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OBJECTIVES : Cell-permeable and specific inhibitors of melatonin secretion are
sill lacking among tools of the pineal research. Recently, a large effort has been
made in the development of arylalkylamine N-acetyltransferase inhibitors, but
in most cases the new drugs were tested exclusively using cell-free assays or
non-pineal cells. The aim of the present study was to characterize the effect of
N-bromoacetyltryptamine (BAT), the first synthesized cell-permeable inhibitor
of arylalkylamine N–acetyltransferase, on melatonin secretion from rat and pig
pineal glands.
METHODS: The studies were performed in the superfusion cultures of rat and pig
pineal explants. Melatonin secretion was determined by radioimmunoassay (RIA).
RESULTS : BAT strongly inhibited the non-stimulated and norepinephrine–stimulated melatonin secretion from the pig and rat pineal explants, with ED50 ≈
0.3–0.7 µM. The adrenergic stimulation did not modify significantly the inhibitory potency of BAT on the melatonin release. The decline in melatonin secretion
induced by the BAT–treatment was biphasic in both rat and pig pinealocytes, with
an initial rapid phase followed by a slow one. The half-time of BAT-induced decline
in the non–stimulated and norepinephrine-stimulated melatonin secretion was
ca. 25–35 minutes. The inhibitory effect of BAT was reversible in pinealocytes of
both investigated mammals.
CONCLUSIONS : The results show that BAT is a potent and reversible inhibitor
of the melatonin secretion in the mammalian pineal gland and open the way
for the use of this inhibitor in investigations on the pinealocyte physiology performed in vitro.
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Introduction
The pineal gland, via its main hormone – melatonin,
plays an important role in regulation of several physiological processes occurring in the diurnal and annual
rhythms, like the day-night variations in locomotor
activity and sleep as well as the seasonal changes in
reproduction [35, 37]. Melatonin also modulates the
functions of the immune system and the cardiovascular
system as well as influences cancer growth [16, 24, 36].
Numerous experimental data suggest that melatonin is
an important component of the antioxidative defense,
mainly as a potent free-radical scavenger, which is
able to cross all barriers and to enter each cell, but also
as a stimulator of various antioxidative enzymes [9,
27, 38]. Mechanisms of melatonin action seem to be
very complex and variable. This hormone influences
target cells via melatonin membrane receptors [13],
nuclear receptors [2] and non-receptor intracellular
regulatory proteins [3]. Free-radical scavenging may
also be a mechanism of melatonin regulatory action
[38]. In vertebrates, melatonin is synthesized outside
the pineal gland as well, but a complete and verified
list of the organs producing this indoleamine (in most
cases for their local purposes) is still a matter of debate
[4, 7]. Moreover, melatonin has been detected in some
invertebrates and plants [17, 39].
Progress in explaining the role of melatonin in the
mammalian physiology and pathology is strongly
dependent on the development of pharmacological
tools which enable selective influence on the melatonin

receptors and artificial modulation of the melatonin
secretion level. During the last decade several agonists
and antagonists of the melatonin membrane receptors
as well as some active ligands of the nuclear receptors
have been developed [6, 20, 43]. Exogenous melatonin
in a form of various pharmaceutical formulations is
also widely used in experimental studies [19, 44]. More
recently, the pineal hormone has been introduced into
therapy [42]. In contrast, drugs that can specifically
reduce melatonin secretion are still lacking among
pharmacological tools available for pineal research.
Melatonin is synthesized from tryptophan via hydroxyl ation, decarboxylation, acetylation and methylation. The first two steps are catalyzed by tryptophan
hydroxylase and aromatic aminoacids decarboxylase, the enzymes widely distributed in serotoninergic
or catecholaminergic systems of the body. Therefore,
their inhibitors, although depressing melatonin synthesis [25, 31], are not suitable for a specific blockade of
the pineal hormone secretion. The enzymes involved in
the last two steps of melatonin synthesis, arylalkylamine
N-acetyltransferase (AA-NAT) and hydroxyindoleO-methyltransferase (HIOMT), are considered to be
specific for this biochemical pathway. For this reason,
they are the best target points for selective inhibition of
melatonin secretion.
The first reports concerning inhibition of AA-NAT
were published in the early 1980s [33]. It was demonstrated that AA-NAT is inactivated by cystamine probably via a mechanism of thiol-disulfide exchange and
this effect was reversed by dithiothreitol [33]. Similarly,

Figure 1. The putative mechanism of BAT inhibitory action on the AA-NAT acetyltransferase activity and
the melatonin secretion via formation of compound 1.
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Sugden and Klein [40] reported inactivation of rat
HIOMT by cystamine and selenocystamine. Interestingly, cystamine did not alter bovine HIOMT activity
and it increased the activity of ovine HIOMT [40].
No further data concerning inactivation of AA–NAT
and HIOMT by disulfide-containing compounds were
reported.
The studies on the catalytic mechanism of AA–NAT
[18] have led to the design and synthesis of the bisubstrate analog, compound 1, containing tryptamine and
coenzyme A linked via an acetyl bridge (Fig. 1) as well
as for testing this analog as an AA–NAT inhibitor [21].
As a result, it has been found that compound 1 is an
extremely potent inhibitor of ovine AA–NAT, with
IC50 ≈ 150 nM. It acts as a competitive inhibitor of
AA-NAT versus acetyl-CoA and a noncompetitive one
versus tryptamine [21]. Compound 1 is ca. 1000-fold
more potent in the inhibition of AA-NAT than arylamine N-acetyltransferase, another enzyme present
in the pineal gland. Several other bisubstrate analogs
inhibiting AA-NAT have also been synthesized [23].
Unfortunately, due to their chemical properties (the
presence of the coenzyme A moiety) the bisubstrate
analogs including compound 1 are not able to penetrate
the cell membrane and to act on living cells.
The limitations in practical use of the bisubstrate
inhibitors of AA-NAT caused by their cell-impermeability drew attention to N–bromoacetyltryptamine (BAT),
a precursor of compound 1 in the chemical synthesis
[22]. BAT is an uncharged, fairly hydrophobic compound and was therefore predicted to cross cell membranes efficiently. The in vitro experiments [22] with
ovine AA–NAT have shown that this enzyme catalyzes
the alkyl transfer reaction between BAT and reduced
coenzyme A, which led to the formation of compound
1 (Fig. 1). Due to this phenomenon, incubation of ovine
AA-NAT with BAT results in potent inhibition of its
acetyltransferase activity, with IC50 ≈ 500 nM [22]. The
ability of BAT to reduce melatonin secretion in living
cells has been demonstrated on rat pinealocytes in
monolayer culture [22]. In this experimental model,
BAT decreased, in a concentration-dependent manner,
the melatonin secretion induced by the treatment with
norepinephrine (NE).
The proposed mechanism of the inhibitory action
of BAT on the AA-NAT acetyltransferase activity via
formation of the bisubstrate analog has found further
support in the studies with other N–haloacetyltryptamines [46]. According to the results, the haloderivatives of N–acetyltryptamine that undergo the alkyl
transfer reaction catalyzed by AA-NAT are inhibitors
of the arylalkylamine acetyltransferase activity.
In the last two years several other compounds have
been designed, synthesized and tested as putative
inhibitors of AA-NAT [1, 12, 30]. Some of them have
been recognized as potent AA-NAT inhibitors.
Until now, the AA-NAT inhibitors have almost
exclusively been tested in cell-free assays [1, 10, 30]
or in non-pineal cells expressing AA-NAT [11, 12].
Only in the case of two compounds, BAT and N–chloroacetyltryptamine, their influence on melatonin

secretion from rat pinealocytes was investigated [22,
46]. However, even these studies were limited to
the analysis of melatonin accumulation in a culture
medium during 6-hour-long stimulation with NE
performed in the presence of various concentrations
of the inhibitors.
In the present study, the effect of BAT on melatonin
secretion was investigated in superfusion cultures of
rat and pig pineal glands. Pineals of rats and pigs were
chosen due to many significant dissimilarities in the
physiological characteristics of both glands, especially
completely different mechanisms regulating melatonin
synthesis [25, 28, 29, 32]. The purposes of our study
were to examine:
1) efficiency of BAT in inhibition of non-stimulated and
NE-stimulated melatonin secretion,
2) reversibility of the BAT inhibitory effect on the pineal
hormone secretion,
3) dynamics of the changes in melatonin secretion
induced by BAT.

Materials and methods
Chemicals
Medium 199 containing Earle’s salt and HEPES
(SIGMA, USA) was prepared from a powdered form
(0.85 g/L of NaHCO3 added, pH adjusted to 7.3 with
NaOH, final preparation sterilized by filtration).
N-bromoacetyltryptamine was synthesized at The Johns
Hopkins University School of Medicine in Baltimore as
described previously [22, 46] and stored at – 20°C until
use. Immediately before the experiments the drug was
dissolved in propylene glycol (POCh, Poland) and this
stock solution was diluted in the culture medium (the
final concentration of propylene glycol did not exceed
0.5% (v/v)). Norepinephrine bitartrate was obtained
from Sigma, USA.
Anti–melatonin antibody G/S/704-6483 was purchased from Stockgrand Ltd, University of Surrey, Great
Britain, 3H-melatonin (87 Ci/mM) – from Amersham
Biochemicals, Great Britain; gelatin – from Merck, Germany. All other reagents used in melatonin RIA came
from Sigma, USA.
Animals and the pineal glands
All experimental procedures on animals were performed in accordance with Polish and EU law. They
were approved by Local Ethics Committee for Experiments on Animals in Olsztyn.
Rats
Female Wistar rats, aged 4 months, were obtained
from a local breeding population. They were kept
under a cycle of 12 hours light : 12 hours dark (photophase from 7.00 a.m. to 7.00 p.m. with fluorescent
lighting of 500 lux intensity at the cage floor level)
for at least two weeks. The animals had free access to
standard food and water. The rats were anesthetized
using halothane vapors and killed by decapitation
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Figure 2. Melatonin secretion (means ± SEM) from the rat pineal glands incubated between 241 and 510 min
of the experiment in the perfusion of medium containing 0.1–10 µM of BAT (groups I – V) or vehicle (groups VI
- VII). Between 361 and 840 min of the experiment the pineals from groups I - VI were treated with 10 µM of NE.
The explants from group VII were not subjected to the adrenergic stimulation. The mean melatonin secretion
between 181 and 240 min of the experiment was taken as 100%. The solid segments of the horizontal bar
represent an approximate presence of the nominal concentrations of BAT or NE in medium flowing through the
culture chambers; the hatched segments – the periods of the increase in the drug concentration to the nominal
value or the decrease to the level below 5% of the nominal concentration. In the table, the means significantly
different between groups at p ≤ 0.05 were marked with different letters.

(between 10.00 and 11.00 a.m.). The pineals were
removed under sterile conditions and placed in the
culture medium.
Pigs
Female pigs, 4-month-old, were purchased from a
commercial piggery with natural light conditions. For
at least two weeks before the experiments, the animals
were kept in a light-proof animal laboratory room
under a cycle of 12 hours light : 12 hours dark, with
a photophase from 7.00 a.m. to 7.00 p.m. (fluorescent
illumination with intensity of 500 lux at the floor level).
The pigs were fed twice daily with standard food and
had free access to water.
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The gilts were slaughtered between 10.00 and 11.00
a.m. The pineal glands were immediately removed,
placed in the culture medium and divided under sterile
conditions into three explants.
Superfusion culture
Single explants of the pig pineal glands or two rat
pineals were covered with a nylon mesh and placed into
culture chambers (volume 0.5 ml). The upper pool of
each chamber was connected via a system of tubes and
valves to four containers with culture media. The lower
pool of the culture chamber was attached to a twelvechannel peristaltic pump (COLE PARMER, USA)
and a manual fraction collector. The total volume of
the superfusion set consisting of the culture chamber,
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Figure 3. Melatonin secretion (means ± SEM) from the rat pineal glands incubated between 241 and 840 min of
the experiment in the perfusion of medium with 10 µM of NE (groups I – VI) or without NE (group VII). Between
421 and 540 min of the experiments the pineals from groups I - V were exposed to BAT at concentrations 0.1
– 10 µM and the glands from groups VI and VII – to vehicle. The mean melatonin secretion between 181 and
240 min of the experiment was taken as 100%. Other explanations see fig 2.

tubes and valves was 1.3–1.4 ml. The superfusion was
performed at a flow rate of 0.2 ml/min. The medium
was continuously gassed with a mixture of 2% CO2 and
98% O2. The incubation of the rat pineals and pig pineal
explants was performed at 37°C and 37.5°C, respectively. The medium fractions were collected every 5 or
10 minutes and frozen at –20°C until melatonin assay.
For precise determination of the time relationship
between changes of drug concentration in medium
flowing through the culture chambers and changes of
melatonin secretion level, the superfusion system was
calibrated by addition of radioactive markers to the
medium containers and subsequent determination of
radioactivity level in the collected medium samples.
After switching the medium sources which supplied the
culture chamber, the drug concentration in the medium
flowing out from the superfusion system increased to

95% of the nominal value or decreased to 5% of the
nominal value within 15 (± 1) minutes.
Experimental procedures
Experiments I and II were performed on the rat pineals, while experiments III and IV were made on explants
of the pig pineal gland. Each experiment was carried out
on seven groups of explants; each group included three
culture chambers.
Experiment I
The rat pineals from groups I – V were incubated:
(1) between 241 and 360 min of the experiment in a
medium containing BAT at concentrations 0.1 – 10 µM,
(2) between 361 and 510 min of the experiment in a
medium containing BAT at concentrations 0.1 – 10 µM
and NE at a concentration of 10 µM, and then (3) between
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Figure 4. Melatonin secretion (means ± SEM) from the explants of the pig pineal gland incubated between
301 and 480 min of the experiments in the perifusion of medium containing 0.1–10 µM of BAT (groups I – V) or
vehicle (groups VI and VII). The explants from groups I – VI were treated with 10 µM of NE between 421 and 480
min as well as between 721 and 780 min of the experiment. The explants from group VII were not subjected to
the adrenergic stimulation. The mean melatonin secretion between 241 and 300 min of the experiment was
taken as 100%. Other explanations see fig 2.

511 and 840 min of the experiment in a medium containing NE at a concentration of 10 µM. The treatment
with BAT (between 241 and 510 min of the experiment)
was performed as follows: group I – at a concentration
of 10 µM, group II – 5 µM, group III – 1 µM, group IV
– 0.5 µM, group V – 0.1 µM. The explants from group
VI and VII were incubated between 241 and 510 min
of the experiment in a medium containing 0.5% (v/v)
propylene glycol (vehicle). The explants from group
VI were treated with NE between 361 and 840 min of
the experiment. The explants from group VII were not
subjected to adrenergic stimulation.
Experiment II
The rat pineals from groups I – VI were incubated
between 241 and 840 min of the experiment in a medium
containing 10 µM of NE. The explants from group VII
were not subjected to adrenergic stimulation.
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Between 421 and 540 min of the experiments the
glands were treated with BAT as follows: group I – at a
concentration of 10 µM, group II – 5 µM, group III – 1
µM, group IV – 0.5 µM, group V – 0.1 µM. The explants
from groups VI and VII were exposed to 0.5% (v/v) of
propylene glycol instead of BAT.
Experiment III
The explants of the pig pineals belonging to groups
I – VI were subjected to two one–hour-long periods
of adrenergic stimulation (NE at a concentration of
10 µM) between 421 and 480 min as well as between
721 and 780 min of the experiment. Two hours before
and during the first adrenergic stimulation (between
301 and 480 min of the experiment) the explants were
incubated in the flow of a medium containing BAT
(the groups I – V) or 0.5% (v/v) of propylene glycol
(the group VI). The concentrations of BAT in the
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Figure 5. Melatonin secretion (means ± SEM) from the explants of the pig pineal gland incubated between
301 and 840 min of the experiment in the perfusion of medium with 10 µM of NE (groups I – VI) or without NE
(group VII). Between 361 and 480 min of the experiment the explants from groups I - V were treated with BAT at
concentrations 0.1–10 µM and the explants from groups VI and VII - with vehicle. The mean melatonin secretion
between 241 and 300 min of the experiment was taken as 100%. Other explanations see fig 2.

medium were as follows: group I – 10 µM, group II
– 5 µM, group III – 1 µM, group IV – 0.5 µM, group
V – 0.1 µM. The explants from group VII were treated
only with propylene glycol (0.5% (v/v)) between 301
and 480 min of the experiment.
Experiment IV
Groups I – VI of the pig pineal explants were incubated between 301 and 840 min of the experiment
in a medium containing NE at a concentration of 10
µM. The explants from group VII were not exposed to
norepinephrine.
Between 361 and 480 min of the experiments the
glands from groups I – V were incubated in a medium
containing BAT: group I – at a concentration of 10
µM, group II – 5 µM, group III – 1 µM, group IV – 0.5
µM, group V – 0.1 µM. The explants from groups VI

and VII were incubated at the same time in a medium
containing propylene glycol (0.5% (v/v)).
Melatonin radioimmunoassay
Melatonin concentration in the medium samples was
measured by a direct RIA with the use of G/S/704-6483
antibody and 3H-melatonin according to the previously
described and validated procedure [25]. BAT at the
highest concentration (10 µM; 1 nmol per assay tube)
did not influence the maximum binding of the tracer.
Intra- and interassay coefficients of variation were
below 10%.
Data analysis
The melatonin secretion in each culture chamber
was expressed as a percentage of the mean melatonin
secretion during one hour preceding the first treatment
with drugs (considered as “the basal level”). All data
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presented are means (± SEM). Inter-group comparisons
at each time-point were performed using one–way
ANOVA and Duncan’s test (SPSS for Windows, ver.
11, SPSS Inc, USA). The values of EC50 were calculated
from a sigmoidal dose-response curve using Prism for
Windows, ver. 3.00, GraphPad Software, USA. The halftime of melatonin secretion inhibition was determined
as duration of the period during which the hormone
release reached the middle value between the initial
level and the minimal level. The time-point at which
the drug concentration reached 95% of the nominal
concentration was taken as a starting point in calculations of the inhibition half-time.

Results
The melatonin secretion from the explants of rat
and pig pineals decreased quickly during the first hour
of the incubation in medium superfusion and slowly
during the subsequent 120–180 minutes of culture
(data not shown). After three (the rat pineal explants)
or four (the porcine pineal explants) hours the secretion reached a stable level, which did not fluctuate
markedly up to the end of the experiments. Previous
studies on rat and pig pineals have demonstrated that
this constant level of melatonin release does not change
upon a treatment with β–adrenoceptors antagonists
and therefore may be considered as a non-stimulated
or basal secretion [25, 45]. NE induced a significant
rise in melatonin secretion from the pineal explants
of both species (Fig. 2, 3, 4, 5). The incubation in the
medium containing 0.5% (v/v) of propylene glycol did
not change the non-stimulated and NE-stimulated
melatonin secretion (Fig. 2, 3, 4, 5).
Experiment I
The melatonin secretion from the rat pineals
decreased significantly during the incubation (between
241 and 360 min of the experiment) in medium
containing 0.5–10 µM of BAT (Fig. 2). After the
two-hour-long treatment with BAT at concentrations
of 10 µM, 5 µM, 1 µM, 0.5 µM, the non-stimulated
secretion was inhibited by 91%, 80%, 65% and 55%,
respectively. BAT at a concentration of 0.1 µM was
ineffective. The value of EC50 for BAT-inhibition of
the non-stimulated melatonin secretion was 0.30 ± 0.1
µM. The half-time of the melatonin secretion decline
was ca. 25 minutes.
During the incubation (between 361 and 510 min
of the experiment) in the presence of both NE and
BAT the melatonin release slightly increased. However,
even at the end of this experimental phase it did not
exceed 30%, 37%, 130% and 180% of the basal secretion
level when BAT was used at concentrations 10 µM, 5
µM, 1 µM and 0.5 µM, respectively. At the same time
NE induced more than an eight-fold elevation in the
melatonin secretion in the groups of explants treated
with vehicle or 0.1 µM of BAT. There were no differences in NE-stimulated melatonin secretion between
these two groups.
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After withdrawal of BAT from the medium, a subsequent increase in melatonin secretion occurred in
groups I – IV. The secretion level similar to that in the
explants unexposed to the inhibitor was reached only
by the glands treated with 0.5 µM of BAT.
Experiment II
During the first phase of the experiment, when the
glands were exposed solely to NE, the melatonin secretion increased stepwise in all groups of the explants
subjected to adrenergic stimulation (Fig. 3). In the
group of explants incubated in the medium with NE but
without BAT the maximal melatonin release, exceeding
more than 10-fold the basal secretion level, was reached
after five hours of the stimulation.
Introduction of BAT (the second phase of the experiment) resulted in a decline in melatonin secretion: at a
concentration of 0.5 µM up to 650%, at 1 µM – up to
400%, at 5 µM – up to 40% and at 10 µM – up to 30% of
the basal level. The treatment with BAT at a concentration of 0.1 µM did not change significantly the level of
melatonin secretion. The ED50 value for the inhibition
of the NE-stimulated melatonin secretion was 0.60 ± 0.2
µM. The decrease in melatonin secretion was biphasic:
at first rapid, then slow. The half-time of melatonin
decline was ca. 25 minutes.
The melatonin secretion increased after removal of
BAT from the medium (the third phase of the experiment). The melatonin elevation was very low in the
group of glands previously treated with the inhibitor
at a concentration of 10 µM. However, in the groups
which had been exposed to BAT at concentrations 0.5
µM and 1 µM the melatonin secretion reached the level
similar to that in group VI subjected solely to adrenergic
stimulation.
Experiment III
The melatonin secretion declined during the incubation of the pig pineal explants in the presence of BAT
(Fig. 4). After 120 minutes of the treatment with the
inhibitor at concentrations 0.5 µM, 1 µM, 5 µM, 10 µM
the melatonin release did not exceed correspondingly:
75%, 50%, 35% and 20% of the basal level. The treatment
with 0.1 µM of BAT was ineffective. The ED50 value for
BAT inhibitory effect was 0.55 ± 0.1 µM. The half-time
of the decrease in melatonin secretion was ca. 35 min.
Introduction of NE to the medium between 421
and 480 min of the experiment induced an increase in
melatonin secretion in all the groups exposed to BAT
except the explants treated with the inhibitor at a concentration of 10 µM. The magnitude of the melatonin
rise was closely dependent on the inhibitor concentration. In the case of the explants treated with BAT at
concentrations 1 µM and 5 µM, the melatonin secretion
did not exceed or only slightly exceeded the basal level.
In the group of explants exposed to 0.5 µM of BAT, the
NE–induced hormone release was lower by ca. 50%
comparing to the groups treated with vehicle or 0.1 µM
of BAT. The shape of the NE-induced melatonin peak
was similar in all the groups: the secretion increased to
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the maximum within 20 minutes, remained stable up to
the end of stimulation and then decreased.
The melatonin secretion increased slowly when the
treatment with BAT had been finished and the incubation was continued in the medium without drugs. In the
case of the explants exposed earlier to 0.5 µM and 1 µM
of BAT, the melatonin secretion reached the level noted
before the inhibitory treatment.
During the second stimulation with NE the peaks of
melatonin secretion were similar in the groups of the
explants treated previously with BAT at concentrations
from 0.1 µM to 1 µM and with the vehicle. The melatonin
increase was lower by 50% in the group pretreated with
5 µM of BAT comparing to the vehicle-treated explants.
A very low rise in the melatonin secretion was noted in
the group of explants incubated previously with 10 µM
of the inhibitor.
Experiment IV
The melatonin secretion increased quickly in
response to stimulation with NE, reaching the maximum within ca. 20 minutes (Fig. 5). The treatment with
BAT (except for a concentration of 0.1 µM) resulted
in a significant, concentration-dependent drop in the
melatonin secretion, with ED50 = 0.70 ± 0.1 µM. After
two hours of incubation in the presence of 5 µM or 10
µM of BAT, the melatonin secretion did not exceed 25%
of the non-stimulated level. The decline in melatonin
secretion was fast during the first hour of the treatment
with BAT and slow during the second hour. The halftime of melatonin secretion decrease was ca. 25 minutes.
The elimination of BAT from the culture medium and
the continuation of adrenergic stimulation enabled a
stepwise increase in the melatonin secretion.

Discussion
In our study, superfusion cultures of rat and pig pineal
glands were employed to characterize the effect of BAT
on melatonin secretion. Rat and pig pinealocytes show
fundamental differences in the adrenergic regulation of
melatonin synthesis, the main mechanism responsible
for the diurnal changes in the pineal hormone secretion [25, 29]. In the rat pineal gland, NE released from
the sympathetic nerve endings stimulates melatonin
secretion via synergistic cooperation of β 1 and α 1adrenoceptors, in the pig pineal – solely via β1-adrenoceptors [8, 25, 29]. In pinealocytes of both species,
adenyl cyclase, cAMP and protein kinase A (PKA) are
the central points of the adrenergic regulatory cascade
[25, 29]. Activation of PKA in rat pinealocytes leads
to phosphorylation of the transcription factor CREB,
which initiates transcription of the AA-NAT gene and
biosynthesis of this melatonin secretion rate-limiting
enzyme [28, 29]. Simultaneously, phosphorylation of
the arising AA-NAT molecules by PKA protects the
enzyme against proteolysis [15]. In contrast to the rat
pineal gland, increase in melatonin secretion in pig
pinealocytes in response to the short–term adrenergic
stimulation is thought to be independent of protein

biosynthesis [25]. The adrenergic stimulation of pig
pinealocytes leads via the rise in cAMP level to a rapid
increase in the affinity of AA-NAT to arylalkylamines
and in this way to the elevation of melatonin secretion
[25]. The mechanism of changes in porcine AA-NAT
properties has not been explained, but it can be supposed that the increase in AA-NAT affinity to serotonin
occurs via PKA-dependent phosphorylation and binding with 14-3-3 proteins as described for ovine AA-NAT
[14, 34]. The formation of a complex between AA-NAT
and 14–3-3 proteins probably restricts the movement of
a free loop of the enzyme molecule in a configuration
favoring serotonin binding [34].
The differences in mechanisms regulating serotonin acetylation between rat and pig pinealocytes are
reflected in the species-dependent variability in shapes
of NE-induced rises in melatonin secretion in vitro [25,
32, 45], which is also clearly observed in the results of
the present study. In response to adrenergic stimulation
the melatonin secretion from rat pineals peaked after 5
hours, whereas from pig pineals it peaked in 20 min. The
rise in melatonin secretion induced by NE treatment
was two and half times higher in the rat pineals than in
the pig pineal explants. The dynamics and amplitude
of the changes in melatonin release during the in vitro
adrenergic stimulation are in close agreement with the
diurnal profiles of the pineal hormone secretion in the
rat and the pig [8, 26, 41].
The mechanisms controlling serotonin acetylation in
the rat and pig pineals probably represent the opposite
edges of a spread of strategies used by mammalian
pinealocytes in the melatonin secretion regulation.
There are several reasons to suspect that intermediate
systems combining changes in the AA-NAT content
and the AA-NAT affinity to serotonin exist in several
species including the sheep [14, 34] and the human [5].
Therefore, the present study performed simultaneously
on the rat and pig pineals should be considered as a
highly representative for mammalian pinealocytes.
The results obtained in our investigations show that
BAT inhibits, in a concentration-dependent manner,
the non-stimulated and NE–stimulated melatonin
secretion from rat and pig pinealocytes. At the lowest
concentration (0.1 µM) BAT was ineffective in both
species. In the studies with the rat pineals the nonstimulated and NE-stimulated melatonin secretion
was decreased by ca. 50% when BAT was used at
0.5 and 1 µM. At the highest concentration of BAT
(10 µM) the non-stimulated melatonin release was
reduced to ca. 10% of the secretion level before the
treatment with BAT and the NE–stimulated release
– to ca. 20% of the basal secretion level. The ED 50
values for the inhibition of the basal and NE–stimulated melatonin secretion from rat pineals were 0.30 ±
0.1 µM and 0.60 ± 0.2 µM, respectively. These values
are in agreement with the previously reported BAT
inhibitory effect on the NE–stimulated melatonin
secretion in monolayer culture of rat pinealocytes
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[22]. The inhibitory effect of BAT on the melatonin
secretion from pig pinealocytes was slightly weaker
comparing to the rat pineals. The ED50 values for the
inhibition of the basal and NE-stimulated secretion
from porcine pinealocytes were 0.55 ± 0.1 µM and
0.70 ± 0.1 µM, respectively.

end-points (melatonin vs. acetylphenylethylamine).
Moreover, in that the formation of bisubstrate analog 1
is dependent both on the concentration of coenzyme A
and the alkyltransferase activity of the AA-NAT enzyme,
these parameters could also contribute to differences
with other model systems.

The ED50 values for the inhibitory effect of BAT on
the melatonin secretion from rat and pig pinealocytes
were similar to the IC50 value (≈ 0.5 µM) determined in
an cell-free model for the BAT-inhibition of the ovine
AA-NAT acetyltransferase activity [22]. The higher
values of IC50 were reported for the BAT-inhibition of
the human AA–NAT acetyltransferase activity [11]. The
values of IC50 determined for human AA-NAT using
the cell-free assay with phenylethylamine, 5-methoxytryptamine and serotonin as substrates were 1.43 ± 0.7
µM, 1.1 ± 0.2 µM, 1.32 ± 0.3 µM, respectively. In the
assay based on CHO cells expressing human AA-NAT,
the IC50 values were as follows: 1.85 ± 1.1 µM for the
acetylation of phenylethylamine and 3.2 ± 0.8 µM for
the acetylation of 5–methoxytryptamine.

The superfusion culture provided us with the possibility of studying the dynamics of changes in the
pinealocyte secretory activity during the incubation
with BAT and after withdrawal of the inhibitor. The
time-course of the decline in melatonin release induced
by the BAT–treatment was biphasic in both the rat and
pig pineal explants. During the first hour of the incubation with BAT the decrease was rapid, during the second
– slow. The half-time of BAT-induced decline in the
non–stimulated and NE-stimulated melatonin secretion ranged from 25 to 35 minutes. In our model the
time-course of melatonin decrease reflects the rates of
the cell membrane penetration by BAT, transformation
of BAT into compound 1 and inhibition of the serotonin acetylation by compound 1. It should be noted
that the inhibition of the acetyltransferase active center
of AA-NAT does not block the alkyltransferase reaction
and does not limit the formation rate of compound 1
[12, 22].

Compared to inhibitors of enzymes other than AANAT involved in the pineal hormone synthesis, BAT is
an extremely potent blocker of the melatonin secretion.
Para–chlorophenylalanine (pCPA), an inhibitor of
tryptophan hydroxylase, at a concentration of 0.1 mM
did not change the non-stimulated melatonin secretion
and only partially diminished the increase in the pineal
hormone release induced by the adrenergic stimulation
[rat pinealocytes – 31, pig pinealocytes – 25]. A decrease
in the melatonin secretion by 50% or more occurred
at 1 mM of pCPA [25, 31]. Similarly, α-methyl-DOPA,
an inhibitor of aromatic amino acids decarboxylase, is
effective in the melatonin secretion blockade from pig
pinealocytes at a concentration as high as 1mM [25].
Negligible differences in the ED50 values for the BAT
effects on the basal and NE-simulated melatonin secretion, estimated in our experiments with both rat and pig
pineal explants, suggest that the adrenergic stimulation
does not influence markedly the inhibitory potency
of BAT on the serotonin acetylation in mammalian
pinealocytes. An opposite situation was described in
the studies with CHO cells expressing the recombinant
human AA–NAT [11, 12]. The treatment of these cells
with forskolin decreased the IC50 value for BAT inhibition of the phenylethylamine acetylation from 1.3 ± 0.5
to 0.2 ± 0.04 [12]. A similar tendency was also observed
in the case of other tested AA-NAT inhibitors (especially
those with low potency in non-stimulated cells) with the
exception of only one compound (S 27481) that showed
lower efficiency in forskolin–stimulated cells [12]. The
discrepancy between our results and the data obtained
in the studies on CHO cells expressing human AA-NAT
may have their sources in the differences in the cellular
systems employed (rat and pineal pinealocytes vs. nonpineal cells expressing only one melatonin-synthesizing
enzyme), the substrates (natural substrate – serotonin
vs. artificial one – phenylethylamine) and the measured
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In experiments I and III the explants were treated with
BAT for two hours and then subjected to the adrenergic
stimulation in the presence of the AA-NAT inhibitor
to check the secretory response of pinealocytes. The
increase in the melatonin release induced by NE was
largely diminished in the rat and pig pineal explants
incubated with 0.5 – 10 µM of BAT. The magnitude of
the NE-stimulated increase in melatonin release was
dependent on the inhibitor concentration, but in the
majority of cases the secretion did not exceed or only
slightly exceeded the basal level occurring before the
treatment with BAT. It should be noted that BAT did
not change the dynamics of NE-induced changes in the
melatonin secretion. The increase in the pineal hormone release was slow in the experiment with the rat
pineal explants and fast in the experiment with the pig
pineal explants. The melatonin secretion from the pig
pineal explants treated with 0.5 – 5 µM of BAT reached
the maximum within 20 minutes of the incubation with
NE, remained at increased level during the adrenergic
stimulation and then rapidly decreased.
The last phases of our experiments, designed to study
the recovery of melatonin release after withdrawal of
the inhibitor from the medium, clearly show that BAT
is a reversible inhibitor of the pineal hormone secretion.
The melatonin output from the rat pineals incubated
in the presence of NE increased significantly after the
removal of BAT from the medium. In the experiments
with pig pinealocytes, the recovery of melatonin secretion was demonstrated in the presence as well as in
the absence of NE. The melatonin secretion from the
pig pineal explants pretreated with 0.5 – 1 µM of BAT
reached the level similar to that before the inhibitory
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treatment and recovered the ability to express fully its
response to adrenergic stimulation within circa 3 hours
of the incubation in a drug-free medium.
In summary, the results show that BAT is a very
potent and reversible inhibitor of melatonin secretion
in the mammalian pineal gland. The study opens the
way for the use of BAT in in vitro investigations on the
pinealocyte biochemistry and physiology requiring
short-term inhibition of AA-NAT, such as research
related to formation of non-acetylated tryptophan
derivates. Future investigations will be necessary for
the characterization of BAT toxicity and the use of this
drug in other kinds of experiments including studies on
laboratory animals.
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