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1 Under voltage-clamp conditions, the activity of agonists and antagonists at a recombinant P2X2

receptor expressed in Xenopus oocytes was examined at di�erent levels of extracellular pH (pHe).

2 In normal Ringer (Mg2+ ions absent), the amplitude of submaximal inward currents to ATP was
increased by progressively lowering pHe (8.0 ± 5.5). ATP-responses reached a maximum at pH 6.5 with a
5 fold increase in ATP-a�nity; the apparent pKa was 7.05+0.05.

3 Receptor a�nity for ATP was lowered when extracellular Ca2+ ions were replaced with equimolar
Mg2+ ions. However, the amplitude of the ATP-responses was still enhanced under acidic conditions,
reaching maximal activity at pH 6.5 with a 5 fold increase in ATP-a�nity; the apparent pKa was
7.35+0.05.

4 ATP species present in the superfusate (for the above ionic conditions and pH levels) were calculated
to determine the forms of ATP which activate P2X2 receptors: possible candidates include HATP,
CaHATP and MgHATP. However, levels of these protonated species increase below pH 6.5, suggesting
that receptor protonation rather than agonist protonation is more important.

5 The potency order for agonists of P2X2 receptors was: ATP42-MeS-ATP5ATPgS4
ATPaS44CTP5BzATP, while other nucleotides were inactive. EC50 and nH values for full agonists
were determined at pH 7.4 and re-examined at pH 6.5. Extracellular acidi®cation increased the a�nity
by approximately 5 fold for full agonists (ATP, 2-MeSATP, ATPgS and ATPaS), without altering the
potency order.

6 The potency order for antagonists at P2X2 receptors was: Reactive blue-24trinitrophenol-
ATP5Palatine fast black5Coomassie brilliant blue5PPADS4suramin (at pH 7.4). IC50 values and
slopes of the inhibition curves were re-examined at di�erent pH levels. Only blockade by suramin was
a�ected signi®cantly by extracellular acidi®cation (IC50 values: 10.4+2 mM, at pH 7.4; 78+5 nM, at
pH 6.5; 30+6 nM, at pH 5.5).

7 In summary, a lowered pHe enhanced the activity of all agonists at P2X2 receptors but, with the
exception of suramin, not antagonists. Since a lowered pHe is also known to enhance agonist activity at
P2X receptors on sensory neurones containing P2X2 transcripts, the sensitization by metabolic acidosis of
native P2X receptors containing P2X2 subunits may have a signi®cant e�ect on purinergic cell-to-cell
signalling.
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Introduction

An adenosine 5'-triphosphate (ATP)-gated ion channel (P2X2

receptor) has been cloned from rat phaeochromocytoma PC12
cells (Brake et al., 1994), this receptor representing the second
member of a series (P2X1±7) of cloned ionotropic ATP recep-
tors (Burnstock and& King, 1996). The recombinant homo-
meric P2X2 receptor has an agonist pro®le (King et al., 1996a)
similar to the native P2X receptor on PC12 cells (Rhoads et al.,
1993) at which ATP-activated fast excitatory potentials have
been recorded (Nakazawa et al., 1991).

By hybridization histochemistry, P2X2 transcripts have
been shown to be widely distributed throughout rat tissues,
including brain, spinal cord and peripheral autonomic nerves
(where P2X4 and P2X6 transcripts also co-localize) and in C-
®bre sensory neurones (where P2X3 transcripts are present)
(Collo et al., 1996). From immunostaining with P2X2-selec-
tive antibodies, the distribution and density of P2X2 recep-
tors in the neuraxis is greater than expected from the
distribution of its mRNA (Vulchanova et al., 1996; Kanjhan
et al., 1996a,b). Immunopositive nerve ®bres were concen-
trated in the nucleus of the solitary tract (NTS) and Lis-
sauer's tract, indicating the presence of P2X2 subunits in
central terminals of vagal and dorsal root sensory neurones
(Vulchanova et al., 1996). P2X2 appears to be a common

subunit and component of native P2X receptors in CNS
neurones and sensory neurones.

We have shown recently (King et al., 1996c) that the sen-
sitivity of the P2X2 receptor to ATP is a�ected by extracellular
pH (pHe), with acidi®cation and alkalinization shifting the
ATP concentration-response curve to the left and right, re-
spectively, without altering the maximum response. These
observations on recombinant P2X2 receptors have been made
more interesting by recent ®ndings of Li and colleagues
(1996a,b) who obtained the same e�ects of pH on ATP-re-
sponses at native P2X receptors in sensory neurones of rat
nodose ganglion. P2X2 transcripts are heavily concentrated in
sensory neurones in nodose, trigeminal and dorsal root ganglia
(Collo et al., 1996) and strong P2X2-immunoreactivity is also
observed at these sites (Vulchanova et al., 1996). The ®nding
that ATP-sensitivity at P2X receptors on sensory neurones is
dependent on pHe raises the possibility that this feature may be
common to other native P2X receptors if they comprise P2X2

subunits.
In the present paper, we have investigated the e�ects of pHe

on the activity of agonists and antagonists at recombinant
homomeric P2X2 receptors expressed in Xenopus oocytes. Our
experiments concentrated on the e�ects of lowering pHe, since
acidosis is more common under physiological circumstances
than alkalosis. For example, a localized acidosis often occurs
during tissue injury, in¯ammation and ischaemia, and the ef-
fects of acidic shifts on ATP-signalling may contribute to1Author for correspondence.
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sensory nerve sensitization (as discussed by Li et al., 1996a,b).
Furthermore, localized acidosis occurs in brain tissue during
epileptic seizures (Chesler, 1990) and during injury-related
degenerative changes in the CNS (DeSalles et al., 1987; Ran-
som & Philbin, 1992). Transient acidic shifts also occur during
the release of neurotransmitters from storage vesicles (Krishtal
et al., 1987; Chesler, 1990; Rose & Deitmer, 1995) which are
highly acidic (Johnson & Scarpa, 1976). These transient acidic
shifts at the synaptic cleft are known to facilitate excitatory
transmission in the CNS (Yanovsky et al., 1995). Thus, we
were keen to see whether the activity of agonists and antago-
nists at the P2X2 receptor varied when pHe was lowered. Part
of this study has been presented to the Physiological Society
(King et al., 1996d).

Methods

Xenopus laeviswere anaesthetized with Tricaine (0.1%w/v) and
killed by decapitation. The ovarian lobes were removed surgi-
cally and stored (at 48C) in Barth's solution (pH 7.45) con-
taining (mM): NaCl 110, KCl 1, NaHCO3 2.4, Tris-HCl 7.5,
Ca(NO3)2 0.33, CaCl2 0.41, MgSO4 0.82 and gentamycin sul-
phate, 50 mg l71. Mature oocytes (stages V and VI) were taken
from ovarian sacs and defolliculated by a two-step process
which involved collagenase treatment (Type 1A, 2 mg ml71 in
a Ca2+-free Ringer, for 2 ± 3 h) and mechanical removal of the
follicle cell layer with ®ne forceps. Defolliculation was neces-
sary to remove the native P1 and P2 receptors found on the
follicle cell monolayer enveloping oocytes (King et al.,
1996a,b). The cytosol of defolliculated oocytes was injected
with P2X2 transcripts (40 nl, 0.1 ± 1 mg ml71); oocytes were
incubated at 188C in Barth's solution for 48 h to allow full
receptor expression and stored at 48C in Barth's solution for up
to 12 days until used in electrophysiological experiments.

Membrane currents were measured under voltage-clamp
conditions, by a twin-electrode ampli®er (Axoclamp 2A). The
holding potential (Vh) was set at 730 mV to avoid saturating
the ampli®er with large currents (42 mA). The voltage-re-
cording (1 ± 2 MO tip resistance) and current-recording (5 MO
tip resistance) microelectrodes were ®lled with 0.6 M K2SO4

and 3.0 M KCl, respectively. Oocytes were placed in an elec-
trophysiological chamber (0.5 ml vol.) and superfused (at
5 ml min71) with a Ringer solution (at 188C) containing (mM):
NaCl 110, KCl 2.5, HEPES 5, CaCl2 1.8, adjusted to pH 7.45.
In some cases, MgCl2 (1.0 mM) was added to the superfusate
to match the experimental conditions of Brake et al., (1994). In
other experiments, MgCl2 (1.8 mM) replaced CaCl2 (1.8 mM)
to give a nominally Ca2+-free superfusate; elsewhere, MgCl2
(1.8 mM) and EGTA (1.0 mM) were added and CaCl2
(1.8 mM) omitted to give a wholly Ca2+-free superfusate. The
pH of the bathing Ringer solution (pHe) was adjusted by the
addition of either 1.0 N HCl or 1.0 N NaOH, to achieve the
desired acidic or alkaline shift. Electrophysiological data were
stored on magnetic tape by a DAT recorder (Sony 1000ES)
and displayed with a pen recorder (Gould).

ATP and related nucleotides (at the concentrations shown
in the text) were superfused over dual-impaled oocytes by
continuous ¯ow which allowed the rapid addition and washout

of drugs. Agonists were applied for 60 s and, thereafter,
washed o� with Ringer solution for a period of 5 ± 10 min. The
P2X2 receptor is a slowly-desensitizing receptor and recovers
rapidly (within 5 min) from agonist activation (Brake et al.,
1994; Collo et al., 1996; King et al., 1996c). For concentration-
response curves, data were normalized to the maximum cur-
rent (Imax) evoked by ATP (100 mM). The agonist concentra-
tion that evoked 50% of the maximum response (EC50) was
taken from Hill plots of the transform, log (I/Imax7I), where I
is the current evoked by each concentration of agonist. The
Hill co-e�cient (nH) was taken from the slope of Hill plots.
The activity of P2 antagonists at P2X2 was tested by adding
each antagonist in cumulative concentrations (as mentioned in
the text), each concentration applied 10 min before the addi-
tion of submaximal concentrations of ATP (at the EC50 for the
pH level tested). The antagonist concentration that reduced
ATP-responses by 50% (IC50) was taken from inhibition
curves. The reversibility of receptor blockade was tested after
prolonged washout (up to 2 h) of antagonists. Data are pre-
sented as mean+s.e.mean of 4 sets of data from di�erent
oocyte batches. Signi®cant di�erences were determined by
Student's t test (by use of Instat v2.05A, GraphPad). Con-
centration-response curves and inhibition curves were ®tted by
non-linear regression analysis by use of commercial software
(Prism v. 1.03, GraphPad).

ATP, related nucleotides and other drugs were obtained
from Sigma Chemical Co. (U.K.), except 2-methylthio-ATP
(2-MeSATP; RBI-SEMAT, U.K.) and adenosine-5'-O-(a-
thiotriphosphate) (ATPaS; Boehringer Mannheim, Germany).
Suramin (Germanin) was a gift from Bayer plc (U.K.),
amiloride and its derivatives from RBI-SEMAT (U.K.) and
trinitrophenol-ATP (TNP-ATP) from Molecular Probes Inc.
(U.S.A.). All reagents were AnalaR grade from Aldrich Che-
micals (U.K.).

Results

Agonist activity at P2X2 receptors

The selectivity of the recombinant P2X2 receptor for nucleo-
tidic agonists was tested; the amplitudes of evoked responses
were compared against inward currents to 30 mM ATP which,
at pH 7.45, is close to the EC100. The activity order for agonists
was (at 30 mM): ATP52-MeSATP5 ATPgS4ATPaS44-
cytosine-5'-triphosphate(CTP)5BzATP (see Table 1). ATP
and CTP were the only naturally-occurring nucleoside tri-
phosphates to activate the P2X2 receptor; uridine 5'-tripho-
sphate (UTP), inosine 5'-triphosphate (ITP) and guanosine 5'-
triphosphate (GTP) were inert. The nucleoside monopho-
sphate (AMP) and nucleoside diphosphates (ADP, 2-MeSADP
and ADPbS) also were inactive. Both a,b-methylene ATP (a,b-
meATP) and b,g-meATP were inactive, as were adenosine and
two deoxy-ATP analogues (2'-dATP and 3'-dATP). Thus, the
P2X2 receptor is primarily a purine receptor which does not
tolerate changes to the ribose moiety of agonists (as in: 2'-
dATP and 3'-dATP). The P2X2 receptor also required a chain
of three phosphates on agonists for activation and does not
tolerate the insertion of a methylene bridge in this phosphate

Table 1 Activity of ATP and related substances

Agonist Activity Agonist Activity Agonist Activity

ATP
2-MeSATP
ATPgS
ATPaS
CTP
BzATP

1 (12)
0.95+0.09 (3)
0.85+0.14 (3)
0.80+0.09 (3)
0.20+0.03 (3)
0.17+0.06 (3)

ADP
2-MeSADP
ADPbS
AMP

a,b-meATP
b,g-meATP

0 (3)
0 (3)
0 (3)
0 (3)
0 (3)
0 (3)

UTP
ITP
GTP

2'-dATP
3'-dATP
Adenosine

0 (3)
0 (3)
0 (3)
0 (3)
0 (3)
0 (3)

The amplitude of inward currents (Vh=730 mV) evoked by a broad range of nucleotides (tested at 30 mM) was compared with the
activity of ATP (30 mM) which was taken as 1. Data are mean+s.e.mean, for the number of observations (n) given in parentheses.
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chain. These data agreed with, and extended, the initial char-
acterization of P2X2 receptors (Brake et al., 1994). Concen-
tration-response curves were constructed for ATP, 2-
MeSATP, ATPgS and ATPaS which are full agonists of P2X2

receptors (Figure 1a). A�nity constants (as EC50 values) were
(at pH 7.45): ATP, 4.6+1.1 mM (n=4); 2-MeSATP,
7.1+1.0 mM (n=4); ATPgS, 7.4+0.5 mM (n=4); ATPaS,
13.2+6.8 mM (n=4). The Hill co-e�cient (nH) for each full
agonist was: ATP, 2.1+0.2 (n=4); 2-MeSATP, 2.1+0.3
(n=4); ATPgS, 2.3+0.2 (n=4); ATPaS, 2.2+0.1 (n=4).

Both extracellular Mg2+ and Ca2+ have been shown to in-
hibit the opening of ATP-activated P2X2 receptors on PC12
cells (Nakazawa & Hess, 1993) from which the P2X2 subunit
was cloned. Thus, we retested ATP-activity at di�erent con-
centrations of Mg2+ and Ca2+ in the superfusate. With Mg2+

(1.0 mM) added to the superfusate (as in Brake et al., 1994), the
EC50 value for ATP was 25.8+4.9 mM (n=4) and the ATP
concentration-response curve was displaced to the right of the
control curve without a change in the maximum activity or
slope of the curve (nH=2.1+0.1) (Figure 1b). With Mg2+

(1.8 mM) replacing Ca2+ (1.8 mM) to give a nominally Ca2+-
free superfusate, the EC50 value for ATP was similar
(26.1+2.1 mM, n=3) and the ATP concentration-response
curve displaced to the right of the control curve, while the
slope remained 2.1+0.1 (Figure 1b). With Mg2+ (1.8 mM) and
EGTA (1.0 mM) present and Ca2+ (1.8 mM) omitted to give a
wholly Ca2+-free superfusate, the EC50 value for ATP was
29.3+1.8 mM (n=3) and the slope of the curve was 2.1+0.1
(Figure 1b).

Antagonist activity at P2X2 receptors

A series of known and novel P2 receptor antagonists were
tested against ATP-activated inward currents in oocytes ex-
pressing P2X2 receptors. Known antagonists included: suramin
(see Dunn & Blakeley, 1988); Reactive blue 2 (RB-2; see
Manzini et al., 1986); Coomassie brilliant blue-G (CBB-G; see
Solto� et al., 1989) pyridoxal-phosphate-6-azophenyl-2',4'-
disulphonic acid (PPADS; see Lambrecht et al., 1992); trini-
trophenol-ATP (TNP-ATP; see Mockett et al., 1994); 2,2'-
pyridylisatogen tosylate (PIT; see Spedding et al., 1975); apa-
min (see Brown & Burnstock, 1981). Also, a novel P2 receptor
antagonist Palatine fast black (PFB) was identi®ed and tested.

After ATP-responses of consistent amplitude (with 5 mM, a
value close to the EC50 at pH 7.45) had been obtained, each
antagonist was added to the superfusate in cumulative con-
centrations (0.01 ± 100 mM; apamin was tested at 0.3 mM only)
and the degree of inhibition of ATP-responses monitored
(Figure 2). RB-2 and suramin were the most and least e�ective
blocking agents, respectively, for the P2X2 receptor. TNP-ATP,
PFB, CBB-G and PPADS were equally e�ective, some 4 fold
less potent than RB-2 and 8 fold more potent than suramin.
Their activity indices (IC50 value) were (in descending order):
RB-2, 0.36+0.08 mM (n=3); TNP-ATP, 1.13+0.19 mM (n=3);
PFB, 1.29+0.33 mM (n=4); CBB-G, 1.4+0.3 mM (n=3);
PPADS, 1.6+0.08 mM (n=3); suramin, 10.4+1.2 mM (n=4);
PIT (n=4) and apamin (n=3) were inactive. The slope of the
inhibition curves was 2 for RB-2, TNP-ATP, PFB and PPADS,
suggesting that two molecules of each antagonist are required
to block the P2X2 receptor. However, the slope of the inhibition
curves was 1 for suramin and CBB-G, indicating only one
molecule of each antagonist was necessary (see Discussion).
The blocking actions of suramin, TNP-ATP and PPADS were
reversible with washout (1 h); blockade by RB-2 and CBB-G
was partially reversible after washout (2 h) while PFB was ir-
reversible. The blocking actions of suramin and RB-2 (at
100 mM) at P2X2 receptors expressed in oocytes has been de-
monstrated previously (Brake et al., 1994). The blocking ac-
tions of suramin and PPADS (0.1 ± 100 mM) have been studied
on P2X2 receptors expressed in HEK-293 cells (Evans et al.,
1995), with similar activity and IC50 values as found here.

The P2X2 receptor was shown to possess structural features
and overall topology similar to amiloride-sensitive Na+-

channels (Brake et al., 1994). Therefore, we tested the blocking
activity of amiloride and three related analogues on the re-
combinant receptor. However, neither amiloride (0.01 ±
100 mM) (n=3), 5-(N-methyl-N-isobutyl)-amiloride (0.01 ±
100 mM) (n=3), 5-(N,N-dimethyl)-amiloride (0.01 ± 100 mM)
(n=3) nor 5-(N,N-hexamethylene)-amiloride (0.01 ± 100 mM)
(n=3) were e�ective antagonists of ATP-responses (data not
shown).

E�ect of pH on agonist activity

The amplitude of ATP-responses at P2X2 receptors has been
shown to depend on extracellular pH (pHe) (King et al.,
1996c), with acidic shifts enhancing and alkaline shifts inhi-
biting the amplitude of inward currents to submaximal con-
centrations of ATP. The e�ects of pHe (8.0 ± 5.5) on the
amplitude of ATP-responses are summarized in Figure 3a, and
reveal a non-linear (sigmoid) relationship between pHe and
ATP activity. With experiments carried out with either Ca2+

(1.8 mM) or Mg2+ (1.8 mM) and EGTA (1 mM) in the super-
fusate, maximal ATP activity occurred at pH 6.5 and lowering
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Figure 1 Activity of ATP and analogues at P2X2 receptors. In (a)
concentration-response curves for evoked inward currents to ATP 2-
MeSATP, ATPaS and ATPgS (each at 0.5 ± 300 mM) at pH 7.45.
Data were normalized to the maximum response to ATP. In (b),
concentration-response curves for ATP (0.5 ± 300 mM) in a normal
Ringer solution (NRS, pH 7.45) which contained either calcium or
magnesium ions or both of these divalent cation species. These
solutions included: NRS and calcium (1.8 mM) ions (ATP + Ca2+);
NRS and calcium (1.8 mM) and magnesium (1.0 mM) ions (ATP +
Ca2+/Mg2+); NRS and magnesium (1.8 mM) ions (ATP + Mg2+);
NRS and magnesium ions (1.8 mM) in the presence of EGTA
(1.0 mM) (ATP + Mg2+/EGTA). Data are mean of 4 sets of
observations for each curve; vertical lines show s.e. mean. Curves
®tted by a logistic equation, by use of commercial software (Prism
V1.03, GraphPad).
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pHe to pH 5.5 caused no further increase in ATP-responses.
ATP-responses were reduced or abolished at levels greater
than pH 8.0. The apparent pKa was 7.05+0.05 (n=3) with
Ca2+ (1.8 mM) present in the Ringer solution, and 7.35+0.05
(n=3) when extracellular Ca2+ was replaced with Mg2+

(1.8 mM). These values lie close to the pKa (7.2+0.1) at which
ATP-responses in rat sensory neurones reached half-maximal
potentiation (Li et al., 1996a,b).

Earlier analyses of the ATP concentration-response rela-
tionship for P2X2 receptors (King et al., 1996c) showed that a
raised pHe displaced the ATP-curve to the right while a low-
ered pHe displaced the ATP-curve to the left; neither procedure
altered the maximum response nor signi®cantly altered the
slope (nH) of ATP-curves. With Ca2+ (1.8 mM) included in the
superfusate, EC50 values (n=4) for ATP were: pH 8.0,
28+2 mM; pH 7.4, 4.6+1 mM; pH 6.5, 1.2+0.1 mM; pH 5.5,
1.1+0.1 mM. With Mg2+ (1.8 mM) and EGTA (1 mM) repla-
cing Ca2+ in the superfusate, EC50 values (n=3) for ATP were:
pH 7.4, 29.3+1.8 mM; pH 6.5, 5.5+0.5 mM (Figure 3b). On
comparison of EC50 values, ATP showed a 5 fold increase in
a�nity for P2X2 receptors at pH 6.5, with either Ca2+ or
Mg2+ present in the superfusate (Figure 3b).

We have shown that the potency order of agonists re-
mained unchanged at di�erent pHe levels although P2X2 re-
ceptor a�nity for ATP was altered (King et al., 1996c). Since
acidic shifts from pH 7.45 to pH 6.5 gave the greatest in-
crease in ATP-a�nity, the activity of other agonists of P2X2

receptors was tested at pH 7.4 and retested at pH 6.5 to see if
their a�nity for P2X2 receptors was similarly altered. Con-
centration-response curves for 2-MeSATP, ATPgS and
ATPaS were displaced to the left after lowering pHe, without
altering the maximum response or signi®cantly altering the
slope (nH) of each curve (Figure 4). EC50 values (n=4) at
pH 7.4 and pH 6.5 for each full agonist are shown in Table
2, revealing a 4 ± 7 fold change in a�nity for P2X2 receptors
after a lowering of pHe.

ATP species activating P2X2 receptors

The ATP species which activates P2X2 receptors was investi-
gated by use of an analytical software programme (Brooks &
Storey, 1992) to compute the fractions of each form of ATP,
taking into account the ionic composition and pHe of the
bathing medium. With these data, we compared the ratios of

EC50 values against fractional ratios for each form of ATP to
see if the fractional amount of any ATP species increased
proportionally to explain the observed potentiation of ATP-
responses with acidic shifts (see Table 3).

It seemed unlikely that free ATP (ATP47) activated the
P2X2 receptor since the fractional amount of free ATP fell as
pHe was changed from 8.0 to 5.5 (Table 3). Similarly, the
fractional amount of NaATP, KATP, CaATP, Ca2ATP
MgATP and Mg2ATP fell with acidi®cation. Also, H2ATP
could be discounted since it is not formed at pH 7.4 and
pH 8.0. Instead, the fractional amounts of CaHATP,
MgHATP and HATP were seen to increase with acidi®cation
and these greater amounts might explain an apparent increase
in P2X2 receptor a�nity for ATP. However, this argument
does not fully explain our results, since the amounts of Ca-
HATP and HATP increased further when changing pHe from
6.5 to 5.5, although ATP-a�nity (as judged by the EC50 value)
remained constant at these two pH levels. Therefore, the e�ects
of progressive acidi®cation do not appear to rest solely with
increasing the amount of a particular form of ATP but also
appear to involve additional factors (e.g., the protonation of
residues on the P2X2 receptor itself: (see Discussion)).

E�ect of pH on antagonist activity

The activity of antagonists was investigated at di�erent pH
levels to see if their blocking actions were enhanced at low-
ered pHe levels. RB-2 and suramin were tested since they
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Figure 3 pH-dependence of ATP-activity at P2X2 receptors. In (a),
the e�ect of extracellular pH (8.0 ± 5.5) on the activity of submaximal
concentrations of ATP (3 mM and 20 mM) in a normal Ringer solution
containing either calcium (1.8 mM) or magnesium (1.8 mM) ions as
the divalent cation species. Data were normalized to the maximum
response to ATP (100 mM, at pH 7.45) and each point represents the
mean of 3 sets of observations; vertical lines show s.e.mean. In (b),
the concentration-response relationship for ATP, with either calcium
(1.8 mM) or magnesium (1.8 mM) ions present in the Ringer solution,
at pH 7.4 and pH 6.5. Data were normalized to the maximum
response to ATP and are the mean of 3 ± 4 observations; vertical lines
show s.e.mean. In (a) and (b), curves were ®tted by use of
commercial software (Prism v1.03, GraphPad).
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Figure 2 Activity of antagonists at P2X2 receptors. Inhibition
curves (at pH 7.45) for reactive blue 2 (RB-2), trinitrophenyl-ATP
(TNP-ATP), pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid
(PPADS), Coomassie brilliant blue G (CBB-G), Palatine fast black
(PFB) and suramin as antagonists of submaximal ATP-responses (at
5 mM, which is close to the EC50 value). Data are mean of 4 sets of
observations for each inhibition curve; vertical lines show s.e.mean.
Curves ®tted by a logistic equation, by use of commercial software
(Prism V1.03, GraphPad).
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were the most and least e�ective antagonists of P2X2 recep-
tor. PPADS also was tested since it is a relatively selective
P2X antagonist (Lambrecht et al., 1992; but see, Brown et al.,

1995) and TNP-ATP was chosen because it is chemically
related to ATP and, like ATP, might be similarly a�ected by
acidi®cation. Inhibition curves for these four antagonists are
shown in Figure 5.

The activity of RB-2 was not changed signi®cantly by
lowering pHe from pH 7.4 to pH 6.5 (IC50 values: pH 7.4,
0.36+0.08 mM (n=3); pH 6.5, 0.17+0.05 mM (n=4); P 50.1
by paired t test) and the activity of PPADS also remained
unchanged (IC50 values: pH 7.4, 1.6+0.8 mM (n=3); pH 6.5,
1.2+0.2 mM (n=4); NS). The activity of TNP-ATP was re-
duced (IC50 values: pH 7.4, 1.13+0.19 mM (n=3); pH 6.5,
9.8+4.9 mM (n=4); P50.05). The slopes of inhibition curves
for these three antagonists were more shallow under acidic
conditions, nH changing from 2 at pH 7.4 to 1 at pH 6.5.
Since the Hill co-e�cient for agonists is 2 (indicating a re-
quirement of two molecules for receptor activation), it is
possible that acidic shifts a�ected the a�nity of these two
putative ATP-binding sites to di�erent degrees. Thus, the
above antagonists tested might compete for two binding sites
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Figure 4 pH-dependency of agonist activity at P2X2 receptors. Concentration-response curves for ATP (a), 2-MeSATP (b),
ATPgS (c) and ATPaS (d), at pH 7.4 and pH 6.5. Data were normalized to the maximum response to ATP (100 mM, at pH 7.4)
and are the mean of 3 ± 4 observations; vertical lines show s.e.mean. Curves were ®tted by use of commercial software (Prism v1.03,
GraphPad).

Table 2 Comparison of agonist activity indices at di�erent
pH levels

EC50 value EC50 value
Agonist (pH 7.4) (pH 6.5) Dose-ratio

ATP
2-MeSATP
ATPgS
ATPaS

4.6+1 mM
7.1+1 mM
7.4+1 mM
13.2+6 mM

1.2+0.1 mM
1.1+0.2 mM
2.1+0.5 mM
2.0+1.0 mM

3.85+0.27
6.60+0.47
3.67+0.31
7.00+1.87

EC50 values (n=3± 4) for full agonists of the P2X2 receptor
at pH 7.4 and pH 6.5, and dose-ratios of these activity
indices. Data from concentration-response relationships
shown in Figure 4.
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at pH 7.4 but only for one binding site at pH 6.5. The most
signi®cant change in antagonist e�cacy was seen with sura-
min which was enhanced 130 fold at pH 6.5 and 350 fold at
pH 5.5 (IC50 values: pH 7.4, 10.4+1.2 mM (n=4); pH 6.5,
78+5 nM (n=4); pH 5.5, 30+6 nM (n=4); P50.05, by
paired t test). The slope of inhibition curves remained un-
changed at 1 during acidic shifts.

Discussion

Agonist activity at the recombinant P2X2 receptor

We have extended the pharmacological characterization of
agonist activity at the recombinant P2X2 receptor cloned from
rat PC12 cells. The potency order of agonists observed in the

Table 3 Fractional rations of ATP species

Ca-Ringer Mg-Ringer
ATP pH 8.0 pH 7.4 pH 6.5 pH 5.5 pH 7.4 pH 6.5
species Amount Ratio Amount Ratio Amount Ratio Amount Ratio Amount Ratio Amount Ratio

Total ATP
(as EC50 values)

Free ATP
NaATP
KATP
CaATP
Ca2ATP
CaHATP
MgATP
MG2ATP
MgHATP
HATP
H2ATP

28 mM

15.5%
17.9%
0.3%
57.3%
8.6%
0.03%
±
±
±

0.4%
0%

0.26

1.04
1.02
1

1.01
0.97
0.3
±
±
±

0.26
±

4.6 mM

14.9%
17.5%
0.3%
56.9%
8.8%
0.1%
±
±
±

1.5%
0%

1

1
1
1
1
1
1
±
±
±
1
±

12 mM

13.4%
15.7%
0.3%
50.8%
7.7%
0.8%
±
±
±

11.1%
0.04%

3.8

0.9
0.89
1

0.89
0.88
8
±
±
±

7.4
±

1.1 mM

6.4%
7.4%
0.13%
24%
3.6%
3.9%
±
±
±

52.6%
1.9%

4.2

0.43
0.42
0.43
0.42
0.41
39
±
±
±

35.1
±

29.3 mM

14.5%
17.2%
0.31%
±
±
±

64.9%
1.7%
0.1%
1.5%
0

1

1
1
1
±
±
±
1
1
1
1
±

5.5 mM

12.7%
14.9%
0.26%
±
±
±

59.4%
1.6%
0.7%
10.3%
0.04%

5.3

0.88
0.87
0.87
±
±
±

0.92
0.94
7

6.9
±

The amounts and fractional ratios (at 188C) of ATP species in two solutions, a Ca2+-containing Ringer (Ca-Ringer) and a Ca2+-free
Ringer (Mg-Ringer) (for compositions, see Methods). Total ATP was taken as the EC50 values at each pH level and the amounts of
each ATP species were calculated by BAD v.435 (Brooks & Storey, 1992). Concentration-ratios and fractional-ratios were calculated
after taking values at pH 7.4 to be 1.
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Figure 5 pH-dependency of antagonist activity at P2X2 receptors. Inhibition curves for RB-2 (a), PPADS (b), TNP-ATP (c) and suramin (d)
as antagonists of submaximal ATP-responses (at 5 mM) at pH 7.4, pH 6.5 and pH 5.5. Data are mean of 4 sets of observations for each
inhibition curve; vertical lines show s.e.mean. Curves were ®tted by use of commercial software (Prism V1.03, GraphPad).

pH-modulation of P2X2 receptor1450 B.F. King et al

 14765381, 1997, 7, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1038/sj.bjp.0701286 by T

est, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



present study (ATP42-MeSATP5ATPgS4ATPaS44-
CTP5BzATP) was similar to the potency order (ATP=
ATPgS=2-MeSATP) ®rst determined for recombinant P2X2

receptors expressed in Xenopus oocytes (Brake et al., 1994) and
similar to the potency order (2-MeSATP=2-Cl-ATP4
ATP4ATPgS4BzATP4ADP) shown for recombinant P2X2

receptors expressed in HEK-293 cells (Evans et al., 1995). The
EC50 value for ATP (4.6+1.1 mM) determined in our study is
similar to the value (7.7+1 mM) obtained by Evans et al. (1995)
but di�erent from the value (59.9+5.3 mM) found by Brake et
al., (1994). When Mg2+ and Ca2+ ions were present in the
superfusate (as in both of the above-cited studies), the EC50

value for ATP in our experiments (25.8+4.9 mM) lay between
the above values. These di�erences in measurements of P2X2-
a�nity for ATP may re¯ect subtle di�erences in the extracel-
lular pH (pHe) and di�erences in the concentration/activity of
divalent cations used in respective studies.

Three studies (Brake et al., 1994; Evans et al., 1995; the
present paper) have shown that a,b-meATP and b,g-meATP
do not activate (or desensitize: B. King, unpublished results)
the recombinant P2X2 receptor. A picture is emerging that
recombinant P2X receptor subtypes which desensitize rapidly
(i.e., P2X1 and P2X3) are activated by methylene-phosphonate
analogues of ATP (Valera et al., 1994; 1995; Chen et al., 1995;
Lewis et al., 1995) while subtypes which desensitize slowly (i.e.,
P2X2, P2X4 ± 7) are not activated by these analogues (Brake et
al., 1994; Bo et al., 1995; Evans et al., 1995; Buell et al., 1996;
Collo et al., 1996; Garcia-Guzman et al., 1996; SeÂ gueÂ la et al.,
1996; Soto et al., 1996a,b; Surprenant et al., 1996; Wang et al.,
1996). We found that the recombinant P2X2 receptor is acti-
vated by CTP, as did Brake et al. (1994), and this pharmaco-
logical feature is shared by P2X3 (Chen et al., 1995) and P2X4

(Soto et al., 1996a) subtypes. Thus, like many metabotropic
ATP receptor subtypes, some ionotropic ATP receptors can be
activated by some pyrimidine nucleotides, although they are
not as potent as purine nucleotides at P2X2±4 subtypes. It was
notable that the P2X2 receptor was not activated by ADP, 2-
MeSADP and ADPbS. Brake et al. (1994) also found that
ADP did not activate the P2X2 subtype, while Evans et al.
(1995) showed the converse, although ADP-activity was only
seen over a concentration range 100 fold higher than required
for ATP activation. A 1% contamination by ATP of ADP
stocks or the presence of a nucleotide diphosphokinase (con-
verting diphosphates to triphosphates) in HEK-293 cells might
account for the apparent ADP activation of P2X2 receptors.

ATP-a�nity at P2X2 was strongly a�ected by extracellular
Mg2+ ions present in the superfusate, decreasing the EC50 for
ATP by 6 fold. Trezise and colleagues (1994) have commented
on a similar sensitivity to Mg2+ cations by P2X receptors on the
rat vagus nerve where P2X2 transcripts (Collo et al., 1996) and
P2X2-immunoreactivity (Vulchanova et al., 1996) have been
localized. The observed enhancement of ATP-activity at the rat
isolated vagus nerve upon removal of extracellular Mg2+ and
Ca2+ has been explained in terms of a reduction inMg2+/Ca2+-
dependent ecto-nucleotidase activity (Trezise et al., 1994;
Kennedy & Le�, 1995). However, this does not explain our
results with P2X2 since defolliculated oocytes are largely devoid
of ecto-ATPases (Ziganshin et al., 1995). Nakazawa and Hess
(1993) found that Na+ permeation of native P2X receptors on
rat PC12 cells was reduced by extracellular divalent cations
including Mg2+, with a potency order Cd2+4Mn2+4-
Mg2+=Ca2+4Ba2+. The P2X2 receptor was cloned from rat
PC12 cells by Brake et al. (1994) who suggested that the H5
region on the extracellular loop of the receptor forms an ion-
binding site which guards the ion pore formed by TM2 trans-
membrane spanning domains. Thus, it is possible that this ion-
binding site for divalent cations in¯uences the ease with which
ATP opens the ion pore at the recombinant P2X2 receptor.

Antagonist activity at the recombinant P2X2 receptor

So far, there has been limited data on the activity of known P2
receptor antagonists at the P2X2 subtype. Brake et al. (1994)

showed that suramin (100 mM) and Reactive blue 2 (RB-2)
(100 mM) blocked the P2X2 subtype but a detailed analysis of
these drugs was not carried out. Evans et al. (1995) showed
that PPADS, suramin and pyridoxal-5-phosphate block P2X2

receptors (IC50 values: 1 mM, 5 mM and 5 mM, respectively).
These activity indices for PPADS and suramin agree reason-
ably well with IC50 values (1.6 mM and 10.4 mM, respectively)
determined by us. However, our data show that RB-2 is more
potent than either PPADS or suramin, and as active at P2X2

receptors (IC50=0.36+0.08 mM) as at P2Y1 receptors
(IC50=0.58+0.13 mM) (Simon et al., 1995). This similar e�-
cacy in blocking recombinant P2X and P2Y receptors now casts
doubt on earlier claims, based on data from studies of me-
senteric arteries (Burnstock & Warland, 1987), that RB-2 can
be used as a selective antagonist over a narrow concentration
range for native P2Y receptors in mammalian tissues. In
agreement with Mockett and colleagues (1994), we found that
the ¯uoroprobe TNP-ATP was an e�ective antagonist of P2X2

receptors although our results represent the ®rst occasion
where its blocking activity has been fully assessed. Along with
oxidized ATP (see Wiley et al., 1994) and adenosine-3'-phos-
phate-5'-phosphosulphate (Boyer et al., 1996), TNP-ATP re-
presents yet another ATP analogue which can function as a P2
receptor antagonist. A new P2 antagonist, Palatine fast black
(PFB), was identi®ed but its usefulness was limited because it
caused an irreversible blockade of P2 receptors; at 4100 mM,
PFB was found to be toxic to oocytes.

The slope of inhibition curves for RB-2, PPADS, PFB and
TNP-ATP was 2 (at pH 7.4), while the slope for inhibition
curves for suramin and Coomassie brilliant blue G (CBB-G)
was 1 (at pH 6.5). The results suggested that the ®rst group of
antagonists interacted with two binding sites and the second
group with one binding site. The chemical structures of sura-
min and CBB-G reveal that each molecule possesses two
identical side chains. It is tempting to suggest that these two
side chains interact with two binding sites as do RB-2, PPADS,
PFB and TNP-ATP. However, the slopes of inhibition curves
for RB-2, PPADS and TNP-ATP changed to 1 at pH 6.5. It
may be true that the two agonist binding sites on P2X2 have
unequal a�nity for antagonists and that suramin and CBB-G
cannot compete for one of these binding sites and, at pH 6.5,
other antagonists can only compete for this single binding site.

Agonist and antagonist activity at lowered pHe levels

Acidic pHe levels had di�erent e�ects on agonist and antago-
nist activity at P2X2 receptors. Receptor a�nity for four full
agonists (ATP, 2-MeSATP, ATPgS and ATPaS) was enhanced
approximately 5 fold at pH 6.5, although no further en-
hancement was observed at lower pH levels. Of the antagonists
tested, only suramin was a�ected by acidic conditions and
acid-induced potentiation of its blocking action was greater at
pH 5.5 than at pH 6.5. The reasons why suramin alone was
a�ected by lowering pHe remain to be determined.

Receptor a�nity for agonists and antagonists is also en-
hanced at low pHe at the g-aminobutyric acidA (GABAA) re-
ceptor (Robello et al., 1994; Krishek et al., 1996), GABA r1
subunits (Wang et al., 1995), and combinations of GABA a1
and b1 subunits (Krishek et al., 1996), as well as adenosine A1

(Hoppe & Reddington, 1991; Van der Wenden et al., 1991;
Allende et al., 1993) and A2A receptors (Askalan & Richard-
son, 1994; Kirk & Richardson, 1995). For A1 and A2A sub-
types, low pHe had a greater e�ect on agonist activity than
antagonist activity (Allende et al., 1991; Kirk & Richardson,
1995). A role for one or more histidine residues has been es-
tablished for this pH-dependent enhancement of agonist ac-
tivity at the above adenosine and GABA receptors. Where
strategic histidine residues have been modi®ed chemically
(Allende et al., 1993) or substituted (Van der Wenden et al.,
1991; Wang et al., 1995), the potentiating e�ect of extracellular
pH has been diminished or nulli®ed. It is noteworthy that the
putative extracellular loop of the P2X2 receptor contains 9
histidine residues interspersed between 10 cysteine residues, the

pH-modulation of P2X2 receptor 1451B.F. King et al
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latter being conserved throughout the P2X1±7 series. Allende et
al. (1993) showed that cysteine and histidine residues are both
important for agonist and antagonist binding at the pH-sen-
sitive A1 receptor. It is tempting to speculate that these two
types of amino acid residues also play a similar role in ATP
binding at the pH-sensitive P2X2 receptor. It is interesting to
note that agonist binding/activity at pH-sensitive GABA re-
ceptors is modulated by Zn2+ ions acting on speci®c histidine
residues (Wang et al., 1995). In the initial characterization of
P2X2 (Brake et al., 1994) receptor a�nity for ATP was in-
creased 4 fold by adding Zn2+ to the bathing medium. The
locus for pH- and Zn2+-potentiation of agonist activity may
rest with amino acid residues on the extracellular loop of P2X2

receptors.

ATP-species activating P2X2 receptors

Brooks and Storey (1992) have designed an iterative process to
calculate the species of ATP present in a solution of known
ionic strength, pH and temperature. This process is contained
in a software programme (BAD) which is freely available and,
according to the compilers, is as accurate as earlier pro-
grammes of a similar purpose. We have used this programme
to determine the ATP species present in the superfusate at
di�erent pH levels and ionic strength. Calculations were based
on the EC50 values for ATP under di�erent experimental
conditions, to yield fractional ratios of the ATP-species for the
amount of ATP described by the EC50. A preliminary account
of these data has been presented (King et al., 1996d).

A comparison of EC50 ratios and fractional ratios revealed
that the amounts of HATP, CaHATP and MgHATP in so-
lution increased proportionately with a progressive acidi®ca-
tion of the bathing medium, over the range of pH 8.0 ± 6.5. Li
et al. (1996b) have carried out a similar analysis and also ®nd
that the amounts of HATP, CaHATP and MgHATP increase
as pHe is lowered. Although our ®ndings are corroborated by
Li et al. (1996b), we believe it is unlikely that these three species
identi®ed by BAD represent the only forms of ATP that ac-
tivate P2X2 receptors. It seems more likely that all forms of
ATP will activate the P2X2 receptor but there will be signi®-
cant di�erences in receptor a�nity for each species. This belief
is supported by data from I/V relationships for ATP currents
where, in ion substitution experiments with only one cationic

species present (e.g., only Na+ or K+), ATP can still evoke
responses of similar amplitude (King: unpublished observa-
tions).

With regard to the involvement of free ATP (ATP47) in the
activation of P2X2 receptors, its pK for protonation is 6.51
indicating that the amount of ATP47 falls and HATP37 in-
creases with acidi®cation (as shown in Table 3). Thus, it is
di�cult to explain how ATP47 can activate the P2X2 receptor
with a greater a�nity at pH 6.5. In fact, Sela et al. (1991)
predicted that ATP47 did not activate the native P2X receptor
on PC12 cells from which P2X2 was cloned. Other workers
have suggested the contrary opinion (Rhoads et al., 1993),
since they found that the addition of Mg2+ to the extracellular
solution reduces the secretory activity of ATP at PC12 cells.
We observed that the addition of extracellular Mg2+ (1 mM) to
the superfusate decreased ATP-a�nity at P2X2 (see Figure 1b)
and calculations with BAD showed that the amount of free
ATP47 decreased by 27% when Mg2+ (1 mM) was present.
Notwithstanding the value of calculating the amounts of ATP
species present, increases in ATP-a�nity can not be easily
explained by an increased availability of one or more ATP
species at lower pHe levels, since there is an upper limit to the
pH e�ect on receptor sensitivity but not to protonation of
ATP-species. Krishek and colleagues (1996), in testing a si-
milar pH-sensitivity at recombinant GABA receptors, con-
cluded that receptor protonation rather than agonist
protonation explained their results since some combinations of
GABA subunits (e.g., a1,b1g2S) are not a�ected by a change in
pH. In our case, we too believe that receptor protonation is
more likely, since lower pH levels reduce, rather than enhance,
ATP activity at recombinant homomeric P2X3 and P2X4 re-
ceptors (King: unpublished results).

This work was supported by the British Heart Foundation and
Institut de Recherches Internationales Servier (France). J. P. was
supported by The Areces Foundation (Spain). We are grateful to Dr
David Julius (UCSF, U.S.A.) for the gift of cDNA encoding the rat
P2X2 receptor. We thank Dr Airat U. Ziganshin (Kazan, Russia) for
information on Palatine fast black which was ®rst identi®ed as a P2

antagonist by Dr David Billington and Dr Alex Cordi (both of
Servier).

References

ALLENDE, G., CASADO, V., MALLOL, J., FRANCO, R., LLUIS, C. &

CANELA, E. (1993). Role of histidine residues in agonist and
antagonist binding sites of A1 adenosine receptor, J. Neurochem.,
60, 1525 ± 1533.

ASKALAN, R. & RICHARDSON, P.J. (1994). Role of histidine residues
in the adenosine A2A receptor ligand binding site. J. Neurochem.,
63, 1477 ± 1484.

BO, X., ZHANG, Y., NASSAR, M., BURNSTOCK, G. & SCHOÈ EPFER, R.

(1995). A P2X purinoceptor cDNA conferring a novel pharma-
cological pro®le. FEBS Lett., 375, 129 ± 133.

BOYER, J.L., ROMERO-AVILA, T., SCHACHTER, J.B. & HARDEN,

T.K. (1996). Identi®cation of competitive antagonists of the P2Y1

receptor. Mol. Pharmacol., 50, 1323 ± 1329.
BRAKE, A.J., WAGENBACH, M.J. & JULIUS, D. (1994). New

structural motif for ligand gated ion channels de®ned by an
ionotropic ATP receptor. Nature, 371, 519 ± 523.

BROOKS, S.P.J. & STOREY, K.B. (1992). Bound and Determined: a
computer program for making bu�ers of de®ned ion concentra-
tions. Anal. Biochem., 210, 119 ± 126.

BROWN, C., TANNA, B. & BOARDER, M.R. (1995). PPADS: an
antagonist at endothelial P2Y-purinoceptors but not P2U-
purinoceptors. Br. J. Pharmacol., 116, 2413 ± 2416.

BROWN, C.M. & BURNSTOCK, G. (1981). Evidence in support of the
P1/P2 purinoceptor hypothesis in the guinea-pig taenia coli. Br. J.
Pharmacol., 73, 617 ± 624.

BUELL, G., LEWIS, C., COLLO, G., NORTH, R.A. & SURPENANT, A.

(1996). An antagonist-insensitive P2X receptor expressed in
epithelia and brain. EMBO J., 15, 55 ± 62.

BURNSTOCK, G. & KING, B.F. (1996). Numbering of cloned P2
receptors. Drug. Devel. Res., 38, 67 ± 71.

BURNSTOCK, G. & WARLAND, J.J. (1987). P2 purinoceptors of two
subtypes in the rabbit mesenteric artery: reactive blue 2
selectively inhibits response mediated via the P2Y- but not the
P2X-purinoceptor. Br. J. Pharmacol., 90, 383 ± 391.

CHEN, C.-C., AKOPIAN, A.N., SIVILOTTI, L., COLQUHOUN, D.,

BURNSTOCK, G. & WOOD, J.N. (1995). A P2X purinoceptor
expressed in a subset of sensory neurons. Nature, 377, 428 ± 431.

CHESLER, M. (1990). The regulation and modulation of pH in the
nervous system. Prog. Neurobiol., 34, 401 ± 427.

COLLO, G., NORTH, R.A., KAWASHIMA, E., MERLO-PICH, E.,

NEIDHART, S., SURPRENANT, A. & BUELL, G. (1996). Cloning
of P2X5 and P2X6 receptors and the distribution and properties
of an extended family of ATP-gated ion channels. J. Neurosci.,
16, 2495 ± 2507.

DESALLES, A.A., KONTOS, H.A., WARD, J.D., MARMAROU, A. &

BECKER, D.P. (1987). Brain tissue pH in severely head-injured
patients: a report of three cases. Neurosurgery, 20, 297 ± 301.

DUNN, P.M. & BLAKELEY, A.G.H. (1988). Suramin: a reversible P2-
purinoceptor antagonist in mouse vas deferens. Br. J. Pharma-
col., 93, 243 ± 245.

EVANS, R.J., LEWIS, C., BUELL, G., VALERA, S., NORTH, R.A. &

SURPRENANT, A. (1995). Pharmacological characterization of
heterolously expressed ATP-gated ion channels (P2X purinocep-
tors). Mol. Pharmacol., 48, 178 ± 183.

pH-modulation of P2X2 receptor1452 B.F. King et al

 14765381, 1997, 7, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1038/sj.bjp.0701286 by T

est, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



GARCIA-GUZMAN, M., SOTO, F., LAUBE, B. & STUÈ HMER, W. (1996).
Molecular cloning and functional expression of a novel rat heart
P2X purinoceptor. FEBS Lett., 388, 123 ± 127.

HOPPE, E. & REDDINGTON, M. (1991). Ligand binding to A1
adenosine receptors is in¯uenced by protonation. Nucleos.
Nucleot., 10, 1139 ± 1140.

JOHNSON, R.G. & SCARPA, A. (1976). Internal pH of isolated
chroma�n granules. J. Biol. Chem., 251, 2189 ± 2191.

KANJHAN, R., HOUSLEY, G.D., THORNE, P.R., CHRISTIE, D., LUO,

L. & RYAN, A.F. (1996a). Immunohistochemical detection of the
P2X2 purinoceptor subunit in mammalian CNS (Abstract). Drug.
Devel. Res., 37, 157.4.

KANJHAN, R., HOUSLEY, G.D., THORNE, P.R., CHRISTIE, D.,

PALMER, D.J., LUO, L. & RYAN, A.F. (1996b). Localization of
ATP-gated ion channels in cerebellum using P2X2R subunit-
speci®c antisera. NeuroReport, 7, 2665 ± 2669.

KENNEDY, C. & LEFF, P. (1995). How should P2X purinoceptors be
classi®ed pharmacologically? Trends Pharmacol. Sci., 16, 168 ±
174.

KING, B.F., PINTOR, J., WANG, S., ZIGANSHIN, A.U., ZIGANSHINA,

L.E. & BURNSTOCK, G. (1996a). A novel P1 purinoceptor
activates an outward K+ current in follicular oocytes of Xenopus
laevis. J. Pharmacol. Exp. Ther., 276, 93 ± 100.

KING, B.F., WANG, S. & BURNSTOCK, G. (1996b). P2 purinoceptor-
activated inward currents in follicular oocytes of Xenopus laevis.
J. Physiol., 494, 17 ± 28.

KING, B.F., ZIGANSHINA, L.E., PINTOR, J. & BURNSTOCK, G.

(1996c). Full sensitivity of P2X2 purinoceptor to ATP revealed by
changing extracellular pH. Br. J. Pharmacol., 117, 1371 ± 1373.

KING, B.F., ZIGANSHINA, L.E., PINTOR, J., WILDMAN, S.S. &

BURNSTOCK, G. (1996d). Modulation by extracellular pH of
agonist a�nity for a recombinant P2X purinoceptor. J. Physiol.,
494P, 77P ± 78P.

KIRK, I.P. & RICHARDSON, P.J. (1995). Further characterization of
[3H]-CGS 21680 binding sites in the rat striatum and cortex. Br.
J. Pharmacol., 114, 537 ± 543.

KRISHEK, B.J., AMATO, A., CONNOLLY, C.N., MOSS, S.J. & SMART,

T.G. (1996). Proton sensitivity of the GABAA receptor is
associated with the receptor subunit composition. J. Physiol.,
492, 431 ± 443.

KRISHTAL, O.A., OSIPCHUCK, Y.V., SHELEST, T.N. & SMIRNOFF,

S.V. (1987). Rapid extracellular pH transients related to synaptic
transmission in rat hippocampal slices. Brain Res., 436, 352 ± 356.

LAMBRECHT, G., FRIEBE, T., GRIMM, U., WINDSCHEIF, U.,

BUNGARDT, E., HILDERBRANDT, C., BAUMERT, H.G., SPATZ-

KUMBEL, G. & MUTSCHLER, E. (1992). PPADS, a novel
functionally selective antagonist of P2 purinoceptor-mediated
responses. Eur. J. Pharmacol., 217, 217 ± 219.

LEWIS, C., NEIDHART, S., HOLY, C., NORTH, R.A., BUELL, G. &

SURPRENANT, A. (1995). Coexpression of P2X2 and P2X3

receptor subunits can account for ATP-gated currents in sensory
neurons. Nature, 377, 432 ± 435.

LI, C., PEOPLES, R.W. & WEIGHT, F.F. (1996a). Acid pH augments
excitatory action of ATP on a dissociated mammalian sensory
neuron. NeuroReport, 7, 2151 ± 2154.

LI, C., PEOPLES, R.W. & WEIGHT, F.F. (1996b). Proton potentiation
of ATP-gated ion channel responses to ATP and Zn2+ in rat
nodose ganglion neurons. J. Neurophysiol., 76, 3048 ± 3058.

MANZINI, S., HOYLE, C.H.V. & BURNSTOCK, G. (1986). An
electrophysiological analysis of the e�ect of reactive blue 2, a
putative P2-purinoceptor antagonist, on inhibitory junction
potentials of rat caecum. Eur. J. Pharmacol., 127, 197 ± 204.

MOCKETT, B.G., HOUSLEY, G.D. & THORNE, P.R. (1994). Fluores-
cence imaging of extracellular purinergic receptor sites and
putative ecto-ATPase sites on isolated cochlear hair cells. J.
Neurosci., 14, 6992 ± 7007.

NAKAZAWA, K., FUJIMORI, K., TAKANAKA, A. & INOUE, K. (1991).
Comparison of adenosine triphosphate- and nicotine-activated
inward currents in rat phaechromocytoma cells. J. Physiol., 434,
647 ± 660.

NAKAZAWA, K. & HESS, P. (1993). Block by calcium of ATP-
activated channels in pheochromocytoma cells. J. Gen. Physiol.,
101, 377 ± 392.

RANSOM, B.R. & PHILBIN JR., D.M. (1992). Anoxia-induced
extracellular ionic changes in the CNS white matter: the role of
glial cells. Can. J. Physiol. Pharmacol., 70, S181 ± S189.

RHOADS, A.R., PARUI, R., VU, N.D., CADOGAN, R. & WAGNER, P.D.

(1993). ATP-induced secretion in PC12 cells and photoa�nity
labelling of receptors. J. Neurochem., 61, 1657 ± 1666.

ROBELLO, M., BALDELLI, P. & CUPELLO, A. (1994). Modulation by
extracellular pH of the activity of GABAA receptors on rat
cerebellum granule cells. Neuroscience, 61, 833 ± 837.

ROSE, C.R. & DEITMER, J.W. (1995). Stimulus-evoked changes of
extra- and intracellular pH in the leech central nervous system. II.
Mechanisms and maintenance of pH homeostasis. J. Neurophy-
siol., 73, 132 ± 140.

SEÂ GUEÂ LA, P., HAGHIGHI, A., SOGHOMONIAN, J.-J. & COOPER, E.

(1996). A novel neuronal P2X ATP receptor ion channel with
widespread distribution in the brain. J. Neurosci., 16, 448 ± 455.

SELA, D., RAM, E. & ATLAS, D. (1991). ATP receptor: a putative
receptor-operated channel in PC12 cells. J. Biol. Chem., 266,
17990 ± 17994.

SIMON, J., WEBB, T.E., KING, B.F., BURNSTOCK, G. & BARNARD,

E.A. (1995). Characterisation of a recombinant P2Y purinocep-
tor. Eur. J. Pharmacol. (Mol. Pharmacol. Sect.), 291, 281 ± 289.

SOLTOFF, S.P., MCMILLIAN, M.K. & TALAMO, B.R. (1989).
Coomassie Brilliant blue G is a more potent antagonist of P2
purinergic responses than Reactive blue 2 (Cibacron blue 2GA)
in rat parotid acinar cells. Biochem. Biophys. Res. Commun., 165,
1279 ± 1285.

SOTO, F., GARCIA-GUZMAN, M., GOMEZ-HERNANDEZ, J.M.,

HOLLMAN, M., KARSCHIN, C. & STUÈ HMER, W. (1996a). P2X4:
an ATP-activated ionotropic receptor cloned from rat brain.
Proc. Nat. Acad. Sci. U.S.A., 93, 3684 ± 3688.

SOTO, F., GARCIA-GUZMAN, M., KARSCHIN, C. & STUÈ HMER, W.

(1996b). Cloning and tissue distribution of a novel P2X receptor
form rat brain. Biochem. Biophys. Res. Commun., 223, 456 ± 460.

SPEDDING, M., SWEETMAN, A.J. & WEETMAN, D.F. (1975).
Antagonism of adenosine 5'-triphosphate-induced relaxation by
2-2'-pyridylisatogen in the taenia of guinea-pig caecum. Br. J.
Pharmacol., 53, 575 ± 583.

SURPRENANT, A., RASSENDREN, F., KAWASHIMA, E., NORTH,

R.A. & BUELL, G. (1996). The cytolytic P2Z receptor for
extracellular ATP identi®ed as a P2X receptor (P2X7). Science,
272, 735 ± 738.

TREZISE, D.J., BELL, N.J., KENNEDY, I. & HUMPHREY, P.P.A.

(1994). E�ects of divalent cations on the potency of ATP and
related agonists in the rat isolated vagus nerve: implications for
P2 purinoceptor classi®cation. Br. J. Pharmacol., 113, 463 ± 470.

VALERA, S., HUSSY, N., EVANS, R.J., ADAMI, N., NORTH, R.A.,

SURPRENANT, A. & BUELL, G. (1994). A new class of ligand-
gated ion channel de®ned by P2X receptor for extracellular ATP.
Nature, 371, 516 ± 519.

VALERA, S., TALABOT, F., EVANS, R.J., GOS, A., ANTONARAKIS,

S.E., MORRIS, M.A. & BUELL, G.N. (1995). Characterization and
chromosomal localization of a human P2X receptor from the
urinary bladder. Receptor Channels, 3, 283 ± 289.

VAN DER WENDEN, E.M., VAN GALEN, P.J., IJZERMAN, A.P. &

SOUDIN, W. (1991). A model for the hydrogen-bonding
interactions between adenosine receptor ligands and histidyl
residues in the adenosine A1 receptor binding site, based on AM1
calculations. J. Mol. Struct. (Theochem.), 231, 175 ± 184.

VULCHANOVA, L., ARVIDSSON, U., RIEDL, M., WANG, J., BUELL,

G., SURPRENANT, A., NORTH, R.A. & ELDE, R. (1996).
Di�erential distribution of ATP-gated ion channels (P2X
receptors) determined by immunohistochemistry. Proc. Natl.
Acad. Sci. U.S.A., 93, 8063 ± 8067.

WANG, C.-Z., NAMBA, N., GONOI, T., INAGAKI, N. & SEINO, S.

(1996). Cloning and pharmacological characterization of a
fourth P2X receptor subtype widely expressed in brain and
peripheral tissues including various endocrine tissues. Biochem.
Biophys. Res. Commun., 220, 196 ± 202.

WANG, T.-L., HACKAM, A., GUGGINO, W.B. & CUTTING, G.R.

(1995). A single histidine residue is essential for zinc inhibition of
GABA r1 receptors. J. Neurosci., 15, 7684 ± 7691.

WILEY, J.S., CHEN, J.R., SNOOK, M.B. & JAMIESON, G.P. (1994). The
P2Z-purinoceptor of human lymphocytes: actions of nucleotide
agonists and irreversible inhibition by oxidized ATP. Br. J.
Pharmacol., 112, 946 ± 950.

YANOVSKY, Y., REYMANN, K. & HAAS, H.L. (1995). pH-Dependent
facilitation of synaptic transmission by histamine in the CA1
region of mouse hippocampus. Eur. J. Neurosci., 7, 2017 ± 2020.

ZIGANSHIN, A.U., ZIGANSHINA, L.E., KING, B.F. & BURNSTOCK,

G. (1995). Characteristics of ecto-ATPase of Xenopus oocyte and
the inhibitory actions of suramin on ATP breakdown. P¯uÈgers
Arch., 429, 412 ± 418.

(Received January 27, 1997
Revised April 15, 1997

Accepted April 29, 1997)

pH-modulation of P2X2 receptor 1453B.F. King et al

 14765381, 1997, 7, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1038/sj.bjp.0701286 by T

est, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


