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Abstract 
Extracellular ATP secreted from stimulated nerves plays a role in neurotransmission. This study examined the 
effects of extracellular ATP on phospholipase A2 and C signalling pathways in rabbit astrocytes. 

ATP caused prostaglandin E2 (PGE2) generation and phosphoinositide hydrolysis in a time- and concentra- 
tion-dependent manner. A PZy purinoceptor-selective agonist, 2-methylthio-ATP also caused phosphoinositide 
hydrolysis, but not PGE2 generation. A Pzx purinoceptor-selective agonist, o$-methylene-ATP did not cause 
either phosphoinositide hydrolysis or PGE2 generation. Although pertussis toxin had no effect on 2-methylthio- 
ATP-induced phosphoinositide hydrolysis, it markedly decreased ATP-induced PGEz generation, with 
significant inhibition of phosphoinositide hydrolysis. Dexamethasone and indomethacin which potently 
inhibited ATP-induced PGE2 generation, caused partial inhibition of phosphoinositide hydrolysis, suggesting 
that pertussis toxin-sensitive component of ATP-induced phospholipase C activation is mediated by cyclo- 
oxygenase metabolites of arachidonic acid. 

These results suggest that a stimulation of PzY receptor results in phospholipase C activation in a pertussis 
toxin-insensitive manner, and that a P2 receptor other than the P2y or PZx subtypes is involved in ATP-induced 
phospholipase A2 activation via a pertussis toxin-sensitive G protein. 

ATP stored in synaptic vesicles is released into the synaptic 
cleft on nerve stimulation (Bumstock & Sneddon 1985). In 
addition to its well-known intracellular function as energy 
source for many important reactions, extracellular ATP sti- 
mulates specific membrane receptors, termed Pz purinoceptors, 
and plays a role as a messenger in several tissues to evoke 
physiological responses, such as smooth muscle contraction 
and secretion (El-Moatassim et al 1992). P2 purinoceptors are 
classified into several subclasses according to their agonist 
selectivity and, more recently, according to molecular cloning 
(Dubyak & El-Moatassim 1993). Recent studies have defined 
signal transduction systems coupled to P2 purinoceptors. For 
example, stimulation of PZy and P2” purinoceptors results in 
phosphoinositide hydrolysis and Ca2+ mobilization via hetero- 
trimetric G proteins (Cooper et a1 1989). Pzx purinoceptors, 
currently classified into seven different subclasses, are ligand- 
gated ion channels (Valera et a1 1994; Evans et a1 1995; 
Kennedy & Leff 1995). PzZ purinoceptor, which is activated by 
3’-(0)-(4-benzoyl benzoy1)ATP and by ATP‘-, also has 
intrinsic cation-channel activity (Kaiho et a1 1996). Recently, 
we have shown that a Pz purinoceptor activates adenylyl 
cyclase in neuroblastoma x glioma hybrid NG108-15 cells 
(Matsuoka et a1 1995). 

Astrocytes have neurotrophic action mediated by neuro- 
trophic factors, cell surface molecules and the extracellular 
matrix (Yoshida et a1 1992). Astrocytes express P2 pur- 
inoceptors that initiate phosphoinositide hydrolysis, Ca2+ 
mobilization and prostaglandin generation (Petroni et al 1991). 
Bruner & Murphy (1993) have shown that PZy purinoceptors 
couple directly to phospholipase Az activation in rat astrocytes. 

Correspondence: H. Ishimoto, Department of Pharmacology, 
Fukushima Medical College, Hikarigaoka 1, Fukushima 960-12, Japan. 

The correlation between phosphoinositide hydrolysis and 
prostaglandin generation induced by ATP in astrocytes 
remains unknown, however. 

In this study we have investigated the signal transduction of 
stimulation of a P2 purinoceptor to clarify the correlation 
between phosphoinositide hydrolysis and prostaglandin E2 
(PGEz) generation in rabbit astrocytes. A selective PZy pur- 
inoceptor agonist, 2-methylthio-ATP, and a selective P2x pur- 
inoceptor agonist, a$-methylene-ATP, were used to analyse 
subclass-specific signal transduction. The results suggest that 
PZy purinoceptor is coupled to phosphoinositide hydrolysis via 
a pertussis toxin-insensitive G protein, and that a P2 pur- 
inoceptor other than the Pzy or PZx subtypes is involved in 
ATP-induced phospholipase A2 activation via a pertussis 
toxin-sensitive G protein. 

Materials and Methods 

Materials 
Dulbecco’s modified Eagle’s medium and Eagle’s minimum 
essential medium were obtained from Nissui Pharmaceutical 
(Tokyo, Japan), foetal calf serum from Whittaker Bioproducts 
(Walkersville, MD), mouse anti-glial fibrillary acidic protein 
antibody from Medac Gesellschaft fiir Klinische Spezialpra- 
parate GmbH, and fluorescein isothiocyanate-labelled goat 
anti-mouse IgG antibody from Amersham Japan (Tokyo, 
Japan). ATP, indomethacin, trichloroacetic acid and diethyl 
ether were from Wako Pure Chemical Industries (Osaka, 
Japan), 2-methylthio-ATP from Research Biochemicals 
(Natick, MA) and dexamethasone from Bany Pharm (Tokyo, 
Japan), pertussis toxin from Funakoshi (Tokyo, Japan). a$- 
Methylene-ATP was from Sigma (St Louis, MO), anti-PGE2 
serum from Ono Pharmaceutical Company (Osaka, Japan); 
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[3H]myo-inositol (16.5 Ci mmol- I )  from American Radio- 
labeled Chemicals (St Louis, MO) and [3H]PC& (200 Ci m- 
mol-I) from Du Pont NEN Products (Boston, MA). Other 
chemicals used were of reagent grade or the highest quality 
available. 

Cell culture 
Astrocytes were prepared from rabbit brain as previously 
described (Nakahata et a1 1992). Briefly, the cerebral cortex 
was cut into small pieces in Eagle's minimum essential med- 
ium buffered with HEPES (20 m ~ ;  pH 7.4), and was treated 
with 0.02% trypsin (w/v) at 37°C for 15 min. The trypsinized 
cells were collected by centrifugation at 180 g for 1 min and 
washed several times with the HEPES-buffered Eagle's mini- 
mum essential medium. The cells (concentration of lo7 cells 
mL-') were cultured in Dulbecco's modified Eagle's medium 
supplemented with 10% foetal calf serum, penicillin (50 units 
mL-') and streptomycin (50 pg mL-') in a humidified 
atmosphere of 5% coz-95% air at 37°C. The medium was 
changed every 3 4  days. After 2-3 weeks, over 90% of the 
cells grown were astrocytes, as determined by binding of anti- 
glial fibrillary acidic protein antibody. 

Assay of ['H]inositol phosphates 
Phosphoinositide hydrolysis was monitored by measuring 
[3H]inositol phosphates, as previously described (Nakahata & 
Nakanishi 1988). Rabbit astrocytes were sub-cultured into 12- 
well plates at a density of lo5 cells/well and used 3 4  days 
after subculture. The cells were labelled with 1 pCi mL-' 
[3H]myo-inositol in Dulbecco's modified Eagle's medium 
containing 10% (v/v) foetal calf serum for 18 h. The labelled 
cells were washed twice with Eagle's minimum essential 
medium buffered with HEPES (20 m ~ ;  pH 7.4) and pre- 
incubated in the medium at 37°C for 10 min. The reaction was 
started by adding drugs to the medium in the presence of LiCl 
(10 mM), and was terminated by addition of ice-cold 5% (w/v) 
trichloroacetic acid after aspiration of the medium. The tri- 
chloroacetic acid extracts were washed three times with diethyl 
ether to remove trichloroacetic acid, and the samples were then 
applied to a column (bed volume, 0.6 mL) of anion exchange 
resin (AG 1-X8, 100-200 mesh, formate form; Bio-Rad). Total 
[3H]inositol phosphates were eluted by ammonium formate 
(1 M) in formic acid (0.1 M) and were determined by liquid 
scintillation counting. 

Assay of PGE2 
PGEz was determined by radioimmunoassay as described 
previously (Nakahata & Nakanishi 1988) with minor mod- 
ification. Rabbit astrocytes were sub-cultured into 12-well 
plates at a density of lo5 cells well-' and were used 3 4  days 
after subculture. The cells were washed twice with Eagle's 
minimum essential medium buffered with HEPES .(20 mM; pH 
7.4) and pre-incubated in the medium at 37°C for 10 min. The 
reaction was started by adding drugs in the medium and was 
terminated by transfemng the incubation medium into an ice- 
cold tube. PGEz accumulated in the medium was extracted 
twice with ethyl acetate (1 mL) after acidification to pH 4.0 
with 1 M HCl. After evaporation of the ethyl acetate with a 
stream of nitrogen, the sample was dissolved in 10 m~ Tris- 
HCl (pH 7.6). The assay mixture (0.3 mL) of sample, anti- 
PGEz antiserum (600-fold dilution) and [3H]PGEz 

(22 OOO d min-I) in 100 mM Tris-HC1 (pH 7.6) containing 
0.5% (w/v) bovine serum albumin was incubated at 4°C for 
18 h. [3H]PGEz bound to antibody was assayed by liquid 
scintillation counting after sedimentation of free [3H]PGE2 
with dextran-coated charcoal. 

Data analysis 
Results were expressed as means f s.e.m. Statistically sig- 
nificant differences were determined by Student's t-test. 

Effects of ATP and its analogues on phosphoinositide hydro- 
lysis and PGEz generation 
ATP (100 pM) induced formation of [3H]inositol phosphates 
and generation of PGEz in astrocytes (Fig. 1). Time-course 
analysis revealed that ATP at 100 pM resulted in the slow 
accumulation of [3H]inositol phosphates from 653.3 f 0.4 to 
1168.8 f 0 . 2  d min-'/well. In contrast with its effect on 
[3H]inositol phosphate-formation, ATP (100 pM) caused rapid 
generation of PGEz from 0.25 f 0.04 to 0.59 f 0.03 ng/well 
within 2 min; the amount generated then increased slowly until 
10 min. These results indicate that ATP evokes both phos- 
pholipase C and phospholipase Az activation. 

We next compared the effects of ATP on phosphoinositide 
hydrolysis and PGEz generation with those of a Pzy pur- 
inoceptor agonist, 2-methylthio-ATP and a Pzx purinoceptor 
agonist, a$-methylene-ATP. ATP caused formation of 
[3H]inositol phosphates and PGEz generation in a concentra- 
tion-dependent manner with an EC50 value of approximately 
10 mM. 2-Methylthio-ATP induced formation of [3H]inositol 
phosphates with an EC50 value of approximately 0.3 p ~ ,  but it 
failed to produce PGE2 (Fig. 2). a,/?-methylene-ATP had no 
effect on the formation of [3H]inositol phosphates or PGEz 
generation (Fig. 2). These results indicate that 2-methylthio- 
ATP-sensitive Pzy purinoceptor couples to phospholipase C, 
but not to phospholipase Az activation. An a,/?-methylene- 
ATP-sensitive Pzx purinoceptor might not be present in rabbit 
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FIG. 1. Time-course of ATP (100 pi)-induced phosphoinositide 
hydrolysis and PG& generation in rabbit cultured astrocytes. Astro- 
cytes were incubated at 37°C in Eagle's minimum essential medium 
buffered with HEPES (20 mM; pH 7.4) in the presence of 100 /LM AT? 
for the time indicated. Cells were labelled overnight with 1 YCi mL- 
[3H]inositol and stimulated with ATP. The accumulated [ Hlinositol 
phosphates were separated with AG 1-X8 (0). PGEz produced by ATP 
was incubated overnight at 4°C with anti-PG& antiserum and 
[3H]PG&. [3HlPGE2 bound to antiserum was assessed by the dex- 
tran-coated charcoal method (0). Results represent the means f s.e.m. 
of three experiments. 
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astrocytes, or might not communicate with either phospholi- 
pase C or phospholipase A2. 

Effects of dexamethasone and indomethacin on phosphoinosi- 
tide hydrolysis and PGE2 generation 
Table 1 shows the effects of dexamethasone and indomethacin 
on ATP-induced formation of [3H]inositol phosphates or 
generation of PGE2. The treatment of cells with dex- 
amethasone (100 ng mL-') resulted in partial inhibition of 
ATP-induced formation of [3H]inositol phosphates and an 
appreciable decrease in PGE2 generation. Indomethacin par- 
tially inhibited ATP-induced formation of [3H]inositol phos- 
phates and severely attenuated PGE2 generation. The result 
suggests that cyclooxygenase metabolites produced by ATP 
might activate phospholipase C. 

Effect of pertussis toxin on phosphoinositide hydrolysis and 
PGE2 generation 
To examine the role of G protein in P2 purinoceptor-mediated 
phosphoinositide hydrolysis and phospholipase A2 activation, 
we measured the formation of [3H]inositol phosphates and 
generation of PGE2 in response to ATP, 2-methylthio-ATP and 
a$-methylene-ATP after pertussis toxin treatment. Whereas 
ATP-induced formation of [3H]inositol phosphates was par- 
tially inhibited by the pertussis toxin treatment, Zmethylthio- 
ATP-induced phosphoinositide hydrolysis was unaffected 
(Table 2). The treatment of the cells with pertussis toxin 
potently inhibited the PGE2 generation induced by ATP. a$- 
Methylene-ATP had no effect on formation of [3H]inositol 

Table 1. Effects of dexamethasone and indomethacin on ATP- 
induced phosphoinositide hydrolysis and PGk generation. 

[3H] Inysitol phosphates PGk 
(d m u -  x 10-2/well) (ng/well) 

None 7.2 f 0.2 0.6 f 0.2 
Dexamethasone 5.4 f 0.7 0.4 f 0.4 
Indomethacin 7.4 f 0.5 0.5 f 0.7 

ATP 24.7 f 1.3 
ATP+dexamethasone 17.1 f2 .1*  
ATP + indomethacin 17.3 f 1.4* 

2.3 f 0.6 
0.9 f 0.2* 
0.7 f 0.1* 

Cells were pre-incubated with dexamethasone (100 ng ml-') for 
24 h or indomethacin (5 pM) for 10 min. The cells were stimulated 
with 100 pM ATP for 10 min. * P  < 0.01, significantly different from 
the response to ATP alone. 

phosphates, and pertussis toxin did not modify the formation 
(data not shown). These results suggest that PzY purinoceptor is 
coupled to phospholipase C in a pertussis toxin-insensitive 
manner, and a P2 purinoceptor other than PzY or PZx is asso- 
ciated with phospholipase A2 via pertussis toxin-sensitive G 
proteins such as Gi and Go. 
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FIG. 2. Effects of ATP and ATP analogues on phosphoinositide 
hydrolysis and PGE2 generation. Cells were incubated with various 
concentrations of agents for 10 min. Panels (a) and (b) show the 
formation of [3H]inositol phosphates and generation of PGEl induced 
by ATP (a), 2-methylthio-ATP (0) and a$-methylene-ATP (a), 
respectively. Results represent the means f s.e.m. of three experi- 
ments. *P < 0.05, significant compared with the value without drug. 

Table 2. 
induced by ATP and its analogues. 

Effects of pertussis toxin on formation of [3H]inositol phosphates and generation of PGk 

Agonist [3H]inos\tol phos hates PGE2 
(d mu-  x 10-P/well) (ng /well) 

Control Pretreated Control Pretreated 

None 7.1 f 0.2 5.7 f 1.5 0.8 f 1.0 0.5 f 0.2 
ATP 27.1 f 3.6 15.5 f 3 . 1  1.9f0.2 0.9 f 0.3* 
2-Methylthio- ATF' 11.6f0.6 10.2 f 0.5 1.1 f 0 . 3  1.0f0.4 

Control cells and cells pre-treated with pertussis toxin (0.1 pg mL- ') for 24 h were stimulated with 
100 pM ATP or 1 pM 2-methylthio-ATP, respectively, for 10 min. Results represent the mean f s.e.m. 
from three experiments. *P < 0.01, significantly different from the control response. 
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inositide hydrolysis in rabbit astrocytes. Several reports reveal Discussion 

This study demonstrates that the stimulation of P2 pur- 
inoceptors results in phosphoinositide hydrolysis and PGE2 
generation in rabbit astrocytes. Although both ATP and 2- 
methylthio-ATP cause formation of [3H]inositol phosphates, 
there are two signalling pathways which are discriminated by 
pertussis toxin. Because phosphoinositide hydrolysis induced 
by 2-methylthio-ATP, a PZy purinoceptor agonist, is resistant to 
pertussis toxin treatment, P2y purinoceptor might couple with a 
pertussis toxin-insensitive G protein to elicit phosphoinositide 
hydrolysis. Because maximum phosphoinositide hydrolysis by 
ATP is greater than that by 2-methylthio-ATP, and pertussis 
toxin reduces ATP-induced phosphoinositide hydrolysis to the 
level of 2-methylthio-ATP-induced hydrolysis, it is likely that 
ATP-induced hydrolysis is divided into two mechanisms. It is 
assumed that one is a PZy purinoceptor-mediated, pertussis 
toxin-insensitive activation, the other a P2 purinoceptor- 
mediated, pertussis toxin-sensitive activation. It has recently 
been shown that there are two signalling pathways in hetero- 
trimeric G protein-mediated activation of phospholipase C. 
The u-subunit of Gg,ll. which is not a pertussis toxin substrate, 
activates phospholipase C-81 (Lee et a1 1992). On the other 
hand, the By-subunit of Gi activates phospholipase C-p2 in a 
pertussis toxin-sensitive manner (Camps et a1 1992). The 
current results indicate that ATP might stimulate the above two 
signalling pathways mediated via different receptor subtypes. 

ATP-induced W E 2  generation was potently inhibited by 
treatment of cells with dexamethasone or indomethacin, or 
both. One of the mechanisms of action of dexamethasone is 
thought to be the production of inhibitory proteins of phos- 
pholipase A2, such as macrocortin from macrophages, lipo- 
modulin from neutrophils and renocortin from medullary 
interstitial cells (Hirata et a1 1981; Blackwell et a1 1982; 
Russo-Marie & Duval 1982; Gupta et al 1984), although recent 
lines of evidence suggest that dexamethasone inhibits the 
expression of cyclooxygenase 2 (Tordjiman et a1 1995). 
Because dexamethasone inhibits PGE2 generation more 
potently than arachidonic acid release in rabbit astrocytes 
(Nakahata et a1 1996), both mechanisms might be involved in 
the inhibition by dexamethasone of ATP-induced PGE2 gen- 
eration. The treatment of astrocytes with indomethacin or 
dexamethasone, or both, partially reduced ATP-activated 
phospholipase C, indicating that cyclooxygenase products 
released by stimulation of P2 purinoceptors might participate in 
phospholipase C as a positive feedback mediator. One 
cyclooxygenase product eliciting phosphoinositide hydrolysis 
is likely to be TXA2, because: PGE2 does not stimulate 
phosphoinositide hydrolysis in these cells (Ishimoto et al, 
unpublished observation); STA2, a stable TXA2 analogue, 
stimulates phosphoinositide hydrolysis in rabbit astrocytes 
(Nakahata et al 1992); and ATP causes the release of TXB2, a 
stable metabolite of TXA2 (Ishimoto et a1 1996). 

It has recently been shown that mitogen-activated protein 
kinase is involved in the process of phospholipase A2 activa- 
tion (Lin et a1 1993), and mitogen-activated protein kinase is 
activated through Gi and p21ras pathways (Alblas et al 1993). 
The P2 purinoceptor which mediates phospholipase A2 acti- 
vation is, therefore, likely to couple with Gi, stimulation of 
which results in the activation of the mitogen-activated protein 
kinase-phospholipase A2 pathway in addition to phospho- 

that P2 purinoceptors without definition of subtypes are cou- 
pled to prostanoid synthesis via a pertussis toxin-sensitive 
stimulation of phospholipase A2 in various tissues or cells 
(Takikawa et a1 1990; Gebicke-Haerter 1991); this is in 
agreement with our results. 

In conclusion, there are at least two kinds of purinoceptor, 
with distinct signalling pathways, in rabbit astrocytes. One is 
the P2y purinoceptor that activates phospholipase C in a per- 
tussis toxin-insensitive manner. Another is the P2 purinoceptor 
other than PZy or PzX purinoceptors which causes activation of 
phospholipase C and phospholipase A2 via a pertussis toxin- 
sensitive G protein. 
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