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1 The e�ect of adenosine 5'-triphosphate (ATP) on glutamatergic synaptic transmission in
hippocampus was examined by an indicator of intracellular Ca2+ oscillations. These oscillations were
postsynaptic responses by glutamate released from presynaptic sites. ATP completely inhibited the
oscillations in a concentration-dependent manner.

2 The ATP-induced inhibition was mediated via P2-purinoceptors since ATP exhibited the inhibitory
action even in the presence of P1-purinoceptor antagonists. Also non-hydrolysable ATP analogues and
uridine 5'-triphosphate (UTP) inhibited the oscillation.

3 The rank order of agonist potency of ATP analogues for inhibition of the Ca2+ oscillation was as
follows: 2-methyl-thio-adenosine 5'-triphosphate5ATP4adenosine 5'-O-(3-thiotriphosphate)4UTP4-
a,b-methylene-adenosine 5'-triphosphate. These inhibitory e�ects were insensitive to suramin. Judging
from this rank order of potency, the inhibitory P2-purinoceptor could be assigned to a subclass of GTP-
binding protein coupled-type receptors.

4 The site of action of ATP was thought to be presynaptic since ATP did not a�ect the postsynaptic
Ca2+ responses by glutamate. These results suggest the existence of a presynaptic inhibitory P2-receptor
that inhibits glutamate release in the hippocampus.
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Introduction

Adenosine 5'-triphosphate (ATP) has joined the growing list of
neurotransmitters in the central nervous system. The cDNAs
encoding P2-purinoceptors coupled with guanosine 5'-tripho-
sphate (GTP)-binding proteins (G-proteins) (Lustig et al.,
1993; Webb et al., 1993) and those forming cation channels
(Brake et al., 1994; Valera et al., 1994; Chen et al., 1995; Lewis
et al., 1995) have been cloned and characterized. Northern blot
analysis shows that mRNAs coding for these purinoceptors are
expressed in various brain regions including the hippocampus
(Collo et al., 1996; SeÂ gueÂ la et al., 1996). It has been shown that
ATP is released from hippocampal slices by electrical stimu-
lation of Scha�er collateral-comissural a�erents (Wieraszko et
al., 1989), and that ATP mediates synaptic transmission in the
rat cultured hippocampus to stimulate a rise in intracellular
Ca2+ concentration ([Ca2+]i) in postsynaptic neurones (Inoue
et al., 1995), and induces long-lasting enhancement of the
population spikes (Wieraszko & Seyfried, 1989; Nishimura et
al., 1990). These ®ndings suggest that ATP should have an
excitatory role for the neuronal transmission in the hippo-
campus. Long term potentiation (LTP), a phenomenon which
may underlie the process of memory and learning (see Bliss &
Lynch, 1988; Malenka et al., 1989) has been extensively studied
in relation to glutamate, the major excitatory neurotransmitter
in the hippocampus. A rise in [Ca2+]i mediated by glutamate
receptors is an event considered to be essential for the induc-
tion of LTP, ATP, as well as other molecules, including ara-
chidonic acid (Bliss et al., 1991), nitric oxide and carbon
monoxide (Zhuo et al., 1993), are implicated in this event. ATP
potentiates LTP in hippocampal preparations (Wieraszko &
Ehrlich, 1994). We speculated that the mechanism of this po-
tentiation was due to ATP-induced stimulation of glutamate
release, because we had previously demonstrated by means of
an electrophysiological technique, that ATP could evoke glu-
tamate release in some synapses (Inoue et al., 1992). We next

examined biochemically, the e�ect of ATP on the release of
glutamate by use of a batch method. Unexpectedly, in these
experiments ATP did not stimulate glutamate release but in-
hibited glutamate release from rat cultured hippocampal neu-
rones (Inoue & Ohara-Imaizumi, unpublished data).

Long term depression (LTD), another form of synaptic
plasticity, is also considered to be an important cellular
mechanism for memory and learning in various brain re-
gions including the hippocampus (Artola & Singer, 1993;
Bear & Malenka, 1994). With regard to the mechanisms,
several investigators have shown that LTD is due to a long
term decrease in glutamate release from presynaptic term-
inals in the hippocampus (Bolshakov & Siegelbaum, 1994;
Xiao et al., 1995). Therefore, it is very important to discover
whether ATP inhibits or stimulates the release of glutamate.
The discrepancies between the results on the e�ects of ATP
may be due to variations in the neurones used. In an earlier
study Ca2+ oscillations in cultured hippocampal neurones
were examined as an indication of glutamate release (Ogura
et al., 1987).

From the results obtained in the present study, we propose
that ATP inhibits Ca2+ oscillations by attenuating release of
glutamate via suramin-insensitive P2-purinoceptor-mediated
mechanisms in cultured hippocampal neurones.

Methods

Cell preparations

Rat hippocampal neurones were isolated and cultured as de-
scribed previously (Nakazawa et al., 1995). Hippocampal
cortices were dissected from 17 day-foetal Wistar rats. The
tissue was treated with papain (9 u ml71; Worthington Bio-
chemical, Freehold, NJ, U.S.A.) dissolved in phosphate buf-
fered saline solution containing 0.02% L-cysteine
monohydrate, 0.5% glucose and 0.02% bovine serum albumin
(Wako Pure Chemicals, Fraction V, Osaka, Japan). After en-1Author for correspondence.
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zyme treatment at 378C for 10 min, cells were dispersed by
gentle agitation through a pipette and were plated on poly-L-
lysine- and collagen-coated glass coverslips with a silicon
rubber wall (Flexiperm, Heraeus Biotechnology, Hanau,
Germany) at a density of 36105 cells cm2. The cells were
maintained for up to 14 days in Dulbecco's modi®ed Eagle's
medium supplemented with 5% precolostrum newborn calf
serum, 5% heat inactivated (568C, 30 min) horse serum,
20 u ml71 penicillin and 10 mg ml71 streptomycin in a humi-
di®ed atmosphere of 90% air and 10% CO2 at 378C.

Measurement of [Ca2+]i in single cells

The changes in [Ca2+]i in single cells was measured by the
fura-2 method as described by Grynkiewicz et al. (1985)
with minor modi®cations (Koizumi et al., 1994; 1995). The
cells were washed with balanced salt solution (BSS) of
the following composition (mM): NaCl 150, KCl 5.0, CaCl2
1.2, MgCl2 1.2, N-2-hydroxyethylpiperazine-N'-2-ethanesul-
phonic acid (HEPES) 25 and D-glucose 10, and incubated
with 10 mM fura-2-acetoxymethylester (fura-2 AM) at 378C
in BSS. After 30 min incubation, the cells were washed with
0.2 ml of BSS. The coverslips were mounted on an inverted
epi¯uorescence microscope (TMD-300, Nikon, Tokyo,
Japan) equipped with a 75 W xenon-lamp and band-pass
®lters of 340 nm wavelength, for measurement of the Ca2+-
dependent signal (F340), and 360 nm wavelength, for mea-
surement of the Ca2+-independent signal (F360). Measure-
ments were carried out at room temperature. Image data,
recorded by a high-sensitivity silicon intensifer target camera
(C-2741-08, Hamamatsu Photonics, Co., Hamamatsu, Ja-
pan) were regulated by a Ca2+ analysing system (Furusawa
Laboratory Appliance Co., Kawagoe, Japan). The absolute
[Ca2+]i was estimated from the ratio of emitted ¯uorescence
(F340/F360) according to a calibration curve obtained by
using a standard Ca2+ bu�er (Molecular Probes Inc., C-
3712 with 1 mM MgCl2). Drugs were dissolved in BSS and
applied by superfusion. For the Ca2+-depleted experiments,
Ca2+ was omitted from BSS and 1 mM ethylene glycol-bis(b-
aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA) was
added (Ca2+-free BSS).

Chemicals

Drugs used were: adenosine 5'-triphosphate disodium salt
(ATP; Yamasa Co., Choshi, Japan), adenosine 5'-monopho-
sphate disodium salt (AMP; Oriental Yeast Co., Tokyo,
Japan) and suramin monosodium salt (Bayer, Leverkusen,
Germany). Fura-2 acetoxymethylester (fura-2 AM), HEPES,
EGTA were purchased from Dojin (Kumamoto, Japan), a,b-
Methylene-adenosine 5'-triphosphate (ab-MeATP), 2-methyl-
thio-adenosine 5'-triphosphate (2MeSATP), 8-cyclopentyl-1,3-
dimethylxanthine (8-CPT), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and LY53857 (4-iso-propyl-7-methyl-9-(2-hy-
droxy-1-methylpropoxycarbonyl)-4,6,6A,7,8,9,10,10A-octahy-
droindolo-[4,3-fg]quinoline maleate) were from Research
Biochemicals International (Natick, MA, U.S.A.), glutamate,
adenosine 5'-O-(3-thiotriphosphate) (ATPgS), adenosine, D-
amino-5-phosphonovaleric acid (D-APV), aminophylline and
N6-cyclohexyladenosine (CHA) were from Sigma (St. Louis,
MO, U.S.A.). CP66713 (4-amino-8-chloro-1-phenyl-[1,2,4]-
triazolo[4,3-a]-quinoxaline) was from P®zer (CP, U.S.A.).
CGS22492 (2-[(2-Cyclohexylethyl)amino]adenosine was a gift
from Ciba-Geigy (Basle, Switzerland)) Tetrodotoxin (TTX)
and other chemicals were from Wako Pure Chemical (Osaka,
Japan). CNQX was dissolved in dimethyl sulphoxide at a
concentration of 10 mM and then dissolved in BSS at the ap-
propriate concentration. Other drugs were directly dissolved in
BSS or Ca2+-free BSS.

Results

Rat cultured hippocampal neurones exhibit synchronous
Ca2+ oscillations via glutamate-mediated mechanisms

Figure 1 shows typical Ca2+ oscillations in 7-day-cultured
hippocampal neurones. The Ca2+ oscillations were observed in
cells cultured for 5 ± 14 days. Although the amplitudes of each
trace di�er, traces (a) ± (d) demonstrate synchronous Ca2+

oscillations whereas trace (e) shows non-synchronous oscilla-
tions, suggesting that cells (a) ± (d) are coupled via synaptic
connections. Removal of extracellular Ca2+ or the application
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Figure 1 Typical periodical Ca2+ oscillations in the rat cultured hippocampal neurones. (A) Phase-contrast image of the
hippocampal neurones (objective620). (B) Fluorescent image of the neurones (objective620). (C) Typical periodical Ca2+-
oscillation in the neurons. (a) ± (e) Correspond to (a) ± (e) shown in (A). Horizontal and vertical bars show 60 s and 100 nm,
respectively.
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of tetrodotoxin (TTX) abolished the Ca2+-oscillations. (Figure
2a). In addition, CNQX (30 mM), a non-N-methyl-D-aspartate
(NMDA) receptor antagonist, and D-APV (100 mM), a NMDA
glutamate receptor antagonist also inhibited the Ca2+ oscilla-

tions (Figure 2b). Atropine (10 mM), a muscarinic cholino-
ceptor antagonist, inhibited the Ca2+ oscillations in some cells
(12/46 cells tested), but hexamethonium (100 mM) had no e�ect
on any of 62 cells tested. The Ca2+ oscillations observed in the
atropine-sensitive neurones were also inhibited by CNQX.
Noradrenaline (10 mM) (9 out of 64 cells) and 5-hydroxytryp-
tamine (5-HT;10 mM) (6 out of 128 cells) but not dopamine
(10 mM) (0 out of 128 cells) stimulated rise in [Ca2+]i in some
neurones and this e�ect was inhibited by phenoxybenzamine
(10 mM), an adrenoceptor antagonist and LY53587 (10 mM), a
5-HT2 receptor antagonist, respectively. Phenoxybenzamine
(n=63) and LY53587 (n=64) had no e�ects on the Ca2+ os-
cillations by themselves (data not shown).

Inhibition of Ca2+ oscillations by ATP

The e�ects of ATP on the Ca2+ oscillations were evaluated. As
shown in Figure 3, at least two types of response were ob-

Ca2+ -free TTX
a

b
CNQX (30 µM) D-APV (100 µM)

60 s

100 nm

Figure 2 The e�ects of various reagents on the Ca2+ oscillations in
the hippocampal neurones. (a) The e�ects of removal of extracellular
Ca2+ or application of TTX on the Ca2+ oscillations. The perfusate
was replaced by Ca2+-free BSS (containing 1 mM EGTA) for 1 min
or TTX (3 mM) was added to the cells for 1 min (horizontal bars).
These treatments were separated by 1 min. (b) The e�ects of CNQX
or D-APV on the Ca2+ oscillations. CNQX (30 mM) or D-APV
(100 mM) was added to the cells for 1 min (horizontal bars) and each
application was separated by 1 min. Horizontal and vertical scales
show 60 s and 100 nm, respectively. At least three such experiments
(n=30± 94) were performed.
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Figure 3 The e�ects of ATP on the Ca2+ oscillations in the
hippocampal neurones. (a) ± (c). Typical traces of Ca2+ oscillations
evoked by 3 mM ATP. ATP was applied to the cells for 2 min
(horizontal bar). (a) ATP produced a transient rise in [Ca2+]i
followed by a suppression of the oscillations. (b) ± (c) ATP inhibited
the Ca2+ oscillations without the transient [Ca2+]i rise. Horizontal
and vertical scales show 30 s and 100 nm, respectively. Four such
separate experiments were performed (n=128).
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Figure 4 The e�ects of adenosine and its related compounds on the
Ca2+ oscillations in the hippocampal neurones. Horizontal bars show
the application of the chemicals shown. (a) When adenosine (10 mM)
was applied to the cells for 1 min, it completely inhibited the Ca2+

oscillations. (b) The e�ects of aminophylline (100 mM) on the
inhibition by adenosine (10 mM) of the Ca2+ oscillations. Aminophyl-
line was applied to the cells 60 s before and during the application of
adenosine. Adenosine was added to the cells twice for 60 s separated
by 2 min. Aminophylline completely blocked the adenosine-induced
inhibition. (c) The e�ects of CHA and CGS22492 on the Ca2+

oscillation. Each agent was applied to the cells for 60 s. Horizontal
and vertical scales show 60 s and 100 nm, respectively. At least two
such separate experiments were performed (n=64± 160).
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served. In some cells ATP induced a transient rise in [Ca2+]i
followed by inhibition of the Ca2+ oscillations (Figure 3a and
b). In other cells, only inhibition of the Ca2+ oscillations was
observed (Figure 3c). ATP-induced inhibition of Ca2+ oscil-
lations was observed in almost all hippocampal neurones tes-
ted (344 out of 349 cells). ATP is metabolized to adenosine
which is well known to inhibit several responses in the central
nervous system (Phillis et al., 1975; Okada & Kuroda, 1980).
Indeed, we demonstrated here that adenosine (10 mM) inhib-
ited the Ca2+ oscillations in our cultured hippocampal pre-
paration (Figure 4a, b), as shown previously (Kudo et al.,
1991). Inhibition of the Ca2+ oscillations by adenosine was
completely blocked by 100 mM aminophylline, a non-selective
adenosine receptor antagonist (Figures 4b and 5a), and by
100 mM 8-CPT, an adenosine A1 receptor antagonist, but not
by CP66713, an antagonist of adenosine A2A receptors (data
not shown). The inhibition was mimicked by CHA (10 mM), an
adenosine A1 receptor agonist, but not by CGS22494 (10 mM),
an adenosine A2A receptor agonist (Figure 4c). These results
support the hypothesis that adenosine-evoked inhibition of the
Ca2+ oscillations is mediated by A1 adenosine receptors.

Next, we tested the e�ects of aminophylline and 8-CPT on
the ATP-induced inhibition of the Ca2+ oscillation (Figure 5).
Although 100 mM aminophylline completely blocked the inhi-
bitory action of adenosine (Figure 4b), it did not a�ect ATP-
dependent inhibition (Figure 5b). Similarly, 8-CPT, at 100 mM,
did not abolish the ATP-evoked inhibition although it did
show partial attenuation of the ATP-dependent inhibitory
action (Figure 5c). It is therefore unlikely that ATP inhibits the

Ca2+ oscillation through adenosine receptors. This is suppor-
ted by following experiments. Figure 6 shows the e�ects of
various ATP analogues on the Ca2+ oscillations. ATP was
inhibitory over a concentration range of 0.01 to 10 mM. ATPgS
and a,b-MeATP, which are non-hydrolysable ATP analogues,
also mimicked the inhibitory action. Moreover, UTP, which is
not an adenosine derivative, mimicked the inhibition. We
therefore concluded that P2-purinoceptor-mediated mechan-
isms are involved in the ATP-evoked inhibition on the Ca2+

oscillations.
Suramin, a non-selective P2-purinoceptor blocker, inhibited

the rise in [Ca2+]i evoked byATPbut did not a�ect the inhibition
of the Ca2+ oscillation by ATP (Figure 5d). The rank order of
agonist potency for the inhibition was: 2MeSATP (0.01 ±
0.1)5ATP (0.01 ± 0.1)4 ATPgS (1)4UTP (30)4a,b-MeATP
(100). The values shown in parentheses are the appropriate
minimum e�ective concentrations of the agonists (mM).

ATP did not a�ect the Ca2+ responses to glutamate

The e�ects of ATP on the Ca2+ responses to glutamate were
investigated. Brie¯y glutamate (30 mM, 10 s) produced a tran-
sient increase in [Ca2+]i in the neurones in the presence of TTX
(Figure 7a). In these conditions, the [Ca2+]i increase by exo-
genously applied glutamate is a response mediated through
postsynaptic glutamate receptors. Glutamate was applied to
the cells three times for 10 s, separated by 2 min and the ®rst,
second and third Ca2+ responses to glutamate were de®ned as
S1, S2 and S3, respectively. ATP was applied to the cells 30 s

Figure 5 The e�ects of various reagents on the inhibition by ATP of the Ca2+ oscillations in the hippocampal neurones.
Horizontal bars show the application of the various chemicals. (a) Inhibition by ATP or CHA of the Ca2+ oscillations in a cell.
Both ATP (3 mM) and CHA (10 mM) inhibited the Ca2+ oscillations reversibly. (b,c) The e�ects of aminophylline (100 mM) (b) and
8-CPT (100 mM) (c) on the ATP-induced inhibition. Aminophylline and 8-CPT were applied to the cells 30 s before and during the
ATP-application. (d) The e�ects of suramin (100 mM) of the ATP-evoked responses. Suramin was applied to the cells 30 s before
and during the ATP-application. Horizontal and vertical scales show 60 s and 100 nm, respectively. At least ®ve such separate
experiments were performed (n=138 ± 160).
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before and during the second glutamate application. The ratio
of S2 over S1 was calculated and adopted as an index to
compare di�erences between cells. In a control experiment, the
[Ca2+]i elevation evoked by the ®rst glutamate stimulation was
equivalent to that of the second and third glutamate applica-
tion (Figure 7b). ATP (10 mM) did not a�ect the Ca2+ re-
sponses to glutamate (n=25). These data suggest that ATP
(10 mM) does not inhibit the sensitivity of postsynaptic gluta-
mate receptors.

Discussion

We demonstrated that ATP has an inhibitory role via P2-
purinoceptors in the suppression of the release of glutamate,
resulting in inhibition of the Ca2+ oscillations in the hippo-
campal neurones. There are several studies which support our
®ndings. Exogenously applied ATP inhibits release of nora-
drenaline from sympathetic nerves in the rat vas deferens
(Forsyth et al., 1991; von KuÈ gelgen, 1994a), bovine adrenal

ATP                     ATPγS               2MeSATP

0.01 µM

ATP                     ATPγS               2MeSATP

0.1 µM

ATP                     ATPγS               2MeSATP

1.0 µM
30 s

100 nM

ATP                     ATPγS               2MeSATP

10.0 µM

UTP               α,β-MeATP

30.0 µM

UTP α,β-MeATP

100.0 µM

α,β-MeATP

Figure 6 Comparison of the abilities of ATP and its analogues to inhibit the Ca2+ oscillations in the hippocampal neurones.
Traces show representative results. Each compound was applied to the cells for 30 s (horizontal bars) at a concentration shown on
the left-hand side of each trace. Horizontal and vertical scales show 30 s and 100 nm, respectively. At least three such separate
experiments were performed (n=96± 128).
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chroma�n cells (Sasakawa et al., 1989; Currie & Fox, 1996)
and rat brain cortex (von KuÈ gelgen et al., 1994b).

Several investigators have shown the importance of the
formation of the synapse for the appearance of Ca2+ oscilla-
tions in the cultured hippocampal (Ogura et al., 1987) and
cortical neurones (Ichikawa et al., 1993; Muramoto et al.,
1993). In our cultured hippocampal neurones the following
observations support this view. (1) Ca2+ oscillations were
observed only in the cells after at least 5 days of culture. (2)
The Ca2+ oscillations were inhibited by removal of extracel-
lular Ca2+, a condition known to inhibit the release of neu-
rotransmitters and by the application of TTX, which inhibits
neuronal conduction. (3) In many cases, the Ca2+ oscillations
appeared synchronized with other adjacent cells (Figure 1a ±
d), whereas more distant neurones displayed asynchronous
Ca2+ oscillations (Figure 1e). (4) The Ca2+ oscillations were
inhibited by CNQX or D-APV, glutamate receptor antago-
nists. Although atropine inhibited the Ca2+ oscillations in
some cells, CNQX exhibited its inhibitory action even in such
the atropine-sensitive cells (see Results). Therefore it is gluta-
matergic transmission that plays a critical role in the induction
of Ca2+ oscillations. These data suggest that the oscillations
are mediated via glutamatergic transmission through both
NMDA- and non-NMDA glutamate receptors.

ATP inhibited the Ca2+ oscillations by a mechanism
mediated by P2-purinoceptors. We previously found that ATP
produces a rise in [Ca2+]i in rat cultured hippocampal neurones
(Inoue et al., 1995). Also we observed Ca2+ responses to ATP
in this preparation in the presence of various blockers in-
cluding TTX, CNQX, D-APV, atropine hexamethonium and
cadmium ion, indicating that ATP directly stimulates excita-
tory P2-purinoceptors in the postsynaptic neurones to promote
the increase in [Ca2+]i. The ®nding that ATP produced a
transient rise in [Ca2+]i in some cells (Figure 3a), and that this
increase was inhibited by suramin (Figure 5d), suggests that
the response is mediated by excitatory P2-purinoceptors in the
postsynaptic neurones. In addition to the excitatory P2-puri-
noceptors, an inhibitory P2-purinoceptor also seems to be

present in the hippocampal neurones. Adenosine, a metabolite
of ATP, is well known to be an inhibitory neurotransmitter
(Phillis et al., 1975; Okada & Kuroda, 1980), and has been
suggested to be responsible for some inhibitions observed with
ATP (Kudo et al., 1991). In agreement with these ®ndings,
both adenosine and CHA, an adenosine A1 receptor agonist,
potently inhibited the Ca2+ oscillations in the neurones (Fig-
ures 4 and 5). Our present results do not exclude the possibility
that adenosine, quickly metabolized from ATP, may partly
contribute to the ATP-evoked inhibition of the Ca2+ oscilla-
tion since 8-CPT, an adenosine A1-receptor antagonist, slightly
attenuated the ATP-evoked inhibition (Figure 5c). However,
the majority of the ATP-evoked inhibition must be mediated
by P2-purinoceptors because (1) 8-CPT could not abolish the
ATP-induced inhibition, (2) aminophylline, a non-selective
adenosine receptor antagonist, did not show any a�ect on the
ATP-induced inhibition of the Ca2+ oscillations (Figure 5b)
although aminophylline blocked the adenosine-evoked inhibi-
tion completely (Figure 4b), and (3) ATPgS and a,b-MeATP,
non-hydrolyzable ATP analogues, and UTP, which is not an
adenosine derivative, inhibited the Ca2+ oscillation (Figure 6).
These results support the proposal that ATP acts directly on
P2-purinoceptors to induce the observed inhibitory action, not
via adenosine.

Another inhibitory neurotransmitter, g-aminobutyric acid
(GABA), may a�ect the Ca2+ oscillations. Ca2+ oscillations
were inhibited by GABA and were ampli®ed by bicuculline,
an antagonist of GABAA receptors, in some neurones (data
not shown). Inhibition by GABA of Ca2+ oscillations in
various brain regions, including the hippocampus, has been
observed only in mature neurones (Obrietan & Van den Pol,
1995), and a GABA-mediated inhibition was found to be
developmentally-dependent in the hippocampus (Wagner &
Alger, 1995). Thus, ATP may act as an inhibitor to com-
pensate for the lack of an inhibitory action by GABA in
this developmental stage.

Next we attempted to characterize the putative inhibitory
P2-purinoceptors in the hippocampal neurones. Various
concentrations of ATP, its analogues, and the pyrimidine
nucleotide UTP were applied to the cells and their inhibitory
potency was determined. The inhibitory potency rank order
was: 2MeSATP5ATP4ATPgS4UTP4a,b-MeATP. Jud-
ging from the rank order of potency of the ATP analogues,
the inhibitory P2-purinoceptor may be assigned to a subclass
of G-protein coupled-type receptors. As suramin was found
to be a weak and ine�ective antagonist of the ATP-induced
inhibition of the Ca2+ oscillation, some type of suramin
insensitive P2-purinoceptor (von KuÈ gelgen et al., 1994b;
Collo et al., 1996) may contribute to the inhibition. More-
over, a new type of inhibitory P2-purinoceptor, which has
been suggested for the purinoceptors in vas deference
(Forsyth et al., 1991; von KuÈ gelgen et al., 1994a), caudal
artery (Shinozuka et al., 1988) and rat cortex (von KuÈ gelgen
et al., 1994b), may be present in the hippocampus to sup-
press the Ca2+ oscillation. Further experiments are required
to identify the subclass of P2-purinoceptors responsible for
the inhibition of the Ca2+ oscillation.

We also examined the site of action of ATP. When gluta-
mate is applied to the neurones in the presence of TTX, the
neuron is independent of other neuronal networks due to the
inhibition of neuronal conduction. We considered the eleva-
tion in [Ca2+]i evoked by glutamate in the presence of TTX as
a response mediated by postsynaptic glutamate receptors with
little e�ects of other neuronal innervations. This glutamate-
evoked rise in [Ca2+]i was not a�ected by ATP (Figure 7).
Thus, the inhibition by ATP appears not to be due to a de-
crease in sensitivity of postsynaptic glutamate responses. ATP
has been shown to inhibit L-type voltage-gated Ca2+ channels
(VGCCs) in PC12 cells (Nakazawa & Inoue, 1992) and N- and
P/Q-type VGCCs in adrenal chroma�n cells (Currie & Fox,
1996). The release of glutamate in the hippocampal neurones is
regulated by presynaptic both N- and Q-type VGCCs (Scholz
& Miller, 1995). These ®ndings raise the possibility that ATP
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Figure 7 The e�ects of ATP on the Ca2+ responses to glutamate in
the hippocampal neurones. (a) At ®rst, ATP (3 mM) was applied to
the cells for 60 s to con®rm the existence of the ATP-induced
inhibition. Next, TTX (3 mM) was applied to the cells in order to
inhibit cell-to-cell communications and the Ca2+ oscillations (dotted
horizontal bar). Then glutamate (30 mM) was applied to the cells
three times for 15 s separated by 120 s. The ®rst, the second and
third Ca2+ responses to glutamate were de®ned as S1, S2 and S3,
respectively. ATP (3 mM) was applied to the cells 30 s before and
during the second ATP application. (b) The ratio of S2 to S1 in the
presence of various concentrations of ATP was calculated and
summarized. The data show mean+s.e.mean of 28 (control) and 24 ±
41 (+ATP) cells tested, obtained from three separate experiments.
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may exhibit its inhibitory action by suppressing presynaptic
VGCCs to reduce the release of glutamate, which might result
in inhibition of the Ca2+ oscillations.

Taken together, our results demonstrated that ATP, in
addition to its excitatory action on the stimulation of a rise in
[Ca2+]i via postsynaptic P2-purinoceptors (inoue et al., 1995),
has an inhibitory role in the suppression of the release of
glutamate, probably via an e�ect on presynaptic P2-purino-

ceptors, leading to inhibition of the Ca2+ oscillations in the
hippocampal neurones.

The authors appreciate Ms T. Obama for culturing the cells, Dr J.
Kenimer for improving the manuscript and Dr Y. Ohno for
continuous encouragement. This work was partly supported by
the Japan Health Science Foundation.

References

ARTOLA, A. & SINGER, W. (1993). Long-term depression of
excitatory synaptic transmission and its relationship to long-
term potentiation. Trends Neurosci., 16, 480 ± 487.

BEAR, M.F. & MALENKA, R.C. (1994). Synaptic plasticity: LTP and
LTD. Curr. Opin. Neurobiol., 4, 389 ± 399.

BLISS, T.V.P., CLEMENTS, M.P., ERRINGTON, M.L., LYNCH, M.A. &

WILLIAMS, J.H. (1991). Presynaptic changes associated with
long-term potentiation in the dentate gyrus. In Long Term
Potentiation, ed. Baudry M. & Davis J.L. pp. 3 ± 18. Cambridge,
Massachusetts: MIT Press.

BLISS, T.V.P. & LYNCH, M.A. (1988). Long term potentiation of
synaptic transmission in the hippocampus: properties and
mechanisms. In Long Term Potentiation From Biophysics to
Behavior, ed. Deadwyler, S.A. & Land®eld P. pp. 3 ± 72. New
York: Alan R. Liss Inc.

BOLSHAKOV, V.Y. & SIEGELBAUM, S.A. (1994). Postsynaptic
induction and presynaptic expression of hippocampal long-term
depression. Science, 264, 1148 ± 1152.

BRAKE, A.J., WAGENBACH, M.J.D. & JULIUS, D. (1994). New
stractural motif for ligand-gated ion channels de®ned by an
ionotropic ATP receptor. Nature, 371, 519 ± 522.

CHEN, C., AKOPIAN, A.N., SIVILOTTI, L., COLQUHOUM, D., BURN-

STOCK, G. & WOOD, J.N. (1995). A P2X receptor expressed by a
subset of sensory neurons. Nature, 377, 428 ± 430.

COLLO, G., NORTH, R.A., KAWASHIMA, E., MERLO-PICH, E.,

NEIDHART, S., SUPPRENANT, A. & BUELL, G. (1996). Cloning
of P2X5 and P2X6 receptors and the distribution and properties
of an extended family of ATP-gated ion channels. J. Neurosci.,
16, 2495 ± 2507.

CURRIE, K.P.M. & FOX, A.P. (1996). ATP serves as a negative
feedback inhibitor of voltage-gated Ca2+ channel currents in
cultured bovine adrenal chroma�n cells. Neuron, 16, 1027 ± 1036.

FORSYTH, K.M., BJUR, R.A. & WESTFALL, D.P. (1991). Nucleotide
modulation of norepinephrine release from sympathetic nerves in
the rat vas deferens. J. Pharmacol. Exp. Ther., 256, 821 ± 826.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca2+ indicators with greatly improved ¯uorescence
properties. J. Biol. Chem., 260, 3440 ± 3450.

ICHIKAWA, M., MURAMOTO, K., KOBAYASHI, K., KAWAHARA, M.

& KURODA, Y. (1993). Formation and maturation of synapses in
primary cultures of rat cerebral cortical cells: an electron
microscopic study. Neurosci. Res., 16, 95 ± 103.

INOUE, K., KOIZUMI, S. & NAKAZAWA, K. (1995). Glutamate-
evoked release of adenosine 5'-triphosphate causing an increase
in intracellular calcium in hippocampal neurons. NeuroReport, 6,
437 ± 440.

INOUE, K., NAKAZAWA, K., FUJIMORI, K., WATANO, W. &

TAKANAKA, A. (1992). Extracellular adenosine 5'-tripho-
sphate-evoked glutamate release in cultured rat hippocampal
neurons. Neurosci. Lett., 134, 215 ± 218.

KOIZUMI, S., NAKAZAWA, K. & INOUE, K. (1995). Inhibition by
Zn2+ of uridine 5'-triphosphate-induced Ca2+-in¯ux but not
Ca2+-mobilization in rat phaeochromocytoma cells. Br. J.
Pharmacol., 115, 1502 ± 1508.

KOIZUMI, S., WATANO, T., NAKAZAWA, K. & INOUE, K. (1994).
Potentiation by adenosine of ATP-evoked dopamine release via a
pertussis toxin-sensitive mechanism in rat phaeochromocytoma
PC12 cells. Br. J. Pharmacol., 112, 992 ± 997.

KUDO, Y., AKITA, K., NAKAZAWA, M., KURODA, Y. & OGURA, A.

(1991). The presynaptic e�ects of adenosine and adenine
nucleotides monitored by the modulation of periodic changes
in intracellular calcium concentration in cultured hippocampal
neurons. In Role of Adenosine and Adenine Nucleotides in the
Biological System, ed. Imai, S. & Nakazawa, M. pp. 235 ± 244.
Amsterdam, North Holland: Elsevier Science Publishers BV.

LEWIS, C., NEIDHART, S., HOLY, C., NORTH, R.A., BUELL, G. &

SURPRENANT, A. (1995). Coexpression of P2X2 and P2X3

receptor subunits can account for ATP-gated current in sensory
neurons. Nature, 377, 432 ± 435.

LUSTIG, K.D., SHIAU, A.K., BRAKE, A.J. & JULIUS, D. (1993).
Expression cloning of an ATP receptor from mouse neuroblas-
toma cells. Proc. Natl. Acad. Sci. U.S.A., 90, 5113 ± 5117.

MALENKA, R., KAUER, J.A., PERKEL, D. & NICOLL, A. (1989). The
impact of postsynaptic calcium on synaptic transmission- its role
in long-term potentiation. Trends Neurosci., 12, 444 ± 450.

MURAMOTO, K., ICHIKAWA, M., KAWAHARA, M., KOBAYASHI, K.

& KURODA, Y. (1993). Frequency of synchronous oscillations of
neuronal activity increases during development and is correlated
to the number of synapses in cultured cortical neuron networks.
Neurosci. Lett., 163, 163 ± 165.

NAKAZAWA, K. & INOUE, K. (1992). Roles of Ca2+ in¯ux through
ATP-activated channels in catecholamine release from pheo-
chromocytoma PC12 cells. J. Neurophysiol., 68, 2026 ± 2032.

NAKAZAWA, K., INOUE, K., WATANO, T., KOIZUMI, S. & INOUE, K.

(1995). Zinc potentiates neurotransmission and inhibits back-
ground cationic conductance in rat cultured hippocampal
neurons. J. Physiol., 484, 447 ± 462.

NISHIMURA, S., MOHRI, M., OKADA, Y. & MORI, M. (1990).
Excitatory and inhibitory e�ects of adenosine on the neuro-
transmission in the hippocampal slices of guinea pig. Brain Res.,
525, 165 ± 169.

OBRIETAN, K. & VAN DEN POL, A. (1995). GABA neurotransmission
in the hypothalamus: developmental reversal from Ca2+

elevating to depressing. J. Neurosci., 15, 5065 ± 5077.
OGURA, A., IIJIMA, T., AMANO, T. & KUDO, Y. (1987). Optical

monitoring of excitatory synaptic activity between cultured
hippocampal neurons by a multi-site Ca2+ ¯uorometry.
Neurosci. Lett., 78, 69 ± 74.

OKADA, Y. & KURODA, Y. (1980). Inhibitory action of adenosine
and adenosine analogs on neurotransmission in the olfactory
cortex slice of guinea pig-structure-activity relationships. Eur. J.
Pharmacol., 61, 137 ± 146.

PHILLIS, J.W., KOSTOPOULOS, G.K. & LIMACHER, J.J. (1975). A
potent depressant action of adenosine derivatives on cerebral
cortical neurons. Eur. J. Pharmacol., 30, 125 ± 129.

SASAKAWA, N., NAKAKI, T., YAMAMOTO, S. & KATO, R. (1989).
Stimulation by ATP of inositol trisphosphate accumulation and
calcium mobilization in cultured adrenal chroma�n cells. J.
Neurochem., 52, 441 ± 447.

SCHOLZ, K.P. & MILLER, J.R. (1995). Developmental changes in
presynaptic calcium channels coupled to glutamate release in
cultured rat hippocampal neurons. J. Neurosci., 15, 4612 ± 4617.

SEÂ GUEÂ LA, P., HAGHIHI, A., SOGHOMONIAN, J.-J., & COOPER, E.

(1996). A novel neuronal P2X ATP receptor ion channel with
wide spread distribution in the brain. J. Neurosci., 16, 448 ± 455.

SHINOZUKA, K., BJUR, R.A. & WESTFALL, D.P. (1988). Character-
ization of prejunctional purinoceptors on adrenergic nerves of
the rat cardal artery. Naunyn-Schmiedeberg's Arch. Pharmacol.,
338, 221 ± 227.

VALERA, S., HUSSY, N., EVANS, R.J., ADAMI, N., NORTH, R.A.,

SURPRENANT, A. & BUELL, G. (1994). A new class of ligand-
gated ion channel de®ned by P2X receptor for extracellular ATP.
Nature, 371, 516 ± 519.

VON KUÈ GELGEN, I., SPAÈ TH, L. & STARKE, K. (1994a). P2-
purinoceptor-mediated autoinhibition of sympathetic transmit-
ter release in mouse and rat vas deferens. Naunyn-Schmiedeberg's
Arch. Pharmacol., 349, 125 ± 132.

VON KUÈ GELGEN, I., SPAÈ TH, L. & STARKE, K. (1994b). Evidence for
P2-purinoceptor-mediated inhibition of noradrenaline release in
rat brain cortex. Br. J. Pharmacol., 113, 815 ± 822.

ATP inhibits Ca2+ oscillations in hippocampal neurones 57S Koizumi et al



WAGNER, J.J. & ALGER, B.E. (1995). GABAergic and developmental
in¯uences on homosynaptic LTD and depotentiation in rat
hippocampus. J. Neurosci., 15, 1577 ± 1586.

WEBB, T.E., SIMON, J., KRISHEK, B.J., BATESON, A.N., SMART, T.G.,

KING, B.F. & BURNSTOCK, G. (1993). Cloning and functional
expression of a brain G-protein-coupled ATP receptor. FEBS
Lett., 324, 219 ± 225.

WIERASZKO, A. & EHRLICH, Y.H. (1994). On the role of
extracellular ATP in the induction of long-term potentiation in
the hippocampus. J. Neurochem., 63, 1731 ± 1738.

WIERASZKO, A., GOLDSMITH, G. & SEYFRIED, T.N. (1989).
Stimulation-dependent release of adenosine triphosphate from
hippocampal slices. Brain Res., 485, 244 ± 250.

WIERASZKO, A. & SEYFRIED, T.N. (1989). ATP-induced synaptic
potentiation in hippocampal slices. Brain Res., 491, 356 ± 359.

XIAO, M.Y., KARPEFORM, M., GUSTAFSSON, B. & WIGSTROM, H.

(1995). On the linkage between AMPA and NMDA receptor-
mediated EPSPs in homosynaptic long-term depression in the
hippocampal CA1 region of young rats. J. Neurosci., 15, 4496 ±
4506.

ZHUO, M., SMALL, S.A., KANDEL, E.R. & HAWKINS, R.D. (1993).
Nitric oxide and carbon monoxide produce activity-dependent
long-term synaptic enhancement in hippocampus. Science, 260,
1946 ± 1950.

(Received March 14, 1997
Revised May 9, 1997

Accepted May 30, 1997)

ATP inhibits Ca2+ oscillations in hippocampal neurones58 S Koizumi et al


