZT3, B e C) e escuro (ZT15, E e F) 

submetidos à imuno-histoquímica e contra-coloração com azul de metileno. Controles negativo (A e D) foram obtidos na ausência do 

anticorpo primário. Intensa imunomarcação P2Y1-positiva é observada em células em ZT3 e ausente em ZT15 (seta). Aumento 100x 
(óleo). 
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ü ATP-stimulus is translated by increasing the activity of PLC, and [Ca2+]i,

Purinergic signaling in the pineal gland
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Fig. 1. ADP and ATP-induced intracellular calcium increase in pinealocytes. Fluo-3 fluorescence images were col-
lected using a Zeiss confocal laser scanning attachment mounted on an inverted microscope. An excitation wave-
length of 488 nm was provided by an argon-krypton laser and the scanning images were acquired at 0.6 Hz. a Cells
were successively stimulated with 30 and 300 Ìmol/l ADP. Results are expressed as mean B SEM of 9 cells. The
interval between doses was 36 s. b Representative trace of two consecutive 100-Ìmol/l ATP stimuli.

1.5
30 300 100 100

1.4

1.3

1.2

1.1

1.0

R
el

at
iv

e 
Fl

uo
-3

 in
te

ns
ity

1.5

1.4

1.2

1.1

1.0

0.9

R
el

at
iv

e 
Fl

uo
-3

 in
te

ns
ity

1.3

ATP ( mol/l)!ADP ( mol/l)!

Time (s)Time (s)

0 10 20 40 50 60 0 10 20 40 50 60

a b

Data Analysis
Calcium variations detected by confocal or conventional epi-

fluorescence microscopy were expressed as relative fluorescence and
concentration (nmol/l), respectively. Values reported in this paper
reflect means B SEM of cells from at least three different prepara-
tions. ECAR values were expressed as % of maximal response. Con-
centration-response curves were fitted to a sigmoidal equation
(Graph-Pad software package, GraphPad, San Diego, Calif., USA)
pD2 values reported correspond to the negative logarithm of the EC50
(effective concentration that induced half-maximal increase in
ECAR). Statistical comparisons were made by Student’s t test or
ANOVA followed by Newman-Keuls test, when appropriate. Values
of p ! 0.05 were considered statistically significant.

Results

Pinealocyte basal [Ca2+]i was 110.6 B 11.6 nmol/l (n =
15). 1 Ìmol/l noradrenaline increased pinealocyte [Ca2+]i
by 5-fold (p ! 0.05) (565.0 B 87.9 nmol/l, n = 15), where-
as 10 nmol/l was ineffective (93.4 B 8.0 nmol/l, n = 15). It
is interesting to note that both concentrations of nor-
adrenaline are able to induce melatonin synthesis [4],
implying that Ca2+ elevation is not an absolute require-
ment for this process. ATP (0.1 mmol/l) and ADPßS
(0.1 mmol/l) both increased [Ca2+]i 1.6-fold (p ! 0.05);
ATP increased [Ca2+]i from 129.8 B 13.9 to 205.8 B
17.3 nmol/l (n = 16) and ADPßS from 97.9 B 11.6 to
155.4 B 18.6 nmol/l (n = 5). The intensity of fluo-3 fluo-
rescence in pinealocytes, measured by confocal microsco-
py, was increased in a dose-dependent manner by the

addition of 30 and 300 Ìmol/l ADP (fig. 1). This ADP-
induced increase in [Ca2+]i reached a peak within 5 s.
Two successive stimulations (30-second interval) with
100 Ìmol/l ATP suggest no desensitization, as no differ-
ence was observed between [Ca2+]i increase induced by
the first (1.43 B 0.08 fold) and the second stimulus (1.85
B 0.36 fold, n = 3).

The functional relationship between [Ca2+]i and
ECAR increase was tested by microphysiometry, where
effects were interpreted as early cellular (10 s) responses
to P2 receptor stimulation. The agonists ADP, ATP,
2MeSADP and 2MeSATP increased the pinealocyte ex-
tracellular acidification rate in a concentration-depen-
dent manner (fig. 2). The pD2 value for ATP (3.06 B
0.12, n = 7) was significantly smaller (p ! 0.01) than that
for ADP (3.64 B 0.18, n = 8), 2MeSATP (3.56 B 0.02,
n = 4) and 2MeSADP (3.65 B 0.13, n = 3). No signifi-
cant difference was detected among pD2 values obtained
with ADP, 2MeSATP and 2MeSADP. The higher sensi-
tivities to ADP, 2MeSADP and 2MeSATP when com-
pared to ATP suggest the activation of P2Y1 receptor,
which was confirmed using the selective antagonists
A3)P-5)P and A3)P-5)PS [11]. These antagonists inhibit-
ed, in a concentration-dependent manner, the increase in
the extracellular acidification rate induced by 300 Ìmol/l
ADP (fig. 3).

Finally, it was shown that BAPTA-AM, an intracel-
lular Ca2+ chelator, was able to block the ADP-in-
duced increase in extracellular acidification rate. 30 and

P2Y1 Receptor and Pinealocytes
Extracellular Acidification Rate
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Fig. 1. ADP and ATP-induced intracellular calcium increase in pinealocytes. Fluo-3 fluorescence images were col-
lected using a Zeiss confocal laser scanning attachment mounted on an inverted microscope. An excitation wave-
length of 488 nm was provided by an argon-krypton laser and the scanning images were acquired at 0.6 Hz. a Cells
were successively stimulated with 30 and 300 Ìmol/l ADP. Results are expressed as mean B SEM of 9 cells. The
interval between doses was 36 s. b Representative trace of two consecutive 100-Ìmol/l ATP stimuli.
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Functional role of purinergic signalling in the pineal



Control of AA-NAT by ATP

Inhibition of NF-kB Aa-nat mRNA

NAS

serotonin NAS melatonin
AA-NAT

Souza-Teodoro et al., J. Pineal Res., 2016



Souza-Teodoro et al., J. Pineal Res., 2016

serotonin NAS melatonin
ASMT



Dual ATP/ADP effect
opposite directions on pineal melatonergic system

Souza-Teodoro et al.,J. Pineal Res. 2016

Therefore: an independent functional role of 
melatonin and its precursor



Dual effect of ATP in vivo

Souza et al.,on going

Therefore:
an independent functional role 
of melatonin and its precursor

N-ACETYLSEROTONIN

N
AS

 (n
g/

pi
ne

al
)

Salin
a 

ATP  1
.8 

µg
/µl

0

2

4

6

8

10

M
el

at
on

in
 (n

g/
pi

ne
al

)

Salin
a 

ATP  1
.8 

µg
/µl

0.0

0.5

1.0

1.5

2.0
MELATONIN

ATP in vivo - third ventricle



Jang et al., PNAS, 2010; You et al., Redox Biology, 2017 



Pineal Gland
Macrophage

ATP

???



Dargenio-Garcia et al., submitted

• induces the increase in AA-NAT/P-AANAT protein
content via the NFkB pathway

In RAW 264.7 macrophages ATP stimulation …



Dargenio-Garcia et al., submitted

• through P2X7 receptor stimulation

In RAW 264.7 macrophages ATP stimulation …



Dargenio-Garcia et al., submitted

• induces melatonin synthesis

In RAW 264.7 macrophages ATP stimulation …



Dargenio-Garcia et al., submitted

• potentiates the macrophage phagocytic ability
through melatonin receptors

In RAW 264.7 macrophages ATP stimulation …



New insights into development and progression of neurological 
and inflammatory diseases

Pineal Gland
Macrophage

ATP



Jules Jouy

"Time is the hour; before the hour, it's not time; after the hour, it's more time"
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ü ATP acts as a cotransmitter in the pineal gland;

Mortani-Barbosat al., Eur. J. Pharmacol. 401:59, 2000

ü Ectonucleotidases enzymes present daily variation;
Ornelas et al., in preparation

ü ATP triggers P2Y1 and P2X7 receptors potentiating N-acetylserotonin and
inhibiting melatonin synthesis;

Ferreira & Markus. Eur. J. Pharmacol. 415:151, 2001
Souza-Teodoro et al., J. Pineal Res., 2016

ü [Ca2+]i mediate a PLC-induced enhance in N-acetylserotonin synthesis,
while melatonin reduction is related to an ASMT inhibition in the pineal;

Ferreira et al., Pharmacology 69:33-37, 2003
Souza-Teodoro et al., J. Pineal Res., 2016

ü In RAW 264.7 cells ATP increases melatonin production through P2X7

receptors, NFkB pathway, AA-NAT/P-AANAT, which further potentiates

phagocytosis. Dargenio-Garcia et al., submitted



Putative control of Aa-nat by ATP

Inhibition of NF-kB Aa-nat mRNA

NAS MEL

serotonin NAS melatonin
AA-NAT

Souza-Teodoro et al., J. Pineal Res., 2016



ü The ectonucleotidase activity showed a significantly increase in ATP and AMP
hydrolysis in the dark phase (* p<0.05).
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Therefore, the purinergic system presents a daily adaptation for 
regulating physiological pineal gland activity

Ornelas et al., in preparation 2016



Purinergic receptor
involved

NAS MELATONIN

Souza-Teodoro et al., J. Pineal Res, 2016





NAS NAS may be an endogenous neuroprotectant.


