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Abstract ATP is a co-transmitter in the central and pe-
ripheral nervous system. Extracellular ATP exerts its ef-
fects viaionotropic (P2X), as well as metabotropic recep-
tors (P2Y). P2X receptors are involved in fast excitatory
synaptic signaling by ATP, whereas the role of P2Y re-
ceptors in synaptic transmission is unclear. Seven differ-
ent mammalian P2X receptor subunits (P2X,_;) have been
cloned to date. This article gives an overview about the
distribution of these P2X receptor subunits in the nervous
system. A comparison is made between the pharmacol og-
ical properties of recombinant receptors and natively oc-
curring neuronal P2X receptors by means of electrophys-
iological methods. The subcellular distribution of, devel-
opmental influences on, and interspecies differences be-
tween P2X receptors are also considered. It is concluded
that the properties of native P2X receptors are best ex-
plained by a heteromeric assembly of different P2X re-
ceptor subunits.

Key words Development - Heteromeric P2X receptor -
Homomeric P2X receptor - Neuronal P2X receptor -
Presynaptic P2X receptor - Somatodendritic P2X
receptor - Interspecies differences

Introduction

Adenosine-5’-triphosphate (ATP) is a transmitter or co-
transmitter of neuro-neuronal synaptic transmission in the
central (CNS) and peripheral nervous system (PNS; Burn-
stock 1986; von Kigelgen and Starke 1991; Zimmermann
1994). Thus, ATP mediates fast synaptic potentials or cur-
rents at synapses formed by sympathetic neurones disso-
ciated from guinea-pig coeliac ganglia (Evans et a. 1992;
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Silinsky et al. 1992), or at synapses in the intact coeliac
ganglion (Silinsky and Gerzanich 1993), aswell asin en-
teric ganglia (Galligan and Bertrand 1994; LePard et al.
1997). Similar fast postsynaptic ATP-mediated signals
were also identified at neuro-neuronal synapses in the rat
CNS including structures such as the medial habenula
(Edwards et al. 1992), the pontine nucleus locus coeruleus
(Nieber et al. 1997), the CA1 region of the hippocampus
(Pankratov et al. 1998) and, eventually, the dorsal horn of
the spinal cord (Bardoni et al. 1997).

ATP acts via two distinct families of ATP (P2) recep-
tors which can be separated on the basis of structural dif-
ferences, as well as their mechanisms of signa transduc-
tion after nucleotide binding: P2Y and P2X receptors
(Abbracchio and Burnstock 1994; Fredholm et a. 1997).
The members of the P2Y family, bearing seven trans-
membrane a-helices, are classical G protein-coupled re-
ceptors, whereas the members of the P2X family, bearing
two transmembrane regions, are oligomeric ATP-gated
cationic channels (reviewed in North and Barnard 1997
and Ralevic and Burnstock 1998). It is unclear whether
P2Y receptors are involved in ATP-mediated synaptic
transmission, because slow ATP-induced synaptic cur-
rents or synaptic potentials have not yet been demon-
strated. Hence, this article concentrates on neuronal P2X
receptors which mediate fast ATP signalling, aswell ason
their localisation and their functional characteristics (for
further information pertaining to P2Y receptors see e.g.
von Kugelgen, this issue). At the present time, seven
mammalian P2X receptors (P2X,_;) have been cloned and
functionally characterised (North and Barnard 1997;
Ralevic and Burnstock 1998). One putative new member
of the P2X family, the P2XM clone (Urano et al. 1997),
has not yet been identified unequivocally as a ligand-
gated ion channel and a second putative new member of
the P2X-family, P2Xg, has so far only been identified in
chick skeletal muscle (Bo et a. 2000). Hence, P2XM and
P2Xg are not considered further in this review.



Localisation and properties of neuronal P2X receptors
Distribution of P2X receptor mRNA and P2X proteins

Activation of ATP-gated P2X receptor channels suppliesa
depolarising excitatory input to the neurones bearing
them. The understanding of such possible excitatory func-
tions of the co-transmitter ATP under physiological condi-
tions requires the mapping of P2X receptors in the ner-
vous system. In the last 5 years, the use of in situ hybridi-
sation techniques by subtype-specific riboprobes, as well
as immunolabelling with antisera containing subtype-spe-
cific antibodies, yielded a wealth of data about the distri-
bution of mMRNASs and receptor proteins for the seven
cloned P2X receptor subunits.

In the rat nervous system, P2X mRNA or P2X proteins
or both have been detected throughout the neuraxis (Table
1). Thus, the epithalamic region of the medial habenula,
the locus coeruleus, the hippocampus, the dorsal horn of
the spinal cord, aswell as sympathetic coeliac ganglia and
the myenteric plexus of the enteric nervous system have
in common that they all express receptor proteins for at
least one subclass of P2X subunit (P2X,; Table 1). In all
these regions a co-transmitter role of ATP is strongly sug-
gested by electrophysiological evidence (see Introduc-
tion). Inspection of Table 1 also indicates that the co-lo-
calisation of P2X proteins or P2X mRNAs from several
P2X subclasses seems to be the rule rather than an excep-
tion. Such exceptions are e.g. the rostral ventrolateral
medulla, the intermediolateral region of the spinal cord
and the myenteric plexus, regions where to date only
P2X, has been identified (Table 1). Thisfinding, however,
may reflect the limited set of data available for these
structures rather than a real break in the rule. The ob-
served overlap in tissue distribution for the different P2X
MRNASs and receptor proteins strongly suggests that het-
eromeric P2X receptors also occur. The fact that different
P2X subunits indeed assemble into functional channels
was first documented for P2X, and P2X; heterologously
expressed in HEK293 cells (Lewis et al. 1995). ATP-
gated currents, closely resembling those seen with the
P2X 5 heteromers, were also found in sensory neurones
cultured from rat nodose ganglia (Khakh et al. 1995;
Lewis et a. 1995) and dorsal root ganglia (Grubb and
Evans 1999; Ueno et a. 1999); both structures express
proteins for the P2X, and P2X; subunits (Table 1).

The tissue distribution of the seven P2X receptors
ranges from abundant to discrete. Thus, P2X,, P2X,, and
P2X ¢ mMRNAS or proteins have been detected throughout
the brain and spinal cord, as well as in sensory and auto-
nomic ganglia (Table 1). P2X; receptors were initially be-
lieved to be absent in the brain (Valera et al. 1994). How-
ever, later on it turned out that P2X; mRNA islocalised in
the cerebral cortex, striatum, hippocampus and cerebel-
lum, where P2X; subunit proteins have also been detected
(Table 1). Outside the brain, P2X,; was found in the dorsal
and ventral horns of the spinal cord, sensory ganglia
(trigeminal, nodose, dorsal root ganglia), sensory systems
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(spiral ganglion in the cochlea of the inner ear) and auto-
nomic sympathetic ganglia (superior cervical and coeliac
ganglia; Table 1).

The P2X; receptor is believed to mostly occur in cap-
saicin-sensitive sensory neurones involved in nociception
(Chen et al. 1995; Lewis et a. 1995; Vulchanova et al.
1998). Accordingly, P2X; protein or its MRNA was found
in cell bodies of sensory neurones, and in their central ter-
mination fields (dorsal horn of the spinal cord, nucleus of
the solitary tract), as well as in their peripheral endings,
e.g. in taste buds of the tongue and the spiral ganglion of
the inner ear (Table 1). However, exceptions exist. In the
adult rat nervous system, P2X; was also found in the hy-
pothalamic supraoptic nucleus, as well as in autonomic
sympathetic ganglia (Table 1).

P2X 5 also showed arestricted localisation. In the CNS,
P2Xs mRNA was found only in the mesencephalic nu-
cleus of the trigeminal nerve at which propioceptive pri-
mary afferents from muscles of mastication terminate, and
in motoneurones of the spinal cord ventral horn (Table 1).
In the peripheral nervous system, P2Xs mRNA, P2X; pro-
tein, or both were identified in sensory ganglia and the
spiral ganglion of the inner ear (Table 1), whereas sympa-
thetic ganglia such as superior cervical and coeliac gan-
gliadid not express P2X; proteins (Xiang et al. 1998b).

It is generally believed that P2X is not expressed in
neuronal cells although it was originally cloned from su-
perior cervical ganglia and brain tissue (Surprenant et al.
1996). Since P2X-, receptors form large diameter cytolytic
pores upon prolonged contact with ATP (Surprenant et al.
1996), it was argued that “it is not obvious why neurones
would exhibit such responses’ (Collo et a. 1997). How-
ever, native P2X receptors in nodose ganglion neurones,
as well as heterologously expressed P2X, and P2X, sub-
units (showing widespread distribution in the nervous sys-
tem; Table 1) were also shown to develop large pores dur-
ing prolonged application of ATP; these pores were com-
parable in diameter to those generated by the cytolytic
P2X 5 receptor (Virginio et a. 1999). Indeed, P2X; seems
to be present also in neuronal tissues, such as in the rat
spiral ganglion of the inner ear and in rat retinal ganglion
cells (Table 1) as demonstrated by RT-PCR on single cells
(Bréndle et al. 1999) and P2X, immunostaining, respec-
tively (Brandle et al. 1998a).

Functional studies

P2X receptors, when activated, open within a few mil-
liseconds and alow the non-selective passage of cations
(Nat, K*, Ca?*) through their channel pore (Surprenant
1996). Hence, measurement of rapidly activating cationic
inward currents, evoked either by ATP or some of its
structural analogues in neurones voltage-clamped at a
negative membrane potential, provides the most direct
way to functionally characterise native somatodendritic
P2X receptors (Krishtal et al. 1983). This can be done in
neurones kept either in cell cultures or contained in ner-
vous tissue glices. Although the latter preparations repre-
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Table 1 Distribution of P2X receptor subunits in the rat nervous
system. P2X mRNA was detected by in situ hybridisation using
P2X -subtype-specific riboprobes (+) or by RT-PCR products from
isolated cells (+++), and P2X proteins were detected by immuno-
cytochemistry using subtype-specific antibodies (++; +? cerebellar

cell layer not defined). Please note that the data given for the dis-
tribution of P2X subunits in brain were limited to those regions
also mentioned elsewhere in the text. For more complete informa-
tion see Collo et al. (1996) and Kanjhan et al. (1999)

P2X P2X, P2X 3 P2X, P2Xs P2Xs P2X,
Brain
Olfactory bulb - +5; ++42.7 — 41619 444 _ +1 _
Cerebral cortex +3 +1-3.5; +42 - 41616 444 _ +1 _
Caudate/putamen +3 +2.3,5: 442 - 41 44d _ +1 _
Hippocampal field CA1-CA3 +3 +2.3,5: 442 - +16,16,10- 444 _ +1 _
Medial habenula nucleus - +2.3,5; 442 - +1 — +1 —
Supraoptic nucleus - +125 4212 +15 +1,15: 444 — +1 _
Tuberomammillary nucleus - +2; +42.12 - +1 _ +1 _
Substantia nigra zona compacta - +1.2; 4427 - +1 _ +1 _
Ventral tegmental area - +1.2 4427 - +1 _ +1 _
Mesencephalic trigeminal nucleus — +2.5: 442 — 41 p4a +1 +1 _
Locus coeruleus — +1.2,5; 42,7 — +1 _ +1 _
Motor trigeminal nucleus — +2; 442 — +1,16 _ +1 _
Vestibular nuclei - +2; ++2 - - — _ _
Dorsal motor nucleus of vagus — +12 42 — +1 — +1 _
Hypoglossal nucleus - +1.2: 442 — +1 _ +1 _
Solitary tract nucleus - +2: ++2,7.8 ++8 14 +1 _ +1 _
Rostral ventrolateral medulla - +2; ++2 - — - — _
Cerebellar Purkinje cells +37 410 +2,17: 442,17 - +1,616,19: 444 _ +1 _
Cerebellar granular layer +37 4410 +2.17; 442,17 - 4+1.6,16: 444 _ +1 _
Spinal cord
Dorsal horn ++7 +1 442,78 ++8 14 +1: ++4 — +1 _
Ventral horn +1 +1: 442 — +1,6,19 +1 +1 _
Intermediolateral region - ++2.8 - - - - —
Sensory systems
Trigeminal ganglion +1 ++9 ++9 4115 449,14 449 L 449 1440
Nodose ganglion +3.13; 149 +3.513; 1479 +1.13; 4489 +13.16: 4489 449 ++9 -
Dorsal root ganglion +1.13; +49 +5.13: 4489 +1.13: 4489 +13; 449 +1 49 41449
Retinal ganglion cells - +18; 4418 - - _ _ +422
Taste buds — ++21 ++21 — _ _ _
Cochlear spiral ganglion ++24 +11,25; 4424 44423 4424 4423 4424 44423 4424 ++24 +++23
Autonomic ganglia
Superior cervical +1.3;: 449 +1.3,5,20, 449 +49 41,16, 449 — +L 448
Coeliac +1 449 ++9 ++9 449 _ 41449
Enteric system
Myenteric plexus - ++7 - — _ _ _

References: 1Collo et a. 1996; 2Kanjhan et al. 1999; Kidd et al.
1995; 4Lé et al. 1998b; >Simon et al. 1997; 5Soto et al. 1996;
Vulchanova et a. 1996; 8Vulchanova et al. 1997; °Xiang et al.
1998b; 1L oesch and Burnstock 1998; !Sdlih et al. 1998; 2Xiang
et al. 1998a; BLewis et a. 1995; “Llewellyn-Smith and Burnstock

sent a more physiological situation, possible indirect ac-
tions of ATP via nearby neurones may be complicating
factors. In this setting, therefore, it is preferable to ex-
clude the involvement of other transmitters such as gluta-
mate by suitable antagonists. This minor disadvantage,
however, is by far outweighted by the possibility to study
ATP-mediated neuro-neuronal synaptic transmission as
shown for the first time in the medial habenula slice. In
this preparation, electrical stimulation evoked excitatory
postsynaptic currents (EPSC) in voltage-clamped habe-

1998; 5Shibuya et al. 1999; 16Séguéla et al. 1996; "Khanjhan et
al. 1996; 8Greenwood et al. 1997; 1°Bo et al. 1995; 2°Brake et al.
1994; 21Bo et al. 1999; Brandle et a. 1998a; #Brandle et al.
1999; Xiang et al. 1999; ZHousley et al. 1998

nula neurones. These EPSCs showed afast rise time, indi-
cating the involvement of ligand-gated ion channels, and
were inhibited by the P2 receptor antagonist suramin (Ed-
wards et a. 1992). Hence, electrophysiological methods
allow the detection of P2X receptor activation both by en-
dogenously released as well as exogenously applied ATP
(e.g. Jahr and Jessel 1983).

More indirectly, P2X receptors can aso be detected by
virtue of their appreciable Ca2* permeability (Rogers and
Dani 1995; Evans et a. 1996), provided some precautions



Table 2 Functional characterisation of neuronal P2X receptors.
P2X receptors were characterised in cell cultures, tissue slices or at
the whole animal level either by microfluometric measurements
(MFM) of intracellular free Ca2* ([ Ca?*];), whole-cell patch clamp
(WPC), extracellular (ECR) and intracellular recordings (ICR) or
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microinjection (MIJ) of P2X agonists into identified central ner-
vous system regions (2MeSATP 2-methylthio ATP, a,fme-ATP
a,Bmethylene ATP, EPSC excitatory postsynaptic current, PPADS
pyridoxal phosphate-6-azophenyl-2',4’ -disulfonic acid, PSP exci-
tatory postsynaptic potential)

Preparation | Method | Effect Agonists | Antagonists
Brain
Cerebral cortex Slice, rat:2 MFM [Ca?*)it ATP>> a,B-meATP PPADS
Caudate/putamen Slice, rat3 WPC No effect ATP
) Culture, rat* WPC Inward current | 2MeSATP > ATP > a,3-meATP Suramin
Hippocampus -
Slice, rat® WPC Block of EPSC PPADS
Medial habenula nucleus Slice, rat® WPC Block of EPSC Suramin
Hypothalamus Culture, rat” MFM [Ca)it ATP> a,fme-ATP Suramin
In vivo, rat® ECR Firingt ATP=a,fme-ATP Suramin
) Culture, rat® ICR Depolarization | a,me-ATP > ATP > 2MeSATP PPADS
Supraoptic nucleus - -
Slice, rat® MFM [Ca)it 2MeSATP =2 ATP >> a,fme-ATP | Suramin, PPADS
Culture, rat1® WPC Inward current | ATP
Tuberomammillary nucleus | Culture, rat't WPC Inward current | ATP = 2MeSATP >> a,Bme-ATP
Substantia nigra Culture, rat!? WPC Inward current | ATP
Ventral tegmental area Slice, rat3 ICR No effect 2MeSATP, a,fme-ATP
Mesencephalic trigemina | Slice, rat'® WPC Inward current | ATP = a,fme-ATP Suramin
nucleus
ECR Firingt 2MeSATP = a,fme-ATP Suramin, PPADS
. Depolarization ATP, a,pme-ATP
Locus coeruleus Slice, rat4 16-21 ICR -
Block of PSP Suramin, PPADS
WPC Inward current | 2MeSATP > ATP > o,fme-ATP
Medial vestibular nucleus | Slice, rat?? ECR Firingt o,pme-ATP Suramin, PPADS
Dorsal motor nucleus Culture, rat'? WPC Inward current ATP, a,fme-ATP inactive Suramin
of vagus
Hypoglossal nucleus Slice, mouse® WPC Inward current | ATP Suramin
) Culture, rat? 24 WPC Inward current | ATP, 2MeSATP >> a,fme-ATP
Solitary tract nucleus - -
In vivo, rat®® MIJ Blood pressurel | o,Bme-ATP = ATP, 2MeSATP Suramin
) ECR Firingt ATP, a,fme-ATP Suramin
In vivo, rat?
MIJ Blood pressurel | ATP
Ventrolatera medulla - — -
In vivo, rat?’ MIJ CO, sensitivity! | o,fme-ATP Suramin
In vivo, rabhit?® MI1J Blood pressuret 1| a ,Bme-ATP Suramin
Cerebellar Purkinje cells Culture, rat? 30 MFM [Ca*)it ATP > 2MeSATP, Suramin, PPADS
a,Bme-ATP inactive
Cerebellar granule cells Culture, rat?® MFM No effect ATP, a,fme-ATP
Spinal cord
Slice, hamsters! WPC Inward current | ATP Suramin
WPC Inward current | ATP Suramin, PPADS
Dorsal horn Culture, rats? 33 Block of EPSC Suramin, PPADS
MFM [Ca*)it ATP, a,fme-ATP inactive Suramin, PPADS
Slice, rat32 WPC Block of EPSC Suramin, PPADS
Sensory systems
Culture, rat3* WPC Inward current | ATP > a,fme-ATP
Nodose ganglion Culture, guinea | WPC Inward current | 2MeSATP 2 ATP = a,fme-ATP | Suramin, PPADS

pig*®
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Table2 (continued)

Preparation Method | Effect Agonists Antagonists
Dorsal root ganglion Culture, rat36-42 WPC Inward current | ATP = 2MeSATP = o,Bme-ATP Suramin, PPADS
) . WPC Inward current | ATP, o,me-ATP Suramin
Retinal ganglion cells Culture, rat*
MFM [Ca*);t ATP
Mesenteric vagal In vivo, rat* ECR Firingt ATP, o,fme-ATP Suramin, PPADS
afferent nerves
Autonomic, sympathetic ganglia
Superior cervical ganglion | Culture, rat3> 45 WPC Inward current | ATP = 2MeSATP, Suramin, PPADS
a,Bme-ATP inactive
MFM [Ca];t ATP
Thoracolumbar ganglia Culture, rat#-48 WPC Inward current | ATP >> a,fme-ATP Suramin, PPADS
Depolarization | ATP
Culture, WPC Inward current | 2MeSATP = ATP = a,fme-ATP Suramin, PPADS
guinea pig 4950
Coeliac ganglion Culture, rat5! WPC Inward current | ATP, a,Bme-ATP inactive Suramin, PPADS
Culture, mouse®* | WPC Inward current | ATP, a,fme-ATP inactive Suramin, PPADS
Autonomic, parasympathetic ganglia
Cardiac ganglia Culture, rat®? | WPC | Inward current | 2MeSATP = ATP >> a,pme-ATP |
Enteric system
Myenteric plexus Culture, WPC Inward current | ATP = 2MeSATP >> a,fme-ATP | PPADS

guinea pig®-%5

References: Lalo et a. 1998; 2Lalo and Kostyuk 1998; 3Ndren-
berg et al. 1997; “Balachandran and Bennett 1996; 5Pankratov et
a. 1998; SEdwards et a. 1992; “Chen et al. 1994, 8Day et al. 1993;
SHiruma and Bourque 1995; 0Shibuya et al. 1999; Furukawa et
al. 1994; “Nabekuraet al. 1995; 3Poelchen et al. 1998; 14Shen and
North 1993; 5K hakh et al. 1997; 16Tschopl et al. 1992; "Harms et
al. 1992;18Frohlich et a. 1996; °Nieber et al. 1997; 2°Sansum et al.
1998; ZWirkner et al. 1998; 22Chessel et al. 1997; ZFunk et a.
1997; 2*Ueno et al. 1992; ®Ergene et a. 1994; 2°Sun et al. 1992;
2"Thomas et a. 1999; 8Horiuchi et al. 1999; 2Mateo et al. 1998;

are taken. Hence, Ca?* entry through voltage-gated Ca?*
channels, as well as depletion of intracellular Ca?* stores,
should be avoided. Under these conditions, P2X receptors
would increase the intracellular free Ca2* concentration
(measured by Ca?*-sensitive fluorescent dyes such as
fura-2/AM) in amanner absolutely dependent on extracel -
lular Ca2*. Eventually, the measurement of biological re-
sponses to the ATP analogue a,3-meATP (a,B3-methylene
ATP), which is known to be inactive at P2Y receptors
(Ralevic and Burnstock 1998), strongly suggests but does
not exclude (see below) the involvement of P2X recep-
tors. These responses include an increase in the action po-
tential frequency of rat locus coeruleus neurones (Tschopl
et a. 1992; Frohlich et al. 1996; Sansum et a. 1998) or a
decrease in blood pressure after microinjection of a,3-
meATP into the nucleus of the solitary tract (Ergene et al.
1994). However, one should be aware that o,3-meATP is
only a weak agonist (EC5,>100 pM) or even inactive at
recombinant P2X, and P2X,; homomeric receptors
(Table 3) and, therefore, negative results should be treated
with caution.

NGarcia-Lecea et al. 1999; 3lLi and Perl 1995; 32Bardoni et al.
1997; 33Jo and Schlichter 1999; 3#Thomas et al. 1998; 35K hakh et
a. 1995; ¥Bean 1990; 3’Robertson et al. 1996; *Rae et al. 1998;
39stebbing et al. 1998; “°Ueno et al. 1999; “Grubb and Evans
1999; “Burgard et al. 1999; “3Taschenberger et al. 1999; “Kirkup
et a. 1999; “Boehm 1999; “Von Kigelgen et al. 1997; 4Von
Kugelgen et a. 1999a; “Noérenberg et al. 1999; “Evans et al.
1992; NGilinsky and Gerzanich 1993; 51Zhong et a. 2000a;
52Fjeber and Adams 1991; 53Bargjas-L 6pez et al. 1993; Zhou and
Galligan 1996; °Barajas-L 6pez et al. 1996

P2X  receptor-mediated effects have been detected
throughout the neuraxis (Table 2). Again, the largest
amount of data relates to the rat nervous system. It ap-
pears that functional P2X receptor identification was suc-
cessful in regions where P2X mRNA or P2X proteins
have also been observed (see Table 1). Exceptions were
e.g the caudate/putamen (striatum), the ventral tegmental
area, and cerebellar granule cells. In the striatum, ATP
was superfused to medium spiny neurones contained in a
brain dlice preparation (Norenberg et a. 1997). Hence,
ATP may have been degraded by ecto-ATPases (Zimmer-
mann 1994) before it reached its site of action. Alterna-
tively, medium spiny neurones could have been the wrong
cell type investigated for ATP actions, because at |east
four additional neuronal cell populations, which can be
differentiated by morphological, immunohistochemical
and electrophysiological criteria, are also present in the
striatal complex (Kawaguchi et a. 1995). The discrep-
ancy between P2X receptor localisation in the ventral
tegmental areaas well as cerebellar granule cells (Table 1)
and the lack of evidence for the presence of functional



Table3 Properties of recombinant P2X receptor subunits from rat
or human (P2X,) tissues functionally expressed as homomeric
(P2X 1) or heteromeric receptors (P2X 3, P2X 5, P2X46). P2X
cDNAs were microinjected into Xenopus oocytes (Brake et al.
1994; Valeraet al. 1994; Bo et al. 1995; Chen et a. 1995; Evans et
al. 1995; Séguéla et al. 1996; Soto et al. 1996; Wang et al. 1996;
Simon et al. 1997; Lé et a. 1998a; Lé et al. 1999) or transfected to
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HEK?293 cells (Evans et al. 1995; Lewis et al. 1995; Collo et al.
1996; Evans and Surprenant 1996; Garcia-Guzman et al. 1996;
Surprenant 1996; Surprenant et al. 1996; Torres et al. 1998; Haines
et al. 1999; Jones et al. 2000) and ATP-induced inward currents
were measured by two-electrode voltage-clamp and the whole-cell
patch clamp technigque in Xenopus oocytes and HEK 293 cells, re-
spectively

Agonists? Antagonists? Desen-
sitization®

p2Xx 1+ ATP (0.9 uM) = 2MeSATP (1 uM) > a,B-meATP (2.2 uM) PPADS (1 uM) = suramin (1 uM) Rapid
P2X 25 2MeSATP (3 uM) > ATP (8 uM); a,B-meATP inactive® PPADS (1 uM) > suramin (8 uM) Slow
P2X 478  2MeSATP (0.3 pM) > ATP (0.6 pM) = o,3-meATP (0.7 uM) PPADS (1.5 pM) > suramin (3 pM) Rapid
P2X,&13  ATP (5.5 uM) >> 2MeSATP (12.7 M) >> a,B-meATP PPADS (100 pM) > suramin (>100 uM) Slow
P2Xg415  ATP (15.4 uM) > 2MesATP (20 pM); a,B-meATP inactive® PPADS (2.6 UM) > suramin (4 pM) Slow
P2X 14 2MeSATP (9 M) > ATP (12 pM); o,B-meATP inactive® PPADS (>100 pM); suramin (>100 UM) Slow
p2Xx16.e ATPd (115 uM) > 2MeSATPY; a,B-meATP inactive® PPADS (45 uM) > suramin (>300 pM) Slow
P2X 55* 8 2MeSATP (1 uM) > ATP (2 uM) > a,-meATP (3 uM) 80% inhibition by 10 uM PPADS Slow
P2X 5119 ATP (0.7 uM) > 2MeSATP (1.3 uM) > o,B-meATPY (3.1 uM) PPADS (0.6 uM) > suramin (1.6 uM) Biphasic
P2X 420 ATP (6.3 UM) = 2MeSATP! (7.7 uM) > o,B-meATP (12 uM)  40% inhibition by 10 uM PPADS and Slow

10 uM suramin

aNumbers in parentheses are EC5, and | Cs, values of agonists and
antagonists, respectively, where available

bDesensitisation is used descriptively for the decay in current am-
plitude during continuous agonist application (ECgy, to EC,qp) mea-
sured either by determination of time constants or fraction of cur-
rent remaining at the end of the application period. Desensitisation
is considered to be slow for time constants (time for an e-fold de-
crease in amplitude) =10 s or remaining current amplitudes >50%
of peak currents at the end of agonist application (=2 s). The
P2X 5 heterooligomer displayed a composite phenotype consist-
ing of atransient peak current followed by a sustained plateau
°No effect at 100 uM

P2X receptors in both preparations (Mateo et al. 1998;
Poelchen et a. 1998) is harder to cope with, since the
P2X-selective ATP analogue a,me-ATPR, which is resis-
tant to enzymatic degradation (Kennedy and Leff 1995),
was inactive. By contrast, the P2 agonist 2-methylthio
ATP (2MeSATP) released dopamine from the endings of
ventral tegemental area heuronesin their termination field
in the nucleus accumbens (Krigel et al. 1999). Hence, a
possible explanation may be that in ventral tegemental
area neurones, P2X receptors are preferentiadly trans-
ported to the axon endings and function as presynaptic re-
lease-modulating receptors. The same may hold true for
cerebellar granule cells because at least P2X; immunore-
activity was detected presynaptically in their parallel fibre
varicosities (Loesch and Burnstock 1998).

Comparison between native
and recombinant P2X receptors

Where available, Table 2 gives also relative rank orders of
agonist potencies for the commonly used P2X receptor
agonists ATP, 2MeSATP and a,3-meATP and, moreover,
indicates whether P2X receptor-mediated responses were
sensitive to the P2 antagonists pyridoxal phosphate-6-azo-
phenyl-2’ 4’ -disulfonic acid (PPADS) and suramin. In the
rat CNS, two functional P2X receptor phenotypes appear

dPartial agonist

eMeasured in the presence of extracellular divalent cations (4-ben-
zoyl benzoyl ATP is a more potent full agonist with an ECs; of
7 uM)

References: Valera et al. 1994; 2Evans et a. 1995; 3Surprenant
1996; “Evans and Surprenant 1996; °Brake et al. 1994; 6Simon et
al. 1997; "Chen et al. 1995; 8Lewis et a. 1995; °Bo et al. 1995;
10séguéla et al. 1996; 1Soto et al. 1996; ®Wang et al. 1996;
13Jones et al. 2000; “Collo et al. 1996; >Garcia-Guzman et al.
1996; 8Surprenant et al. 1996; " Torres et al. 1998; ®Haines et al.
1999; 9L é et al. 1999; L é et al. 1998a

to be present. In most regions of the brain, P2X receptors
were activated by o,3-meATP (<100 pM) and markedly
antagonised by suramin and/or PPADS (<100 pM; see
Table 1 and references therein). In addition, these P2X re-
ceptors showed only little desensitisation (decay of the re-
sponse during continuous agonist application) or rundown
(decay of the response upon repeated agonist application)
as e.g. demonstrated in neurones from the cerebral cortex
(Lalo et al. 1998), the hippocampus (Pankratov et al.
1998), the supraoptic nucleus (Shibuya et a. 1999), the
mesencephalic trigeminal nucleus (Khakh et a. 1997), the
locus coeruleus (Tschopl et a. 1992) and the nucleus of
the solitary tract (Ueno et al. 1992). Apparent exceptions
to this major P2X phenotype have been described in neu-
rones from the dorsal motor nucleus of the vagus, in cere-
bellar Purkinje cells and in a small subset (<5%) of neu-
rones from the dorsal horn of the spinal cord. These re-
ceptors were not activated by o,3-meATP but were aso
blocked by low concentrations of PPADS and/or suramin
(Table 2) and did only marginally desensitise or rundown
(Nabekura et a. 1995; Bardoni et al. 1997; Garcia-Lecea
et a. 1999). Of the recombinant homomeric receptors,
P2X,, P2Xs, P2Xs and P2X, were insensitive to a,[3-
meATP but only P2X, and P2X 5 were blocked by suramin
and PPADS at low micromolar concentrations (Table 3).
Since P2X 5 subunits have not yet been detected in the dor-
sal motor nucleus of the vagus, or in cerebellar Purkinje
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cells and the dorsal horn of the spinal cord (Table 1), at
least in rats, P2X, may be the predominant subunit in
these CNS regions.

Nevertheless, the pharmacological properties of the
first and greater proportion of CNS P2X receptors do not
correlate well with those of recombinant P2X subunits:
functionally expressed, a,B3-meATP-sensitive homomeric
receptors showed a prominent desensitisation (P2Xj,
P2X3) or were rather insensitive to suramin and PPADS
(P2X,; cf. Table 3). Hence, most rat brain P2X receptors
may belong to a hitherto unknown subclass. However, an-
other possibility is the formation of heteromeric channel
assemblies. Native P2X receptor channels are oligomers
of currently unknown stoichiometry although it seems
that a trimeric assembly constitutes the structural basis of
the P2X pore as recently suggested for heterologously ex-
pressed P2X,, P2X, and P2X5 subunits (Nicke et al. 1998;
Stoop et a. 1999). Whatever the exact number of P2X
subunits may be, functional ATP-gated channels can arise
from heteropolymerisation of different P2X subunits.

It has been shown recently that rat P2X, and P2Xg sub-
units can co-assemble into functional ATP-gated channels
(Lé et al. 1998a). P2Xg, when expressed alone, did either
fail to produce ATP-gated channels (Xenopus oocytes; Lé
et a. 1998a) or did so only in a small fraction of cells
(HEK293 cells; Collo et al. 1996). P2X, alone produced
functional P2X receptors in al cells (Lé et a. 1998a)
which, however, were only weakly activated by a,f3-
mMeATP and rather insensitive to PPADS and suramin
(Table 3). P2X 4 heteromeric receptors were activated by
intermediate concentrations of a,Bme-ATP, were blocked
by low concentrations of PPADS or suramin, and desensi-
tised slowly (Table 3).

Provided that also native subunits heteropolymerise,
brain P2X receptors may be P2X,,, in good agreement
with the abundant occurrence and co-localisation of
P2X ,/P2Xs MRNA at least in the rat brain (Table 1). In-
terestingly, the presence of o,3-meATP-sensitive brain
P2X receptors has also been demonstrated in the supraop-
tic nucleus, the nucleus of the solitary tract and the ven-
trolateral medulla of rats, regions thought to be involved
in the central regulation of cardiovascular and respiratory
control (Table 2). Moreover, in anaesthetised rabbits, mi-
croinjection of o,3-meATP into the ventrolateral medulla
elicited either an increase or a decrease of blood pressure
dependent on whether sympathoexcitatory or sympathoin-
hibitory neurones were activated (Horiuchi et al. 1999).
These effects were antagonised by suramin (Table 2).
Hence, a,3-meATP-sensitive, P2X ,6-like brain receptors
may occur in different species.

In the periphery, P2X receptors have been functionally
characterised in the sensory, the autonomic sympathetic
and parasympathetic, as well as the enteric divisions of
the PNS. These peripheral P2X receptors, just as their
central counterparts, were sensitive to the P2 receptor an-
tagonists PPADS and suramin at concentrations <100 uM
(Table 2 and references therein). Hence, it seems unlikely
that these neurones contained homomeric P2X,, P2Xg or
P2X; receptors (Table 3), athough P2X,, P2Xg and P2X,

subunits have been detected in rat sensory ganglia, and
P2X, as well as P2Xg subunits occurred in sympathetic
neurones (Table 1).

P2X receptors in sensory systems, including neurones
of nodose, dorsal root and retinal ganglia, were sensitive
to a,B-meATR  irrespective of whether they were cultured
from rat or guinea-pig ganglia (Table 2). However, there
were aso differences between these neurones. Cells of
nodose ganglia responded to P2X receptor agonists with
currents which showed only little desensitisation or run-
down (Khakh et a. 1995). In contrast, dorsal root gan-
glion neurones showed either rapidly desensitising (85%
of cells), slowly desensitising (5%) or biphasic responses
(10%), i.e. currents composed of an initial fast decaying
component followed by a sustained plateau (Burgard et al.
1999; Grubb and Evans 1999). Similarly, in retinal gan-
glion cells, fast-decaying as well as slowly decaying ATP-
evoked responses were found, indicating a heterogeneity
of the P2X receptor population.

The slowly desensitising P2X receptor phenotype
found in sensory ganglia, which was highly sensitive to
o,B-meATR, suramin and PPADS, does not fit to the pro-
file of any known recombinant homomeric receptor
(Table 3) and, hence, these native P2X receptors may be
heteromers. Rat nodose and dorsal root ganglia synthesise
proteins for P2X,—P2Xg (Table 1). Up to date, in rat reti-
nal ganglion cells only P2X, subunit proteins have been
demonstrated unequivocally (Table 1) but RT-PCR exper-
iments showed the additional presence of P2X;—P2X;
MRNA in the retina (Bréndle et al. 1998b). Hence, within
certain limitations, a great number of different subunit
compositions are possible. However, not al known re-
combinant subunits can form heteromeric receptors, as
suggested by observations from a co-immunoprecipitation
study where protein-protein interactions for P2X,/P2X,,
P2X,IP2X 4, P2X5/P2X,, P2X4/P2X,, or for any combina-
tion containing P2X; subunits could not be detected
(Torres et al. 1999).

With regard to the hitherto functionally expressed re-
combinant heteromeric receptors, either P2X,,; or P2X 6
may account for the slowly desensitising P2X receptorsin
sensory ganglia (Table 3). However, two observations
strongly argue against P2X 4. The first observation is that
o,B-meATP was a full agonist in rat nodose neurones
(Khakh et a. 1995), as well as dorsal root neurones, dis-
playing slowly desensitising currents (Ueno et al. 1999),
and was roughly equipotent with ATP in retinal ganglion
cells (Taschenberger et al. 1999). In contrast, at recombi-
nant heteromeric P2X 45 receptors o,3-meATP was a par-
tial agonist (Lé et al. 1998a; Table 3). The second obser-
vation relates to the differential modulation of P2X recep-
tor-mediated responses by extracellular protons. Acidifi-
cation of the extracellular milieu potentiated ATP-evoked
currentsin nodose (Li et al. 1996), dorsal root (Burgard et
al. 1999) and retinal ganglion neurones (Taschenberger et
al. 1999) but decreased the responses mediated by recom-
binant P2X ¢ receptors (Lé et al. 1998a).

Hence, P2X,,; heteromeric channels may represent one
type, but not the exclusive type of native P2X receptors



encountered in the somatosensory nervous system. In line
with this latter assumption is the finding in rat nodose
ganglion that P2X, and P2X; immunoreactivity was co-
localised in the majority of neurones athough cells that
were positive for only one antibody aso occurred
(Vulchanovaet a. 1997). Since the preferential P2X,,; an-
tagonist trinitrophenyl-ATP (Virginio et a. 1998) pro-
duced a biphasic inhibition curve of the non-desensitising
ATP-gated currents, indicating more than one binding
site, it was suggested that individual nodose ganglion neu-
rones express homomeric P2X, and heteromeric P2X 3
but not fast desensitising homomeric P2X; receptors
(Thomas et al. 1998). Interestingly, mesenteric vagal af-
ferents, whose cell bodies are located in the nodose and
dorsal root ganglia, were excited by a,-meATP in a
suramin- and PPADS-sensitive manner (Table 2); this re-
sponse did not desensitise (Kirkup et al. 1999). Hence,
Sensory neurones may express P2X ., heteromeric recep-
tors not only in their somatodentritic region but also at
their peripheral endings.

Eventually, the question arises which types of a,3-
meATP-sensitive P2X subunits might be responsible for
the fast-desensitising currents observed in the mgjority of
dorsal root neurones, as well as in a proportion of retinal
ganglion cells. Of recombinant homomeric receptors,
P2X,, as well as P2X3, fulfil the criteria required for the
fast-desensitising response (Table 3). However, the recep-
tor in dorsal root ganglia appears to be P2X;, since B,y-
me-L-ATP (3,y-methylene-L-ATP), which is a potent ago-
nist at recombinant P2X; receptors (Evans et al. 1995), as
well as at prototypic native P2X; receptors in smooth
muscle (Trezise et a. 1995), had no effect in dorsal root
neurones (Rae et al. 1998). The fact that the rate of recep-
tor desensitisation in dorsal root neurones increased with
the agonist concentration (Robertson et al. 1996; Grubb
and Evans 1999), a behaviour typical for recombinant
P2X5 (Chen et al. 1995; Lewis et al. 1995) but not P2X;
receptors (Evans and Surprenant 1996), also supports this
conclusion. Accordingly, the receptor in retinal ganglion
neurones may also belong to the P2X 5 subtype, since ocu-
lar tissue lacked P2X; mRNA (Brandle et al. 1998b). Asa
reason of the biphasic response seen in some dorsal root
neurones, it was proposed that P2X5 homomeric (fast-de-
sensitising) together with P2X,,; heteromeric receptors
(slowly desensitising; Burgard et al. 1999; Grubb and
Evans 1999; Ueno et a. 1999) co-exist. However, an al-
ternative explanation is also possible. Sensory ganglia ex-
press P2X, and P2X; (Table 1), and these subunits can co-
assemble into functional heteromeric channels which are
sensitive to a,B-meATP, PPADS and suramin. Moreover,
currents through P2X,5 heteromeric receptor channels
showed a biphasic decay in the presence of agonists
(Table 3), similar to the currents observed with native re-
ceptors in a proportion of dorsal root ganglion neurones.

In the autonomic division of the PNS, P2X receptors
have been functionally characterised in the sympathetic as
well as in the parasympathetic branch of the autonomic
nervous system (Table 2). All these receptors had in com-
mon that they showed slowly desensitising responses in
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the presence of agonists (Fieber and Adams 1991; Silin-
sky and Gerzanich 1993; Khakh et al. 1995; Boehm 1999;
Ndrenberg et al. 1999; Zhong et a. 2000a) and that they
were potently antagonised by low micromolar concentra-
tions of suramin and PPADS (Table 2). Furthermore, these
“autonomic” P2X receptors were either insensitive to o, 3-
mMeATP in the concentration range of up to 100 puM (rat
superior cervical ganglion; Khakh et al. 1995; rat and
mouse coeliac ganglion; Zhong et al. 2000a) or were only
marginaly activated at concentrations =100 uM (thora-
columbar sympathetic ganglia; Norenberg et al. 1999; car-
diac parasympathetic ganglia; Fieber and Adams 1991).
Of the seven cloned P2X receptors all but P2X; and P2X-,
have been detected in sympathetic ganglia (Table 1).
Hence, P2X, may be the predominant subunit in sympa-
thetic ganglia, because other homomeric or heteromeric
receptors can be excluded by virtue of their high sensitiv-
ities to a,B-meATPR, low sensitivities to antagonists and
desensitising behaviour (Table 3).

However, Table 2 suggests one exception from this
pattern: guinea-pig “autonomic” P2X receptors (i.e. in
guinea-pig coeliac ganglia) differed from rat and mouse
“autonomic” P2X receptorsin that they were activated by
low concentrations of a,B-meATP (ECs, 13 uM; Khakh et
al. 1995), an observation which favours interspecies dif-
ferences. Since a,3-meATP behaved as a full agonist and
since ATP-evoked currents desensitised slowly but not in
a biphasic manner (Khakh et al. 1995), it is tempting to
speculate that P2X receptorsin guinea-pig coeliac ganglia
are P2X ;5 (cf. Table 3). In line with this assumption, the
likely existence of functional heteromeric P2X,,; recep-
tors has been demonstrated in neurones from guinea-pig
superior cervical ganglia, where they may co-exist with
homomeric P2X, receptors (Zhong et al. 2000b).

Eventually, P2X receptors have been functionally char-
acterised in neurones isolated from the guinea-pig myen-
teric plexus belonging to the enteric division of the PNS
(Table 2). Two types of cells have been identified. The
major proportion of neurones (92%) responded to ATP
with slowly desensitising inward currents, which were
markedly antagonised by PPADS. In these cdls, a,3-
mMeATP was a rather poor agonist (Table 2). In a minority
of neurones (8%), however, ATP and a,3-meATP acti-
vated with a similar potency rapidly desensitising inward
currents, indicating that heterogeneous P2X receptor pop-
ulations may exist. Based on these observations, it was
proposed that the smaller proportion of myenteric neu-
rones possess P2X receptors which may be P2X; or P2X5
(cf. Table 3), whereas the greater proportion of neurones
may bear P2X,-like receptors (Zhou and Galligan 1996),
in agreement with the detection of P2X, protein, at least
in the myenteric plexus of rats (Table 1).

However, the slowly desensitising P2X receptors in
myenteric neurones were unusual in that ATP-induced in-
ward currents were not antagonised but actually potenti-
ated by the P2 antagonist suramin, an effect which was
not due to the known ecto-ATPase-inhibiting activity of
this compound (Barajas-LOpez et a. 1993, 1996). There
are data to indicate that recombinant P2X, subunits may
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display a similar behaviour. Whereas some studies report
that this subunit is rather insensitive to antagonism by
suramin (Soto et al. 1996; Wang et al. 1996; Jones et a.
2000), other studies showed that rat P2X,-mediated re-
sponses were potentiated by suramin or by two other P2
antagonists, cibacron blue and reactive blue-2, probably at
alosteric modulatory sites (see Fig.6inBo et a. 1995; Lé
et al. 1998a; Miller et al. 1998). Hence, it is tempting to
speculate that the mgjority of myenteric neurones may
possess heteromeric P2X receptors, where P2X, may be
the constituent responsible for the potentiation by suramin,
whereas other (unknown) subunits confer the sensitivity
to the antagonism by PPADS. Of the recombinant recep-
tors, P2X, and P2X 5 showed a high sensitivity to PPADS
as well as a slow desensitisation during agonist applice-
tion (Table 3). Since P2X, co-assembled with P2X 5 but not
with P2X, (Torres et al. 1999), it would be interesting to
investigate whether possible recombinant P2X 5 hetero-
meric receptors could mimic the unusual behaviour of na-
tive P2X receptors found in guinea-pig myenteric neurones.

So far, neuronal P2X receptors, which were most likely
somatodendritic receptors at least when studied in isolated
cells, displayed properties in some regions of the brain, as
well as in the sensory and enteric nervous system, which
can be explained by a heteromeric assembly of different
P2X subunits. In most neurones from dorsal root ganglia
and the autonomic nervous system, however, native re-
ceptors had properties compatible with a homomeric
P2X 5 and P2X, assembly, respectively. However, there
are some caveats. Of course, the existence of hitherto un-
known P2X subunits cannot be excluded or a single sub-
unit may predominate the phenotype of a heteromeric
complex. Such a predominance has been shown e.g. for
the AMPA type of glutamate-gated ion channels, where
the GIuR-B subunit governs Ca?* permeability, as well as
rectification properties of the AMPA receptor heteromeric
complex (Verdoorn et al. 1991; Geiger et a. 1995). The
properties of the P2X,; heteromeric channel, where the
slowly desensitising characteristics of P2X, prevailed
(Lewis et al. 1995), had aready suggested that the situa-
tion may be similar for P2X receptors. A further compli-
cation may arise from aternative splicing. Several splice
variants e.g. of the rat P2X, subunit have been detected of
which P2X,, (aternative name P2X,.,) formed func-
tional homomeric ATP-gated channels, which differed
from prototypic P2X, (P2X,) in that P2X,,-mediated
currents desensitised faster and were less sensitive to the
antagonists suramin and PPADS (Simon et al. 1997).
Taken together the previous evidence, the assembly of
P2X receptors from different subunits, the coexistence of
such heteromeric receptors together with homomeric re-
ceptors in the same cell, the predominance of single sub-
units in heteromeric receptors and eventually the contri-
bution of splice variants, all may determine the pharma-
cological/biophysical properties of native P2X receptors
and, hence, shape the response of a given neurone to ex-
tracellular (co-transmitter) ATP.

Finally, athough beyond the scope of the present pa-
per, alast complicating factor should be aso shortly men-

tioned, i.e. the likely coexistence of ionotropic P2X re-
ceptors together with metabotropic P2Y and P1 (adeno-
sine) receptors which may also influence the neuronal re-
sponse to ATP (e.g. locus coeruleus; Tschopl et al. 1992;
myenteric plexus; Bargjas-Lopez et al. 1994; spinal cord
dorsal horn; Jo and Schlichter 1999). For further informa-
tion pertaining to nucleotide/nucleoside receptor (P recep-
tor) co-expression, the reader isreferred to the detailed re-
view of Ralevic and Burnstock (1998).

Presynaptic P2X receptors
Subcellular distribution of P2X receptor proteins

Determination of the subcellular localisation of P2X re-
ceptorsiscritical for acloser understanding of their possi-
ble roles in co-transmitter ATP-mediated synaptic trans-
mission. Thus, the release of ATP from the axon terminals
of a presynaptic neurone may activate P2X receptors in
the receptive somatodentritic region of a second, postsy-
naptic neurone and by this way contribute to fast excita-
tory neurotransmission. However, released ATP may also
act at presynaptic P2X receptors, located either at the
axon terminal where it was released from (autoreceptors)
or at nearby endings (heteroreceptors). With regard to the
appreciable Ca?* permeability of the known recombinant
P2X subunits (Rogers and Dani 1995; Evans et al. 1996),
activation of such presynaptic P2X receptors may lead to
facilitation of ongoing action potential-dependent exocy-
totic transmitter release. Two different experimental ap-
proaches using P2X subtype-specific antibodies either in
combination with electron-microscopy or surgical re-
moval of sensory ganglia prior to the determination of
P2X immunostaining in their central termination fields,
indeed provided evidence for a presynaptic localisation of
P2X 4, P2X,, P2X 5 and P2X, subunits.

By means of the first approach, P2X; immunoreactiv-
ity was localised at the electron-microscopic level in the
rat cerebellum in paralel fibre varicosities arising from
granule cells, as well as in dendritic spines of Purkinje
cells (Loesch and Burnstock 1998). Since immunoposi-
tive varicosities formed synapses with immunonegative
dendritic spines and immunonegative granule cell vari-
cosities synapsed on stained Purkinje cells, it was sug-
gested that ATP may modulate transmitter release at some
granule cell/Purkinje cell synapses and may serve as a co-
transmitter at others (Loesch and Burnstock 1998). At the
electron-microscopic level, P2X; was aso localised at
nerve endings in the dorsal horn of the spinal cord and in
the nucleus of the solitary tract (Llewellyn-Smith and
Burnstock 1998), P2X, immunoreactivity was evident
within axon terminals of the olfactory bulb and the dorsal
horn of spinal cord (Lé et al. 1998b).

By means of the second approach, it was shown that
nodose gangliectomy decreased the intensity of P2X, im-
munoreactivity in the nucleus of the solitary tract whereas
ipsilateral removal of the dorsal root ganglia decreased
the intensity of P2X, and P2X5 immunoreactivities in the



dorsal horn of the spinal cord. Hence, these P2X proteins
were not only present at the level of cell bodies contained
in both ganglia (Table 1) but also presynaptically at the
endings of the primary sensory afferents in their respec-
tive central termination fields (Vulchanova et al. 1996,
1997, 1998). Taken together, these observations provide
strong evidence that P2X receptors are present at some
nerve terminals and thus may be involved in the modula-
tion of transmitter release.

Functiona studies

Additional indications for the presence of presynaptic
P2X receptors have been obtained in functional studies at
synaptic terminals in the neuraxis. Thus, ATP evoked an
increase in the concentration of intracellular free Ca2* in
synaptic terminals prepared from the human cortex, which
was absolutely dependent on transmembrane Ca?* entry
and was antagonised by PPADS, but only partialy af-
fected by the blockade of voltage-operated Ca2* channels.
Hence, terminalsin the cerebral cortex possess (presynap-
tic) P2X receptors (Pintor et al. 1999), although their ac-
tua role in transmitter release needs further clarification.

In the rat motor trigeminal nucleus, ATP failed to elicit
inward currents typical for a postsynaptic response. In
contrast, ATP as well as a,3-meATP increased the fre-
guency of spontaneous glutamatergic postsynaptic currents,
in asuramin- and PPADS-sensitive manner, even when ac-
tion potential propagation was suppressed by tetrodotoxin,
ablocker of voltage-dependent Na* channels. Hence, mes-
encephalic sensory trigeminal neurones may not only pos-
sess postsynaptic P2X receptors at their cell somata (Ta-
bles 1, 2) but also presynaptic P2X receptors at their ter-
minals projecting to the motor trigemina nucleus (Khakh
and Henderson 1998). The activation of these presynaptic
receptors increased spontaneous glutamate release.

In synaptic terminals isolated from the rat pituitary,
ATP released vasopressin and evoked an increase in intra-
cellular Ca2*, which was sensitive to suramin and PPADS,
was abolished by the withdrawal of extracellular Ca2* and
was not affected by the blockade of voltage-operated Ca?*
channels (Troadec et a. 1998). Hence, magnocellular
neurosecretory neurones may possess P2X receptors at
their cell bodies contained i.a. in the hypothalamic
supraoptic nucleus (Tables 1, 2), aswell as at their neuro-
hypophyseal terminals where they may be involved in
neuropeptide secretion.

Inarat spinal cord slice preparation, electrical stimula-
tion of terminals from dorsal root ganglia evoked excita-
tory postsynaptic currents in dorsal horn neurones. These
EPSCs were abolished by a mixture of antagonists at the
AMPA-/kainate- (6-cyano-7-nitroquinoxaline-2,3-dione,
CNQX) and NMDA-type glutamate receptors (2-amino-
5-phosphonopentanoic acid, AP-5) but were also dimin-
ished by PPADS (Li et a. 1998). This can be taken as an
indication that glutamate is the main transmitter between
sensory afferent terminals and dorsal horn neurones, in
agreement with the finding that only a small proportion of
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these latter cells (<5%) was sensitive to exogenously ap-
plied ATP (Bardoni et al. 1997). Nevertheless, thisfinding
also suggests that co-released ATP might have modulated
glutamate release via presynaptic P2 receptors situated at
the sensory nerve terminals. These presynaptic receptors
are most likely P2X receptors as shown in a co-culture
preparation, where spina cord dorsal horn neurones
formed synaptic contacts with neurones from dorsal root
ganglia. In this preparation, ATP, as well as a,3-meATPR,
increased the frequency of spontaneous glutamatergic EP-
SCs recorded from spinal cord dorsal horn neurones. The
effects of the two P2 receptor agonists were prevented
by withdrawal of extracellular Ca2* or co-application of
PPADS but were partially resistant to the blockade of
voltage-operated C&?* channels (Gu and MacDermott
1997). Hence, sensory neurones possess P2X receptors at
their cell bodies, e.g. in dorsal root ganglia (Tables 1, 2),
at their central terminals in the dorsal horn of the spinal
cord (P2X,, P2X; and P2X, proteins were described at
this location; see preceding section) and most likely also
at their peripheral endings (P2X5 immunoreactivity was
also observed in nerve fibres terminating in the epidermis;
Vulchanova et al. 1998).

The frequency of spontaneous glycinergic inhibitory
postsynaptic currents (IPSCs) in rat substantia gelatinosa
neurones of the spinal cord was increased by ATP and
2-MeSATP but not a,3-meATP (Rhee et a. 2000). This
effect was antagonized by suramin and PPADS; it was
also eliminated in a Ca*-free extracellular medium.
Hence, presynaptic P2X receptors of glycinergic termi-
nals ending at substantia gelatinosa neurones appear to
depress the excess excitability and thereby decrease over-
active pain signaling. The frequency of spontaneous
gabaergic IPSCs in neurones cultured from laminae 1111
of the neonatal rat dorsal horn was also increased by ATP
(Hugel and Schlichter 2000). Again, this effect was antag-
onized by suramin and PPADS; it was eliminated in a
Ca?*-free extracellular medium, but not by depletion of
intracellular Ca?* stores. Hence, presynaptic P2X recep-
tors of gabaergic interneurones in the dorsal horn of the
spinal cord may also be involved in the processing of no-
ciceptive information.

In neurones, either cultured from rat superior cervical
or thoracolumbar sympathetic ganglia, ATP evoked the
release of previously incorporated [3H]noradrenaline
(Boehm 1994; von Kugelgen et al. 1997). This effect de-
pended on the presence of extracellular Ca?*, and was
only partially inhibited, when action potential propagation
or voltage-operated Ca?* channels were blocked (Boehm
1999; von Kigelgen et al. 1999a). Moreover, ATP re-
leased noradrenaline even in “axonal” cultures, where cell
bodies had been removed (Boehm 1999; von Kiigelgen et
al. 1999h). Hence, postganglionic sympathetic neurones
appear to possess P2X receptors at their varicosities,
which may modulate noradrenaline release in addition to
the P2X receptors situated in the somatodentritic region
(Tables 1, 2).

Extracellular ATP potentiated the frequency of sponta-
neous synaptic currents recorded in Xenopus nerve-mus-
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cle cultures from postsynaptic muscle cells; this effect
was mediated by the influx of of Ca?* through the plasma
membrane (Fu and Poo 1991). Moreover, ATP, as well as
o,B3-meATPR, evoked rapid cationic inward currents, sensi-
tive to suramin, in terminals of calyx-type giant synapses
from the chicken ciliary ganglion (Sun and Stanley 1996).
Taken together, these observations indicate that presynap-
tic P2X receptors also occur at cholinergic synapses,
where they may modulate acetylcholine release.

In conclusion, biochemical and functional studies indi-
cate the likely existence of release-facilitating presynaptic
P2X receptors, which are potential targets of co-transmit-
ter ATP. Eventually the question arises which P2X sub-
unit(s) may contribute to the assembly of presynaptic P2X
receptors. From the available data, no definite conclusion
can be drawn. However, receptors at nerve terminals in
the motor trigemina nucleus, neuropituitary and dorsal
horn of the spinal cord were sensitive to both a,3-meATP
and PPADS (<100 pM), and only marginally desensitised
(Gu and McDermott 1997; Khakh and Henderson 1998;
Troadec et a. 1998); these properties do not match those
of recombinant homomeric P2X receptors (Table 3).
Hence, presynaptic P2X receptors, at least at some nerve
terminals, may be heteromeric receptors (i.e. P2X s oOr
P2X yy5)-

Developmental influences
P2X receptor mRNA expression

Morphological studies describe either an age-dependent
increase or decrease of P2X receptor expression in the rat
nervous system. Thus, P2X; as well as P2X, mRNA was
found at significantly lower levelsin brains as well as no-
dose and superior cervical ganglia of adult ratsin compar-
ison with those taken from 5-day-old animals (Kidd et al.
1995). Similarly, rat brain P2X; receptor immunoreactiv-
ity declined during early postnatal development (Kidd et
al. 1998). In contrast to these findings, P2X, mRNA in the
rat spiral ganglion was not detected before postnatal day 8
(Brandle et al. 1999).

Functional studies

A limited set of functional data indicates that neuronal
P2X receptor expression may be influenced by develop-
mental factors. Thus, 2MeSATP-evoked P2X receptor-
mediated inward currents of locus coeruleus neurones
contained in brain slices were much larger in 18- to 23-
day-old than in 8- to 14-day-old rats. In contrast, a,-
adrenoceptor-mediated K* currents were similar in both
groups of animals (Wirkner et al. 1998). Hence, in the lo-
cus coeruleus, the expression of P2X, but not of a,-
adrenoceptors, seems to be up-regulated during postnatal
development.

A second example is provided by neurones of rat dor-
sal root ganglia. In cells cultured from neonatal rats (1—

6 days old), uridine 5’ -triphosphate (UTP) evoked rapid
inward currents which cross-desensitised with ATP and
were inhibited by suramin and, hence, were mediated by
P2X receptors (Robertson and al. 1996; Rae et a. 1998).
However, when neurones were prepared from adult rats,
ATP remained active, while UTP had no effect (Grubb
and Evans 1999). The reason for this devel opment-depen-
dent change in P2X receptor propertiesis unclear, because
al hitherto known recombinant P2X subunits are either
insensitive to UTP or are only weakly activated by this
agonist (for P2X; see Ralevic and Burnstock 1998).

Another example relates to glycinergic nerve terminals
projecting to substantia gelatinosa neurones of the spinal
cord (Jang et a. 2000). In acutely isolated substantia
gelatinosa cells with attached glycinergic nerve endings,
ATP increased the frequency of spontaneous glycinergic
inhibitory currents with a potency which was the sameir-
respective of the age of the rats (10-30 days postnatally).
However, the structural analogue a,3-meATP was inac-
tive in the younger animal's (see also Rhee et al. 2000) and
became gradually active in the older animals. Hence, -
ther the properties of the originally present P2X receptors
underwent an age-dependent modulation with respect to
its a,B-meATP-sensitivity or a new a,B-meATP-sensitive
subunit or subunit-assembly became expressed in the
older rats.

All these observations from biochemical and func-
tional studies indicate that neuronal P2X receptors un-
dergo developmental regulation. However, their expres-
sion seems to be regulated differentially in discrete re-
gions of the nervous system.

Species differences
Distribution of P2X receptor proteins

There are only limited data pertaining to species differ-
ences in the tissue distribution of P2X receptor subunits.
A study which compared the distribution of P2X, and
P2X 5 proteins between rat and monkey (Macaque mu-
latta) may support this notion. In contrast to the rat, in the
monkey spina cord dorsal horn P2X5 immunoreactivity
could not be detected, and also in contrast to the rat, in the
monkey nucleus of the solitary tract, neither P2X, nor
P2X5 could be found. Since the antibodies used were
raised against rat but not monkey P2X subunits, the possi-
blity remains that a technical limitation rather than a real
interspecies difference in P2X subunit distribution is re-
sponsible for the findings (Vulchanova et a. 1997).

Our knowledge on the localisation of P2X receptor
subunits in humans is only slowly developing. To date,
the human orthologues of P2X,, P2X,, P2X5, P2X, and
P2X-, as well as of atruncated form of P2Xs, have been
cloned (Vaera et d. 1995; Garcia-Guzman et al. 1997a,
1997b; Léet a. 1997; Rassendren et al. 1997; Lynch et al.
1999; Jones et a. 2000). Judged from RT-PCR experi-
ments, h(uman) P2X, receptors including hP2X, splice
variants and hP2X, are found in human brain, as well as



spina cord tissues (Garcia-Guzman et al. 1997a, 1997b;
Lynch et al. 1999). hP2X; was found only in the spinal
cord (Garcia-Guzman et a. 1997a), whereas hP2X5 oc-
curred in a number of nervous tissues including cerebral
cortex, caudate/putamen, amygdala, hippocampus, thala-
mus, substantia nigra, cerebellum and spinal cord (Lé et
al. 1997), in a striking difference to the restricted expres-
sion of rat P2X5 (Table 1). hP2X; was cloned from mono-
cytes (Rassendren et al. 1997) and until yet, nothing is
known about its distribution outside the immune system.

Functional studies

Indications for interspecies differences in P2X receptor
properties were found at the level of recombinant recep-
torsand also at the level of native neuronal P2X receptors.
Thus, when functionally expressed, the pharmacological
properties of the human orthologues hP2X,, hP2X, and
hP2X ; were similar to those found in their rat counterparts
(Vaeraet a. 1995; Garcia-Guzman et al. 1997a; Lynch et
a. 1999). In contrast, hP2X, differed from r(at)P2X, by
its lower sensitivity to the agonist o,3-meATP and its
higher sensitivity to the antagonist PPADS (Garcia-Guz-
man et al. 1997b). hP2X; did not assemble into functional
ATP-gated channels (Lé et al. 1997) and hP2X, showed a
lower sensitivity to agonists, as well as lower tendency to
form cytolytic pores than rP2X; (Rassendren et a. 1997).
There are also dissimilarities between P2X receptors from
different rodent species. The recombinant mouse P2X, re-
ceptor, for instance, displayed a higher sensitivity to the
agonist a,3-meATP than rP2X, (Jones et al. 2000), and
recombinant mouse P2X; receptors were markedly less
sensitive to the agonist 4-benzoyl benzoyl ATP than
rP2X, (Chessel et al. 1998).

An interspecies difference observed with native neu-
ronal P2X receptors has already been mentioned. P2X re-
ceptors in neurones from guinea-pig coeliac ganglia were
dissimilar to P2X receptors in neurones from rat and
mouse coeliac ganglia by virtue of their high sensitivities
to a,B-meATP (Khakh et a. 1995; Zhong et a. 2000a,
2000b; Table 2). This difference may be due to the pres-
ence of P2X,5-like and P2X ,-like receptors, respectively.
Other examples relate to sensory ganglia. While bullfrog
dorsal root neurones responded to ATP always with non-
desensitising inward currents (Bean 1990), the greatest
proportion of rat DRG neurones showed rapidly desensi-
tising responses (Robertson et a. 1996; Rae et al. 1998;
Burgard et al. 1999; Grubb and Evans 1999). Eventually,
Zn?* potentiated ATP-gated currents through P2X recep-
tors expressed in rat nodose ganglion neurones (Li et al.
1996), while in bullfrog DRG neurones, ATP-gated cur-
rents were depressed by Zn?* (Li et al. 1997).

Taken together, the above data indicate interspecies
differences in the tissue distribution of neuronal P2X re-
ceptors may exist. Moreover, such differences were also
found in functional studies at the level of recombinant, as
well as native neuronal P2X receptors. Hence, one should
be cautious in extrapolating pharmacological data, based
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largely on findings in the rat nervous system, to other
species including humans.

Conclusions

Both functional and morphological data indicate a wide-
spread distribution of P2X receptors over the neuraxis.
These receptors are possible targets of ATP released as a
transmitter in its own right or more likely as a co-trans-
mitter of e.g. noradrenaline or acetylcholine. The present
review highlights a number of pertinent questions related
to neuronal P2X receptors, which belong to the group of
ligand-gated ion channels. Firstly, functiona differences
between the characterisitics of native and recombinant
P2X receptor channels may be due to the fact that these
receptors occur as hetero- rather than homo-oligomers.
Further differences may be resolved by the assumption
that up to three different subunits may assemble to form a
hetero-oligomer. Secondly, the complexity of P2X recep-
tor-mediated synaptic responses may be explained by the
existence of these receptors both at somatodendritic and
presynaptic sites. Somatodendritic receptors are usually
excitatory (both P2X and P2Y), while presynaptic recep-
tors are excitatory (P2X) or inhibitory (P2Y). Further-
more, the same neurone may bear a combination of P2X,
P2Y and adenosine-sensitive P1 receptors which can me-
diate opposing responses. The net effect depends on the
sum of the individual components. Thirdly, both native
and recombinant receptors may show large interspecies
and developmental differences with respect to their ago-
nist- and antagonist-sensitivities.
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