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1 Despite the accumulating evidence that under various pathological conditions the extracellular
elevation of adenine-based nucleotides and nucleosides plays a key role in the control of astroglial
reactivity, how these signalling molecules interact in the regulation of astrocyte function is still largely
elusive.

2 The action of the nucleoside adenosine in the modulation of the intracellular calcium signalling
([Ca2þ ]i) elicited by adenosine 5

0-triphosphate (ATP)-induced activation of P2 purinoceptors was
investigated on neocortical type-1 astrocytes in primary culture by using single-cell microfluorimetry.

3 Astrocyte challenge with ATP (1–10mM) elicited biphasic [Ca2þ ]i responses consisting of an initial
peak followed by a sustained elevation. The stable adenosine analogue 2-chloroadenosine (2-ClA)
potentiated the transient [Ca2þ ]i rise induced by activation of metabotropic P2Y receptors. Among the
various P1 receptor agonists tested, the nonselective agonist 50-N-ethylcarboxamidoadenosine
(NECA) mimicked the 2-ClA action, whereas the selective A1 R(�) N6-(2-phenylisopropyl)-
adenosine (R-PIA), the A2A 2-[4-(2-carboxyethyl)phenethylamino]-50-N-ethylcarboxamidoadenosine
(CGS-21680) and A3 1-deoxy-1-(6-[([3-lodophenyl]methyl)-amino]-9H-purin-9-yl)-N-methyl-b-D-
ribofuranuronamide (IB-MECA) agonists were ineffective.

4 Application of R-PIA4NECAX2-ClA depressed the [Ca2þ ]i plateau reversibly. Moreover, in the
presence of R-PIA or 2-ClA, the prolonged [Ca2þ ]i signal was maintained by application of the A1
antagonist 1,3-diethyl-8-phenylxanthine (DPX). Finally, preincubation of the astrocytes with pertussis
toxin abrogated the 2-ClA inhibition of the ATP-elicited sustained [Ca2þ ]i rise without affecting the
transient [Ca2þ ]i potentiation.

5 Taken together, these findings indicate that stimulation of A1 and A2 adenosine receptors
mediates a differential modulation of [Ca2þ ]i signalling elicited by P2 purinoceptors. Since variations
in [Ca2þ ]i dynamics also affect cell proliferation and differentiation, our data suggest that tuning of
the extracellular levels of adenosine may be relevant for the control of astrogliosis mediated by
adenine nucleotides.
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Introduction

Adenine-based purines are ubiquitous extracellular signalling

molecules, which in mammals are involved in the functional

regulation of virtually all tissues and organs (Ralevic &

Burnstock, 1998). In the brain, under physiological conditions,

the relative amount of extracellular adenosine 50-triphosphate
(ATP) and adenosine is dynamically controlled by ATP

corelease from the cholinergic and catecholaminergic pre-

synaptic terminals, its rate of metabolic degradation by ecto 50-

nucleotidases, as well as by the rate of release and uptake of

adenosine by neuronal and glial cells (for a review, see

Fredholm, 1997). Large amounts of adenine-based purine

nucleotides and nucleosides are also released from neuronal

and glial cells that are stressed or anoxic, injured and

metabolically active (Parkinson et al., 2002). Whereas the

roles of adenine purines in the control of neuronal activity is

relatively well defined (for a review, see Ribeiro et al., 2002),

their contribution to the regulation of the activity of astroglial

cells in physiological as well as in pathophysiological condi-

tions is just beginning to emerge (Neary et al., 1996;
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Abbracchio & Burnstock, 1998). In vitro and in situ evidence

indicates that a rise in extracellular ATP promotes astroglial

proliferation (Abbracchio et al., 1994, Franke et al., 1999).

Conversely, high levels of adenosine cause astrocyte cell death

through an apoptotic mechanism (Abbracchio et al., 1995; Di

Iorio et al., 2002). However, how the adenine nucleotides and

nucleosides signalling crosstalk affects the functional reaction

of the astroglial syncytium to pathological stimuli still remains

elusive (Rathbone et al., 1999).

In the central nervous system, ATP and adenosine interact

with their plasma membrane receptors called P2 and P1,

respectively, present on both neurons and glial cells (Lee et al.,

1983; Cunha et al., 1994; Illes et al., 1996; King et al., 1996;

Jiménez et al., 2000; Franke et al., 2001a, b; Amadio et al.,

2002; Fumagalli et al., 2003). The P2 purinoceptors comprise

two subtypes, P2Y and P2X; P2Y receptors are seven

transmembrane segment proteins coupled to G proteins cells,

whereas P2X are ligand-gated ion channels (Ralevic &

Burnstock, 1998). Activation of various subtypes of P2Y

receptors leads to the elevation of free cytosolic Ca2þ

concentration ([Ca2þ ]i) mediated by phosphoinositide turn-

over-dependent Ca2þ release from intracellular organelles. In

different cell preparations, this P2Y-mediated Ca2þ mobiliza-

tion is accompanied by a substantial Ca2þ influx from the

extracellular milieu via a pathway that is commonly referred to

as capacitative Ca2þ entry (CCE), which is mediated by the

opening of store-operated Ca2þ channels (Parekh & Penner,

1997).

It has been suggested that in situ a significant amount of the

ATP-evoked [Ca2þ ]i signal in astrocytes derives from the

activation of ionotropic P2X7 receptors (James & Butt, 2002).

Indeed, astroglial cells both in situ and in vitro possess P2X7

receptors, whose functional role, however, remains to be fully

elucidated (Ballerini et al., 1996; Sun et al., 1999; Panenka

et al., 2001; Franke et al., 2001a, b; Hung & Sun, 2002;

Fumagalli et al., 2003). In this context, we recently demon-

strated that in cultured rat cortical type-1 astrocytes, the

sustained [Ca2þ ]i increase observed following the transient

[Ca2þ ]i signal elicited upon stimulation of P2Y purinoceptors

with low micromolar concentrations of ATP is not mediated

by CCE but is the result of extracellular Ca2þ influx through

P2X7-like receptors (Nobile et al., 2003).

The extracellular actions of adenine nucleosides are

mediated through P1 receptors (Schubert et al., 1997). These

are G protein-coupled receptors, which have been classified

into A1, A2A, A2B and A3 types, based on their effects on

adenylyl cyclase (AC), different affinities for adenosine and the

potency of selective agonists and antagonists. A1 and A3

subtypes are negatively and A2 is positively coupled to AC,

respectively (Ralevic & Burnstock, 1998). Other studies have

also suggested the coupling of some subtypes to different

effectors, including phospholipase C (PLC) and ion channels

(Linden, 1991; Schubert et al., 1994). Moreover, since

adenosine acts as an ubiquitous cell modulator, it is likely

that it functionally interacts with the signalling of other

transmitters. In this context, in cultured astroglial cells

adenosine was shown to cooperate with metabotropic gluta-

mate receptor agonists in mobilising [Ca2þ ]i (Ogata et al.,

1994; Cormier et al., 2001), to potentiate the transient [Ca2þ ]i
responses evoked by stimulation of metabotropic ATP

receptors (Jiménez et al., 1998; Jiménez et al., 1999) and

muscarinic acetylcholine receptors (Ferroni et al., 2002).

Given our previous findings indicating that astroglial ATP-

induced [Ca2þ ]i responses are mediated by the differential

activation of P2 receptors, here we have addressed the issue

whether the stimulation of P1 receptors could differently affect

the various components of the [Ca2þ ]i signal. We provide

pharmacological evidence that whereas adenosine potentiates

the [Ca2þ ]i peak, it downregulates the [Ca
2þ ]i plateau. We also

show that the two effects are mediated by different P1

receptors. Owing to the relevance of the [Ca2þ ]i dynamics in

the regulation of astroglial functions (for a review, see

Verkhratsky et al., 1998), these findings provide a possible

molecular frame to explain the variable effects of adenine-

based purines in astroglial cells under physiological and

pathophysiological conditions.

Methods

Cell cultures

Primary cultures of cortical rat astrocytes were prepared as

previously described (Nobile et al., 2003) with the approval of

the Committee on Animal Research of our institution. Briefly,

cerebral cortices of 2-day-old pups devoid of meninges were

triturated and placed in cell culture flasks containing

Dulbecco’s modified Eagle’s medium with 15% fetal calf

serum and penicillin–streptomycin (100Uml�1 and

100 mgml�1, respectively). Culture flasks were maintained in
a humidified incubator with 5% CO2 for 2–5 weeks. At

confluence, astroglial cells were enzymatically dispersed

(trypsin-EDTA, 0.5–0.2 g) and were replated in 20-mm glass

coverslips at a density of 5� 103 per coverslip. All experiments
were performed at room temperature (20–221C) at days 3–8

after re-seeding. Immunostaining for glial fibrillary acidic

protein (GFAP) and the flat, polygonal morphological

phenotype of the cultured cells indicated that 495% were

type-1 cortical astrocytes (Ferroni et al., 1995).

Solutions

The extracellular bath solution contained (mM): 135 NaCl, 5.4

KCl, 1.8 CaCl2, 1 MgCl2, 5 Hepes and 10 glucose (pH adjusted

to 7.4 with NaOH). The calcium-free extracellular saline was

prepared by replacing CaCl2 with equimolar amounts of

MgCl2 and by adding 0.5mM EGTA. All the salts and

chemicals used for the fluorimetric determinations of the

[Ca2þ ]i signals were obtained from Sigma (Sigma-Aldrich

S.r.L., Italy); for the preparation of the astrocyte cultures, all

the materials were from Gibco-BRL (Invitrogen S.r.L., Italy).

Imaging and data analysis

Intracellular calcium measurements were performed by using

the fluorescent Ca2þ indicator fura-2 AM. Rat astrocytes were

loaded with 10 mM fura-2 AM dissolved in extracellular

solution for 45min at 371C. The microperfusion chamber

containing the cell coverslip was placed on the stage of an

inverted fluorescence microscope Nikon TE200 (Nikon,

Tokyo, Japan) equipped with a dual excitation fluorometric

calcium imaging system (Hamamatsu, Sunayama-Cho, Japan).

Low-density seeded astrocytes were continuously perfused at a

rate of about 2.5mlmin�1. Emission florescence of selected
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astrocytes was passed through a narrow-band filter and

recorded with a digital CCD camera Hamamatsu C4742-95-

12ER. Monochromator settings, chopper frequency and

complete data acquisition were controlled by Aquacosmos

Ratio software U7501-01 (Hamamatsu). The sampling rate

was 0.25 or 0.5Hz. Fura-2-loaded astrocytes were excited at

340 and 380 nm, and fluorescence was measured at 510 nm.

The fluorescence ratio F340/F380 was used to monitor [Ca2þ ]i
changes.

Statistics

All data are given as means7s.e.m. The statistical significance
of differences between mean values was assessed using

Student’s t-test. Differences were regarded as statistically

significant for Po0.05.

Results

Adenosine potentiates the ATP-evoked [Ca2þ]i transient
in cultured astrocytes

Consistent with our previous observations (Nobile et al.,

2003), challenge of cultured rat cortical type-1 astrocytes with

micromolar concentrations of ATP elicited biphasic [Ca2þ ]i
responses (n¼ 220; Figure 1a); the initial large transient
component, mediated by activation of P2 metabotropic

purinoceptors (P2Y), was followed by a smaller sustained

phase caused by Ca2þ influx through ionotropic P2X7-like

receptor. To test whether adenosine (P1) receptors could

regulate the various components of the ATP-induced astroglial

[Ca2þ ]i signalling, astrocytes were exposed to nanomolar

concentrations of adenosine 50-triphosphate (ATP, 0.3 mM)
and to the stable adenosine analogue 2-chloroadenosine (2-

ClA, 3mM). Whereas application of ATP promoted only a low,
nonsignificant [Ca2þ ]i rise above the basal level (n¼ 36;
P40.05) and 2-ClA (n¼ 28) was totally ineffective, their brief
coapplication elicited a significant, transient [Ca2þ ]i elevation,

which decayed to the basal level within 3min (Figure 1b;

n¼ 33; Po0.01). The magnitude of the [Ca2þ ]i response was
fairly unchanged upon removal of extracellular Ca2þ , thereby

indicating that the [Ca2þ ]i rise was mediated likely by Ca
2þ

release from intracellular stores (n¼ 35; data not shown). The
observation that 2-ClA up to 10mM (n¼ 42) did not change the
basal [Ca2þ ]i level indicates that the synergistic [Ca

2þ ]i
response was due to a 2-ClA potentiation of ATP-evoked

[Ca2þ ]i signal. In the presence of 0.3mM ATP, a dose-

dependent increase in [Ca2þ ]i could be observed upon

exposure to 2-ClA concentrations above 0.1 mM (Figure 1c;

n¼ 88; Po0.05). Thus, the following experiments on the
synergistic effect of 2-ClA and ATP on [Ca2þ ]i level were

performed by using concentrations of 10mM 2-ClA and 0.3mM
ATP.

To unveil the adenosine receptors mediating this effect,

experiments were performed using different adenosine receptor

agonists. The costimulation of individual astrocytes with

0.3 mM ATP and either the selective A1 receptor agonist

R(�)N6-(2-phenylisopropyl)-adenosine (R-PIA; 10mM;
n¼ 28), the selective A2A receptor agonist 2-[4-(2-carboxy-

ethyl)phenethylamino]-50-N-ethylcarboxamidoadenosine
(CGS-21680; 10mM; n¼ 24) or the selective A3 receptor

agonist 1-deoxy-1-(6-[([3-lodophenyl]methyl)-amino]-9H-purin-

9-yl)-N-methyl-b-D-ribofuranuronamide (IB-MECA; 1 mM
(n¼ 42) did not cause any [Ca2þ ]i rise (Figure 2a). By contrast,
50-N-ethylcarboxamidoadenosine (NECA), an A2-preferring
agonist, mimicked the 2-ClA effect (n¼ 18). We next examined
the effect of specific antagonists on the 2-ClA-mediated

potentiation of the transient [Ca2þ ]i response (Figure 2b).

Whereas in the presence of the selective A1 receptor
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Figure 1 Potentiation of the ATP-evoked transient [Ca2þ ]i re-
sponse by 2-ClA in rat cortical astroglial cells. (a) Representative
change in [Ca2þ ]i signal illustrating the biphasic response upon a
prolonged application of ATP (10mM; horizontal bar) consisting of
an initial [Ca2þ ]i peak followed by a lower but sustained [Ca

2þ ]i
plateau. (b) Representative trace of [Ca2þ ]i rise elicited by individual
exposures or coapplication of 0.3mM ATP and 3 mM 2-ClA. (c) Dose-
dependent changes in [Ca2þ ]i elicited by various 2-ClA concentra-
tions in the absence or presence of 0.3mM ATP. Various concentra-
tions of 2-ClA were applied for 40 s alone or in conjunction with
0.3 mM ATP; for each condition, the maximum fluorescence ratio of
[Ca2þ ]i increase above the basal levels is shown and each point is the
mean of at least seven astrocytes. Error bars indicate s.e.m.
*, Po0.05 vs 2-ClA 0.1 mM.
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antagonist, 1,3-diethyl-8-phenylxanthine (DPX; 10mM), the
potentiating effect of 2-ClA was not significantly changed

(n¼ 17; P40.05), the A2B receptor antagonists, N-(4-acetyl-
phenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-

purin-8-yl)phenoxy]acetamide (MRS1706; 1 mM; n¼ 24;
Po0.01) and 9-chloro-2-(2-furyl)(1,2,4)-triazolo(1,5-c)quina-
zolin-5-amine (CGS15943; 10mM; n¼ 27; Po0.01) counter-
acted the 2-ClA action (Figure 2b). Interestingly, in the

presence of DPX, coapplication of 2-ClA and ATP induced a

biphasic [Ca2þ ]i signal composed of a peak and a plateau

phase (Figure 2c), thus suggesting that 2-ClA, through the

activation of A1 receptors, might downregulate the sustained

[Ca2þ ]i elevation (see below). Collectively, these data support

the tenet that the 2-ClA potentiation of ATP-induced [Ca2þ ]i
signal is mediated by the A2B receptor subtype. Since it is well

established that A2 receptor stimulation promotes intracellular

adenosine 30,50-cyclic monophosphate (cAMP) elevation in
astroglial cells (van Calker et al., 1979), next we investigated

whether astrocyte pretreatment with cholera toxin (CTX),

which selectively stimulates the G protein positively coupled to

AC (Gs), could recapitulate the 2-ClA potentiating action.

Astrocytes pretreated for 2 h (1 mgml�1 CTX) displayed a
significant peak [Ca2þ ]i elevation upon application of a

threshold concentration of ATP (Figure 3a; n¼ 16; Po0.01)
and a similar effect was also seen in astrocytes which have been

challenged for 3min with a membrane-permeable cAMP

analogue, dibutyryl cyclic AMP (dBcAMP, 100 mM), before
exposure to previously ineffective ATP (Figure 3b; n¼ 26;
Po0.01). Interestingly, under both experimental conditions,
the [Ca2þ ]i signal had a biphasic behaviour consisting of

transient and sustained components (Figure 3c), an observa-

tion suggesting that in cultured astrocytes the ATP-evoked

sustained [Ca2þ ]i response is enhanced too by an increase in

intracellular cAMP.

Adenosine A1 receptor stimulation downregulates the
ATP-induced sustained [Ca2þ]i response

Owing to the effect of cAMP elevation on both the peak and

plateau [Ca2þ ]i signals, next we sought to determine whether

the selective potentiating action of 2ClA on the [Ca2þ ]i
transient could be due to its ability to abrogate the ATP-

mediated [Ca2þ ]i plateau through activation of A1 receptors.

To this end, astrocytes were challenged with an ATP

concentration (10 mM) able to evoke biphasic [Ca2þ ]i responses
(see Figure 1a). Whereas coapplication of 2-ClA and ATP

caused a transient [Ca2þ ]i elevation, which was of comparable

magnitude of that evoked by ATP alone, the plateau phase of

the [Ca2þ ]i signal elicited by a prolonged coapplication of

effective concentrations of ATP and 2-ClA (1–10mM) was
depressed as depicted by the observation that under this

condition only a transient [Ca2þ ]i rise that rapidly decayed

towards the basal level could be measured (Figure 4a; n¼ 55).
Noteworthy, a similar effect was also seen upon astrocyte

challenge with the A1 agonist R-PIA (n¼ 34). This inhibition
was reversible as upon removal of 2-ClA, the ATP-induced

[Ca2þ ]i plateau recovered completely (Figure 4a). When 2-ClA

was applied during the sustained [Ca2þ ]i rise, a large reversible

depression of the [Ca2þ ]i signal occurred (Figure 4b; n¼ 39).
Importantly, 2-ClA (10 mM) also blocked with similar kinetics
the [Ca2þ ]i plateau elicited by the P2X7 agonist 3

0-O-(4-
benzoyl)benzoyl-ATP (Bz-ATP; 10mM; n¼ 16, Figure 4c),
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Figure 2 Effects of P1 purinoceptor agonists on ATP-induced
[Ca2þ ]i responses. (a) Among the several adenosine receptor agonists
tested, only 2-ClA (10mM) and NECA (10 mM) evoked a peak
[Ca2þ ]i rise upon application of 0.3mM ATP. Results are presented
as increase in fluorescence ratio above the basal levels and
representative of at least 18 astrocytes for each condition. **,
Po0.01 vs 0.3mM ATP alone. (b) Changes in fluorescence ratio
depicting the 2-ClA potentiating action in the presence of various P1
antagonists; whereas in the presence of 2-ClA, the ATP-induced
[Ca2þ ]i peak was not significantly altered by the selective A1
antagonist DPX (10mM), it was potently depressed by A2B receptor
antagonists MRS1706 (1 mM) and CGS15943 (10 mM). Mean7s.e.m.
of at least 17 astrocytes for each condition. The bar graphs show the
maximum fluorescence ratio of [Ca2þ ]i increase above the basal
level. **, Po0.01 vs 2-ClAþATP. (c) Representative [Ca2þ ]i
responses obtained by coapplication of 0.3 mM ATP and 10 mM 2-
ClA in the presence of 10 mM DPX showing the 2-ClA potentiation
of the sustained [Ca2þ ]i rise.
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which we previously identified to be one of the molecular

component underlying the ATP-evoked [Ca2þ ]i plateau

(Nobile et al., 2003). In order to confirm that A1 receptor

subtype was involved in the downregulation of the sustained

[Ca2þ ]i elevation, experiments were carried out using three

different adenosine receptor antagonists. In the presence of the

A2B receptor antagonists MRS 1706 (10 mM) or CGS-15943
(10mM), the inhibitory effect of 2-ClA was still depicted

(n¼ 44; data not shown). By contrast, the selective A1 receptor
antagonist DPX (10 mM) counteracted the blocking effect of
2-ClA (n¼ 35; Po0.05), as illustrated by the finding that in the
presence of 2-ClA, removal of DPX caused a sustained and

reversible reduction of the ATP-induced [Ca2þ ]i plateau

(Figure 5a). Notably, upon application of 10 mM R-PIA,

instead of 2-ClA, the DPX washout produced a complete

block of the sustained phase induced by 10 mMATP (Figure 5b;
n¼ 34; Po0.01). A similar behaviour was also observed by
using lower 2-ClA concentrations (1 mM; n¼ 12; Po0.05) and
R-PIA (0.1 mM; n¼ 14; Po0.05). Figure 5c illustrates the
effects on the sustained ATP-evoked [Ca2þ ]i responses in the

presence of 10 mM of either 2-ClA (n¼ 30), NECA (n¼ 15),
R-PIA (n¼ 29), CGS21680 (n¼ 18) or IB-MECA (n¼ 27)
compared with [Ca2þ ]i rises elicited by ATP alone (n¼ 89).
The data indicate that among the various P1 agonists tested,

only the selective A1 receptor agonist R-PIA caused a

significant reduction of the sustained [Ca2þ ]i response. Since

A1 receptors are coupled to Gi/Go subtypes of G proteins, we
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(c) Astrocyte exposure to 2-ClA (10mM) reduced by the same extent,
and with comparable kinetics the [Ca2þ ]i plateau induced by 10 mM
Bz-ATP.
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finally investigated whether astrocyte preincubation with

pertussis toxin (PTX), which selectively downregulates Gi/Go-

coupled receptors, could abrogate the partial depression of the

[Ca2þ ]i plateau caused by coapplication of 2-ClA and ATP.

Whereas the costimulation of PTX-treated (24 h; 200 ngml�1)

astrocytes with ATP (0.3 mM) and 2-ClA (3 mM) was still able to
cause a transient [Ca2þ ]i elevation (n¼ 37; data not shown),
under this condition 2-ClA (10 mM) did not reduce the [Ca2þ ]i
plateau elicited by 10 mM ATP (Figure 5d; n¼ 17; P40.05).
Altogether, these data strongly suggest that a lowering in

intracellular cAMP through the A1-mediated depression of

AC underlies the inhibitory action of adenosine on the

sustained [Ca2þ ]i signal.

Discussion and conclusions

In this study, we investigated the functional interplay of

adenine-based purine nucleotides and nucleosides in the

regulation of [Ca2þ ]i dynamics in cultured astroglial cells.

We provide pharmacological evidence that the activation of

various adenosine receptors (P1) has differential effects on the

peak and sustained [Ca2þ ]i signals elicited by stimulation of

ATP metabotropic receptors (P2), likely through P2Y1,2,4

subtypes (Fumagalli et al., 2003; Nobile et al., 2003). The

results show that the ATP-evoked [Ca2þ ]i peak is potentiated

by A2B subtype of P1 receptors, as among the different A1, A2

and A3 receptor agonists tested (R-PIA, CGS21680, NECA, 2-

ClA, IB-MECA) only the A2-preferring agonist NECA and 2-

ClA caused a large elevation of [Ca2þ ]i in the presence of

threshold levels of ATP, and 2-ClA was ineffective upon a

prior application of A2B antagonists. Accordingly, astrocyte

pretreatment with CTX, which selectively stimulates G

proteins positively coupled to AC (Gs), also positively shifted

the sensitivity of the ATP-induced [Ca2þ ]i response. The

synergistic 2-ClA action was also depicted in the absence of

extracellular Ca2þ , indicating a purely metabotropic mechan-

ism. The involvement of cAMP elevation in the A2B-mediated

potentiation of the [Ca2þ ]i signal was corroborated by the

observation that a brief astrocyte exposure to dBcAMP was

sufficient to generate a biphasic [Ca2þ ]i response in astrocytes

challenged with previously ineffective ATP concentrations. By

contrast, activation of A1 receptor subtype, which is negatively

coupled to AC, did not have any effect on the threshold ATP-

evoked [Ca2þ ]i peak, but produced a pronounced, PTX

sensitive-depression of the sustained [Ca2þ ]i signal evoked by

stimulation of P2X7-like receptors (Nobile et al., 2003).

Likewise, the [Ca2þ ]i plateau elicited by the P2X7 agonist

Bz-ATP was also inhibited by A1 receptor stimulation. Hence,

these data indicate that variations in intracellular cAMP levels

are critical for the regulation of the [Ca2þ ]i response in

cultured astroglial cells. The possibility that the adenosine

potentiation of the [Ca2þ ]i dynamics is differently affected by

oscillations of intracellular cAMP is a further confirmation of

the emerging complex crosstalk between cAMP-regulated

signalling pathways and calcium homeostasis (for a review,

see Zaccolo & Pozzan, 2003).

The crosstalk between adenosine and ATP metabotropic

receptors has been demonstrated in a variety of cellular models
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including muscle cells (Gerwins & Fredholm, 1992). However,

in that cellular context, adenosine synergized with ATP in

promoting [Ca2þ ]i mobilization through an A1-mediated

mechanism. In astroglial cells, adenosine was shown to

potentiate the [Ca2þ ]i transients evoked by metabotropic

glutamate and muscarinic acethylcholine receptors (Ogata

et al., 1994; Ogata et al., 1996; Ferroni et al., 2002) and in both

cases the effects were through A1 receptors. A PTX-sensitive

potentiation of the [Ca2þ ]i signal by adenosine was also

observed upon stimulation of tachykinin receptors (Delumeau

et al., 1991). By contrast, in cerebellar astrocytes, the ATP-

induced [Ca2þ ]i rise was reported to be upregulated through

A2B receptors (Jiménez et al., 1999). However, in that study

the adenosine effect apparently was analysed only on the

[Ca2þ ]i peak. Our data support the hypothesis that a bg
subunits-dependent mechanism does not play a major role in

the potentiating effect of adenosine on ATP-induced [Ca2þ ]i
transient, a result which is in striking contrast with the findings

described in cerebellar astrocytes (Jiménez et al., 1999). The

reasons for this discrepancy are unknown, but it can be

envisaged that the different cellular context and/or culture

conditions might contribute significantly. However, it is

noteworthy that in cultured cerebellar astrocytes elevation of

intracellular cAMP was shown to cause an increase in the

[Ca2þ ]i response by the upregulation of CCE (Wu et al., 1999).

It has also been reported that A2B and P2Y2 receptor

signalling converge to stimulate mitogen-activated protein

kinases (MAPK) in HEK293 cells (Gao et al., 1999). Whether

MAPK are also involved in the synergistic effect of adenosine

and ATP on [Ca2þ ]i transients remains to be ascertained.

The signal transduction pathway underlying the

A1-mediated reduction in sustained [Ca2þ ]i signal may depend

on the ability of A1 receptors to depress the basal cAMP

levels. This possibility is indirectly corroborated by the

observation that the exogenously induced intracellular cAMP

rise also augmented the [Ca2þ ]i plateau upon exposure to

ineffective ATP. However, the contribution of a bg-dependent
mechanism cannot be ruled out as in another cellular system

A1 receptors were shown to differently affect cAMP levels and

PLC activation through a and bg dimers, respectively (Tomura
et al., 1997). In this context, further studies are necessary to

clarify the contribution to other signal transduction pathways

to the A1-mediated downregulation of the sustained [Ca2þ ]i
response. It remains also to be ascertained why stimulation of

A3 receptors, which also downregulate AC (Zhou et al., 1992),

was unable to depress the [Ca2þ ]i plateau.

The physiological adenosine concentration in the brain is

below 1 mM (Ballarin et al., 1991), but during ischaemia

extracellular levels of adenosine increase up to 85-fold

(Parkinson et al., 2000). Therefore, under this condition, the

potentiation of the [Ca2þ ]i peak and the depression of

ATP-induced [Ca2þ ]i plateau would be particularly relevant.

A crucial issue that remains to be addressed is the functional

significance of such purine nucleotide and nucleoside crosstalk

on [Ca2þ ]i dynamics. In the brain, adenine-based purines are

involved in the regulation of a variety of physiological and

pathophysiological processes, ranging from CNS development

to nervous tissue remodelling following trauma, ischaemia or

neurodegenerative disorders (for a review, see Rathbone et al.,

1999). In astroglial cells, whereas adenine nucleotides seem to

mainly trigger and maintain astrogliosis, adenosine has been

suggested to play a crucial role in the control of astroglial

proliferation and to promote apoptosis, thus tuning the

elimination of useless cells during brain development or

damaged cells during repair (Neary et al., 1996). However,

whether changes in astroglial [Ca2þ ]i dynamics play a role in

such processes remains to be ascertained. Notably, several

lines of evidence indicate that the dynamics of [Ca2þ ]i signals

play pivotal roles in the control of cell proliferation, cell

differentiation and apoptosis in various cellular systems (for a

review, see Berridge et al., 2000). Moreover, there is an

indication that activation of different transcription factors

depends on the amplitude and duration of the [Ca2þ ]i
responses (Dolmetsch et al., 1997). Thus, it can be envisaged

that some of the regulatory effects mediated by the activation

of adenosine receptors in astrocytes may reside in its ability to

regulate the [Ca2þ ]i patterning, elicited by stimulation of P2

receptors. In conclusion, we have shown that ATP and

adenosine signalling can differently interact to regulate the

cellular mechanisms controlling the [Ca2þ ]i response in

cultured astrocytes. Owing to the importance of [Ca2þ ]i
dynamics in several cellular functions, these data suggest that,

compared to individual stimulation, coactivation of different

adenine purinoceptor subfamilies may result in variable

intracellular responses that may add a degree of specificity in

the presence of complex extracellular inputs.
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