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The pineal gland secretes melatonin principally at night. Regulated
by norepinephrine released from sympathetic nerve terminals,
adrenergic receptors on pinealocytes activate aralkylamine N-ace-
tyltransferase that converts 5-hydroxytryptamine (5-HT, seroto-
nin) to N-acetylserotonin, the precursor of melatonin. Previous
studies from our group and others reveal significant constitutive
secretion of 5-HT from pinealocytes. Here, using mass spectrome-
try, we demonstrated that the 5-HT is secreted primarily via a
decynium-22-sensitive equilibrative plasma membrane mono-
amine transporter instead of by typical exocytotic quantal secre-
tion. Activation of the endogenous 5-HT receptors on pinealocytes
evoked an intracellular Ca?* rise that was blocked by RS-102221,
an antagonist of 5-HT,c receptors. Applied 5-HT did not evoke
melatonin secretion by itself, but it did potentiate melatonin
secretion evoked by submaximal norepinephrine. In addition,
RS-102221 reduced the norepinephrine-induced melatonin secre-
tion in strips of pineal gland, even when no exogenous 5-HT was
added, suggesting that the 5-HT that is constitutively released
from pinealocytes accumulates enough in the tissue to act as an
autocrine feedback signal sensitizing melatonin release.

serotonin receptor | pineal gland | plasma membrane monoamine
transporter | melatonin | N-acetylserotonin

he principal role of pinealocytes of the pineal gland (PG) is

to synthesize and secrete the hormone melatonin, driven by
the neurotransmitter norepinephrine (NE) released at night from
sympathetic nerve terminals. Acting through oy- and B;-adrener-
gic receptors on pinealocytes, the adrenergic signal generates
Ca®* and cyclic AMP (cAMP) to activate up to 150-fold (in rat) a
key synthetic enzyme aralkylamine N-acetyltransferase (AANAT)
(1). This signaling pathway is shown in Fig. 1. AANAT in turn
converts serotonin (5-HT) from a constitutive pool to generate N-
acetylserotonin (NAS), from which hydroxyindole-O-methyltrans-
ferase generates melatonin (1). The secretion of melatonin and
NAS can be increased 100-fold at night (2). In addition to 5-HT,
many other neurotransmitters are present elsewhere in the PG,
including acetylcholine (ACh), glutamate, GABA, and neuropep-
tides (3). Their roles in modulating the activity of pinealocytes
and melatonin synthesis remain to be established. Here we focus
on modulatory effects of 5-HT.

Serotonergic signaling plays diverse roles in the CNS and
peripheral tissues. It is critically involved in mood control, the
sleep-wake cycle, breathing, locomotion, and more (4, 5) and
acts through 14 distinct, mostly G protein—coupled 5-HT recep-
tors. In the mammalian PG, 5-HT content shows a circadian
rhythm, higher during daytime and somewhat lower at night
while melatonin is being produced (6, 7). Compared to melato-
nin release, the 5-HT release from the gland shows only modest
(*=twofold) circadian variation, continuing in appreciable
amounts throughout (8-10). The large pineal pool of 5-HT is
continually turning over through constitutive synthesis and
secretion (11). Exogenous NE increases 5-HT production and
secretion in PGs partly by elevating tryptophan hydroxylase
activity (10, 12-17).

Secretion of 5S-HT from the PG is larger than the elevated
nocturnal release of melatonin (9, 10), but the physiological
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significance of this secretion has not been clear. Released 5-HT
is suggested to prime the cAMP-dependent activation of
AANAT for melatonin synthesis (17-20). We tested the hypoth-
esis that 5-HT secretion acts as an autocrine signal to promote
melatonin synthesis and secretion (Fig. 1) by answering the fol-
lowing questions: What is 1) the secretory mechanism, 2) the
type of 5-HT receptor used, and 3) the effect of 5-HT on mela-
tonin secretion? Using optical, electrical, and mass spectromet-
ric (MS) measurements, we found that 5-HT is released from
pinealocytes via a nonconventional mechanism and sensitizes
NE-induced melatonin synthesis and secretion by activating 5-
HT,c receptors present in the PG. We show that 5-HT qualifies
as an autocrine transmitter in the PG.

Results

5-HT Secretion Is Promoted by NE. We started with the secretion
of 5-HT from pinealocytes and pineal tissue. First, we tested
whether 5-HT secretion is controlled by NE using MS and mea-
suring 5-HT, NAS, and melatonin in the same samples. A single
PG was cut into several tiny match-stick-like strips (Materials
and Methods and Fig. 24). The reduced tissue size allowed mul-
tiple experiments with a single gland. Basal levels of secretion
for each strip were measured for the first 30 min in M199
medium before application of NE (Fig. 2B). Then secretion
from the same strips was measured with or without 1-uM NE
stimulation for 40 min. In unstimulated control strips, the 5-HT
secretion rate ran down only slightly with time, with the ratio
between the second and first incubations being 0.91 = 0.10
(n = 8 strips) (Fig. 2C). In contrast, 40-min treatment with NE

Significance

The pineal gland secretes melatonin at night mainly driven
by adrenergic sympathetic inputs. Many other neurotrans-
mitters are found in the pineal gland, suggesting potential
fine modulation of melatonin release. Serotonin as a precur-
sor of melatonin synthesis is known to be significantly
released by pinealocytes and its receptor also is expressed in
pinealocytes. By identifying the release mechanism, cell sig-
naling in the pinealocytes, and its effect on norepinephrine-
induced melatonin secretion, our study defines serotonin as
an autocrine neurotransmitter in the pineal gland and sug-
gests possible modulatory targets for melatonin secretion.
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Fig. 1. Synthesis and release of 5-HT and melatonin in rat pinealocytes.
The enzymatic pathway from L-tryptophan to 5-HT and melatonin uses
four enzymes. AANAT is regulated by adrenergic signaling. Two possibili-
ties are shown (red dotted arrows) for the mechanism of release of 5-HT
from pinealocytes: through vesicular exocytosis or through monoamine
transporters running in reverse (orange). Released serotonin activates
serotonin receptors (blue) on the plasma membrane of pinealocytes. We are
suggesting that the receptors up-regulate AANAT acting as an auto- or para-
crine mechanism to promote melatonin synthesis. AADC, aromatic amino
acid decarboxylase; HIOMT, hydroxyindole-O-methyltransferase; TPH, trypto-
phan hydroxylase.

gave a 5-HT secretory ratio of 1.48 = 0.13 (n = 8, P = 0.003
compared to the control). Treatment with ACh, which increases
intracellular Ca®* (21), gave a secretory ratio of 0.94 + 0.12
(n =8, P = 0.86 compared to the control). Thus, 40 min of NE
increased 5-HT secretion significantly by ~50%, whereas ACh
was ineffective. The absolute secreted amount of 5-HT was 3.
1 = 0.5 pmol/h per strip for basal conditions (constitutive)
and 4.4 * 0.59 pmol/h per strip during 40-min NE treatment
(n = 8). Typical basal 5-HT secretion from whole glands is 25 *+
1 pmol/h per gland (9). Considering the number (12-14) and
size of strips we obtained from the gland, the two measure-
ments were comparable. The M199 medium contains no
melatonin, 5-HT, NAS, NE, or ACh.

Secretion of NAS (Fig. 2D) and melatonin (Fig. 2E) had
secretory ratios of 2.23 and 1.63, respectively, in the 40-min NE
treatment. Compared to longer stimulation (e.g., 6 h) (see, for
example, Fig. 8) (9), the up-regulation of NAS and melatonin
was minute but detectable. This early secretion presumably
reflects the earliest beginnings of de novo transcription of
AANAT by brief adrenergic signaling (22). Again, ACh treat-
ment did not affect NAS or melatonin secretion. These results
confirm that short exposure to NE augmented 5-HT release, as
reported before with in vivo microdialysis and in experiments
using isolated PGs (2, 8, 10, 15). It is also clear that the consti-
tutive background 5-HT secretion was high (12, 15, 16).

Exocytosis Is Not Involved in 5-HT Secretion. Next, we investigated
potential mechanisms of 5-HT secretion. In a quantitative bio-
physical study, we previously showed that melatonin and NAS,
both neutral indoleamines, are so lipid-soluble that once syn-
thesized they cannot be retained in a cell for more than a few
seconds (23). Secretion would follow synthesis obligatorily and
with little delay. On the other hand, 5-HT is a cation and does
not cross lipid bilayers easily. In neurons and immune cells,
5-HT is secreted via quantal exocyt051s from secretory vesicles
(24 25) Typically, the exocytosis is Ca2+-dependent and the
Ca”* rise is mediated by voltage-gated Ca** channels. A similar
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mechanism has been suggested in the PG (26). To test for exo-
cytotic 5-HT release from pinealocytes, we used microamper-
ometry. A miniature carbon-fiber probe polarized at +600 mV
oxidized 5-HT instantaneously and measured the oxidative cur-
rent. Single-vesicle fusions would be seen as individual ampero-
metric spikes (25, 27-29). For this experiment, we used either
ACh or potassium-rich Ringer’s solution (KCl) as stimuli. Pre-
vious studles indicate that ACh and KClI depolarize the cell and
elevate [Ca”"]; Vla Ca**-permeable nicotinic ACh receptors and
voltage-gated Ca®" channels (21, 30, 31).

As a positive control, the pinealocytes were loaded with oxi-
dizable dopamine (32, 33). Cells loaded with this artificial
reporter showed occasional large quantal events in basal condi-
tions and more frequent exocytotic spikes during depolarization
of the membrane using KCI (n = 4). (Fig. 34), verifying that
the electrode can detect quantal release. The magnified traces
on the right show that the dopamine spikes have the stereotypi-
cal shape of exocytotlc quantal secretion (32, 33). If 5-HT were
secreted by Ca®*-dependent exocytosis, we should detect simi-
lar quantal amperometric currents from the oxidation of
released vesicular 5-HT. As a control, amperometric current
was recorded with the electrode in the bath solution without
pinealocytes (Fig. 3B). Here, the signal was steady except for
spikes at the moment of solution change to ACh or KCI. These
represent electrochemical reactions of the electrode to the ACh
and KCI solutions themselves. Then the same solutions were
applied with the probe touching a cluster of pinealocytes (Fig.
3C). Other than the solution-change artifacts, no quantal events
were induced during ACh or KCI perfusion in any measure-
ment (n = 7). However, both solutions induced a broader rise
of current, larger with KCI than with ACh. Apparently uniden-
tified oxidizable chemicals were released from the cells in a
continuous manner so that the current rose and maintained an
elevated level during this stimulation. Even if this oxidative cur-
rent were generated in part by released 5-HT, which it could
be, it does not show signs of typical vesicular exocytosis.

Since NE initially promoted the early 5-HT release seen with
MS (Fig. 2C), we performed amperometry during transient
application of NE (Fig. 3E) as well. Again, we did not see any
quantal events during or after 1 pM NE. The large step incre-
ment of the baseline was due to oxidation of the exogenously
applied NE solution, as shown when the electrode is positioned
in the bath solutions without pinealocytes (Fig. 3D). In sum, we
failed to detect constitutive or stimulated exocytotic 5-HT
release from the pinealocytes, suggesting that 5-HT is released
in some other ways. A more cautious statement would be that
if there was any exocytotic release, the quantal units would
have to be too small to be resolved.

A Monoamine Transporter Is Involved in Constitutive 5-HT Release
from Pinealocytes. The next candidate mechanism we tested for
5-HT release was equilibrative plasma membrane transporter
that transports cationic monoamine neurotransmitters includ-
ing 5-HT (34). Reversible equilibrative transporters, such as the
plasma membrane monoamine transporter (PMAT), normally
take up excessive ambient cationic neurotransmitters into cells
with energetic coupling only to the negative membrane poten-
tial without coupling to Na* or other ion gradients (34-36).
Depending on the membrane potential and the electrochemical
gradient of the neurotransmitters, these transporters can
reverse direction to release cationic monoamines (37). Release
of 5-HT would be favored by depolarization and by intracellular
5-HT concentrations higher than the extracellular concentra-
tion. Several of these transporters are blocked by decynium-22.
To test this hypothesis, we assessed reduction of 5-HT release
by decynium-22. Single pineal strips were perifused continu-
ously with M199 medium (Fig. 44), and 20-min samples were
collected over 160 min. Each sample contained 100 to 200 pL
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Fig. 2. NE promotes an early transient 5-HT release. (A) A single PG from a rat was sliced into three to four slices (400 um thick), and each slice was fur-
ther sliced into three to five strips (300 to 400 um thick). (B) Schematic drawing of a single pineal strip in one well of a 96-well plate. Individual strips
were incubated in M199 for 30 min and then in M199 (Control) or M199 plus 1 pM NE or 50 uM ACh for another 40 min. After each incubation, the
medium was collected and used to measure 5-HT (C), NAS (D), and melatonin (E) levels by UPLC/MS analysis. Fold increases are given as test period
divided by baseline period and compared using a t test. **P < 0.01. Results are presented as mean + SEM.

of medium. They were analyzed by ultraperformance liquid
chromatography (UPLC)/MS to measure 5-HT (Fig. 4B). For
the control group (Fig. 4B, open circles), the pineal strip was
perifused with just M199 medium for 160 min to estimate run-
down in control conditions. For the drug-treated group (Fig.
4B, closed circles), the strip was perifused with M199 for the
first 40 min, and then with 50 pM decynium-22 for the next 60
min. Finally, the strip was again perifused with M199 for the
washout. During decynium-22 application, the constitutive
5-HT secretion was profoundly decreased. The secretion with
decynium-22 relative to the original baseline was only 0.10 =
0.05, whereas secretion in control was 0.87 = 0.06. During
washout, secretion recovered partially but not completely, per-
haps because of incomplete washout of the blocker during 60
min of slow perifusion. The strips still showed residual red stain
from decynium-22 at the end of the experiment. Apparently, at
least 89% of the large constitutive release of cationic 5-HT from
pinealocytes involves equilibrative transporters sensitive to
decynium-22. In contrast, hydrophobic NAS and melatonin dif-
fuse spontaneously out of cells within seconds after synthesis (23).

5-HT Does Not Activate G;, or G in Pinealocytes. We turn now to
functional questions. Could released 5-HT act on 5-HT recep-
tors on the pinealocyte membrane itself? Known 5-HT

Lee et al.
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receptors fall into three functional groups (SI Appendix, Table
S1): 1) a cAMP-regulating group coupled to Gy, or G, 2) a
ligand-gated ion channel group, and 3) a Ca®*-signaling group,
called 5-HT,. We looked for the corresponding signals. The
cAMP-regulating group was tested using a cAMP probe derived
from the cAMP-binding domain of exchange protein directly
activated by cAMP1 (Epacl) (38). The fluorescent reporter,
cyan fluorescent protein (CFP)-Epacl-yellow fluorescent pro-
tein (YFP), allows FRET measurements to monitor intracellu-
lar cAMP levels (39). The probe has high FRET efficiency
(FRET.g) without bound cAMP and a decreased efficiency
when cAMP is bound (Fig. 54). Pinealocytes were transiently
transfected (Materials and Methods and SI Appendix, Fig. S1)
with the probe and identified visually. As a first positive control,
5 pM forskolin, which activates adenylyl cyclase and increases
intracellular cAMP, reduced FRET,¢ by about 25% over several
minutes (Fig. 5B). The resting FRET,¢ was restored after wash-
out of forskolin. As a second positive control, application of 10
pM NE to activate adenylyl cyclase in pinealocytes also
decreased FRET.y by about 15% (Fig. 5C). Finally, to test
whether cAMP-regulating 5-HT receptors are active in pinealo-
cytes, two different concentrations of 5-HT were applied: 10
uM (Fig. 5D) and 30 pM (Fig. 5E). Neither evoked any FRET,¢
change, whereas 10 uM NE at the end of each experiment

PNAS | 30f9
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Fig. 3. Serotonin is not released via exocytosis. Representative amperometric current traces measured using carbon-fiber amperometry with a miniature
amperometric electrode polarized at +600 mV. (A) Amperometric traces of pinealocytes preloaded with exogenous dopamine. Enlarged single quantal
events in the Right are from the numbered spikes from the Left (1: spontaneous event, 2, 3: evoked exocytosis). The three amperometric spikes illustrated
correspond to 2-electron oxidation of 1.7 x 107, 2.1 x 107, and 270 x 10’ dopamine molecules, respectively. In the remaining panels, pinealocytes were
not preloaded with dopamine. The amperometric electrode was placed in the bath solution without pinealocytes (control traces) (B and D) or on a cluster
of pinealocytes (C and E). ACh (50 uM) and high potassium chloride (70 mM KCl) were used to elicit membrane depolarization and intracellular Ca**
increases. Next, 1 uM NE (an oxidizable molecule) was applied to the electrode in the bath (D) or with the same electrode touching pinealocytes (E). No
quantal events were observed before or after NE application, only a step up of current as applied NE is being oxidized.

elicited the expected reduction in FRET.¢. These results dem-
onstrated that 5-HT secreted from pinealocytes would not
affect their intracellular cAMP signaling.

5-HT Does Not Activate a Ligand-Gated 5-HT; lon Channel in Pinea-
locytes. Next, we tested for possible activation of ligand-gated 5-
HT; ion channels (S Appendix, Table S1). Transmembrane ionic
currents were recorded with cultured pinealocytes in whole-cell

) ) 5-HT secretion
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c
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Fig. 4. 5-HT is released from pineal strips via a decynium-sensitive plasma
membrane monoamine transporter. (A) Schematic of a single strip inserted
into a microchamber connected to a peristaltic pump for continuous peri-
fusion. (B) Time course of 5-HT secretion during drug exposure from UPLC/
MS analysis of 20-min samples of the solution passing through the pineal
strip. Open circles are control and closed circles are the secretion in the
presence of 50 pM decynium-22, a selective inhibitor of equilibrative
cation transporters, applied only during drug periods D1, D2, and D3.
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patch-clamp at —60 mV (Fig. 6). Since depolarizing nicotinic
ACh receptors are expressed on pinealocyte plasma membranes
(21), we applied ACh as a positive control. In all of the trials
(n =7), 50 pM ACh elicited significant inward currents (1.66 *
0.36 nA), whereas 30 pM 5-HT, a supramaximal dose for 5-HT3
receptors, did not (n = 6). We concluded that 5-HTj activity was
not present in pinealocyte plasma membranes.

5-HT Does Activate Ggq; Signaling in Pinealocytes. Finally, we
tested for activity of 5-HT, receptors, which couple to Gg11 and
intracellular Ca®* signaling (SI Appendix, Table S1). Indeed,
Ca”* imaging experiments revealed a modest increase in intracel-
lular free Ca®" upon perfusion of 10 pM 5-HT (Fig. 74). As a
positive control at the end of each experiment, 10 pM NE further
increased intracellular Ca®*, a known response requiring activa-
tion of a; adrenergic receptors (40). Of the three subtypes of
5-HT, receptors, 5-HT,c are implicated in modulation of melato-
nin secretion in rat PG (41). When we preincubated cells for
10 min with 0.5 pM RS-102221 (RS), a potent 5-HT,¢ receptor
antagonist (42), 10 pM 5-HT no longer evoked an increase of
intracellular Ca**, whereas 10 uM NE still did (Fig. 7 B and C).
RS abolished the 5-HT—-induced Ca®* increase. Additionally, a
potent and selective 5-HT,c receptor agonist, WAY-161503
(WAY) (43), evoked Ca®* signals; its action was also inhibited
by RS (Fig. 7D). Thus, 5-HT can evoke Ca®" responses from
5-HT,¢ receptors present in the plasma membrane of pinealocytes.

Tonic 5-HT Up-Regulates NAS and Melatonin Secretion Induced by
NE. Finally, we tested the hypothesis that melatonin synthesis
is modulated by locally released 5-HT acting through autocrine
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Fig. 5. 5-HT does not change cAMP levels in isolated pinealocytes. The cCAMP levels were analyzed by FRET. (A) A schematic diagram of the cCAMP biosen-
sor, Epac1, sandwiched between CFP (donor) and YFP (acceptor). Pinealocytes were transfected with the Epac1 probe by magnetofection. Once cAMP
binds to Epac1, the conformational change increases the distance between CFP and YFP and thereby decreases FRET efficiency. (B) Forskolin, increasing
cAMP, lowers FRET efficiency in pinealocytes. (C) NE activates endogenous p-adrenergic receptors and increases cAMP levels in pinealocytes. Neither

10 puM 5-HT (D) nor 30 uM 5-HT (E) affected the level of CAMP in pinealocytes.

5-HT,c receptors. The receptor blocker RS was used to test
whether it affected NE-induced secretion of NAS and melato-
nin from pinealocytes. Pineal strips were incubated for 6 h in a
96-well plate for an initial drug-free control period with 200 pL
M199 medium alone, and then switched for a further 6 h to test
medium with NE, with or without RS (Fig. 84). As the effect of
RS on melatonin secretion was not known a priori, we used a
low concentration of NE (0.2 pM) to permit detection of either
inhibition or potentiation by added 0.5 or 5 pM RS. The control
and test media were analyzed, and results were expressed as
secretion in test medium relative to drug-free control. Secretion

5-HT or ACh
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Fig. 6. 5-HT does not activate an ionotropic 5-HT3 receptor in pinealo-
cytes. Representative recordings of 5-HT- and ACh-induced currents from
a pinealocyte in whole-cell patch-clamp recording. Six of six cells showed
no current with 5-HT and all of them exhibited significant inward currents
with ACh. Holding potential was —60 mV. ACh (50 pM) and 5-HT (30 uM)
were applied to the cell during the bar using local perfusion.
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of melatonin was increased 26.3 £ 6.3-fold by 6 h of 0.2 pM NE
alone (n = 6), but only 2.7 = 1.0- and 2.3 = 0.4-fold when 0.5 or
5 pM RS was included (n = 4 and P = 0.01 compared to NE
alone for both RS concentrations) (Fig. 8B). The secretion of
5-HT was not affected by application of NE alone or with RS
(Fig. 8C). Like melatonin, NAS secretion also showed a huge
increase with 0.2 uM NE alone, 100 *= 31-fold increase. How-
ever, with 0.5 or 5 pM RS added to NE, NAS showed only 5.6 =
2.1- or 6.9 = 0.9-fold increases (P < 0.03), respectively (Fig. 8D).

The inhibitory effect of RS was weaker and required a higher
inhibitor concentration when the pineal strips were activated by
strong NE (1 pM). Melatonin secretion was 38.8 = 4.7-fold
increased by 6 h of 1 pM NE alone (n = 8) and 44.9 + 5.6-fold
(n=9,P=0.40) and 23.7 = 3.3-fold (n = 9, P = 0.02) increased
with 0.5 and 5 pM RS included, respectively (SI Appendix, Fig.
S24). The secretion of 5-HT was not affected by application of 1
uM NE (SI Appendix, Fig. S2B). RS did not decrease NAS
secretion induced by 1 pM NE (182 £ 46-fold increase for NE
alone, vs. 264 *+ 58-fold increase for NE with 5 pM RS; n = 8 to
9, P = 0.8) (SI Appendix, Fig. S2C).

It is clear that inhibition of 5-HT,¢ receptors could reduce
the NE-induced secretion of NAS and melatonin. The experi-
ments showed that even when the PG is cut into small strips,
enough constitutively secreted 5-HT accumulated in the tissue
to activate endogenous 5-HT,c receptors, and this activation of
receptors increased the responsiveness of pinealocytes to NE
stimulation. As further confirmation, we tested the effect of
adding exogenous 5-HT (Fig. 8E). Coapplication of 10 uM
5-HT increased NE-induced melatonin secretion by 1.7-fold
(n = 6 to 8, P = 0.02). Similarly, NAS secretion was doubled
(P = 0.02). This potentiation by 5-HT may better mimic the
physiological effects of constitutively secreted 5-HT that is
released and retained in glands that have not been sectioned
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Fig. 7. 5-HT activates 5-HT,c receptors in the membrane of pinealocytes and raises calcium. Intracellular calcium levels were monitored by calcium imag-
ing using Fura-2 AM fluorescence ratios (340/380 nm). (A) Calcium time course during application of 5-HT and NE. (B) Calcium time course in pinealocytes
preincubated for 10 min with 0.5 pM RS, a selective 5-HT,c antagonist, and then measured during application of 5-HT with RS and NE. (C) Magnified
traces from the red-dashed box (A and B), showing that RS blocked the induction of a modest calcium increase by 5-HT. Closed circles indicate the applica-
tion of 5-HT (A) and open circles indicate coapplication of 5-HT and RS (B). (D) Like 5-HT, WAY, a potent and selective 5-HT,c agonist, increased intracellu-

lar calcium by a pathway blocked by RS.

into small pieces. We presume that the effect of 5-HT is exerted
on melatonin synthesis (Fig. 1) since melatonin secretion by
membrane solubility follows obligatorily after synthesis (23).

Discussion

We studied signaling by 5-HT in the PG, describing 1) continu-
ous spontaneous release of 5-HT via an equilibrative trans-
porter, 2) activation of G4-coupled 5-HT2¢ receptors producing
a Ca”* signal, and 3) sensitization of NE-induced melatonin
production and the potential for an autocrine action of 5-HT.

Unique Mechanism of Pineal 5-HT Secretion. We started with previ-
ous studies. In the brain, the PG has the highest content of

5-HT (44), the precursor of melatonin. Many-day sampling by in
vivo pineal microdialysis shows strong constitutive 5-HT release,
day and night, with only modest circadian variations: a transient
100-min doubling prior to nocturnal onset of melatonin release,
followed by a nocturnal 50% depression during augmented mel-
atonin synthesis (8, 13). The early nocturnal doubling of 5-HT
release can be mimicked in isolated PGs by stimulation of
a-adrenergic receptors (Fig. 2) (12) and coincides with adrener-
gic activation of the 5-HT synthetic enzyme tryptophan hydroxy-
lase 1 (13), a transient rise of intracellular Ca®*, and a small
depolarization of the membrane potential (Fig. 7B) (21, 40). A
portion of the released 5-HT is taken up by sympathetic nerve
terminals and rereleased as 5-hydroxyindoleacetic acid (45).
Nerve terminals containing 5-HT in the PG include serotonergic
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Fig. 8. 5-HT,c receptors sensitize NE-induced melatonin and NAS secretion in pinealocytes. (A) Schematic of a single pineal strip in one well of a 96-well
plate. Strips were incubated individually in M199 for 6 h and then in M199 containing different drugs for another 6 h. Next, 0.2 uM NE was used to acti-
vate adrenergic receptors, and RS was used to block 5-HT,¢ receptors. After each 6-h incubation, the solutions were collected and used to measure mela-
tonin (B), 5-HT (C), and NAS (D) levels by UPLC/MS. (E) Normalized levels of secreted melatonin (green), 5-HT (red), and NAS (black) after further applica-
tion of 5-HT with NE were measured as a positive control. The green dotted line indicates the basal melatonin secretion. When exogenous 5-HT was
added to the bath, it was not possible to measure endogenous 5-HT secretion. Fold increases relative to the baseline incubation in M199 were compared

using a t test. **P < 0.01 and *P < 0.05.
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innervation and also the sympathetic endings that can take up
5-HT (45-48). In perifusion studies of acutely dissected and
unstimulated PGs, addition of the 5-HT uptake blocker fluoxe-
tine increases the collected 5-HT by 24% and decreases col-
lected 5-hydroyindoleacetic acid (45). Thus, a 5-HT uptake is
operative but removes only a minor component of the total
secreted 5-HT. This net uptake into neurons is by a fluoxetine-
sensitive, Na*-coupled 5-HT uptake mechanism rather than by
the equilibrative transporters of pinealocytes. The pinealocytes,
isolated PGs, and strips that we and most others have studied
were cultured for >48 h to allow degeneration of such nerve ter-
minals, so the 5-HT we measure here would be from pinealo-
cytes and includes the extra ~20% that would have normally
been taken up by nerve endings (9, 12, 20, 45).

The mechanism of 5-HT release has been unclear.
NE-induced transient elevations of 5-HT release have been
considered as calcium-regulated exocytosis from vesicles (26,
49, 50). However, although high-KCl, ACh, and NE each ele-
vate intracellular Ca** (Fig. 7) (21, 30, 31, 40), none of these
treatments evoked quantal releases of oxidizable materials like
5-HT from pinealocytes (Fig. 3). As we confirmed for ACh
application with MS (Fig. 2C), neither ACh nor KCI elevates
basal 5-HT secretron from isolated PGs (26). Furthermore,
there is no Ca®" elevation or adrenergic stimulation of PGs
that accompanies the strong constitutive 5-HT secretion during
daytime (9, 13). We conclude that very little of the ongoing
5-HT secretion from PGs could be Ca**-dependent exocytosis.

In the absence of NE, we found that the constitutive efflux
of 5-HT from pineal strips was blocked by decynium-22 (Fig.
4B), a blocker of organic cation and monoamine transporters in
the OCT1-3 (SLC22A41-3) and PMAT (SLC29A44) gene families
(34). Unlike the well-known, high-affinity monoamine trans-
porter families, these are low-affinity, high-capacity equilibra-
tive transporters driven by the electrochemical gradient of the
substrate and not coupled to gradients of monovalent Na™, K*,
or H". In the nervous system, equilibrative transporters can
take up large amounts of released monoamine neurotransmit-
ters aided by a negative resting potential when extracellular
transmitter concentrations are high and intracellular concentra-
tions are low (34). They would operate in parallel with the
substrate-specific, high-affinity transporters. Transcripts for
OCT3 and PMAT are present in the pineal (51, 52). PMAT has
the higher capacity for 5-HT, an uptake K,,, of 114 pM, and can
catalyze reverse transport (efflux) of substrate from cell lines
when the electrochemical gradient favors exit (37). For compar-
ison, OCT?2 has an uptake K,,, of 3.6 mM (53). The membrane
potential of pinealocytes is —45 to —55 mV, less negative than
in neurons (40, 54), but still favoring cation influx. However, we
presume that the continual active synthesis of 5-HT in pinealo-
cytes always keeps cytoplasmic 5-HT well above that in the
extracellular space, engaging reverse transport constitutively,
likely via the equilibrative 5-HT-favoring PMAT transporter.

Pineal 5-HT Receptor Signaling. The PG is tightly packed with
cells, mainly pinealocytes and minor glial and interstitial cells
(55-57). Release of 5-HT would elevate the local extracellular
concentration as the secreted product builds up in this tight
space. Gene-chip studies show that the principal 5-HT receptor
subtype in PGs is 5-HT,c (K; < 0.1 pM 5-HT), whose tran-
scripts are up-regulated 2.2-fold at night (51). These Gg-cou-
pled receptors are sensitive to RS, agonized by WAY raise
intracellular Ca** and, likely, may activate protein kinase C.
Consistent with this, we demonstrated that 5-HT acted on an
RS-sensitive and WAY stimulated receptor in pinealocytes to
raise intracellular Ca** and not cAMP, and to sensitize
NE-stimulated melatonin secretion from PGs (Figs. 5 D and E,
7 C and D, and 8E). In addition, RS profoundly depressed
NE-evoked melatonin secretion even without added 5-HT,

Lee et al.
Serotonin.medulates melatonin synthesis as an autocrine neurotransmitter
in the pineal gland

confirming the importance of constitutive action of endogenous
5-HT released in the tissue (Fig. 8B). Our work extends a care-
ful in vivo study on freely behaving rats showing that nocturnal
but not diurnal melatonin secretion is enhanced by systemic
injection of 5-HT,¢ agonists, and depressed by injection of 5-
HT,c antagonists (41, 58).

Effect of 5-HT on Melatonin Synthesis. When pineal strips were
stimulated by a low concentration of NE (0.2 pM), constitutive
5-HT,¢ receptor stimulation seemed essential for meaningful
activation of melatonin secretion (Fig. 8B). But when strips
were stimulated by saturating concentrations of NE (1 pM),
5-HT was not needed for maximal melatonin secretion. Thus,
we can say that constitutively released 5-HT is increasing the
sensitivity of the gland to stimulation by NE. These observa-
tions parallel old findings that p-adrenergic receptor induction
of AANAT activity in vitro is amplified by 5-HT, that 5-HT does
not induce AANAT by itself (20), and that 5-HT,c agonists
injected systemically in vivo enhance and 5-HT,c antagonists
depress nocturnal melatonin secretion (41, 58). Maximal adre-
nergic induction of AANAT requires both «;-adrenergic Ca**
signals and f;-adrenergic cAMP signals (1, 59). Presumably, 5-
HT,c receptors potentiate by stimulating the Ca®* branch,
likely acting at the level of AANAT activation. The modulatory
effects of 5-HT resemble those of o-receptors (60) and oy-adre-
nergic receptors (61) in the PG. Alone they do not activate
AANAT, but they potentiate the p-adrenergic signal.

Conclusion

5-HT, synthesized in the PG as a precursor of melatonin syn-
thesis (Fig. 1), is released in a constitutive manner by efflux
through equilibrative transporters, possibly PMAT. The
released 5-HT acts locally in an autocrlne/paracrlne fashion on
pinealocyte 5-HT,¢ receptors generating Ca* signals and sen-
sitizing stimulation of melatonin synthesis by NE.

Materials and Methods

Animals and Cell Culture. Male Sprague-Dawley rats (6- to 18-wk-old, ~150 to
450 g) were housed with a 14:10 light:dark cycle for >2 wk. Animal care and
surgery followed protocols approved by the University of Washington Institu-
tional Animal Care and Use Committee. PGs were removed from rats killed by
CO, around midday (Zeitgeber time, ZT: 4 to 6).

Pineal cells were prepared and cultured as described previously (54). Disso-
ciated cells were incubated at 37°C in a CO, incubator for 1 to 3 d before use.
All single-cell measurements were performed during daytime (ZT: 4 to 12).
Pinealocytes were visually identified by small blobs at their cell surface under
differential interference contrast optics (54). In contrast, glial cells and fibro-
blasts have a clear membrane. All single-cell experiments were performed at
room temperature in Ringer’s solution.

Pineal Strips. A single PG was immersed in liquid agar (2%) for slicing. Liquid
agar was prepared in Ringer’s by warming to 80°C and cooling to 45°C. The
immersed PG was suctioned into a cutoff 1-mL syringe, repositioned in the
middle of a semiliquid agar block, and allowed to cool. This block was sliced at
400-pm thickness by a Vibratome 1000 Classic (IMEB) (Fig. 2A). Slices contain-
ing pineal tissue were transferred into 2% agar solution once again and
cooled. The re-embedded agar block was sliced orthogonally at 300- or 400-
pum thickness. This two-step procedure yielded 9 to 15 elongated pineal strips
from one PG. They were incubated in DMEM for 48 h before use to allow sym-
pathetic terminals to degenerate.

Secretion from Pineal Strips. For perifusion experiments (Fig. 4), single strips
were washed twice with M199 medium (Life Technologies) and inserted into a
glass microchamber perfused by a peristaltic pump. The perfusate was
collected every 20 min at 37 °C and 5% CO,. Samples (100 to 200 pL) were cen-
trifuged at 800 x g for 3 min to remove any released pinealocytes. The superna-
tant was centrifuged again at 16,000 x g for 10 min and the clear supernatant
was stored at —80 °C until the UPLC/MS analysis.

For short-term (Fig. 2) and long-term (Fig. 8) secretion, each strip was
washed with M199 medium, transferred into a 96-well plate with 120 or
200 pL M199, and incubated at 37°C and 5% CO,. After incubation with
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M199, solution was collected (Control), and new solution was added for a
second incubation (Drug). Samples were centrifuged and stored as in the peri-
fusion experiment. Sampling using PG strips was carried out at ZT: 4 to 12.

UPLC/MS. Molecules secreted from pineal strips were analyzed with UPLL/MC
as described previously (9). Briefly, samples and standard solutions were sepa-
rated by liquid chromatography and ionized by Xevo TQ-S MS/MS in electro-
spray ionization (ESI)-positive mode. MRM acquisition monitored fragments
that were quantified as peak areas.

Transfection. To measure cAMP in pinealocytes, we transfected an Epacl-
derived plasmid (gift from Martin Lohse, University of Wurzburg, Wurzburg,
Germany). Pinealocytes were hard to transfect by conventional Lipofectamine
or by several adenoviruses or baculovirus. Therefore, we used a magnetofec-
tion kit for primary cells (OZ Bioscience) following the protocol of the manu-
facturer: 2 pL of cDNA and 6 pL MTX transfection reagent were allowed to
combine with 2 pg of magnetic nanoparticles (CombiMag) for 20 min and
transported into cells with 1x MTXBoost by a magnetic field on the top of the
supplied magnetic plate for 20 to 30 min. In preliminary experiments, we opti-
mized intracellular transfection and expression of a different fluorescent pro-
tein label after standard culture for 1 to 2 d (SI Appendix, Fig. S1). Since the
Epac1 probe is also fluorescent, it could be confirmed in each cell we studied.

Amperometry. A 10-um amperometric carbon-fiber probe (28) was placed
close to or touching the pinealocytes to detect the quantal events from the
oxidation of released compounds. An applied electrode potential of +600 mV
oxidized 5-HT molecules readily. Amperometric currents were recorded with
an EPC-9 amplifier (HEKA Electronic), filtered at 100 Hz and sampled at 500
Hz. The Ringer’s bath solution contained: 135 mM NacCl, 5 mM KCl, 2 mM
CaCl,, 1 mM MgCl,, 10 mM Hepes, pH 7.3 adjusted with NaOH. K-rich bath
solution contained: 140 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, pH
7.3 adjusted with KOH. A subset of cultured cells was loaded with exogenous
dopamine for 35 min at room temperature (32, 33) and measured within 1 h.

FRET. We measured FRET efficiency by the three-cube method using trans-
fected Epacl protein tagged with CFP and YFP at N and C termini (38).
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Transfected pinealocytes were excited at two wavelengths, and fluorescent
light was measured at two wavelengths at 1 Hz. Data were corrected for back-
ground, analyzed as FRET efficiency, and normalized to the starting baseline
of each experiment as described previously (62).

Patch Clamp. lonic currents were recorded from single pinealocytes in the
whole-cell configuration at room temperature using an EPC-9 patch-clamp
amplifier. Data were low-pass filtered at 1 kHz and sampled at 5 kHz (54). The
pipette resistance was 2 to 3 MQ and series resistance was compensated by at
least 70%. The bath solution was Ringer’s solution. Pipette solution consisted
of: 10 mM Nacl, 140 mM KCl, 1 mM MgCl,, 1 mM EGTA, pH 7.3 adjusted
with KOH.

Calcium Imaging. Pinealocytes were loaded with 2 pM Fura 2-AM with 0.05%
pluronic F-127 in Ringer’s in darkness for 45 min at room temperature and
then incubated in dye-free Ringer’s for an additional 20 min. Imaging used a
Nikon TE2000-U microscope equipped with a Polychrome monochromator
(Polychrome IV; TILL Photonics) and a CCD camera (Photometrics). The excita-
tion wavelengths were 340 and 380 nm, and fluorescence emission was col-
lected at 510 nm every 2 s using Metafluor software (Molecular Devices). The
ratio of emission of excitation from 340 nm vs. 380 nm (340/380) served to
measure free calcium.

Statistical Analysis. Data are presented as mean = SEM, n is the number of
cells or pineal strips. Student’s t test was used to test the significant difference
between two groups. P < 0.05 was regarded as significant.

Data Availability. All study data are included in the article and S/ Appendlix.
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