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used the Xenopus oocyte expression system. Only in comple-
mentary RNA-injected oocytes did ATP evoke a rapid inward
current that desensitized in the continuous presence of the
agonist (Fig. 2A). The P2X4 receptor is activated by nucleotide
analogues with the following order of efficacy at 100 uM: ATP
> 2-methylthio-ATP (2meSATP) - CTP > a,/3-meATP >
dATP. No significant responses (<1% of ATP current) were
detected with 100 /AM of ADP, AMP, 3,y-methylene-ATP,
GTP, and adenosine. The neurotransmitter receptor agonists
(at 100 ,aM) acetylcholine (with 50 ,iM atropine), nicotine,
glutamate, y-aminobutyric acid (GABA), glycine, and seroto-
nin did not elicit currents. Dose-response analysis gave half-
maximal effective concentrations (EC5o) of 6.9 ± 0.8 /aM for
ATP, with a Hill coefficient (nH) of 1.1 ± 0.1 (Fig. 2B).
Extracellular zinc concentration, [Zn2+]o, has been reported to
increase the ATP sensitivity of both native (22) and cloned
P2X receptors (8). Dose-response curves in the presence of 10
liM [Zn2+]. showed an increase in agonist sensitivity (EC5o =

2.5 + 0.4 J,M, nH = 1.4 + 0.2), without alteration of the
maximal response (Fig. 2B). This modulation by Zn2+ of the
ATP channels might increase excitability in certain regions of the
brain. For example, Zn2+ is present at high concentrations in the
mossy fiber terminals of the hippocampal formation, from where
it can be released upon stimulation (23). The classical P2X
antagonist suramin (6) turned out to be a very inefficient blocker
of P2X4 compared with its reported actions on other cloned and
native P2X receptors (5, 10, 24). Notably, in the presence of 5 JuM
ATP, 100 ,LM suramin merely gives a 20.1% + 3.2 block of the
current (n = 4). Further increase of suramin concentration to 500
/iM (n = 3) blocks the ATP current only by 33.4 ± 6.1% (n = 3).
There was no clear difference in the action of suramin and the

P2X blocker PPADS (25). Thus, 100 p/M PPADS only reduces
the current elicited by 5 p.M ATP to 90.6% ± 13.5 of the control
(n = 3). However, other P2X blockers such as the two isomers of
reactive blue, basilen blue and cibacron blue, at 100 ,uM were able
to reversibly reduce the responses of 5 ,uM ATP by 74.6% + 4.2
(IC50 - 50 ,pM) and 44.0% ± 2.9 (IC50 - 120 ,pM) (n = 4),
respectively.
The low sensitivity to 2meSATP (Fig. 2B) suggests that P2X4

could be classified pharmacologically within the third P2X-
purinoceptor subclass (6). This group is represented by the
receptor expressed in the vascular smooth muscle (saphenous
artery). Nevertheless, the agonist order of potency determined
in tissues may be equivocal because of different ecto-ATPase
activities (26). The suramin-insensitive behavior of the P2X4
receptor contrasts with all of the previously reported ATP
activated currents in vivo. Therefore, the cloning of P2X4
expands the list of criteria for further classifications of the P2X
receptors and for the pharmacological identification of new
subtypes of ATP-activated currents in vivo.
The current-voltage relationship displayed an inward rec-

tification (Fig. 2C) as observed for other P2X receptors (7-10,
27). P2X4 is almost equally permeable to Na+ and K+ as
revealed by shifts of the Erev in buffers containing various
concentrations of these ions. Erev did not change when external
Cl- was partially replaced by methane sulphonate, indicating
Cl- impermeability (data not shown). To investigate the Ca2+
permeability of P2X4, we analyzed the Ercv in buffers contain-
ing low concentrations of extracellular Ca2+, [Ca2+]o, as the
sole permeable ion. With increasing [Ca2+], Erev shifted
toward positive potentials, indicating Ca2+ permeability (Fig.
2D). To gauge the magnitude of the observed Ca2+ perme-

A

FIG. 4. Cellular localization of P2X4 mRNA as revealed by in situ hybridization. Positive hybridization signals appear dark in bright-field
photomicrographs of rat brain and spinal cord sections. (A) Hippocampus. Dentate gyrus granule cells and CA1/CA3 pyramidal cells are moderately
labeled. (B) Cerebellar cortex. Purkinje cells are more strongly labeled than granular cells. (C) Pontine nucleus. Numerous neurons are positive.
(D) Spinal cord. Large motoneurons are heavily labeled. [Bars = 250 jum (A) and 100 ,Am (B-D).]
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ability, we compared P2X4 to various subtypes of recombinant
rat glutamate receptors of known Ca2+ permeabilities: a
heteromeric NMDA receptor, a KA receptor, and a hetero-
meric AMPA receptor, serving as benchmarks for ligand-gated
ion channels with high, intermediate, and very low Ca2+
permeability, respectively (Fig. 2D). The relative shifts of Ercv
observed at various [Ca2+] indicate P2X4 has a Ca2- perme-
ability slightly lower than that of the NMDA receptor, but
significantly higher than that of the KA receptor (Fig. 2D). A
more quantitative estimate of the Ca2+ permeability of P2X4
was obtained by using a modified Goldman-Hodgkin-Katz
equation. We found Pca/Pmono ratios of 10.4 and 0.09 for
NMDA and AMPA receptors, respectively, which is close to
the values of 10.6 and 0.05-0.14 reported earlier (28, 29). P2X4
has a PCa/Pmono value of 4.2. The P2X4 represents the first ATP
receptor expressed in central nervous system neurons with a
demonstrated high Ca2+ permeability, since the vas deferens
(PCa/PNa = 4.8) (7) and dorsal root ganglion forms (PCa/PNa
= 4) (10) are not present in brain.
Tissue Distribution Analysis Shows P2X4 mRNA Expres-

sion in Brain Neurons and Many Other Tissues. Northern blot
assays demonstrate a wide tissue distribution of the P2X4
transcript. Indeed, a strong band of -2.4 kb is detected not
only in brain but in all tissues analyzed except testis, in which
only a very faint band was observed (Fig. 3A). The P2X4
mRNA expression pattern was confirmed and extended (Fig.
3B) by RT-PCR. The detection of P2X4 mRNA in all tissues
analyzed suggests that this receptor could be expressed in a
common cell type present in all organs. Previous work strongly
indicates the presence of P2X receptors in smooth muscle of
blood vessels, including large-, medium- and small-sized ar-
teries (30, 31). The detection of P2X4 transcripts in ascen-
dant aorta"and vena cava (Fig. 3B) suggests that P2X4 is
presumably present in the vascular system of most organs and
therefore might play an important role in the modulation of
blood vessel contractility. P2X4 mRNA was also detected in
rat blood leukocytes (Fig. 3B). Although the function of
extracellular ATP in immune responses is unknown, exten-
sive reports show that ATP is involved in the activation and
modulation of immunological responses (1, 32). The P2X4
mRNA expression in these specialized cells opens the pos-
sibility to analyze the role of this protein in ATP-evoked
DNA synthesis of lymphocytes, blastogenesis, cell-mediated
killing, and apoptosis.

In situ hybridization analysis of the rat central nervous
system reveals a wide distribution of P2X4 transcripts (Fig. 4).
Resolution on a cellular level shows P2X4 mRNA expression
predominantly in neurons. In the hippocampal region, granule
cells and CA1/CA3 pyramidal neurons are labeled (Fig. 4A). In
the cerebellar cortex, Purkinje cells are more strongly positive
than cells in the granular layer (Fig. 4B). Most intense hybrid-
ization signals are seen in neurons throughout the reticular
formation of the brainstem; in the precerebellar nuclei pontine
(Fig. 4C); in vestibular, reticular, and inferior olive nuclei; and in
motoneurons of the spinal cord (Fig. 4D). Lower levels of P2X4
mRNA expression is observed in the cortex, olfactory bulb,
thalamus, and hypothalamus (data not shown).
The pharmacological profile of P2X4 (almost insensitive to

suramin and a,43meATP; low sensitivity to 2meSATP) con-
trasts with that of previously described ATP-activated chan-
nels. Therefore, the cloning of P2X4 expands the criteria for
further classifications of the P2X receptors and suggests spe-
cific tests for the pharmacological identification of new sub-
types of ATP-activated currents in vivo. The wide distribution
in the central nervous system and in blood vessels together with
the high Ca2+ permeability of the P2X4 receptor suggest that
new physiological roles for the ATP-activated currents remain
to be discovered.

Note Added in Proof. After submission of this manuscript, three
cDNAs were reported (33-35) whose sequences are identical to the
P2X4 reported here.
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