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Abstract

Neurons of the central nervous system (CNS) are endowed with ATP-sensitive receptors belonging to the P2X (ligand-gated cationic
channels) and P2Y (G protein-coupled receptors) types. Whereas a number of P2X receptors mediate fast synaptic responses to the
transmitter ATP, P2Y receptors mediate either slow changes of the membrane potential in response to non-synaptically released ATP or the
interaction with receptors for other transmitters. To date seven P2X and seven P2Y receptors of human origin have been molecularly
identified and functionally characterized. P2X subunits may occur as homooligomers or as heterooligomeric assemblies of more than one
subunit. P2X; subunits do not form heterooligomeric assemblies and are uniqe in mediating apoptosis and necrosis of glial cells and possibly
also of neurons. The P2X,, P2X,, P2X,/P2X, and P2Y, receptors appear to be the predominant neuronal types. The localisation of these
receptors may be at the somato-dendritic region (postsynaptic) or at the nerve terminals (presynaptic). Postsynaptic P2 receptors appear to be
mostly excitatory, while presynaptic P2 receptors may be either excitatory (P2X) or inhibitory (P2Y). Since in the CNS the stimulation of a
single neuron may activate multiple networks, a concomitant stimulation of facilitatory and inhibitory circuits as a result of ATP release is
also possible. Finally, the enzymatic degradation of ATP may lead to the local generation of adenosine which can modulate via A; or Aja

receptor-activation the ATP effect.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Extracellular nucleotide receptors belong to the P2X
(ligand-gated cationic channels) or P2Y type (G protein-
coupled receptors) (Abbracchio and Burnstock, 1994;
Ralevic and Burnstock, 1998; North, 2002). Both recep-
tor-types are widely distributed in the central nervous
system (CNS) and exhibit various effects both at neuronal
and glial cells. Astrocytes are endowed with a minor
population of P2X and a major population of P2Y receptors,
whose activation leads initially to an increase of intracellular
Ca’" and subsequently to long-term changes including
proliferation and apoptosis (Neary et al., 1996; Fields and
Stevens, 2000; Ciccarelli et al., 2001). Neurons also possess
both classes of P2 receptors; P2X mediates fast synaptic
responses to the transmitter ATP, whereas P2Y mediates
either slow changes of the membrane potential in response
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to non-synaptically released ATP or the interaction with
receptors for other transmitters (Illes et al., 1996; Norenberg
and Illes, 2000; Khakh, 2001; Masino and Dunwiddie,
2001; Robertson et al., 2001; Burnstock, 2003). In addition
to these changes occurring within short time periods, also
long-term, trophic effects were observed in response to ATP,
such as neuronal maturation, neurite outgrowth (Huang and
Kao, 1996; Swanson et al., 1998) and the expression of
transmitter receptors at target cells (Choi et al., 2003). The
present review will concentrate on the most important recent
developments in the field of neuronal P2 receptors in the
CNS, with an emphasis on functional aspects.

2. Recombinant P2 receptors
2.1. P2X receptors

P2X receptors form a family of at least seven subunits
containing 379 (P2X) to 595 (P2X5) amino acids (Khakh,
2001). The subunits have two transmembrane domains, a
large extracellular loop containing the ATP binding site, as
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well as intracellular N and C terminal tails (Khakh et al.,
2001a). Biochemical evidence indicates that the receptors
occur as stable trimers or hexamers of three or six subunits
(Nicke et al., 1998; Stoop et al., 1999). Moreover, hetero-
multimeric assemblies of P2X,/P2X; (Radford et al., 1997),
P2X4/P2X¢ (Le et al., 1998a) and P2X;/P2X5 (Torres et al.,
1998b) have been described, while P2X; does not coassem-
ble with any other subunit (Torres et al., 1999).

Neuronal P2X receptors in the CNS appear to belong
mostly to the P2X,, P2X, or P2X,/P2X, types. The ATP
analogue o,p-methylene ATP (a,3-meATP) is an agonist at
P2X, and P2X; subunits, but not at the residual homomeric
subunits (Ralevic and Burnstock, 1998). However, the P2X,/
P2X, heteromeric receptors acquire a sensitivity to this
agonist (Le et al., 1998a). Furthermore, the P2X, receptor-
antagonistic pyridoxalphosphate-6-azophenyl-2’,4’-disul-
fonic acid (PPADS) does not block rat recombinant P2X,
receptors (Buell et al., 1996), although the human homolog
of this receptor is sensitive to the antagonist (Garcia-Guzman
et al., 1997).

There is a wealth of data available about recombinant
P2X, receptors. Alanin-scanning mutagenesis identified a
region proximal to the first transmembrane domain which
contained two lysine residues that were critical for the effect
of ATP (Jiang et al., 2000). This region was supposed to
contribute to the ATP-binding site of the receptor. In order to
identify residues necessary for proton and Zn”> " modulation
(Wildman et al., 1998), alanines were singly substituted for
each of the nine histidines in the extracellular domain of the
rat P2X, receptor (Dylan Clyne et al., 2002a). Different
mutations selectively eliminated pH or Zn®" potentiation
implicating that these are two independent sites of action,
even though the mechanisms of pH and Zn? ™ potentiation
appeared similar. N-glycosylation sites that have an amide
group of asparagines were only found in the extracellular
domain (182—185, 239-242, 298—-301). The amide groups
bind covalently carbohydrates. Such Asp residues contribute
probably to solubility, cell-surface expression, and ATP
potency (Torres et al., 1998a; Hu et al., 2002). Deletion of
any two out of the three asparagine residues (182N, 239N
and 298N) that are N-glycosylated led to non-functional
channels (Hu et al., 2002).

The P2X, (Ennion and Evans, 2002) and P2X, (Dylan
Clyne et al., 2002b) subunits contain ten conserved cys-
teines in the extracellular loop which are involved in the
formation of disulfide bonds. None of these bonds are
individually essential for channel function. However, traf-
ficking of the P2X; receptor to the cell membrane was
severely reduced by disruption of the C261—-C270 disulfide
bound or disruption of C117-C165 together with another
bond (Ennion and Evans, 2002). P2X, receptors heterolo-
gously expressed in cultured olfactory bulb neurons under-
went rapid constitutive internalisation and subsequent
reinsertion into the plasma membrane (Bobanovic et al.,
2002). The presence of the P2X, subunit in a P2X,/P2X4
heteromer governed the trafficking properties of the recep-

tor. Finally, it has been shown that channel opening is
necessary for P2X receptor internalisation (Jensik and
Cox, 2002).

The second transmembrane region (TM2; amino acids in
positions 330—353) was shown to line the ion pore of P2X,
(Rassendren et al., 1997; Egan et al., 1998). The substituted
cysteine accessibility method identified a functional domain
of the channel pore (L338 and D349) by mapping residues
on either side of the channel gate. Domains near either end
of the first transmembrane region (TM1; amino acids in
positions 30-50) also influenced the ion conduction
through the pore of the P2X, subunit (Jiang et al., 2001;
Haines et al., 2001).

P2X receptors can be classified into rapidly (P2X,,
P2X3) and slowly desensitizing types (P2X,, P2Xs, P2Xs,
P2X5) (Ralevic and Burnstock, 1998). Two P2X, isoforms
differing only in their C terminal regions desensitize at
different rates (Brindle et al., 1997). The P2Xy, isoform
is missing a sixty-nine amino acid segment that is present in
P2X,(,) and it desensitizes about fivefold faster than the
longer isoform. It was concluded from mutagenesis studies
that the rate of desensitization of the P2X, receptor is
controlled by distinct amino acids located in the C-terminus
(Smith et al., 1999; Koshimizu et al., 1999). Moreover, a
protein kinase C phosphorylation site in the N-terminus is
necessary for the full expression of slowly desensitizing
ATP-gated channels (Surprenant et al., 1995; Ennion et al.,
2000; Bouet-Grabot et al., 2000).

P2X; channels were reported to change their ion selec-
tivity during prolonged exposure to ATP (Surprenant et al.,
1996). However, recently neuronal P2X,, P2X,; and P2X,
receptor-channels were also found to progressively diate
during prolonged ATP activation (Khakh et al., 1999;
Virginio et al., 1999). The binary properties of channels
such as whether or not certain ions permeate in particular
cellular settings, can have profound effects on the encoding
properties of the synapses.

A cross-inhibition of P2X, and «j,p4 nicotinic acetyl-
choline receptors (Khakh et al., 2000) as well as of 5-HT;
receptors (Boue-Grabot et al., 2003) has been shown to
occur during co-activation. The inhibitory cross-talk be-
tween P2X, and 5-HT; receptors was disrupted when the
intracellular C-terminal domain of the P2X, subunit was
deleted (Boue-Grabot et al., 2003).

2.2. P2Y receptors

So far the P2Y family comprises of ten cloned and
functionally defined subtypes (Von Kiigelgen and Wetter,
2000; Barnard and Simon, 2001; Communi et al., 2001).
Elght of them (PZYI, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12,
P2Y,; P2Y,,) are present in human tissues of which P2Y,
P2Ye, P2Y 1, P2Y 5, P2Y 3, and P2Y 4 occur in the CNS
(Moore et al., 2001; Abbracchio et al., 2003). The receptor
proteins contain the typical features of G protein-coupled
receptors including seven predicted hydrophobic transmem-
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brane regions. P2Y,, P2Y;, and P2Y3 receptors react to
adenine nucleotides only, whereas P2Yy is a uridine nucle-
otide-sensitive receptor (Ralevic and Burnstock, 1998;
Communi et al., 2001; Hollopeter et al., 2001). In addition,
ADP and especially its structural analogues i.e. 2-methyltio
ADP (2-MeSADP) activate P2Y; and P2Y, receptors with
a much higher potency than ATP itself (Barnard and Simon,
2001). Several antagonists clerarly differentiate between the
individual receptor types, such as N°methyl-modified 2'-
deoxyadenosine 3',5'-bisphosphate (MRS 2179) which is
selective for P2Y receptors (Camaioni et al., 1998) and 2-
propythio-p-pB,y-difluoromethylene ATP (PFL 66096)
which is selective for P2Y, receptors (Humphries et al.,
1994). Recently, an UDP-glucose receptor (Chambers et al.,
2000) has been described to exhibit a considerable sequence
homology with P2Y receptors (Abbracchio et al., 2003).
Based on this fact as well as on (1) its chromosomal co-
localization with other P2Y receptors, (2) the similarity of
its cognate ligand to the natural ligand for P2Y receptors
and (3) the identification of UDP-glucose in the extracellu-
lar space, it was renamed the P2Y ;4 receptor (Abbracchio et
al., 2003; Lazarowski et al., 2003).

Mutation of the transmembrane (TM) helical domains
indicated the critical function of residues on the exofacial
side of TM3 and TM7 in the binding of ATP (Jacobson et
al., 1999). In addition, two essential disulfide bridges in the
extracellular domains and several charged residues in the
extracellular loops (EL) 2 and 3 have been found to be
critical for receptor activation (Hoffmann et al., 1999).
Recently P2Y, and adenosine A receptors have been found
to form constitutive hetero-oligomers in human embryonic
kidney (HEK) 293 cells and this process was promoted by
the simultaneous activation of both receptors by their
respective agonists (Yoshioka et al., 2002). It is interesting
to note that the modulation of an endogenous voltage-gated
ion channel in Xenopus oocytes by P2Y receptors has been
shown to critically depend on the C-terminal region of the
receptor (Lee et al., 2003).

3. Distribution of P2 receptors
3.1. P2X receptors

Both P2X, receptor mRNA and P2X, receptor protein
shows a large scale and matching distribution in the rat CNS
as proved by riboprobe-based in situ hybridization and
specific antisera (Kanjhan et al., 1999). An extensive
expression pattern was observed in the cerebral cortex,
hippocampus, habenula, substantia nigra pars compacta,
ventromedial and arcuate hypothalamic nuclei (Xiang et
al., 1998), supraoptic and paraventricular nuclei (Loesch et
al., 1999), mesencephalic trigeminal nucleus, ventrolateral
medulla, dorsal vagal complex (Atkinson et al., 2000) and
nucleus of the solitary tract (Kanjhan et al., 1999). In the rat
spinal cord, P2X, receptor expression was highest in the

dorsal horn, with significant neuronal labeling in the ventral
horn and intermediolateral cell column.

P2Xj; receptor mRNA and protein appears to be selective
for a subpopulation of small-diameter neurons of dorsal root
ganglia (Chen et al., 1995; Lewis et al., 1995). The
confinement of P2X; receptor immunoreactivity to brain
structures involved in pain transmission (nucleus tractus
solitarius, solitary tract, spinal trigeminal nucleus; Vulcha-
nova et al., 1996, 1997) appears to be stringent in the adult
rat brain in contrast to a more widespread distribution
observed in the embryonic and neonatal rat brain (Kidd et
al., 1998).

In situ hybridization for P2X; mRNA (Bo et al., 1995;
Buell et al.,, 1996) or antibodies directed against P2X,
receptors (Le et al., 1998b) indicated strong expression in
the rat cerebellum and spinal cord. P2X, immunoreactivity
was also evident in areas including the cerebral cortex,
hippocampus, thalamus and brainstem.

Both light microscopic and postembedding immunocyto-
chemistry at the ultrastructural level indicated a localization
of P2X, and P2X, receptors at postsynaptic specializations
of parallel fibre synapses in the cerebellum and of Schaffer
collateral synapses in the rat hippocampus (Rubio and Soto,
2001). Analyis of their distribution at the synapse showed
that P2X receptors are localized at peripheral portions of the
postsynaptic specialization, where ionotropic glutamate re-
ceptor density decreases.

Investigations at the light and electron microscopic levels
have revealed that in the nervous system the P2X; 4
receptor subtypes are localized predominantly at neurons,
while the P2X, receptor-subtype appears to be limited to
e.g. activated microglia, lymphocytes, macrophages or
astroglia, agreeing with its role in brain repair following
inflammation, infarction or immune insult (Di Virgilio et al.,
1999; Gu et al., 2000). More recently, both P2X; receptor
mRNA and immunoreactivity was found to be targeted to
presynaptic excitatory but not inhibitory terminals in the
spinal cord and brain (Deuchars et al., 2001; Sperlagh et al.,
2002). In contrast, the P2X; receptor protein was also
present in the nuclear envelop of a subgroup of inhibitory
neurons in the hippocampus (Atkinson et al., 2002). It is
suggested that activation of this intracellular receptor leads
to a permeability increase towards Ca® which may via
changes in the nuclear Ca® " concentration alter the tran-
scription of several genes implicated in neuronal plasticity
(Atkinson et al., 2002).

3.2. P2Y receptors

A quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) study demonstrated the presence of large
quantities of P2Y; and P2Y;; mRNA in the human brain
when compared with other tissues (Moore et al., 2001).
P2Y; mRNA was most highly expressed in regions of the
basal ganglia including the striatum, nucleus accumbens,
putamen and caudate nucleus and was detected in the globus
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pallidus, hippocampus, cerebellum and many regions of the
cerebral cortex. A polyclonal P2Y, receptor antibody indi-
cated a striking localisation to neuronal structures of the
human cerebral cortex, cerebellar cortex, hippocampus,
caudate nucleus, putamen, globus pallidus and midbrain
(Moore et al., 2000). A basically similar distribution of the
P2Y | receptor immunoreactivity was demonstrated in the rat
brain (Moran-Jimenez and Matute, 2000).

Cellular resolution of the expression of P2Y;, mRNA
was obtained by in situ hybridization histochemistry of
brain sections; the observations are consistent with a glial
expression pattern (Hollopeter et al., 2001). P2Y;3 mRNA
was detected in different brain regions (thalamus, caudate
nucleus, substantia nigra, hippocampus and cerebellum)
(Communi et al., 2001). Autoradiography of ADP stimulat-
ed [*>S]GTP-vy-S binding in brain tissue, supposed to reflect
the distribution of Gj-linked P2Y, or P2Y3 receptors,
showed high levels in the cerebellum, cerebral cortex,
hippocampus, stria terminalis and ventrolateral medulla
(Laitinen et al., 2001). It is interesting to note that in contrast
to P2Y receptor-protein distribution the white matter in the
cerebellum exhibited homogenous labeling with scattered
intensive small spots.

Widespread distribution of P2Y;; mRNA has been
observed in humans, with highest expression in placenta,
adipose tissue, stomach and intestine, with moderate levels
in the brain, spleen, lung and heart (Chambers et al., 2000).
Although there is no indication for the neuronal localization
of this receptor hitherto, it has been detected in rat primary
astrocytes (Charlton et al., 1997) which responded to UDP-
glucose with increases of their intracellular Ca®* concen-
tration (Fumagalli et al., 2003).

4. Effects at postsynaptic P2 receptors situated at the
somato-dendritic region

4.1. P2X receptors

Various neurons of the CNS are endowed with functional
P2X receptors. In slices of the medial habenula electrical
stimulation evokes ATPergic synaptic potentials (Edwards
etal., 1992). Exogenous ATP itself failed to initiate a whole-
cell current response, whereas the structural analogue o, 3-
methylene ATP (a,p-meATP) caused small inward currents
as well as in a minority of the outside-out patches tested
single channel openings. This indicates that the overall
receptor density is low, with receptors probably concentrat-
ed at the synapse. In addition, it has been shown that
neurones of the medial habenula lack functional NMDA
receptors and possess AMPA receptors that have low
permeability to Ca>" (Robertson et al., 1999). It appears
that P2X receptor-mediated synaptic currents are the only
calcium-permeable fast-transmitter gated currents in these
neurones which may be important for their physiological
function.

In cultured dorsal horn neurons of the rat spinal cord, fast
synaptic currents were detected which were due to the co-
release of ATP and +y-aminobutyric acid (GABA) (Jo and
Schlichter, 1999). Similarly, in the lateral hypothalamus of
mice and chick, both electrically evoked and spontaneous
ATP and GABA co-release has been observed (Jo and Role,
2002a). The miniature postsynaptic currents recorded at
ATP-GABA co-synapses were only partially inhibited by
the GABA 4 receptor antagonist bicuculline. The remaining
miniature postsynaptic currents were blocked by the P2
receptor antagonist suramin. Neurons of the lateral hypo-
thalamus obtain cholinergic input from the pedunculopon-
tine and laterodorsal tegmental nuclei as well as from
cholinergic interneurons within the lateral hypothalamus.
GABAergic transmission was modulated in an opposite way
by facilitatory nicotinic and inhibitory muscarinic acetyl-
choline receptors (Jo and Role, 2002b).

The cell bodies of central noradrenergic neurons of the
rat nucleus locus coeruleus contain hyperpolarizing o,-
adrenoceptors (Aghajanian and Wang, 1986) as well as
depolarizing P2X and P2Y receptors (Harms et al., 1992;
Shen and North, 1993). It is noteworthy that these receptor-
types are consecutively activated by the two transmitters
noradrenaline and ATP co-released on electrical stimulation
from recurrent axon collaterals (Poelchen et al., 2001).
Whereas locus coeruleus neurons from older rats (1823
days of age) responded to «,3-meATP with inward current,
the same neurons from younger rats (10—14 days of age)
were insensitive to this agonist (Wirkner et al., 1998). At the
same time noradrenaline evoked a,-adrenoceptor-mediated
outward currents in all tissues investigated, suggesting that
probably no functional P2 receptors are present at locus
coeruleus neurons after birth and maturity of these receptors
is reached only in animals older than 18 days.

The proprioceptive sensory neurons of the rat trigeminal
mesencephalic nucleus are situated in the immediate neigh-
bourhood of the locus coeruleus. These neurons respond to
ATP or its analogues (adenosine 5'-[y-thio]triphosphate,
ATP-y-S; a,p-meATP) with a rapidly desensitizing inward
current; all agonists cross-desensitized with each other
(Khakh et al., 1997). The P2X,-, P2X3-selective antagonist
2/-3'-0-(2,4-trinitrophenyl)-ATP (TNP-ATP; Thomas et al.,
1998) reduced, but did not abolish the current evoked by
ATP-y-S (Patel et al., 2001). However, an agonist for these
receptor-types, a,3-meATP failed to evoke an inward cur-
rent. Hence, the TNP-ATP-sensitive component of the
current did not match with any of the known cloned
homomeric or heteromeric P2X receptors.

In rat brain slices, ATP caused inward current in both
CA1 (Pankratov et al., 1998) and CA3 (Mori et al., 2001)
hippocampal neurons. ATP, co-released with glutamate,
induced synaptic responses in these neurons that were
observed mainly under conditions of synchronous discharge
from pultiple presynaptic inputs. The ATP-gated receptor
involved appears to belong to the P2X, type. When green
fluorescent protein (GFP)-tagged P2X, receptors were engi-
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neered and expressed in embryonic hippocampal neurons,
ATP application to dendrites caused receptor redistribution
(Khakh et al., 2001b). This led to the formation of varicose
hot spots of higher P2X,-GFP receptor density accompanied
by an activation-dependent enhancement of the ATP-evoked
current. It is interesting to note that presynaptic facilitatory
P2X, receptors are also involved in synaptic transmission
onto stratum radiatum interneurons but not CA1 pyramidal
neurons (Khakh et al., 2003). Finally, rat pyramidal neurons
of the sensory cortex possess P2X receptors as well, since
electrically evoked excitatory postsynaptic currents could be
blocked by a combination of NMDA, non-NMDA and P2X
receptor antagonists only (Pankratov et al., 2002a). In
addition, application of ATP or o,-meATP caused in these
neurons inward currents, supporting the role of ATP as a fast
synaptic transmitter.

Although Ca® *-permeable P2X receptors mediate a mi-
nor component of the excitatory synaptic current in hippo-
campal CA1 pyramidal neurons, they may be involved in
the Ca” "-dependent inactivation of the NMDA component
of the excitatory postsynaptic current (Pankratov et al.,
2002b). During high frequency stimulation of synaptic
inputs P2X receptors desensitise and thereby the NMDA
component of the excitatory postsynaptic current may
increase, leading to long-term potentiation. In agreement
with this suggestion, inhibition of P2X receptors by PPADS
or their desensitisation by o,p-meATP dramatically facili-
tated the induction of long-term potentiation which is
believed to be a cellular model of learning and memory.
In partial contradiction to these findings, in mouse (Wier-
aszko and Seyfried, 1989; Chen et al., 1996) and guinea-pig
(Fujii et al., 2002) hippocampal CA1l neurons, ATP was
reported to induce long-term potentiation by phosphorylat-
ing the extracellular domain of the NMDA receptor-channel
and thereby increasing its permeability. A possible expla-
nation for this discrepancy is that in the rat and mouse/
guinea-pig hippocampus different purinergic mechanisms
regulate long-term potentiation.

In the rat dorsal motor nucleus of the vagus, ATP causes
inward current (Ueno et al., 2001). Low concentrations of
Zn*>" potentiated these currents in agreement with results
obtained on recombinant (Wildman et al., 1998) and native
(Li et al., 1993) P2X, receptors. Moreover, rat cerebellar
Purkinje cells responded to ATP with a rapid increase in
intracellular Ca®* (Mateo et al., 1998; Garcia-Lecea et al.,
1999). The effect of ATP was mimicked by 2-methylthio
ATP (2-MeSATP) but not by o,3-meATP and was potenti-
ated by Zn>" and H" ions indicating the involvement of
P2X, subunits. Patch-clamp recordings and single-cell RT-
PCR indicated the existence of P2X, receptors in histamin-
ergic neurons of the rat tuberomamillary nucleus (Vorobjev
et al., 2003). Finally, ATP increased the cytosolic Ca®"
concentration in neurons of the ventral tegmental area
acutely dissociated from the rat brain (Sorimachi et al.,
2002). This effect was due to the activation of Ca®*-
permeable P2X receptors.

4.2. P2Y receptors

In various primary cultures of the rat brain (striatum,
medulla oblongata, hippocampus and superior colliculus),
ATP or ADP evoked an outwardly rectifying K current
(Ikeuchi and Nishizaki, 1995; Ikeuchi et al., 1995a,b, 1996).
It has been concluded that ATP stimulates an outwardly
rectifying K channel which is regulated by protein kinase C
activation through a P2Y receptor, linked to a pertussis
toxin-insensitive G protein. These results are in partial
agreement with recent data demonstrating the coupling of
the P2Y, receptor-type to recombinant inwardly rectifying
K" channels of the Kir3.0 subfamily (Mosbacher et al.,
1998).

ATP, ATP-y-S (Dave and Mogul, 1996) and diadenosine
pentaphosphate (Panchenko et al., 1996) all potentiated the
high-voltage activated current through Ca®* channels in
freshly dissociated hippocampal neurons. Pyramidal neu-
rons of the sensorimotor cortex (Lalo and Kostyuk, 1998)
and neocortical neurons (Lalo et al., 1998) exhibited an
increase of the cytoplasmic free calcium concentration
([Ca®*); transient) in response to ATP. This effect may
involve the Gg ;i/phospholipase C/inositoltrisphosphate/
Ca®" pathway, which is a typical signal transduction mech-
anism for neuronal P2Y| receptors (King et al., 1998).

In addition to these effects, P2Y receptors were also able
to potentiate the conductance of ionotropic glutamate
receptors of the N-methyl-p-aspartate (NMDA)-, but not
of the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA)-type in layer V pyramidal neurons of the rat
prefrontal cortex (Wirkner et al., 2002). This interaction
takes place via G protein-activation and can be observed
only in a subgroup of the pyramidal neurons. Since ligand-
gated cationic channels, such as NMDA receptors have
either been shown to be regulated by protein phosphoryla-
tion or to contain consensus sequences for phosphorylation
by protein kinases (Moss and Smart, 1996), protein kinase
C or calmodulin kinase II are possible candidates for the
transduction mechanism of P2Y receptors. It was suggested
that P2Y, receptors are involved in this process, since ATP
and UTP, but not the P2Y, receptor-selective ADP-3-S
facilitated the NMDA current (Wirkner et al., 2002).

In fact, ADP-B-S inhibited the NMDA-induced current
in layer V pyramidal neurons of the rat prefrontal cortex
(Luthardt et al., 2003). The blockade of this effect by the
P2Y, receptor antagonists PPADS and 2’ -deoxy-N°-meth-
yladenosine-3',5'-diphosphate (MRS 2179) supported the
involvement of a P2Y; receptor. Since the intracellular
application of the stable GDP analogue GDP-{3-S which is
known to interfere with G protein-mediated reactions did
not alter the inhibitory effect of ADP-B-S, the two receptors
were suggested to interact via direct protein—protein appo-
sition (Khakh et al., 2000; Liu et al., 2000). A non-receptor
mediated blockade by ATP of NMDA currents was also
reported to occur in cultured rat hippocampal cells and in
Xenopus oocytes transfected with recombinant NR1a/NR2B
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receptors (Ortinau et al., 2003). ATP failed to alter other
subunit combinations such as those of NR1a/NR2A, NR1a/
NR2C and NR1a/NR2D. GTP and ITP but not UTP and
CTP mimicked the inhibitory action of ATP. It was sug-
gested that binding of ATP occurs to a glycine-rich consen-
sus nucleotide-binding motif in the N-terminal part of the
NR2B subunit.

5. Effects at presynaptic P2 receptors situated at nerve
terminals

5.1. PI receptors of the A;-type

Besides the above described postsynaptic effects, ATP
also acts presynaptically. However a difficulty to interpret
these effects is caused by the fact that ATP is degraded
enzymatically to adenosine (see Cunha and Ribeiro, 2000).
Adenosine A; receptor activation causes a profound inhibi-
tion of synaptic transmission and of evoked neurotransmitter
release through inhibition of calcium influx and/or inhibi-
tion of the exocytotic machinery (Ribeiro, 1995). The ecto-
nucleotidase pathway subserving the breakdown of ATP is
very efficient; adenosine A; receptor activation can occur
within milliseconds after adding ATP to the preparations
(Dunwiddie et al., 1997). A channelling process involving
ecto-nucleotidases and adenosine A; receptors, i.e. the
ability of ATP-derived adenosine to activate adenosine A
receptors without equilibrating with the biophase, probably
accounts for some of the proposed direct actions of adenine
nucleotides (Cunha et al., 1998; Sebastiao et al., 1999).
Furthermore, the excitatory actions of ATP are difficult to
distinguish from the facilitatory effects of adenosine A,a
receptors (Sebastiao and Ribeiro, 1996). The use of P2
receptor antagonists does not entirely disriminate P2 from
P1 receptor responses, since most P2 receptor antagonists
are effective inhibitors of extracellular ATP catabolism
(Ralevic and Burnstock, 1998).

Recently the hypothesis has been advanced that there
may be a nucleotide receptor that inhibits neurotransmitter
release, is activated directly by ATP and ATP analogues, and
is insensitive to most P2 receptor antagonists, but is sensi-
tive to purportedly selective adenosine A; receptor antago-
nists such as 8-cyclopentyl-theophylline (Smith et al., 1997;
Mendoza-Fernandez et al., 2000). However, in mice lacking
the adenosine A; receptor (Johansson et al., 2001), the
inhibitory effects of both adenosine, ATP and ATP-y-S on
synaptic transmission onto hippocampal CAl pyramidal
cells were completely absent, suggesting that all these
effects are mediated via conventional adenosine A recep-
tors (Masino et al., 2002).

5.2. P2 receptors of the P2X- and P2Y-types

ATP analogues inhibit evoked acetylcholine release from
the rat cerebral cortical synaptosomes more potently than

adenosine itself, and the effect of ATP is not prevented
either upon blocking the extracellular formation of ATP-
derived adenosine or upon removal of extracellular adeno-
sine (Cunha et al., 1994). However, the type of receptor(s)
involved in the effect of ATP on acetylcholine release from
rat cerebral cortical synaptosomes remains to be defined
(Cunha et al., 1994).

ATP changes in a biphasic manner the release of nor-
adrenaline in the CNS. Thus, it has been reported that P2Y-
like receptor-activation inhibits noradrenaline release from
cerebral cortical (Von Kiigelgen et al., 1994) and hippocam-
pal slices (Von Kiigelgen et al., 1999) of rats. Using a
microdialysis approach in the dorsal and ventral striatum
(nucleus accumbens), it was reported that ATP induces
dopamine release (Zhang et al., 1995; Kriigel et al., 1999).
This effect was suggested to consist of two components.
The first component involves a direct stimulation of dopa-
minergic nerve terminals in the nucleus accumbens, while
the second inhibitory component involves a sequential
activation of glutamate and finally GABA neurons projec-
ting to the dopaminergic cell bodies in the ventral tegmen-
tum (Kriigel et al., 2001a,b). An inhibitory effect of ATP
was observed by fast cyclic voltammetry in rat neostriatal
slices on dopamine release (Trendelenburg and Biiltmann,
2000). In addition, P2 receptors were shown to increase the
dendritic release of dopamine in the ventral tegmental area
(Kriigel et al., 2001a,b).

Activation of P2 receptors inhibits serotonin release from
rat brain cortical slices (Von Kiigelgen et al., 1997). This
effect of ATP may be again biphasic, since a presynaptic
P2X receptor-mediated facilitation of serotonin release was
observed in the rat hippocampus (Okada et al., 1999).
However, the use of slices makes it difficult to distinguish
between direct presynaptic P2 receptor-involvement and
indirect modulatory actions.

In rat neurohypophysial terminals, the ATP-mediated
modulation of vasopressin release was investigated and con-
tradicting conclusions were reached. Whereas, in one of the
studies the authors described a P2 receptor-mediated facili-
tation (Troadec et al., 1998), in another study a P2 receptor-
mediated inhibition was observed (Sperlagh et al., 1999).

Investigations of the effects of ATP on glutamatergic
synaptic transmission have been limited in their interpreta-
tion by the rapid metabolism of ATP into adenosine, since
adenosine causes an intense inhibition of excitatory synaptic
transmission in different CNS areas (Ribeiro, 1995). This
led to the conclusion that if ATP has any effect on
glutamatergic synaptic transmission, it is mediated by aden-
osine A; receptors and not necessarily by P2 receptor-
activation. However, more recent studies have convincingly
demonstrated an increase of glutamate release mediated by a
P2X-like receptor, measured as an increase in the frequency
of miniature excitatory postsynaptic currents in primary
sensory afferents in the spinal cord (Nakatsuka and Gu,
2001), and in various brainstem nuclei (Khakh and Hender-
son, 1998; Kato and Shigetomi, 2001). Additional electro-
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physiological studies in cultured rat hippocampal neurons
suggest that ATP depresses glutamate release (Inoue et al.,
1999), a conclusion further supported by the ability of ATP
to inhibit the evoked release of glutamate in rat hippocampal
neurons (Koizumi and Inoue, 1997; Mendoza-Fernandez et
al., 2000) and in cortical slices (Bennett and Boarder, 2000).
It appears that ATP may biphasically modulate (inhibit or
facilitate) glutamate release in the CNS.

The divergent effects of ATP reported in neurochemical
or electrophysiological studies performed in slices or
neuronal cultures could be due to opposite effects of
ATP on glutamatergic and GABAergic systems. In rat
cultured hippocampal neurons, ATP and ATP analogues
enhance GABAergic transmission, but not the effects of
iontophoretically applied GABA, in a PPADS-sensitive
manner (Inoue et al., 1999). However, the observation that
ATP and ATP analogues failed to modify GABA release
from superfused hippocampal synaptosomes (Hugel and
Schlichter, 2000), raises the question of whether the ATP-
induced increase in GABAergic transmission reported in
hippocampal neurons might be secondary to an increase of
glutamate release. In cultured spinal cord neurons, the
release of GABA, assessed by miniature inhibitory post-
synaptic currents or evoked inhibitory postsynaptic cur-
rents, is facilitated by ATP in 22% of the synapses, an
effect proposed to be mediated by P2X, receptors (Hugel
and Schlichter, 2000).

Pharmacological activation of P2X receptors in spinal
cord slices resulted in glutamate-mediated excitation of the
recorded neurons. More recent studies suggested the in-
volvement of the P2X; receptor-type in the release of
glutamate evoking a subsequent release of GABA in the
rat hippocampus (Sperlagh et al., 2002). Furthermore,
extracellular and patch-clamp recordings in CA3 pyramidal
cells of the hippocampus revealed that the potent P2X,
receptor agonist dibenzoylATP caused a long-lasting inhi-
bition of glutamatergic neurotransmission at mossy fiber-
CA3 synapses (Armstrong et al., 2002).

ATP has been described to facilitate the spontaneous
glycinergic inhibitory postsynaptic current frequency at
dissociated rat dorsal horn interneuron synapses (Rhee et
al., 2000). The P2X receptor responding to «,3-meATP was
functionally expressed at neurons obtained from 28 to 30,
but not from 10- to 12-day-old rats (Jang et al., 2001).
Glycine release was also facilitated by the activation of
presynaptic P2X receptors in dissociated trigeminal nucleus
pars caudalis neurons (Wang et al., 2001). Although sub-
stance P itself had no effect on miniature inhibitory post-
synaptic current frequency or amplitude distribution, the
peptide abolished the facilitation by ATP. This blockade was
due to a Ca®*/calmodulin-dependent protein kinase II-me-
diated modulation of P2X receptors.

Since glutamatergic and GABAergic terminals account
for nearly 90% of CNS nerve terminals, the monitoring of
the effects of ATP on calcium influx in CNS synaptosomes
should mainly reveal effects of ATP on GABAergic and/or

glutamatergic nerve terminals. Numerous studies have docu-
mented that ATP increases intracellular free calcium con-
centration, an effect apparently mediated by a P2X-like
receptor (possibly P2X5; Pintor et al., 1999; Gomez-Villa-
fuertes et al., 2000, 2001). These receptors may be co-
localized with GABAg receptors, since almost 90% of the
terminals responded with an increase of the intracellular
Ca’" concentration both to ATP and baclofen (Gomez-
Villafuertes et al., 2003).

6. Release of ATP, glutamate and GABA from astrocytes

ATP is a co-transmitter of noradrenaline (Sperlagh et al.,
1998; Poelchen et al., 2001) and GABA (Jo and Schlichter,
1999; Jo and Role, 2002a). In addition to the neuronal
secretion of ATP, stimulation of astrocytes by pharmacolog-
ical means as well as by mechanical or osmotic stimulation
may release ATP by four alternative mechanisms. Firstly, by
an exocytotic vesicular release (Coco et al., 2003); secondly,
by ATP-binding cassette (ABC) proteins such as the multi-
drug resistance-associated protein (Ballerini et al., 2002);
thirdly, by connexin hemichannels providing the substrate
for gap junction formation (Cotrina et al., 2000); and finally,
by osmolytic transporters linked to anion channels (Darby et
al., 2003). Calcium waves in astrocytes were shown to be
initiated and supported by the release of ATP (Cotrina et al.,
2000) leading to the stimulation of astrocytic P2Y receptors
(Fam et al., 2003). These waves are defined as oscillations
of intracellular free Ca® " that propagate between neighbor-
ing astrocytes and are presently considered to constitute an
information-processing system operating in parallel with
neuronal circuits.

In addition to ATP, astrocytes were shown to release also
excitatory (glutamate, aspartate) and inhibitory (GABA)
amino acid transmitters (Bezzi and Volterra, 2001; Neder-
gaard et al.,, 2002). The release of glutamate appears to
utilize mechanisms similar to that of ATP; both astrocytic
vesicles (Araque et al., 2000; Jeremic et al., 2001) and
connexin hemichannels (Ye et al., 2003) may be involved.
Moreover, the stimulation of P2X receptors on astrocytes
mediates glutamate release providing a link between the
secretion of ATP and glutamate (Duan et al., 2003). Hence,
astrocytic ATP and glutamate appear to modulate both
synaptic transmission in neuronal systems and Ca’>" wave
propagation in astrocytic networks (Innocenti et al., 2000;
Koizumi et al., 2003; Newman, 2001, 2003).

Finally, the ATP-induced stimulation of P2X; receptors
has been shown to release not only glutamate (see above)
but also GABA from astrocytes of the brain or Miiller cells
of the retina (Pannicke et al., 2000; Wang et al., 2002) and,
thereafter, e.g. potentiate inhibitory synaptic transmission
via GABAg receptor-activation (for hippocampal slices, see
Kang et al., 1998). Hence, glia should be considered an
active partner at the synapse, dynamically regulating syn-
aptic transmission (Newman, 2003).
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7. Complexity of purinergic signaling in consequence to
enzymatic degradation of ATP to adenosine

ATP has biphasic presynaptic neuromodulatory effects:
an inhibitory effect through the activation of P2Y receptors
and a facilitatory effect via the activation of P2X receptors.
Potential contamination with adenosine modulation, needs
to be discarded, i.e., it is necessary to exclude if adenosine
(A and A, ) receptors are involved. It is also important to
use biochemical methods to support a presynaptic local-
isation of P2 receptors observed by using radioligands.
Furthermore, immunological approaches, namely the elec-
tron microscopy immunocytochemistry appear to be very
helpful in this respect (Loesch and Burnstock, 1998, 2001;
Cunha and Ribeiro, 2000). Finally, it will be important to
test whether the synaptic role of ATP is, indeed, mediated by
P2 receptor activation, or whether ATP is directly acting as a
phosphate donor for ecto-protein kinase modification of
presynaptic proteins, which are involved in the control of
neurotransmitter release (Ehrlich and Kornecki, 1999).

The existence of an ATP-mediated auto-modulatory
system allows ATP to join the signal-pattern of most neuro-
transmitters, such as glutamate, GABA, acetylcholine, nor-
adrenaline and serotonin. These neurotransmitters possess
both post-synaptic and pre-synaptic receptors (Starke et al.,
1989). It is interesting that purines display a dual presyn-
aptic neuromodulatory pattern: one mediated by ATP and
another by adenosine. ATP is stored in vesicles and can be
released by exocytosis, whereas adenosine is neither stored
in vesicles nor released as a classical neurotransmitter, i.e.
via exocytosis. It, therefore, appears that adenosine behaves
mainly as a neuromodulator, whereas ATP appears to be a
neurotransmitter, in conformity with the initial idea of
Burnstock (1972). One may consider that these two different
purinergic systems work in different time scales and are
eventually not functionally interconnected. Therefore, the
high efficiency of extracellular ATP catabolism would
rapidly shut down ATP signaling, generating, upon further
time-delayed catabolism, another signaling molecule, aden-
osine. An alternative hypothesis is that the activity of the
two purinergic systems may be highly inter-dependent, and
the ecto-nucleotidase cascade would assume a key role in
balancing the action of these two neuromodulatory systems.
This possibility has previously been addressed (Cunha and
Ribeiro, 2000) and is further supported by the marked
extracellular gradient of adenosine concentration at the
synaptic level (Lopes et al., 1999) and by the intense control
of presynaptic ATP receptors by adenosine receptor activa-
tion. The critical role of ecto-nucleotidases in determining
the relative importance of the two purinergic neuromodula-
tory systems is supported by the observation that different
enzymatic activities are found in different preparations, with
conversions of ATP into adenosine ranging from milli-
seconds to minutes (Dunwiddie et al., 1997) and that ecto-
nucleotidases are released upon stimulation of preparations
(e.g. Todorov et al., 1997). Another possible reason for the

existence of two different purinergic neuromodulatory sys-
tems may reside in their different roles, ATP being an auto-
modulatory system (i.e. acting on the nerve terminal from
where it is released), whereas adenosine would mostly fulfil
a hetero-modulatory role (i.e. acting also in neighboring
neurons from where it is generated). It is hoped that as more
information is available on the presynaptic role of ATP and
on the strict need to distinguish ATP from adenosine-
mediated presynaptic effects, it will be possible to discover
the relative roles and the functional relation of these two
presynaptic purinergic neuromodulatory systems.

8. Conclusions and outlook

Numerous P2X/P2Y receptors were reported to pre- or
postsynaptically modify CNS neuronal functions. These
receptors are targets of ATP released by exocytotic mech-
anisms or by cellular damage. Recent work indicates that
ATP may in addition to elucidating fast or slow synaptic
responses may also initiate the neuronal/astrocytic cross-
talk. In response to ATP-induced stimulation, astrocytes
exocytotically release glutamate and/or GABA which both
may act at the respective neuronal receptors, thereby
contributing to the complexity of the neuronal networks.
Although much is known about the cellular mechanisms of
the ATP(ADP)/UTP(UDP) effects, there is limited infor-
mation on the function of P2 receptors at the gross
behavioural level. There is a great need for analyses on
the involvement of purinergic mechanisms in the regula-
tion of locomotion and food intake as well as in the
expression of sensitization, reward and anxiety (Kittner
et al., 2000a,b, 2001, 2003). Clinical studies in humans
have to follow in order to elucidate purinergic disregula-
tion as a possible cause of certain illnesses such as
schizophrenia or drug addiction. In consequence, P2X
and P2Y receptors are possible targets of therapeutic
manipulations in CNS illnesses.
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