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Abstract. Adenosine-5'trisphosphate (ATP) is stored and co-released 
with various neurotransmitters but it may also act as a fast excitatory 
neurotransmitter trough the activation of purinoreceptor(s). In this 
study the effect of ATP on phospholipase C (PLC) degrading labelled 
PtdIns(4,5)P2 and PtdIns in brain cortex slices, brain homogenate and 
subcellular fractions was investigated. It was found that ATP added 
into brain slices activated significantly and specifically PtdIns(4,5)P2 
degradation and this process was inhibited by theophylline. Moreover, 
ATP maintained a higher level of inositol(l,4,5)P3 radioactivity in total 
water-soluble inositol metabolites. However, ATP added directly for 
the assay of PLC into brain homogenate or subcellular fractions 
inhibits phosphoinositide degradation in a receptor-independent 
manner and suppresses conversion of Ins(1,4,5)P3 into Ins(l,4)P2. Our 
results indicate that ATP acting extracellularly through a purinergic 
receptor(s) activates PtdIns(4,5)P2 degradation and release of 
Ins(1,4,5)P3. ATP acting directly on PLC inhibits in a 
receptor-independent manner phosphoinositide degradation, and 
protects against liberation of lipid-derived second messengers. 
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INTRODUCTION 

Adenosine-5'triphosphate (ATP) has been de- 
tected in the extracellular environment of various 
tissues. Neurones, adrenomodulatory cells and pla- 
telets are known to store ATP within secretory 
vesicles and to release it by exocytosis during 
stimulation (Gordon 1986). ATP is a common con- 
stituent of synaptic vesicles and is released mainly 
as a co-transmitter with noradrenaline, acetylcholine 
or other substances in the peripheral nervous system 
(Zimmerman 1978, Caste1 et al. 1984) or with ace- 
tylcholine in the central nervous system (Richardson 
and Brown 1987). In contrast, ATP stimulates nore- 
pinephrine and dopamine uptake in PC 12 pheoch- 
romocytoma cells (Eldefrawi and Shleman 199 1). 
Cells injured by ischemia and dying cells release 
ATP in large amounts (Imai et al. 1964, Forrester 
and Williams 1977). Several recent studies have in- 
dicated that extracellular ATP may induce cell de- 
generation in various types of cells (Murgia et al. 
1992, Cheng et al. 1994). The existence of puriner- 
gic nerves, which release ATP as a principal exci- 
tatory transmitter, has been reported (Burnstock 
1975, Bean 1992). Extracellular ATPmay act through 
P2 (P2x , P2y) purinergic receptors. Two parts of the 
ATP molecule are crucial for the interactions with 
receptors: the vicinity of C6 of the purine ring and 
the polyphosphate chain. Some modifications in 
these regions of the molecule result in the transfor- 
mation of the agonist into the antagonist (Illes and 
Noremberg 1993). Activation of metabotropic P2 
receptor leads to an increase in the concentration of 
cytoplasmic free calcium [ca2+]i. This effect is due 
to the receptor-dependent activation of phosphati- 
dylinositol-4,5-bisphosphate [PtdIns(4,5)P2] hy- 
drolysis and release of inositol(1,4,5)trisphosphate 
[Ins(1,4,5)Pj]. The increase in [ca2+]i elicited by 
ATP ma also be caused by the influx of extracel- z\: lular Ca through a P2 receptor-activated calcium 
channel. The magnitude of the increase in [ca2+]i 
elicited by ATP is correlated with the fully ionized 
form of this nucleotide, ATP~-,  in the medium and 
not with the concentration of M ~ A T P ~ -  (Lin et al. 
1993). Extracellular ATP has neuromodulatory ef- 

fects; it can modulate ca2+ uptake and transmitter 
release. ATP produces long-term potentation 
(ATP-induced LTP) in CA 1 neurones of hippocam- 
pal slices, probably by activation of ecto-protein ki- 
nase and phosphorylation of extracellular domains 
of membrane protein in neurones (Lynch and 
Boundry 1984, Ehrlich et al. 1986,1988). However, 
other mechanisms for ATP-induced LTP have also 
been suggested. There is a growing interest in the 
role of extracellular ATP in regulation of formation 
and action of Ins(1,4,5)P3, diacylglycerol (DAG) 
and other messengers molecules in signal transduc- 
tion processes in brain. Little is known about direct 
effects of ATP on membrane-bound and cytosolic 
phospholipases participating in regulation of lipid 
mediators in the brain. 

The present study was undertaken to charac- 
terize the role of ATP acting extracellularly and in 
a cell free system in regulation of inositol phos- 
phates and arachidonic acid (AA) release by phos- 
pholipases C and A2 in the brain. 

METHODS 

Chemicals 

[ 2 - j ~  inositol] phosphatidylinositol s.a. 17 
Cilrnmol, [ 2 - j ~  inositol] phosphatidylinositol-(4,5)- 
-bisphosphate s.a. 1.5 Cilmmol, [I-14c] arachido- 
nylo-phosphatidylinositol s.a. 57 mCiImmol were 
obtained from Amersham, UK. 

Adenosine 5'-triphosphate (ATP), ATPyS, gua- 
nosine 5'-0-(3-thi0)triphosphate (GTPyS), EGTA, 
theophylline, were purchased from Sigma Chemi- 
cal Co. ( St. Louis, MO, USA). 

Dowex X8 was obtained from Serva Feinbio- 
chemica GmbH, Germany. 

Preparation of brain slices 

Wistar rats (200-220 g) were decapitated and the 
brains were rapidly removed. The cerebral cortex 
slices 0.35 x 0.35 mrn were prepared using McIlwain 
tissue chopper with cooled razor blade. The brain 
slices before stimulation with agonist were preincu- 
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bated for 15 rnin in Krebs-Henseleit (KRBS) buffer 
pH 7.4 containing 10 mM glucose and equilibrated 
with 02/C02 (95:5). The slices were then cen- 
trifuged at 1,000 x g for 15 min, resuspended in 
KRBS and used for experiments. ATP in concentra- 
tion range 0.25-1.0 mM or 100 pM ATPyS or 100 
pM GTPyS or theophylline 10 pM was added for 
10 rnin preincubation time. Then the slices were 
quickly homogenized and used as a source of 
enzymes (PLC, PLA2) for the determination of in- 
ositol phospholipids degradation ([3~]inositol- 
PtdIns, [3~]inositol-~td~ns(4,5)~2, [14c]arachido- 
noylo-PtdIns). 

Preparation of synaptic plasma membrane 
and cytosol 

These fractions were isolated from dissected 
brain hemispheres homogenized in a Dounce-type 
glass homogenizer in ice-cold isolation medium, 
containing 0.32 M sucrose and 10 mM Tris-HC1 
buffer pH 7.4. The homogenate (10 %, w/v) was 
centrifuged for 3 min at 1,100 x g. The resulting 
supernatant was centrifuged for 10 min at 17,000 x g 
to yield a crude mitochondria1 fraction (P2). Sub- 
sequently, the pellet was twice shocked in 1 mM 
Tris-HC1 buffer pH 7.0 by homogenization and sub- 
sequent centrifugation at 10,000 x g for 10 min. Fi- 
nally, the combined supernatants, after adjusting to 
0.32 M sucrose, were centrifuged at 48,000 x g for 
20 rnin to obtain the synaptic plasma membranes 
(SPM). The supernatant resulting from 17,000 x g 
centrifugation was then centrifuged at 104,000 x g 
for 60 rnin to obtain the cellular cytosol. These sub- 
cellular fractions were obtained as described pre- 
viously by Strosznajder and Strosznajder (1989). 

Assay for phospholipase C activity, acting 
against [ 3 ~ ]  phosphatidylinositol [PtdIns] 
and [ 3 ~ ]  phosphatidylinositol- 
-4,s-bisphosphate [PtdIns(4,5)P2] 

The enzyme activity was assayed by measuring 
the formation of radioactive inositol phosphate(s) 
from labelled exogenous substrate, 10 nmol 

PtdIns(4,5)P2 (25,000-28,000 cpm) or 20 nmol 
PtdIns (40,000 cpm) was added per incubation vial 
and organic solvent was evaporated under nitrogen. 
After addition of 20 mM Tris-HC1 buffer, pH 6.6, 
for determination of phospholipase C acting on 
PtdIns(4,5)P2 and 20 mM Tris-HC1 buffer, pH 7.8 
in the case of PtdIns and 0.1 % sodium deoxycho- 
late, each tube was vigorously vortexed for 1 min. 
Moreover, the assay system contained 10 mM LiC1, 
10 mM NaF, 0-2.0 mM CaC12 or 10 mM EGTA and 
about 50 pg protein in a final volume of 200 p1. 
Mixtures were incubated for 15 min [PtdIns(4,5)P2] 
and for 30 rnin [PtdIns] at 37OC and the reaction 
was stopped with 1 ml chloroform/methanol/HCl 
100:100:0.6 (v/v/v) and then 0.3 ml of H20 was 
added. After shaking, phases were separated by cen- 
trifugation at 3,000 x g for 10 rnin. A 0.5 rnl portion 
of the aqueous phase was mixed with 10 rnl of Bray's 
scintillation fluid for determination of radioactivity in 
Wallach 1409 LKB scintillation counter. The rest of 
the aqueous phase was used for the separation of 
[ 3 ~ ]  inositol phosphates according to the method 
described by Benidge et al. (1983). Under the above 
conditions, the hydrolyzed products increased linearly 
with incubation time and the amounts of protein. 

Assay of arachidonic acid release from 
[~-'~~]arachidono~lo-~hos~hatid~linositol 

The whole procedure was carried out in the 
presence of 200 pg of protein using 25 nrnol of [I - 14c] 
AA-PtdIns (30,000 cpm), 0.1 % sodium deoxycho- 
late, 20 mM Tris-HC1 pH 7.8, 1-2 mM CaC12 in a 
final volume of 200 p1 of incubation mixture. The 
labelled arachidonic acid (AA) and the other lipids 
were extracted according to the method of Bligh 
and Dyer (1959) and AA was separated on Thin 
Layer Chromatography (TLC), using solvent sys- 
tem chloroform/aceton (96:4, v/v). 

Separation of water soluble inositol 
metabolites 

The water soluble inositol metabolites were ap- 
plied to a small column (0.5 x 7.0 cm) containing 
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0.4 g Dowex AG 1 x 8 (200-400 mesh). Free inositol 
and inositol phosphates (Inspi, InsP2, InsP3) were 
eluted sequentially according to the procedure de- 
scribed by Berridge et al. (1983); between 16 and 
20 ml were collected for each fraction. Aliquots of 
each fraction (0.5 ml) were taken for radioactivity 
measurements, in a LKB Wallach 1409 scintillation 
counter. 

zoo r 
T 

Fig. 1. Effect of extracellular ATP on PtdIns(4,5)P2 degrada- 
tion in brain cortex slices. Brain cortex slices were preincu- 
bated in KRBS buffer pH 7.4 for 10 min at 3 7 ' ~  with 250 pM 
ATP, in some cases in the presence of GTPyS (100 pM), theo- 
phylline ( 10 yM) or ATPyS (100 yM). Then slices were ho- 
mogenized and used as a source of enzyme -PLC. Labelled 
phosphatidyl-4,5-bisphosphate was used as an exogenous 
substrate in the assay condition, described in Methods. Degra- 
dation of PtdIns(4,5)P2 was assessed from the measured for- 
mation of radioactive IP(n) in aliquots of water phase after 
extraction. The data are means + SD from 3-4 experiments. 
Statistical significance was evaluated by Student t-test, 
*P<0.05 ( compared with the control value). 

RESULTS 

ATP (250 pM) added to brain cortex slices pre- 
incubated in KRBS buffer pH 7.4 containing 2.0 rnM 
CaC12 induces statistically significant increase of 
PtdIns(4,5)P2 degradation and higher level of 
Ins(1,4,5)P3 radioactivity. This effect of ATP was 
only slightly stimulated by 100 pM GTPyS but it 
was eliminated by theophylline (10 pM). The nonhy- 
drolyzable analog of ATP, ATPyS (100 pM) exerts 
a similar effect to ATP itself (Fig. 1). ATP increased 
in a time-dependent manner the level of Ins(1,4,5)P3 
radioactivity in total water-soluble inositol metabo- 
lites (Fig. 2). 

Analysis of the percentage distribution of la- 
belled inositol(l,4,5)P3 in total radioactivity of 
water-soluble inositol metabolites indicated a signi- 
ficantly higher Ins(1,4,5)P3 contribution in the 
presence of ATP comparing to the control condition 
(without ATP), (Fig. 3). 

To determine whether the ATP-evoked increase 
in Ins(1,4,5)P3 was associated with the activation of 
PtdIns(4,5)P2-specific phospholipase C, similar ex- 
periments were carried out on the effect of ATP on 
PtdIns degradation. It was found that ATP had no 

time (min) 

Fig. 2. Time course of Ins(1,4,5)P3 accumulation during ATP 
action in brain cortex slices. The results are means of triplicate 
determination from a typical experiment. 
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Ins  GPI InsPl  InsPz InsP3 

( - ATP + ATP 

Fig. 3. Effect of ATP on the radioactivity level of Ins(1,4,5)P3 
and other inositol water-soluble metabolites in total radioac- 
tivity. The experiments were carried out as described in the 
legend to Fig. 1. The aliquots of water phase after lipid extrac- 
tion was separated usirig ion-exchange column chromato- 
graphy. Ins-inositol, GPI-glycerophosphoinositol, InsPi- 
-inositol(l)monophosphate, InsP2-inositol(1,4)bisphosphate, 
InsP3-inositol(l,4,5)trisphosphate. Statistical significance 
was evaluated by Student t-test, *P<0.05. 

effect on PtdIns degradation. The level of InsP1 was 
not changed in the presence of ATP (Fig 4). GTPyS 
had no effect on PtdIns degradation (data not shown). 

Data analysis of water-soluble inositol metabo- 
lites presented in Table I indicated a slightly higher 
percentage contribution of the level of glycerophos- 
phoinositol (GPI) radioactivity in total water-so- 
luble inositol metabolites. 

This result may suggest that ATP activates fatty 
acid release by the action of phospholipase(s) A (A2 
and Al). 

Consequently the extracellular action of ATP 

InsPl DAG AA 

Fig. 4. [ 2 - 3 ~ ]  inositol-PtdIns and [I-  14c] AA-PtdIns degrada- 
tion during ATP action in brain cortex slices. A, the experi- 
ments were carried out using [2-3~]inosi tol -~td~ns as a 
exogenous substrate. The InsPl radioactivity was determined 
in water phase after extraction. B, the experiments were per- 
formed using [l-14~larachidonoylo-~td~ns. The radioactivity 
was determined in [ I - ~ ~ C I A A  - DAG and [ I - ~ ~ c ] A A  after 
lipid extract separation on TLC. The results are means f SD 
from 3-4 experiments. 

of ATP was investigated in a cell free system. Brain 
cortex homogenate, synaptic plasma membrane and 
cytosol were used as source of PLC. Labelled 
exogenous inositol phospholipids PtdIns(4,5)P2 
and PtdIns were used as substrates. ATP added 
into brain homogenate significantly inhibited 
PtdIns(4,5)P2 and also PtdIns hydrolysis (Fig 5). 

TABLE I 

Effect of ATP on product formation of PtdIns hydrolysis 
in brain cortex slices 

% of total radioactivity 
Inositol metabolites -ATP +ATP 

on AA release was investigated using radioactive 
[I  - 14~]arachidonoyl PtdIns. There was an insigni- Inositol 5.Ciz2.6 5.1f5.08 

ficant effect of ATP on AA release (Fig. 4). During 
GPI 3.43f1.74 4.85f 1.59 
IP1 91.13f9.55 89.96k4.48 

degradation of [I-14c] AA PtdIns an insignificant 
increase of the radioactivity level in DAG was ob- The value are means f SD from 6 experiments; GPI, gly- 
served (Fig. 4). In the other experiments the effect cero~hos~hoinositol; IP1, inositolmonophosphate. 
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PtdIns(4,5)P2 PtdIns 

Fig. 5. Effect of ATP on PtdIns(4,5)P2 and PtdIns degradation 
by enzyme of brain cortex homogenate. The results are means 
f SD from 3-5 experiments carried out in triplicate. Statistical 
significance was evaluated by Student t-test, *P<0.05. 

However, in spite of this inhibitory action ATP 
maintained a higher percentage contribution of 
Ins(1,4,5)P3 in total inositol metabolites (Fig. 6). 
ATP also inhibited significantly PtdIns degradation 
by membrane-bound enzyme (by about 30-40%), 
however, this effect of ATP was observed exclu- 
sively in the presence of high CaC12 concentration 
(1 mM or 2 mM). In lower CaC12 concentration be- 
tween 50 pM and 500 FM ATP had no significant 
effect on PtdIns degradation (data not shown). 

GPI InsPl  I n s P z  I n s P 3  

0 - ATP + ATP 

Fig. 6. Effect of ATP on the percentage distribution of inositol 
metabolites radioactivity in total inositol metabolites. The re- 
sult are means f SD from 3-4 experiments. Statistical signi- 
ficance was evaluated by Student t-test, *P<0.05 

The action of ATP depends on the presence and 
concentration of calcium and magnesium ions. 

Our further studies demonstrate that ATP is a po- 
tent modulator of inositol phosphate release by 
membrane-bound and cytosolic phospholipase C 
acting on PtdIns(4,5)P2. ATP in the presence of 1 mM 
MgC12 significantly protects Ins(1,4,5)P3 against its 
coversion to Ins(l,4)P2 (Table 11). 

TABLE I1 

ATP action on inositol(l,4,5) trisphosphate and other inositol derivatives distribution in synaptic plasma membrane (SPM) 
and cytosolic fractions expressed in % of total inositol metabolites 

Inositol SPM Cytosol 

metabolites MgC12 MgCl2 + ATP MgCl2 MgC12 + ATP 

Ins 
GPI 
InsPi 
InsPz 
InsPs 

The value are means f SD from 3-4 experiments carried out in triplicate. 
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DISCUSSION 

The present study indicates that extracellular 
ATP interacts with a cell surface purinergic P2 re- 
ceptor that is coupled to phospholipase C acting on 
PtdIns(4,5)P2 releasing of Ins(1,4,5)P3 and DAG in 
equimolar amounts. ATP maintains a higher per- 
centage contribution of Ins(1,4,5)P3 among water- 
soluble inositol metabolites. 

These results suggest that ATP protects the 
Ins(1,4,5)P3 degradation by regulation of inositol 
phosphate kinase(s) and phosphatases. It is known 
from previous studies of Ragan et al. (1988) that 
Ins(1,4,5)P3 is degraded preferentially by 5-phos- 
phatase to inositol 1,4-bisphosphate and then by a 
1-phosphatase to Ins(4)P. Our results indicate that 
ATP inhibits the conversion of Ins(1,4,5)P3 to 
Ins(l,4)P2 and consequently stimulates Ins(1,4,5)P3 
accumulation in a time-dependent manner during 
receptor stimulation. 

Extracellular ATP has no effect on labelled 
PtdIns degradation. Analysis of percentage con- 
tribution of water-soluble inositol metabolite 
radioactivity indicates that inositolmonophosphate 
(IP1) represents about 90% of total inositol metabo- 
lites. A small pool of radioactivity of about 3.456, 
which increases to over 4.0% during ATP stimula- 
tion, was found in glycerophosphoinositol. 

The higher radioactivity level of GPI suggests 
that ATP may be involved in liberation of fatty 
acids. Our further studies with [1-14c] arachido- 
nyolo-PtdIns did not lead to significant increase of 
labelled AA. Extracellular ATP causes the AA 
generation and the subsequent release of eicosa- 
noids in endothelial cells (Boeynaems and Pearson 
1990). ATP exerted a similar effect in astrocytes 
(Bruner and Murphy 1990), however, ATP did not 
lead to the activation of phospholipase A2 and to the 
release of AA in neuroblastoma X glioma (NG 108- 
15) cells (Lin et al. 1993). 

On the basis of our results it is impossible to ex- 
clude the activation of prostaglandin (PG) forma- 
tion during ATP stimulation of purinergic 
receptor(s) in brain cortex slices. On the other hand, 
it is impossible to exclude that ATP significantly 

stimulated reestrification of the released AA into 
glycerolipids. 

The physiological role of ATP in neuronal pro- 
cesses has not been well understood and not firmly 
established. Our preliminary study has shown that 
ATP may differently regulate phosphoinositide de- 
gradation and liberation of lipid-derived second mess- 
engers acting through receptors or directly on PLC. 

ATP stored in synaptic vesicles is co-released 
with neurotransmitters upon nerve stimulation 
(Unsworth and Johnson 1990), and it can itself 
mediate fast synaptic transmission in mammalian 
neurones (Evans et al. 1992). ATP through P2 re- 
ceptor(~) activates PLC acting on inositol phos- 
pholipids. However, acting in a cell free system 
ATP can inhibit phosphoinositide degradation 
through PLC, but this ATP effect depends on many 
factors, for example on ca2+ or concentrations. 

The magnitude of ATP effect on phosphoino- 
sitides degradation is correlated with the concentra- 
tion of the fully ionized form of A T P ~  in the 
medium and not with the concentration of M~ATP" 
as it was presented by Lin et al. (1993). We have ob- 
served in our study an inhibitory effect of ATP on 
phosphoinositides degradation in a cell free system. 

In spite of lower InsP, formation, ATP maintains 
a higher percentage contribution of Ins(1,4,5)P3 
among water-soluble inositol metabolites by inhibi- 
tion of Ins(1,4,5)P3 conversion to Ins(4,5)P2. It 
seems that ATP in a cell free system through allos- 
teric modification of PLC and through its role on ki- 
nase-phosphatase of IP(n) regulates the level of 
DAG and Ins(1,4,5)P3 independently from P2 re- 
ceptor(~). This action of ATP on PLC may protect 
the cells against excessive liberation of lipid- 
derived second messengers. 

We will continue this study to better understand 
the mechanism of ATP action on lipid mediators re- 
lease and intracellular calcium signalling in the 
brain under different experimental conditions. 
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