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1 In this study the regulation of cardiac sympathetic out¯ow by presynaptic P2X receptor-gated ion
channels was examined.

2 ATP (30 mM±1 mM) and other P2-receptor agonists elicited [3H]-noradrenaline ([3H]-NA)
out¯ow from the isolated guinea-pig right atrium with the potency order of ATP42-methyl-
thioATP4a,b-methylene-ATP=ADP, whereas b,g-methylene-L-ATP was inactive.

3 Ca2+-free conditions abolished both electrical ®eld stimulation (EFS)- and ATP-evoked release of
tritium. Unlike from EFS-induced out¯ow, ATP-induced [3H]-NA out¯ow was not reduced by o-
Conotoxin-GVIA (100 nM), Cd2+ (100 mM) and tetrodotoxin (1 mM).

4 The rapid extracellular decomposition of ATP was revealed by HPLC analysis. However, the
e�ect of ATP to promote [3H]-NA release was not prevented by 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX, 250 nM), 3,7-dimethyl-1-propargylxanthine (DMPX, 250 nM), or by reactive blue 2 (RB2,
10 mM), antagonists of A1-, A2- and inhibitory P2 receptors.

5 Zn2+ (50 mM), the P2X-receptor modulator potentiated, and P2X receptor antagonists, i.e. suramin
(300 mM), pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS, 30 mM) and 2'-o-
(trinitrophenyl)-adenosine 5'-triphosphate (TNP-ATP, 30 mM) antagonized the ATP (1 mM)-evoked
response.

6 RT±PCR study revealed the expression of P2X2 and P2X3 receptor mRNAs in guinea-pig
superior cervical ganglion.

7 PPADS (30 mM) signi®cantly reduced the EFS-induced [3H]-NA out¯ow in the presence DPCPX
(250 nM) and RB2 (10 mM).

8 In summary a P2X-type purinoceptor regulates noradrenaline release from the isolated right
atrium of the guinea-pig. The pharmacological pro®le of the receptor resemble to homo-oligomeric
P2X3 or hetero-oligomeric P2X2/P2X3 complexes, and provide a new target to intervene on
sympathetic neuroe�ector transmission at the presynaptic site.
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Introduction

Presynaptic ligand-gated ion channels provide an important
target to amplify neuroe�ector transmission (MacDermott et
al., 1999). ATP gated ion channels, also known as P2X

receptors, form a unique family of ligand-gated ion channels,
characterized by two membrane spanning regions and a large
extracellular loop (Brake et al., 1994). Until now seven
di�erent members of this family has been identi®ed which

display distinct but overlapping distribution and pharmaco-
logical features (North & Surprenant, 2000; Ralevic &
Burnstock, 1998). These seven P2X proteins, numbered by

P2X1 to P2X7, however, do not function as individual
receptors, but they form homo- or hetero-oligomeric
complexes in expression systems, corresponding to functional

ATP-gated ion channels in native tissues. Recent biochemical

evidence suggest that as much as 17 di�erent homo- or
hetero-oligomeric combinations of P2X receptor subtypes
result in functional receptor (Torres et al., 1999). The

coassembly of di�erent individual P2X subtypes may result
in a completely novel pharmacological phenotype (Haines et
al., 1999; Le et al., 1998, 1999; Lewis et al., 1995), but this is
not necessarily the case; in other combinations one subtype

dominates over the other in terms of pharmacological pro®le
(King et al., 2000). Given this considerable diversity, a major
challenge has recently been shown to characterize P2X

receptor assemblies in expression systems and to identify
physiological responses by their native counterparts. In the
nervous system P2X receptors mediate the well-known fast

transmitter action of extracellular ATP in neuro-neuronal
(Edwards et al., 1992) and neuro-e�ector synapses (Evans et
al., 1992). As P2X receptors are also known for their high

Ca2+ permeability (Rogers et al., 1997), whereby Ca2+ signal
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and neurotransmitter release could be directly initiated,
another possible function of neuronal P2X receptors is that
they modulate neurotransmitter release. In our earlier study

we demonstrated presynaptic P2 receptor on cholinergic nerve
terminals (SperlaÂ gh & Vizi, 1991), which was con®rmed by
electrophysiological studies (Sun & Stanley, 1996), and
followed by reports on P2X receptors regulating glutamate

(Gu & MacDermott, 1997) dopamine (Zhang et al., 1996)
and GABA release (Hugel & Schlichter, 2000). Apart from
our previous study, where the presence of P2 receptors on

sympathetic nerve terminals has been ®rst suggested
(SperlaÂ gh & Vizi, 1991), recent reports identi®ed stimulatory
P2X receptors on noradrenergic axon terminals of cultured rat

sympathetic neurons (Boehm, 1999, von Kugelgen et al.,
1999). However, the organization and receptor distribution of
cultured neurons might not re¯ect that of normal tissue and

no such data is available concerning the noradrenaline release
in whole tissue. Furthermore a wealth of data suggest that
there is considerable inter-species and inter-ganglionic
variation in the expression of P2X receptors in sympathetic

ganglia of di�erent species (Evans & Surprenant, 1996; Xiang
et al., 1998; Zhong et al., 2000a,b), therefore one could not
extrapolate from one species to another, or from one

ganglion to another.
The main question addressed in this study was, therefore,

to show whether the release of noradrenaline could be

modulated by presynaptic P2X receptors in the isolated right
atrium of the guinea-pig, and to characterize pharmacologi-
cally the receptor-subtype involved.

Methods

[3H]-Noradrenaline release from the isolated right atrium
of the guinea-pig

[3H]-Noradrenaline release experiments were carried out
according to the method described in our earlier papers
(e.g. Oe et al., 1999). Male albino guinea-pigs (Richter

Gedeon Co., Budapest, Hungary) of 300 ± 500 g body weights
were anaesthetized with saturating concentrations of diethyl-
ether, and then stunned and exsanguinated. The right atria
were dissected in ice-cold Krebs' solution saturated with 95%

O2 and 5% CO2 and incubated in 1 ml of modi®ed Krebs
solution (mM: NaCl 113, KCl 4.7, CaCl2 2.5, KH2PO4 1.2,
MgSO4 1.2, NaHCO3 25.0, glucose 11.5, pH 7.8) containing

370 kBq ml71 [3H]-NA (0.27 mM, speci®c activity
1.35 TBq mmol71; Amersham), ascorbic acid (30 mM) and
Na2EDTA (100 mM) for 60 min. The medium was bubbled

continuously with 95% O2 and 5% CO2 and maintained at
378C. After incubation the tissues were rinsed and transferred
to tissue chambers of 4-ml volume and perfused continuously

with modi®ed Krebs' solution at a rate of 1 ml min71. In
order to wash out the excess radioactivity and to allow tissue
equilibration, the preparations were perfused for 60-min.
Subsequently, perfusate samples were collected over a 3-min

period and assayed for [3H]-NA. During the sample collection
period, electrical ®eld stimulation was applied twice 30 min
apart (S1, S2), using a Grass S88 stimulator (Quincy, MA,

U.S.A.), with the following parameters: alternate square-wave
pulses (25 V cm71, 2.5-ms duration) applied at 2 Hz; a total
of 240 shocks were delivered during both S1 and S2. In some

experiments DPCPX and RB2 were perfused during the
entire collection period and PPADS was applied 18 min
before S2 and thereafter. In other experiments only one
electrical stimulation (S1) was applied, and 12 min after

stimulation P2 receptor agonists (ATP, 2-methyl-thioATP,
ADP, a,b-methylene-ATP, b,g-methylene-L-ATP) were ap-
plied for a 10 min perfusion period. Purinoceptor antagonists

(PPADS, DPCPX, DMPX, suramin, TNP-ATP, RB2 and
NF 279) and Zn2+ were administered 10 min before ATP,
tetrodotoxin, Cd2+, and o-conotoxin GVIA were perfused
from 12 min before S1, Ca

2+ free solution was applied 60 min

before S1 and thereafter.
The radioactivity released from the preparations was

measured with a Packard 1900 Tricarb (Packard, Canberra,

Australia) liquid scintillation spectrometer. A 0.5-ml aliquot
of the perfusate sample was added to 4 ml of liquid
scintillation ¯uid (Packard Ultima Gold) and counts were

determined. For determining the residual radioactivity, the
tissues were weighed and homogenized, and the radio-
activity was extracted with 10% trichloroacetic acid. The

counts were converted to absolute activity by the external
standard method. Release of [3H]-NA was expressed in
Bq g71 and as a percentage of the amount of radioactivity
in the tissue at the sample collection time (fractional

release). It was reported previously that the majority of
tritium out¯ow under identical conditions is derived from
[3H]-NA (Nakatsuka et al., 1995). Basal out¯ow was

calculated as the fractional release measured in a 3-min
sample in the absence and presence of drugs, respectively.
Drug-induced NA out¯ow was expressed by calculating the

net release in response to drug application by the area-
under-the-curve method, i.e. by subtracting the release
before the drug application from the values measured after

drug application. Similarly, electrical-stimulation evoked
NA release was calculated by subtracting the release before
the stimulation from the values measured after the
respective stimulation (S1,S2). The e�ect of drugs on the

electrical stimulation-evoked release of [3H]-NA was ex-
pressed as S2/S1 ratios, measured in the absence and
presence of the drug.

ATP metabolism studies

Right atria were dissected from guinea-pigs as described
above, subdivided into three pieces and incubated in 3 ml of
Krebs solution at 378C, bubbled with 95% O2+5% CO2.
Subsequently 60 nmol of ATP was added to the 3-ml bath

and aliquots of 70 ml were taken out 2.5, 5, 10, 15, 20 and
30 min after the addition of ATP. The concentrations of
ATP, ADP, AMP, adenosine and inosine in the aliquots were

measured by high-performance liquid chromatography com-
bined with ultraviolet detection (HPLC-UV) according to the
method described earlier (SperlaÂ gh et al., 1995). The actual

concentrations of ATP, ADP, and AMP were expressed in
mM. For the determination of the kinetic parameters of
ectoATPase, a linear regression for ATP or AMP concentra-

tions as a function of time was calculated from the
concentrations of the ®rst ®ve samples (0, 2.5, 5, 10 and
15) after three di�erent initial concentrations of ATP or
AMP (20, 100 and 500 mM), and the slope was used as initial

velocity (vi). These initial velocities were used for calculation
of the parameters from the Lineweaver ± Burk plot using
linear line regression:

1 v ÿ1i � KM v ÿ1
max � �S� � 1 v ÿ1

max ;

where vi is the velocity measured when very little substrate
has reacted, [S] is the concentration of the substrate, Vmax

(maximal velocity) is a point where the enzyme is saturated
with the substrate and KM (Michaelis constant) is the
concentration that produces half-maximal velocity.
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RT±PCR study

Dissected organs (guinea-pig superior cervical ganglion, or

hippocampus) were collected into liquid nitrogen. Total RNA
from tissue samples was isolated by a modi®ed guanidine
isothiocyanate method with TRIZOL Reagent (Life Tech-
nologies, Rockville, MD, U.S.A.). DNA contamination of

RNA preparations was eliminated by treatment with RNase
free DNase (Promega, Madison, WI, U.S.A.) as described
Ausubel et al. (1988). First-strand cDNA templates were

synthesized from 5 mg of DNase treated RNA samples with
SuperScript Preampli®cation System (Life Technologies)
using random nonamer primers in 20 ml total volume and

5 ml of the reactions were applied for PCR ampli®cation
using 0.4 mM forward and reverse primers. Ampli®cations
were carried out as follows: 5 min initial denaturation at

968C then 2 u of Taq DNA polymerase (Promega) was added
to the reactions and 35 cycles at 948C for 1 min, 598C for
1 min, 728C for 1 min followed by 5 min ®nal extension at
728C.
Primers for amplication of guinea-pig P2X2 cDNA were

designed to the common region of the known three splice
variants (AF053327, AF053328, AF053329) (Parker et al.,

1998) between positions 406 (AGCATCATCACCAGGATT-
GAG) and 897 (GATGATGACGCCAATAACACC). Oligo-
nucleotides were synthesized byMWGBiotech AG (Ebersberg,

Germany). Primers for ampli®cation of the P2X3 cDNA were
designed to rat P2X3 sequence (X91167) between positions
742 (CTCCTGCCTAACCTCACCGACAAGGACATAAA-

GAGGTGCCGCTTC) and 1321 (CTAGTGACCAATA-
GAATAGGCCCCTGAGTCTGTAGACTGCTTCTC) and
were kindly provided by J. Simon. Since the guinea-pig
sequence is not available, mouse b-actin primers were used

for control ampli®cation (AGCTGAGAGGGAAATCGTGC
and GATGGAGGGCCGGCTCAT, positions 569 and 1048
on cDNA) (Tokunaga et al., 1986). Ampli®cation products

were analysed by agarose gelelectrophoresis.

Materials

The following chemicals were used: [3H]-noradrenaline, ([3H]-
NA, Amersham, Little Chalfont, U.K.) adenosine 5'-triphos-
phate (ATP), adenosine 5'-diphosphate (ADP), adenosine 5'-
monophosphate (AMP), adenosine, inosine, tetrodotoxin
(TTX), a,b-methylene-adenosine 5'-triphosphate (a,b-methy-
lene-ATP) (all from Sigma, St. Louis, MO, U.S.A.), 8-

cyclopentyl-1,3-dipropylxanthine (DPCPX), 3.7-dimethyl-1-
propargylxanthine (DMPX), 2-methylthioadenosine triphos-
phate (2-methyl-thioATP), pyridoxal-phosphate-6-azophenyl-

2',4'-disulphonic acid tetrasodium (PPADS) (RBI, Natick,
MA, U.S.A.), ZnCl2 CdCl2 (Reanal, Budapest, Hungary), o-
conotoxin GVIA (Alomone Labs, Jerusalem, Israel), suramin

(Bayer, Leverkusen, Germany), 2'-o-(trinitrophenyl) adeno-
sine 5'-triphosphate (TNP-ATP, Molecular Probes, Eugene,
OR, U.S.A.), b,g-methylene-L-adenosine triphosphate (b,g-
methylene-L-ATP), NF 279 (Tocris Cookson, Ballwin, MO,

U.S.A.), reactive blue 2 (RB2) (Aldrich, Steinheim, Ger-
many). All solutions were freshly prepared on the day of use.

Statistics

All data were expressed as means+s.e.mean of n observa-

tions. The statistical analysis were made by one-way analysis
of variance (ANOVA) followed by Dunnett test (multiple
comparisons), or Student's t-test (pairwise comparisons). P
values of less than 0.05 were considered statistically

signi®cant. Concentration-response curves were constructed
using the sigmoidal logistic equation of the GraphPad Prism
(San Diego, CA, U.S.A.) software.

Results

[3H]-noradrenaline release experiments on the isolated
right atrium of the guinea-pig

After 60 min preperfusion the basal tritium e�ux measured
in a 3 min sample was 0.32+0.02% (n=8) of tissue tritium
content, which remained relatively constant during the

subsequent sample collections. Electrical ®eld stimulation of
low frequency (2 Hz, 240 shocks) increased the out¯ow of
[3H]-NA: the electrical stimulation-evoked release was

1.22+0.13%, (n=8, P50.001) in control experiments (Figure
1a). The second stimulation (S2) elicited a similar amount of
tritium, resulting in an S2/S1 ratio of 0.96+0.02 (n=8). In the
presence of the sodium channel inhibitor tetrodotoxin (TTX,

1 mM) the basal out¯ow of [3H]-NA did not change
signi®cantly (0.34+0.01, n=6, P40.05); in contrast there
was no detectable increase in the out¯ow, in response to

stimulation (see Figure 2).
A 10-min perfusion of the preparations with ATP (1 mM)

caused a transient increase in the e�ux of [3H]-NA (Figure

Figure 1 Electrical ®eld stimulation- and ATP-induced release of
[3H]-NA from the isolated guinea-pig right atrium. Tissues were
superfused with Krebs' solution for 60 min and then subjected to
electrical ®eld stimulations (a,b) S1, S2, 25 V cm71, 2 Hz, 2.5 ms, 240
shocks) or to ATP (1 mM) application (b) as indicated. The tritium
content in the perfusate samples was measured by liquid scintillation
spectrometry and was expressed in fractional release (%, for
calculation, see Methods), as a function of time. Data represent the
means+s.e.mean of 6 ± 8 identical experiments.
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1b) which peaked 6 min after ATP administration and then
gradually declined and returned to the baseline level in the
following 18 min. The net release evoked by ATP (1 mM)

(1.23+0.2%), was comparable to that evoked by ®eld
stimulation, and was concentration-dependent between 0.03
and 1 mM (see Figure 5). As it is known that high
concentration of ATP might have non-speci®c depolarizing

e�ect, higher concentration than 1 mM was not tested.
In order to explore the potential mechanism whereby ATP

promotes the out¯ow of noradrenaline, in subsequent

experiments electrical ®eld stimulation (EFS)-induced and
ATP-induced [3H]-NA out¯ow were compared under di�erent
experimental conditions. When tissues were exposed to Ca2+

free solution supplemented with 1 mM EGTA both EFS- and
ATP induced [3H]-NA out¯ow was abolished (Figure 2). o-
Conotoxin-GVIA (100 nM) the selective blocker of the N-

type voltage dependent Ca2+ channels inhibited EFS-evoked
tritium out¯ow, whereas it did not a�ect signi®cantly basal
(0.33+0.02, n=6, P40.05) and ATP-induced (Figure 2)
tritium out¯ow. Similarly, Cd2+ (100 mM) which is known to

inhibit all types of voltage dependent Ca2+ channels at this
concentration (Miller, 1987) almost totally inhibited EFS-
evoked out¯ow, while it did not decrease basal (0.31+0.03,

n=6, P40.05) and ATP-evoked out¯ow, moreover, the latter
was potentiated (Figure 2). Blockade of sodium-dependent
action potential propagation by TTX (1 mM), which pre-

vented electrical ®eld stimulation-evoked [3H]-NA out¯ow,
did not signi®cantly a�ect ATP-induced [3H]-NA out¯ow
(Figure 2).

Since a relatively high concentration of ATP was necessary
to obtain this e�ect, the possibility that ATP might have been
broken down rapidly in the extracellular space was envisaged
in the following experiments. The decomposition of exogen-

ous ATP was determined by HPLC-UV technique (Figure 3).
Sixty nmol ATP, added to the preparations was readily
hydrolyzed to ADP, AMP and adenosine by the ectoATPase,

ectoATPdiphosphohydrolase and 5'nucleotidase enzymes,
and as an end-product of inactivation, inosine also appeared
in the extracellular ¯uid, showing the activity of the

adenosine deaminase enzyme. The vmax and KM values of
ectoATPase enzyme, obtained in initial rate measurements
were 14+4.18 nmol min71 prep. and 445+92 mM respectively
(n=3). Hence, ATP itself, but its breakdown products acting

on adenosine receptors might be also responsible for
increased out¯ow of tritium in response to ATP challenge.
In the presence of DPCPX (250 nM), the A1-selective

adenosine receptor antagonist, and DMPX (250 nM), the
relatively selective A2 receptor antagonist the basal e�ux of
[3H]-NA did not change signi®cantly (0.49+0.05, n=6,

P40.05 and 0.41+0.02, n=6, P40.05 in the presence of
DPCPX and DMPX, respectively). Neither DPCPX
(250 nM), nor DMPX (250 nM) a�ected [3H]-NA out¯ow

induced by 1 mM ATP (Figure 4). As it has been
demonstrated that noradrenaline release from sympathetic
neurons is under the control of inhibitory P2Y-like
purinoceptors (von Kugelgen et al., 1993; 1995) the e�ect

of reactive blue 2 (RB2, 10 mM), a P2 receptor antagonist
known to antagonize this inhibitory neuromodulation was
also tested: nevertheless, RB2 was ine�ective to modify either

basal (0.49+0.24, n=6, P40.05), or ATP (1 mM)-induced
out¯ow (Figure 4). In contrast, PPADS (30 mM) another P2

receptor-antagonist completely inhibited, while Zn2+ (50 mM)

the allosteric modulator of ATP gated ion channels
signi®cantly potentiated ATP-induced response (Figure 4),
while no change in basal e�ux of tritium was observed

(0.39+0.03, n=6, P40.05 and 0.31+0.01, n=8, P40.05, in
the presence of PPADS and Zn2+, respectively).

Apart from ATP, other agonists, known to act on P2

receptors were also active to promote tritium release. Figure

5 shows the concentration-response curves of di�erent P2

agonists to elicit [3H]-NA out¯ow. ATP appeared to be the
most potent agonist, whereas 2-methyl-thioATP and a,b-
methylene-ATP also behaved as less potent, but full agonists
(Figure 5). ADP exhibited similar potency than a,b-
methylene-ATP, however its e�ect declined at 1 mM and it

released signi®cantly less tritium than ATP at this concentra-
tion (0.23+0.01% of tissue tritium, n=6, P50.05), indicat-
ing that it acts as a partial agonist. b,g-methylene-L-ATP, a
relatively selective antagonist of P2X1 receptors (Trezise et al.,

Figure 2 E�ect of Ca2+ free medium, voltage dependent Ca2+

channel antagonists and tetrodotoxin on the electrical ®eld
stimulation-evoked and ATP-induced out¯ow of [3H]-NA in the
isolated guinea-pig right atrium. The preparations were superfused
and subjected to electrical ®eld stimulation (S1, 25 V cm71, 2 Hz,
2.5 ms, 240 shocks) or ATP (1 mM) application, according to the
experimental protocol shown in Figure 1b. Ca2+ free solution (Ca2+

free), supplemented with 1 mM EGTA was applied from 60 min
before the start of sample collection, and thereafter, o-conotoxin
GVIA (CGTX, 0.1 mM), Cd2+ (Cd2+, 100 mM) and tetrodotoxin
(TTX, 1 mM) was perfused from 10 min before the start of the sample
collection period, and thereafter. The net tritium release evoked by
electrical ®eld stimulation (EFS, open bars) or ATP (ATP, solid bars)
were calculated by the area-under-the-curve method and expressed in
fractional release (%). Data show the means+s.e.mean of 6 ± 8
identical experiments. Asterisks indicate signi®cant di�erences from
respective controls, calculated by ANOVA followed by Dunnett test
(**P40.01). n.d. not detectable.

Figure 3 Extracellular decomposition of ATP in the isolated
guinea-pig right atrium. Preparations were incubated in 3 ml Krebs'
solution in the presence of 60 nmol ATP. Aliquots (70 ml) were taken
2.5, 5, 10, 20, 25, and 30 min after the addition of ATP. The amount
of nucleotides (ATP, ADP, AMP) and nucleosides (ADO, adenosine,
INO, inosine) in the aliquots were determined by HPLC-UV method
and expressed in mM. Data show the means+s.e.mean of three
identical experiments.
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1995) appeared as an even weaker agonist, being ine�ective at
releasing substantial amounts of tritrium under our experi-
mental conditions (Figure 5).

The e�ect of ATP was also tested in the presence of a
variety of P2 receptor antagonists. PPADS (30 mM), suramin
(300 mM) and TNP-ATP (30 mM) all decreased or abolished
the response obtained by ATP at di�erent concentrations

(Figure 6). NF279 (2 mM), an antagonist of P2X1 receptor did
not a�ect signi®cantly [3H]-NA out¯ow evoked by 1 mM

ATP (1.85+0.22, n=6, P40.05).

Since the above ®ndings outlined a pharmacological pro®le
resembling to P2X3 and P2X2/P2X3 receptor, a RT±PCR study
was performed to con®rm that P2X2 and P2X3 receptor

mRNA could be coexpressed in guinea-pig superior cervical
ganglion (SCG) which is known to supply the sympathetic
innervation of the heart.

RT±PCR study

Speci®c primers were designed to the common regions of the

known three splice variants of guinea-pig P2X2 receptor
cDNA. Since the sequence of the guinea-pig P2X3 receptor
cDNA has not been reported so far, in case of P2X3 receptor,
primers designed to the rat P2X3 receptor cDNA were used.

As shown in Figure 7, mRNAs encoding both P2X2 and P2X3

receptors were present in the guinea-pig SCG and hippo-
campus, the latter was used as a positive control. The length

of both P2X2 and P2X3 speci®c PCR products were as
expected. When PCR was performed on RNA samples
without reverse transcription, there were no ampli®cation

products, indicating that the bands on the gel generated by
RT±PCR couldn't be derived from direct ampli®cation of
genomic DNA.

Regulation of EFS-induced [3H]-NA outflow by
P2 receptors activated by endogenous ATP

In order to exclude interaction of endogenous ATP with
inhibitory modulation via A1 and P2Y-like receptors, the
following experiments were carried out in the presence of

Figure 4 E�ect of di�erent antagonists and Zn2+ on ATP-induced
out¯ow of [3H]-NA. Isolated guinea-pig right atrium preparations
were superfused and subjected to ATP (1 mM) application, according
to the experimental protocol shown in Figure 1b. DPCPX (250 nM),
DMPX (250 nM), reactive blue 2 (RB2, 10 mM), Zn2+ (50 mM) and
PPADS (30 mM) were perfused 10 min before ATP application and
thereafter. The net tritium release evoked by ATP was calculated by
the area-under-the-curve method and expressed in fractional release
(%). Data show the means+s.e.mean of 6 ± 8 identical experiments.
**P50.01 indicates signi®cant di�erences between ATP-evoked
tritium out¯ow in the absence and presence of drugs or Zn2+,
calculated by ANOVA followed by Dunnett test.

Figure 5 Concentration-response relationship of [3H]-NA out¯ow
evoked by di�erent P2X receptor agonists. Isolated guinea-pig right
atrium preparations were superfused and subjected to ATP
(triangles), ADP (diamonds), 2-methyl-thioATP (thioATP, squares),
a,b-methylene-ATP (a,b-mATP, circles) or b,g-methylene-L-ATP (b,g-
L-mATP, crosses) application in di�erent concentrations indicated on
the abscissa, ranging from 30 mM to 1 mM according to the
experimental protocol shown in Figure 1b. The net tritium release
evoked by di�erent agonists were calculated by the area-under-the-
curve method and expressed in fractional release (%). Data show the
means+s.e.mean of 6 ± 8 identical experiments.

Figure 6 E�ect of P2X receptor antagonists on [3H]-NA out¯ow
evoked by ATP. Concentration-response curves for ATP were made
in the absence (triangles) or presence of PPADS (30 mM, squares),
suramin (300 mM, circles) and TNP-ATP (30 mM, diamonds). The net
tritium release evoked by di�erent concentrations of ATP ranging
from 30 mM to 1 mM were calculated by the area-under-the-curve
method and expressed in fractional release (%). Data show the
means+s.e.mean of 4 ± 8 identical experiments.

Figure 7 RT±PCR analysis of P2X2 and P2X3 receptor subtype
expression in the guinea-pig SCG and hippocampus. Total RNA
samples from the SCG and hippocampus were reverse transcribed
and ampli®ed by PCR using primers speci®c to P2X2 and P2X3

transcripts. Ampli®cation of b-actin was used as internal control. A
100 bp DNA ladder (Fermentas, Vilnius, Lithuania) was used to
identify PCR fragment sizes. The gels shown are representative of at
least three independent experiments.

British Journal of Pharmacology vol 131 (8)

Presynaptic P2X receptors in guinea-pig atriumB. SperlaÂgh et al 1779



DPCPX (250 nM) and RB2 (10 mM), the antagonists of these
receptors, which were perfused from the beginning of the
sample collection period. Under these conditions the S2/S1
ratio was 1.14+0.05 (n=6). When PPADS (30 mM) was
perfused before the second stimulation, the resting out¯ow
did not change signi®cantly (data not shown). In contrast a
slight but signi®cant decrease in the EFS-evoked [3H]-NA

out¯ow was observed in the presence of PPADS: the S2/S1
ratio changed to 0.87+0.06 (n=6, P50.01).

Discussion

ATP has been known for a long time to act as an
extracellular messenger in the cardiovascular system (Drury
& Szent-GyoÈ rgyi, 1929). It is co-released with noradrenaline

from sympathetic nerve terminal in response to neuronal
activity (Fredholm et al., 1982; SperlaÂ gh & Vizi, 2000), but it
could also be released from postsynaptic target cells (Vizi &
SperlaÂ gh, 1999; Vizi et al., 1992), i.e. from endothelial cells

(Milner et al., 1990; Yang et al., 1994), and from cardiac
muscle cells upon energy deprivation (Borst & Schrader,
1991). ATP activates multiple subtypes of ionotropic (P2X)

and metabotropic (P2Y) receptors, regulating myocardial
function, haemostasis and proliferation of the endothelium
(Boarder & Hourani, 1998; Rongen et al., 1997). A further

important site of action of extracellular ATP could be
neuronal P2 receptors, whereby neuroregulation of cardiac
function could be locally and e�ectively controlled. Neuronal

P2X receptor subtypes have been extensively characterized in
cellular systems (North & Surprenant, 2000; Ralevic &
Burnstock, 1998), however much less is known about their
identity and functional properties in whole tissues; in

particular how they control neurotransmitter release. Here
we provide pharmacological evidence that the release of NA
is under the control of P2X receptors, located on cardiac

sympathetic nerve terminals.
In our experiments ATP and other P2 receptor agonists

elicited concentration-dependent [3H]-NA out¯ow, which was

comparable to that obtained after axonal stimulation of
sympathetic nerves. ATP-induced [3H]-NA out¯ow proved to
be entirely dependent on extracellular Ca2+, but apart from
EFS-evoked out¯ow it was not abolished in the presence of

voltage-dependent calcium channel blockers. Knowing that
P2X receptors have relatively high Ca2+ permeability (Rogers
et al., 1997), the potential mechanism whereby ATP promotes

the release of NA could be the direct in¯ux of Ca2+ through
the receptor ion channel complex, rather than the subsequent
activation of voltage dependent calcium channels. On the

other hand, blockade of voltage dependent sodium channels
by TTX did not signi®cantly a�ect ATP induced [3H]-NA
out¯ow, indicating that sodium channels do not play any

part in the initiation of this kind of release. This result also
suggests that the underlying receptor is located downstream
from action potential initiation site and is supposedly at the
varicose axon terminals of sympathetic neurons.

The concentration range of ATP to elicit this response was
between 30 mM and 1 mM, which is relatively higher than
values obtained in cellular systems where ectoATPase activity

is inhibited or tightly controlled (Crack et al., 1995; Khakh &
Kennedy, 1998). The most plausible explanation of this
discrepancy is that ATP has broken down in the extracellular

space to inactive metabolites by the ectonucleotidase cascade
located on endothelial surface (Pearson et al., 1980). There-
fore it was important to determine the degradation rate of
ATP in this tissue. Indeed, exogenous ATP has been readily

hydrolyzed to ADP, AMP and adenosine, due to the activity
of ectoATPase, ectoATPdiphosphohydrolase and 5'nucleoti-
dase enzymes, and as an end product of this inactivation

pathway, inosine also appeared in the extracellular ¯uid due
to the activity of adenosine deaminase enzyme. Nevertheless,
neither DPCPX, the A1-selective adenosine receptor antago-
nist, nor DMPX, the relatively selective A2 receptor

antagonist, a�ected signi®cantly [3H]-NA out¯ow induced
by 1 mM ATP, suggesting that metabolites of ATP acting on
adenosine receptors, did not contribute to this e�ect.

As several studies have shown, the release of NA from
sympathetic nerve terminals is under the control of inhibitory
P2Y-like receptors (von Kugelgen et al., 1993; 1995), and this

inhibitory neuromodulation is sensitive to RB2, an antagonist
of P2 receptors, the e�ect of this drug was also tested against
ATP induced [3H]-NA out¯ow. However, RB2 was ine�ective

to modify ATP-evoked [3H]-NA out¯ow, showing that
distinct receptors are responsible for inhibition and stimula-
tion of NA release by extracellular ATP. In contrast other P2

receptor antagonists, such as PPADS and suramin, inhibited,

whereas Zn2+, the allosteric modulator of certain ATP gated
ion channels, potentiated ATP-induced [3H]-NA out¯ow
consistently with the idea that it is mediated by P2X receptors.

Although at present there is no ligand which is able to
di�erentiate between P2X and P2Y receptor families, the
notion, we favour, that P2X rather than P2Y receptors are

responsible for this e�ect, relies on the following arguments:
(1) The response was sensitive to modulation by Zn2+ and
Cd2+, and (2) was entirely [Ca2+]o-dependent, features

characteristic for ATP gated ion channels (Li et al., 1993;
Nakazawa & Ohno, 1997) but not to metabotropic P2Y

receptors; (3) ADP exhibited a weak, partial agonist e�ect
which excluded the involvement of P2Y4 and P2Y6 receptors,

where ADP is equipotent or more potent than ATP, whereas
the agonist activity of a,b-methylene-ATP ruled out the
involvement of P2Y1 and P2Y2 (Ralevic & Burnstock, 1998);

(4) to date almost all P2Y-like receptors which have been
involved in the modulation of neurotransmitter release have
been proved to be inhibitory receptor (e.g. von Kugelgen et

al., 1993; 1995), while positive modulation of neurotransmit-
ter release is generally mediated by P2X-like receptors (e.g.
Boehm, 1999; Gu & MacDermott, 1997; Hugel & Schlichter,
2000).

Our ®ndings support previous observation of Boehm
(1999) who found that cultured rat sympathetic neurons are
equipped with presynaptic P2X receptors, and con®rm that

these receptors are functional in a whole tissue, where
synaptic organization and receptor distribution is retained.
However, the pharmacological pro®le of the receptor

identi®ed in our experiments is dissimilar from that described
in the above study, indicating that a di�erent subtype of P2X

receptor is involved. Furthermore, the pharmacological

pattern outlined by this study allows identi®cation of the
P2X receptor subunit composition of the underlying receptor,
at least from the known pharmacological phenotypes of P2X

receptor assemblies: these are six functional homomeric

(P2X1, P2X2, P2X3, P2X4, P2X5, P2X7) and four heteromeric
P2X, (P2X2/P2X3, P2X1/P2X5, P2X2/P2X6, P2X4/P2X6) combina-
tions (Haines et al., 1999; King et al., 2000; Le et al., 1998;

1999; North & Surprenant, 2000). As the most important
feature, a,b-methylene-ATP acted as full agonist in our study,
which rules out the involvement of all homomeric combina-

tions, except P2X1 and P2X3, and the heteromeric assemblies,
except P2X2/P2X3 and P2X4/P2X6. This ®nding is also
indicative for the phenotypic di�erence between P2X receptors
regulating NA release in the rat and guinea-pig sympathetic
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nerves, i.e. at the rat receptor which was identi®ed as a P2X2

receptor, a,b-methylene-ATP was inactive (Boehm, 1999).
Since b,g-methylene-L-ATP, which has been claimed as a

selective P2X1 receptor agonist (Trezise et al., 1995) was
virtually inactive in our experiments, the involvement of P2X1

receptors seems also unlikely. Furthermore, reactive blue 2,
which has been shown to antagonize responses mediated by

P2X1 (Brake et al., 1994) and heterologously expressed P2X4/
P2X6 receptors (Le et al., 1998), did not a�ect the response
evoked by ATP in our study, which limits the likely

candidates to P2X3 or P2X2/P2X3 combinations. Supporting
this assumption, TNP-ATP that is reported to be active at
these two (but not at all) P2X receptors (Virginio et al., 1998)

antagonized the response evoked by ATP. Although TNP-
ATP has been reported as nanomolar a�nity ligand at these
receptor assemblies (Lewis et al., 1998; Virginio et al., 1998)

it exhibited lower a�nity in whole tissues, most likely because
it is subject to dephosphorylation by ectonucleotidases (Lewis
et al., 1998). The most important phenotypic di�erence
between P2X3 and P2X2/3 receptor is their di�erent desensiti-

zation properties (Lewis et al., 1995); however, the temporal
resolution of the release technique does not allow direct
investigation of receptor desensitization. Instead, a RT±PCR

study was carried out to prove whether these P2X receptor
subunits could be coexpressed in guinea-pig SCG, the
sympathetic ganglion providing the sympathetic innervation

of the cardiac tissue. In the case of P2X2 receptors, speci®c
primers were designed to those regions of guinea-pig P2X2

cDNA which are present in all splice variants of this receptor

subtype (Parker et al., 1998), and our data showed that this
receptor is expressed in the hippocampus and in the SCG. We
have used rat-speci®c P2X3 primers to detect the P2X3 receptor
mRNA in a guinea-pig, since to date P2X2 receptor is the only

P2X subtype which has been molecularly identi®ed in this
species (Parker et al., 1998). Nevertheless mRNA for this
receptor was also clearly detected both in the hippocampus

and atrium, indicating that the rat primers could amplify the
guinea-pig P2X3 receptor cDNA, and there should be high
sequence homology between rat and guinea-pig P2X3 genes.

This is not surprising, taking into account the relatively high
homology between rat and guinea-pig P2X2 (Parker et al.,
1998). Our data are also in agreement with the very recent
immunohistochemical study of Zhong et al., who found that

P2X2 and P2X3 receptors are the only P2X subtypes which are
expressed in guinea-pig SCG (Zhong et al., 2000a) as
opposed to rat SCG, where P2X1, P2X2, P2X4 and P2X6 are

expressed (Xiang et al., 1998). Therefore our data adds
further support to the growing notion that the composition
of P2X receptor subunits expressed in sympathetic ganglia of

rat and guinea-pig is di�erent (Zhong et al., 2000a,b), and

this species heterogeneity is also manifested at those receptors
which are expressed at the nerve terminal level. Nevertheless,
our data does not rule out the possibility that the expression

pattern of P2X receptors in cardiac sympathetic nerve
terminals is inhomogeneous and individual nerve terminals
might express di�erent subunit assemblies i.e. either P2X3 or
P2X2/3 or even P2X2.

As it is well known that endogenous ATP is co-released
with NA from the sympathetic nerves (SperlaÂ gh & Vizi, 2000;
Vizi et al., 1992) and from the postsynaptic target cell upon

neuronal stimulation (Vizi & SperlaÂ gh, 1999; Vizi et al.,
1992), and early studies showed stimulation-dependent release
of ATP from sympathetic nerves supplying the heart

(Fredholm et al., 1982), it seemed worthwhile to challenge
the hypothesis, whether the release of noradrenaline evoked
by axonal stimulation is subject to modulation by endogen-

ous ATP through presynaptic P2X receptors described in the
previous experiments. Since NA release from sympathetic
nerves is under the tonic control of inhibitory P2 receptors
(von Kugelgen et al., 1995) and A1 adenosine receptors

(Hedqvist & Fredholm, 1979), the possible interference of
endogenous ATP with these receptors was prevented by the
application of RB2 and DPCPX. Under these conditions

PPADS (the P2 receptor antagonist) slightly but signi®cantly
reduced the electrical ®eld stimulation-induced NA out¯ow,
raising the possibility that the release of NA upon neuronal

activity is under the autofacilitatory control of P2 receptors
located on varicose terminals of sympathetic nerves. How-
ever, as PPADS has also inhibitory activity on ectoATPase

enyzme (Bultmann et al., 1996) and on intracellular Ca2+

mobilization (Vigne et al., 1996) this assumption needs
further investigation.
In summary, we show here that the release of NA from

cardiac sympatheic nerves is regulated by presynaptic P2X

receptors. The pharmacological phenotype of this receptor is
similar to homo-oligomeric P2X3 and to hetero-oligomeric

P2X2/P2X3 receptors, consistent with the expression of the
receptor subunit mRNA in the SCG. These receptors may
serve as a target site for endogenous ATP released from

various sources (SperlaÂ gh & Vizi, 2000) or drugs acting in a
non-synaptic fashion (Vizi, 2000) in the cardiovascular system
under physiological and pathological conditions.
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