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Rat pinealocytes receive noradrenergic innervation that stimulates
melatonin synthesis in a cAMP-mediated manner. In addition to
melatonin, we showed previously that pinealocytes secrete
L-glutamate through an exocytic mechanism. The released gluta-
mate inhibits norepinephrine (NE)-dependent melatonin synthesis.
Consistent with this observation, specific agonists of class II
metabotropic glutamate receptors (mGluRs), including 1-(1S,3R)-
aminocyclopentane-1,3-dicarboxylic acid (tACPD), inhibited NE-
dependent melatonin synthesis, whereas agonists for other types
of glutamate receptors did not. Furthermore, reverse transcription-
PCR, Northern blotting, and immunohistochemistry analyses in-
dicated expression of class II mGluR3 in pinealocytes. Inhibitory

guanine nucleotide-binding protein (Gi ) was also detected in pi-
nealocytes. L-Glutamate or agonists of class II receptors de-
creased NE- or forskolin-dependent increase of cAMP and
serotonin-N-acetyltransferase activities to similar extents. These
effects were blocked by pertussis toxin or dibutyryl cAMP. These
results indicate that the inhibitory cAMP cascade is involved in the
glutamate-evoked inhibition of melatonin synthesis. We propose
that the glutaminergic system negatively regulates NE-dependent
melatonin synthesis in rat pinealocytes.
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Melatonin, a hydrophobic hormone that affects many physiolog-
ical functions such as circadian rhythm and seasonal reproduc-
tion, is mainly synthesized in pinealocytes (Axelrod, 1974; Klein,
1985; Reiter, 1991; Korf et al., 1996). In mammals, the synthesis
and discharge of melatonin is under photoperiod control, acting
by way of the suprachiasmatic nuclei (SCN) of the hypothalamus
(Axelrod, 1974; Klein, 1985; Reiter, 1991; Korf et al., 1996). At
night, the SCN send stimulatory signals to the pineal gland
through sympathetic neurons. Norepinephrine (NE) released
from nerve endings binds to the adrenergic receptors at the
plasma membrane of pinealocytes and activates adenylate cyclase
through a heterotrimeric guanine nucleotide-binding protein
(Gs). The resultant increased concentration of cAMP stimulates
transcription of serotonin N-acetyltransferase (NAT) (Axelrod,
1974; Klein, 1985; Reiter, 1991; Borjigin et al., 1995; Coon et al.,
1995; Korf et al., 1996; Roseboom et al., 1996). The daily change
of NAT mRNA and its activity are not completely correlated with
each other. The rate of decrease of NAT activity is much faster
than the rate of degradation of its mRNA in the downregulation
phase, which is induced by light exposure (Roseboom et al., 1996;
Bernard et al., 1997). This observation suggests the presence of a
negative regulatory mechanism for NAT activity in pinealocytes;
however, no evidence is available for the functional operation of

such a negative regulatory mechanism in melatonin synthesis in
pinealocytes.

Pinealocytes function as glutaminergic endocrine cells and use
glutamate as a chemical transmitter through an autocrine- or
paracrine-like mechanism. Pinealocytes accumulate L-glutamate
in microvesicles and secrete the transmitter by Ca21-regulated
exocytosis (Moriyama and Yamamoto, 1995a,b; Yamada et al.,
1996a,b; Yatsushiro et al., 1997). Extracellular glutamate is se-
questered through a GLT-1 type Na1-dependent glutamate
transporter in the plasma membrane (Yamada et al., 1997). Al-
though the physiological function of glutaminergic systems is not
understood at present, this system is a candidate for negative
regulation of melatonin synthesis (Moriyama et al., 1996). In fact,
exogenous L-glutamate inhibits NAT activity (Govitrapong and
Ebadi, 1988) and synthesis (Yamada et al., 1996a,b) and secretion
(Kus et al., 1994; van Wyk and Daya, 1994) of melatonin in
mammalian pineal glands in vitro. It is likely that this glutamate-
evoked inhibition of melatonin synthesis is mediated by a signal
transduction pathway involving one or more types of glutamate
receptors.

To define the role of glutamate in pinealocytes, we investigated
a signal transduction pathway by which glutamate inhibits mela-
tonin synthesis in rat pinealocytes. We found that pinealocytes
express class II metabotropic glutamate receptors (mGluRs).
After binding of agonist, cAMP production is decreased by way
of inhibitory G-proteins (Gi), resulting in decreased NAT activity
and melatonin synthesis. This is the first demonstration of the
involvement of mGluRs in the regulation of endocrine function.

MATERIALS AND METHODS
Cell culture and treatment with glutamate or its analogs. Organ and cell
cultures of the pineal glands from Wistar rats at 3 postnatal weeks were
performed as described (Yamada et al., 1996a, b; Yatsushiro et al., 1997).
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In brief, pineal glands were dissected into small pieces, treated with a
0.1% collagenase solution (Life Technologies, Gaithersburg, MD) at
37°C for 30 min with gentle shaking, and washed with PBS. After
centrifugation at 180 3 g for 2 min, the pieces were treated with 0.025%
trypsin solution (Life Technologies) at 37°C for 20 min and centrifuged
at 180 3 g for 5 min. The dispersed cells were washed three times with
DMEM supplemented with 6% fetal calf serum, 55 mg/ml sodium pyru-
vate, 6 mg/ml glucose, 0.1 mg/ l streptomycin, 100 U/ml penicillin G, and
0.25 mg/ l fungizone. Cells were placed in a 35 mm culture dish coated
with collagen (type I) (Corning, Corning, NY) to give 2.5 3 10 6 cells/
dish, and they were cultured in the above medium at 37°C under 10%
CO2. For experimental procedures, organ and cell cultures were main-
tained for 1 and 5 d, respectively, washed with culture media, and
cultured further for 1 hr. At this point, 10 mM NE and glutamate or its
analogs at the indicated concentrations were included. After further
incubation for 6 hr, media and cells were carefully collected and used for
experiments.

Reverse transcription-PCR (RT-PCR) analysis. Total RNA extracted
from isolated glands (1 mg) was transcribed into cDNA in a final volume
of 20 ml of reaction buffer containing 0.5 mM each deoxynucleotide
triphosphate (dNTP), 10 mM dithiothreitol, 100 pmol of random octam-
ers, and 200 U Moloney murine leukemia virus reverse transcriptase
(Amersham, Japan, Tokyo, Japan). After a 1 hr incubation at 42°C, the
reaction was terminated by heating at 90°C for 5 min. For PCR amplifi-
cation, the 100-fold diluted synthesized cDNA solution was added to the
reaction buffer containing 0.12 mM dNTPs (30 mM each dNTPs), 25 pmol
of primers, and 1.5 U recombinant Taq DNA polymerase (Takara).
Thirty temperature cycles were conducted as follows: denaturation at
94°C for 30 sec, annealing at temperatures specific for each set of primers
for 30 sec, and extension at 72°C for 1 min. Then the resultant products
were diluted 100-fold, and the solution (1 ml) was transferred into the
nested PCR buffer containing 60 mM dNTPs (15 mM each), 25 pmol of
primers, and 1.5 U Taq polymerase. Then, 25 temperature cycles were
conducted as described above. Amplification products were finally ana-
lyzed by PAGE.

Sequences of the oligonucleotides used as primers were based on

published sequences (Tanabe et al., 1992). The following sequences
were used for amplification of mGluR2: the specific sense primer, 59-
CCAC TCTCTGCGGGCCGTGCC-39 (bases 1091–1112); the anti-
sense primer, 59-CCTATCTGCGGGCAGGCAGTGGG-39 (bases
1369–1391); primer for the second PCR, 59-GGTTAATGCCGTC-
TATGCCATG-39 (bases 1143–1164); and the antisense primer, 59-
CTTTGGTGACGGTATTGGCCGC-59 (bases 1335–1356). The follow-
ing sequences were used for amplification of mGluR3: the specific sense
primer, 59-GCTCCAACATCCGCAAGTCCTA-39 (bases 746–767); the
antisense primer, 59-GACAAGCACCTGGCCATTGACA-39 (bases
1120–1141); the sense primer for the second PCR, 59-CCTACGACA-
GCGTGATACGTGA-39 (bases 764–786); and the antisense primer, 59-
TGATCGCTACTTCCAGAGCCTC-39 (bases 999–1020).

Northern blotting. Total RNA (25 mg) isolated from pineal gland or
other tissues was separated on a formaldehyde agarose gel (1%) and
transferred to a nylon membrane (Amersham). The immobilized RNA
was probed with cDNA fragments of mGluR2 and mGluR3 (bases
1143–1356 and 764–1020, respectively) labeled with [ 32P]dCTP by ran-
dom priming. After they were washed extensively, the membranes were
subjected to autoradiography using BAS 1000 film (Fuji Film Co.).

Immunohistochemistry. Pineal cells on poly-L-lysine-coated glass cov-
erslips were fixed in 4% paraformaldehyde for 20 min, washed with PBS,
incubated with PBS containing 0.1% Triton X-100 for 30 min and further
with 10% goat serum in PBS, and reacted with antibodies at 5 mg/ml and
antisera at 2003 diluted in PBS containing 0.5% bovine serum albumin
for 1 hr. The samples were washed three times with PBS and reacted with
the second antibodies conjugated with rhodamine (red) or fluorescein
(green), and the immunoreactivity was observed under an Olympus
BH-2 fluorescence microscope.

ADP-ribosylation of Gi protein. Pertussis toxin (PTX) holoenzyme was
activated with 0.1 M Tris-HCl, pH 8.0, containing 0.1 M dithiothreitol and
0.1 mM ATP at 30°C for 30 min. Pinealocytes (1.25 3 10 7 cells/dish) were
cultured in the presence or absence of PTX (0.1 or 1 mg/ml) for 24 hr.
The cells were homogenized in 50 mM Tris-HCl, pH 8.0, containing 5
mg/ml leupeptin and 5 mg/ml pepstatin A at 4°C and centrifuged at
1000 3 g for 10 min. The resultant supernatant was further centrifuged

Table 1. Effects of GluRs agonists on the NE-dependent increase of cAMP and NAT activity

Additions Melatonin production (%) NAT activity (%)
cAMP synthesis
(%)

Experiment 1
Control (1NE 10 mM) 100 100 100
L-Glutamate 8.2 6 2.8 30.6 6 6.0 43.8 6 3.2
NMDA 101.9 6 6.1 93.8 6 8.4 107.6 6 7.8
AMPA 102.8 6 11.8 100.6 6 10.2 98.7 6 10.5
Kainate 113.0 6 8.1 98.4 6 7.3 104.6 6 9.4
Ibotenate 95.6 6 7.8 92.6 6 6.2 98.0 6 6.7
(S)-3,5-DHPG 105.6 6 6.8 98.5 6 9.2 102.9 6 5.6
Quisqualate 111.0 6 7.4 102.6 6 9.5 105.2 6 10.4
tACPD 56.5 6 5.2 46.1 6 1.9 52.9 6 3.5
L-CCG-I 49.1 6 3.5 51.6 6 1.4 50.0 6 1.6
DCG IV 57.1 6 4.0 55.3 6 2.3 48.4 6 2.9
(S)4C3HPG 62.7 6 4.5 60.3 6 1.8 55.7 6 5.4
L-AP4 108.2 6 12.1 101.3 6 6.1 103.9 6 8.3
L-Glutamate 1 MCCG 69.7 6 6.5 95.4 6 3.8 101.5 6 5.7
L-CCG-I 1 MCCG 101.2 6 10.5 106.3 6 9.8 104.7 6 7.3

Experiment 2
Control (1DBcAMP 1 mM) 100 100 NT
tACPD 103.5 6 2.5 105.5 6 4.6 NT
L-CCG-I 113.1 6 6.9 95.5 6 8.2 NT
DCG IV 103.0 6 9.1 115.9 6 4.2 NT

Pineal glands (five glands each) were incubated in 1 ml of DMEM for 1 hr. After the glands were washed with MEM, NE (10 mM) (Exp. 1) or DBcAMP (1 mM) (Exp. 2)
plus listed compounds (1 mM each, except MCCG at 2 mM) were added. After further incubation for 6 hr, the medium was carefully collected, and the melatonin content was
determined. Simultaneously, the glands were homogenized, and NAT activity was assayed. For cAMP measurements, cultured cells were used. The results are presented as
relative activity 6 SEM (four independent experiments). In Experiment 1, 100% activities for melatonin synthesis was 0.55 nmol/ml, NAT activity was 2.2 nmol z min21 z mg21

protein, and cAMP content was 0.54 nmol/106 cells. For Experiment 2, 100% activities for melatonin synthesis was 0.48 nmol/ml, and NAT activity was 1.4
nmol z min21 z mg21 protein. MCCG itself did not affect NE-dependent NAT activity, melatonin synthesis, and cAMP levels. Neither L-glutamate nor GluRs agonists affected
the level of these activities in the absence of NE. NT, Not tested. (S)-3,5-Dihydroxyphenylglycine ((S)-3,5-DHPG) is an agonist for class I mGluRs (Sekiyama et al., 1996).
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at 96,000 3 g for 30 min. The pellet was suspended in 0.1 M Tris-HCl, pH
8.0, and used as the membrane fraction from pinealocytes. The mem-
branes (30 mg protein) were labeled with [ 32P]NAD (67 mM, 2 mCi/assay)
in the presence of PTX (10 mg/ml) in a buffer consisting of 0.1 M Tris-Cl,
pH 8.0, 10 mM thymidine, 1 mM ATP, 0.1 mM GTP, 0.1 mM MgCl2 , 1 mM
EDTA, and 1 mM dithiothreitol at 30°C for 30 min (Bokoch et al., 1983).
The assays were terminated by addition of SDS sample buffer, and the
proteins were separated on a 10% polyacrylamide gel in the presence of
SDS. Labeled protein bands were visualized with BAS 1000 film.

Quantitation of cAMP. Cells (2.5 3 10 6 cells/dish) were washed twice
with Ringer’s solution, incubated with 1 mM 3-isobutyl-1-methylxanthine
for 20 min, and exposed for 10 min at 37°C to various concentrations of
glutamate or its analogs in the presence or absence of 10 mM NE (Tanabe
et al., 1992). The reactions were terminated by washing cells with ice-cold
Ringer’s solution containing 5% trichloroacetic acid. The cells were then
vigorously homogenized and centrifuged at 1500 3 g for 10 min. After
centrifugation, the supernatant was carefully collected, and the content
of cAMP was measured by enzyme immunoassay according to the
manufacturer’s instructions (Amersham).

Other procedures. Melatonin was measured by HPLC using an IRICA
RP-18T column and an amperometric detector (E-558) as described by
Sagara et al. (1988). NAT activity was measured as described previously
(Thomas et al., 1990). DNA sequencing was performed by the chain-
termination method (Sambrook et al., 1989). Membrane fractions from
rat brain were prepared as in Moriyama and Futai (1990). Protein
concentrations were determined using a Bio-Rad Protein Assay Kit with
bovine serum albumin as a standard.

Materials. Agonists and antagonists for GluRs listed in Table 1 were
purchased from Tocris Cookson. [ 32P]NAD (30 Ci/mmol) was obtained
from New England Nuclear. PTX was from Research Biochemicals
(Natick, MA). The cAMP enzyme immunoassay kit was from Amersham.
Polyclonal antibodies against mGluR2/3 and monoclonal antibodies against
Gi1-a proteins were obtained from Chemicon (Temecula, CA). Polyclonal
antibodies against Gi1-a proteins were also obtained from Wako Chemicals
(Osaka, Japan). Monoclonal antibodies against synaptophysin (mAb171B5)
(Obata et al., 1986) were kindly supplied by Dr. M. Takahashi (Mitsubishi
Kagaku Institute of Life Science, Japan). Other chemicals used in the study
were the highest grade commercially available.

RESULTS

Effects of GluR agonists on NE-stimulated
melatonin synthesis

Exogenous L-glutamate strongly inhibited both NE-stimulated me-
latonin synthesis and NAT activity (Table 1). The inhibition was
not observed with D-glutamate or its metabolites such as
g-aminobutyrate (Yamada et al., 1996a), supporting the conclusion
that receptor-mediated glutamate signaling is involved in the inhi-
bition. Pharmacological analyses with agonists for various GluRs
were performed to investigate participation of GluRs in this puta-
tive glutamate signaling in pinealocytes. We observed that 1 mM

tACPD, (2S,19S,29S)-2-(carboxycyclopropyl)-glycine (L-CCG-I),
(2S,29R,39R)-2-(29,39)dicarboxycyclopropyl-glycine (DCGIV), and
(S)-4-carboxy-3-hydroxyphenylglycine [(S)4C3HPG], agonists for
class II mGluRs (Hayashi et al., 1992, 1993, 1994; Tanabe et al.,
1992, 1993), inhibited melatonin synthesis ;50%, as was the case
of L-glutamate. No other mGluR agonists, including NMDA and
quisqualate, were effective (Table 1). Furthermore, the glutamate-
or L-CCG-I-evoked action was blocked by (2S,3S,4S)-2-methyl-2-
(carboxycyclopropyl)glycine (MCCG), a specific antagonist for
class II mGluRs (Sekiyama et al., 1996) (Table 1). These results
strongly suggest that class II mGluRs are involved in glutamate
signaling. Because this class of mGluRs is known to be negatively
coupled to adenylate cyclase (Nakanishi, 1992; Tanabe et al., 1992,
1993; Riedel, 1996), we hypothesized that on binding of glutamate,
the receptor triggers a Gi cascade resulting in decreased cAMP
concentration and, subsequently, decreased NAT activity and me-
latonin synthesis.

Figure 1. Expression of mGluR3 in pineal glands. A, RT-PCR detection of transcripts for mGluR2 (lanes 2 and 3; expected product size was 214 bp)
and mGluR3 (lanes 4 and 5; expected product size was 257 bp) in pineal gland (lanes 3 and 5) and brain (lanes 2 and 4 ). Molecular weight markers are
in lane 1. B, C, Expression in various tissues of mGluR3 mRNA (B) and mGluR2 mRNA ( C) was examined by Northern analysis. Total RNA from the
indicated tissue sources were probed as described in Materials and Methods. For a loading control, hybridization of probes specific for G3PDH
transcripts was performed in the same RNA blots as shown in the bottom panel.
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Expression of mGluR3 in pineal gland
To test this hypothesis, we investigated whether class II mGluRs
are expressed in pineal glands. There are two known isoforms of
class II mGluRs: mGluR2 and mGluR3 (Nakanishi, 1992; Tanabe
et al., 1992, 1993; Riedel, 1996). In RT-PCR analysis of pineal
RNA, amplified products of the expected sizes were obtained
(Fig. 1A). The nucleotide and deduced amino acid sequences of
the amplified DNA products exactly matched those of the two
isoforms. Northern analysis using the RT-PCR products further
demonstrated the expression of mRNA for mGluR3 (Fig. 1B).
Two distinct RNA bands from brain and pineal origins hybrid-
ized with the mGluR3 probe. The presence in brain of two
distinct RNA bands for this receptor was reported previously
(Tanabe et al., 1993). Furthermore, no expression of the mRNAs
for mGluR3 was observed in other tissues tested (Fig. 1B). On
the other hand, there was no detectable hybridization of the
mGluR2 probe to pineal gland RNA (Fig. 1C). It appears that the
level of mGluR2 transcript was below the detection limit of our
Northern analysis.

Localization of mGluR3 and Gi in pinealocytes
Because the pineal gland contains several cell types, localization
of mGluR3 to pinealocytes was important. Immunohistochemis-

try with antibodies specific for class II mGluRs indicated that the
antigen was expressed in synaptophysin-positive cells, an indica-
tor of pinealocytes (Redecker and Bargsten, 1993; Moriyama and
Yamamoto, 1995a; Yamada et al., 1996a). No antigen was present
in nonpinealocyte cells (Fig. 2A–C). Gi1a, the major subunit of
the Gi protein that is linked to mGluR3, was also detected
immunologically in pinealocytes but not in other cells types (Fig.
2D–F). Both class II mGluRs and Gi proteins were colocalized in
the same pinealocytes (Fig. 2G–I). These results confirmed that
both mGluR3 and Gi proteins are present in pinealocytes.

Mechanism of glutamate-evoked inhibition of
melatonin synthesis
We further investigated the glutamate-mediated signaling path-
way that inhibits melatonin synthesis. As expected, L-glutamate
and four different mGluR3 agonists [tACPD, L-CCG-I, DCGIV,
and (S)4C3HPG] decreased both cAMP and NAT activity in a
parallel manner (Table 1). These effects were reversible. After
cells were washed to remove agonists, the concentration of
cAMP, NAT activity, and melatonin synthesis returned to con-
trol levels after addition of NE. Similar glutamate- or agonist-
evoked inhibition of cAMP synthesis was observed with cells
stimulated by isoprenaline, a specific agonist for b receptors

Figure 2. Immunohistochemical localization of mGluR3 and Gi in pinealocytes. Cultured pineal cells were double-immunolabeled with antibodies
against both mGluR2/3 and synaptophysin (A, B), or Gi1a and synaptophysin (D, E). Colocalization of mGluR3 (G) and Gi1a (H ) in the same
pinealocytes was also shown by immunostaining with antibodies against mGluR2/3 and monoclonal antibodies against Gi1a. Nomarski images of each
cell are shown (C, F, I ). * indicates nonpinealocytes, which includes glial cells. P, Pinealocyte. Scale bar, 10 mm.
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(Rosen et al., 1970), or forskolin, a direct activator of adenylate
cyclase (Henquin et al., 1983) (data not shown). These results
suggested that the target of glutamate and agonists of pineal
mGluR3 is adenylate cyclase or downstream of it in noradrener-
gic signaling.

To obtain convincing evidence for functional coupling between
mGluR3 and adenylate cyclase, the effect of dibutyryl cAMP
(DBcAMP), a nonhydrolyzable cAMP analog, and PTX, a spe-
cific uncoupler of adenylate cyclase and Gi , was investigated.
Both treatments were expected to eliminate agonist-evoked de-
crease of cAMP concentration and NAT activity. Addition of
DBcAMP restored NAT activity and melatonin synthesis, both of
which were inhibited by L-glutamate and mGluR3 agonists (Table
1). PTX also blocked the glutamate-dependent decrease of
cAMP (Fig. 3A). Furthermore, under these conditions, PTX was
found to block ADP-ribosylation of Gia (Fig. 3B). On the basis of
these results, we concluded that mGluR3 and adenylate cyclase
are coupled through Gi in pineal glands.

DISCUSSION
L-Glutamate is an excitatory neurotransmitter of the CNS (Foster
and Fagg, 1984; Mayer and Westbrook, 1987). Recently, relatively
high concentrations of glutamate and the fundamental elements
of glutaminergic systems have been detected in peripheral endo-
crine organs such as islets of Langerhans (Inagaki et al., 1995;
Weaver et al., 1996), posterior pituitary (Meeker et al., 1994), and

pineal gland (Moriyama et al., 1996). Although the peripheral
glutaminergic systems were thought to be responsible for regula-
tion of hormonal secretion, little is known about their precise
roles or their modes of action. Mammalian pineal glands provide
good experimental systems for investigations of the function of
the peripheral glutaminergic systems, because parenchymal pine-
alocytes contain the complete machinery for secretion, termina-
tion, and utilization of glutamate signals (Moriyama et al., 1996).
In this study we investigated the mechanism by which glutamate
inhibits NE-dependent melatonin synthesis. We found that class
II glutamate receptors are negatively coupled to adenylate cyclase
through Gi.

Involvement of mGluR3 (or a closely related homolog previ-
ously unidentified) in glutamate-evoked inhibition of melatonin
synthesis was made evident by the following observations:
(1) agonists for class II mGluRs showed effects similar to L-
glutamate; (2) an antagonist for class II mGluRs blocked
glutamate- and L-CCG-I-evoked inhibition of melatonin synthe-
sis; (3) mGluR3 is expressed predominantly in pinealocytes; (4)
mGluR3 is functionally coupled as indicated by the Gi-dependent
decrease in cAMP levels on exposure to glutamate or mGluR
agonists; and (5) glutamate inhibits NAT activity in parallel to
lowered cAMP. Figure 4 depicts a model of the glutaminergic
signaling cascade in pinealocytes. Noradrenergic stimulation
from sympathetic neurons stimulates melatonin synthesis in a

Figure 3. A, B, PTX blocks glutamate-evoked decrease of cAMP. A, Pinealocytes were treated with PTX in the presence or absence of 1 mM glutamate,
and cAMP content was measured as described in Materials and Methods. Data are the mean 6 SEM of five independent experiments (bars). Control
activity (100%) was 0.54 nmol/10 6 cells. B, [ 32P]ADP-ribosylation of membranes from brain cortex and cultured pineal cells was performed as described
in Materials and Methods. Proteins were separated by SDS-PAGE and visualized by autoradiography. In the right lane, pineal membranes were
pretreated with PTX to block ribosylation sites. The arrow indicates Gi1a.
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cAMP-mediated manner. Glutamate signals through paracrine-
or autocrine-like mechanisms from pinealocytes stimulate pine-
alocytes via mGluR3. This results in a block of the noradrenergic
cascade by decreasing cAMP levels.

In addition to class II mGluRs, the class III receptors, mGluR4,
-6, -7, and -8, are also known to induce inhibitory cAMP-mediated
cascades (Nakanishi, 1992; Tanabe et al., 1992, 1993; Thomsen et
al., 1992; Okamoto et al., 1994; Riedel, 1996); however, combined
RT-PCR and Northern blotting with specific probes for these
receptors indicated that only the mGluR7 transcript was present in
pineal glands (S. Yatsushiro, Y. Yamada, Y. Moriyama, unpub-
lished observation). We note that the mRNA level was below the
detection limit, similar to the case of mGluR2. Furthermore, L-2-
amino-4-phosphonobutyrate (L-AP4), an agonist for mGluR7
(Thomsen et al., 1992; Okamoto et al., 1994), does not inhibit
melatonin synthesis. Taken together, these results suggest that class
III mGluRs do not participate in the inhibition of melatonin
synthesis. The possibility that closely related homologs of class II
mGluRs or novel types of receptors are involved in the signaling
cannot be completely excluded at this time.

We point out that the glutamate-evoked signaling via mGluR3
almost completely inhibited melatonin synthesis, whereas under
the same conditions ;40% of NE-dependent NAT activity and
cAMP levels remained (Table 1). Agonists for mGluR3 inhibited
;50% of melatonin synthesis, NAT activity, and cAMP levels
(Table 1). MCCG completely blocked the action of the agonists,
whereas the compound partially blocked the glutamate-evoked
inhibition of melatonin synthesis (Table 1). These results suggested
the presence of alternative inhibitory pathways for melatonin syn-
thesis other than the mGluR-mediated signaling cascade demon-
strated here. Preliminary experiments suggest that the target of the
alternative pathway is located in the melatonin-producing pathway
downstream of NAT (S. Ishio, Y. Yamada, Y. Moriyama, unpub-

lished data). It is also possible that the simultaneous activation of
GluRs other than class II mGluRs, which are not effective when
stimulated alone, may contribute to the glutamate action. In any
event, glutamate-evoked inhibition of melatonin synthesis is ob-
served in the presence of NE, indicating that the glutamate signal
dominates noradrenergic control. It is likely that the glutaminergic
system functions as an autonomic regulatory mechanism against
neuronal control in the pineal gland.

In vivo, secretion of NE from sympathetic nerve terminals
determines circadian rhythmicity of melatonin synthesis by way of
NAT activity. The systems generating the melatonin rhythm in
chickens and presumably other avians is believed to be different in
mammals, because the chicken pineal gland is directly photosen-
sitive and the rhythm emanates from the pineal gland itself
(Axelrod, 1974; Klein, 1985; Reiter, 1991; Korf et al., 1996).
Furthermore, NE from chicken sympathetic neurons is released
in daytime and inhibits melatonin output through an aII
receptor-linked inhibitory cAMP cascade (Pratt and Takahashi,
1987; Zatz and Mullen, 1988). The glutaminergic signaling cas-
cade found in rat pinealocytes may functionally replace the NE
signaling in chick pineal glands. We further point out the simi-
larity in the neuroendocrine properties of pinealocytes and reti-
nal photoreceptor cells. Both cells are derived from hypothala-
mus, secrete glutamate by regulated exocytosis, and sequester it
through a Na1-dependent glutamate transporter. In addition, the
photoreceptor cells may synthesize and secrete melatonin with
circadian rhythmicity (Tosini and Menaker, 1996). We expect
that glutaminergic systems similarly regulate melatonin synthesis
in photoreceptor cells.
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