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1 The e�ect of ethanol on the function of P2X4 receptors expressed in Xenopus oocytes was studied
using two-electrode voltage-clamp recording.

2 The amplitude of current activated by 1 mM ATP was decreased by ethanol in a concentration-
dependent manner over the concentration range 1 ± 500 mM. The concentration of ethanol that
produced 50% inhibition (IC50) of current activated by 1 mM ATP was 58 mM.

3 Ethanol inhibition of ATP-activated current was not dependent on membrane potential from
760 to +20 mV, and ethanol did not change the reversal potential of ATP-activated current.

4 Ethanol, 50 mM, shifted the ATP concentration-response curve to the right, increasing the EC50

for ATP from 9.1 to 16.0 mM, but did not reduce the maximal response to ATP.

5 The results suggest that ethanol may inhibit P2X4 receptors by decreasing the apparent a�nity of
the binding site for ATP.

6 Since the P2X4 receptor is the most abundant P2X subunit in the brain, these receptors could be
important e�ectors of ethanol action in the central nervous system.
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Introduction

P2X receptors are ligand-gated membrane ion channels that
are activated by extracellular ATP. These receptor-channels
have received recent attention due to their potential

importance in the central and peripheral nervous systems.
P2X receptors have been reported to mediate excitatory
synaptic transmission in the medial habenula (Edwards et al.,

1992; 1997) and locus coeruleus (Nieber et al., 1997) of rat
brain, rat hippocampus (Pankratov et al., 1998), rat spinal
cord (Bardoni et al., 1997), and in tissue culture of autonomic
ganglion neurons (Evans et al., 1992; Silinsky et al., 1992;

Galligan & Bertrand, 1994). In addition, P2X receptors have
been reported to mediate excitatory responses in a number of
types of neurons including sensory (Krishtal et al., 1983; Bean,

1990; Li et al., 1993b; 1997; Khakh et al., 1995), autonomic
(Fieber & Adams, 1991; Cloues et al., 1993; Nakazawa, 1994;
Khakh et al., 1995; Zhong et al., 1998), and brain (TschoÈ pl et

al., 1992; Ueno et al., 1992; Shen & North, 1993).
Currently, seven P2X receptor subunits, designated P2X1 to

P2X7, have been identi®ed (Buell et al., 1996a; MacKenzie et
al., 1999). These subunits have been found to be widely

distributed in the central nervous system, including cerebral
cortex, hippocampus, thalamus, hypothalamus, midbrain,
cerebellum, and spinal cord, and in sensory and autonomic

ganglia in the peripheral nervous system (Collo et al., 1996).
Each of these subunits can form ATP-activated homomeric
cation channels when expressed in Xenopus oocytes or cell

lines.

P2X receptors in bullfrog dorsal root ganglion (DRG)
neurons have been found to be inhibited by pharmacological
concentrations of ethanol (Li et al., 1993a; 1998a; Weight et

al., 1999). Although the amino acid sequence, molecular
structure, and subunit composition of P2X receptors in
amphibian DRG have not been identi®ed, this ethanol-

sensitive P2X receptor almost certainly does not belong to the
fast desensitizing type of P2X receptors, such as the P2X3

receptor, as the P2X receptor in bullfrog DRG neurons
exhibits little or no desensitization to ATP. One of the

possibilities is that it belongs to the P2X4 type, which
desensitizes more slowly than P2X3 receptors and is the most
abundant P2X subunit expressed in the brain (Collo et al.,

1996). Therefore, in the present study, we investigated the
e�ect of ethanol on the function of P2X4 receptors expressed in
Xenopus oocytes. Some of this work has been presented

previously in preliminary form (Li et al., 1998b).

Methods

Preparation of cRNA and expression of receptors were
performed as described previously (Xiong et al., 1999b).

Brie¯y, cRNA was synthesized in vitro from a linearized
cDNA template using T7 RNA polymerase in the presence of
the cap analogue 7 mGpppG, and was injected into Xenopus

oocytes using a pressurized microinjection device (PV 800
Pneumatic Picopump, World Precision Instruments, Sarasota,
FL, U.S.A.). Mature Xenopus laevis frogs were anaesthetized

by immersion in water containing 3-aminobenzoic acid ethyl
ester (2 g l71). Oocytes were excised, mechanically isolated
into clusters of four to ®ve oocytes, and shaken in a water bath
in two changes of 0.2% collagenase A in a solution containing
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(in mM): NaCl 83, KCl 2, MgCl2 1 and HEPES 5 (pH 7.4) for
1 h each. Each oocyte was injected with a total of 10 ng of
RNA in 50 nl of diethylpyrocarbonate-treated water and was

incubated at 178C for 2 ± 5 days in Modi®ed Barth's Saline
(MBS) containing sodium pyruvate (2 mM), penicillin
(10,000 U l71), streptomycin (10 mg l71), gentamycin
(50 mg l71) and theophylline (0.5 mM). The care and use of

animals in this study was approved by the Animal Care and
Use Committee of the National Institute on Alcohol Abuse &
Alcoholism (Protocol No. LMCN-SP-05) in accordance with

National Institutes of Health Guidelines.
Two-electrode voltage-clamp recording was performed at

room temperature using a Geneclamp Ampli®er (Axon

Instruments Inc., Foster City, CA, U.S.A.). Oocytes were
placed in a recording chamber and impaled with two sharp
microelectrodes ®lled with 3 M KCl. Electrode tip resistances

were in the range 0.5 ± 1.5 MO. Oocytes were voltage-clamped
at 770 mV, except as indicated. Currents were recorded on a
pen recorder (Model RS3400, Gould Inc., Valley View, OH,
U.S.A.). Oocytes were constantly superfused at the rate of

*2.5 ml min71 with bathing medium containing (in mM):
NaCl 95, KCl 2, CaCl2 2, HEPES 5 (pH 7.4). Solutions of ATP
(added as the sodium salt) were prepared daily in extracellular

medium. Solutions were delivered by gravity ¯ow from a
0.5 mm silica tube connected to a 7-barrel manifold. Solutions
superfusing the oocytes were changed via manually-switched

solenoid valves. At least 5 min was allowed to elapse between
agonist applications. All of the drugs used in these experiments
were purchased from Sigma Chemical Co. (St Louis, MO,

U.S.A.), except suramin and pyridoxal-phosphate-6-azophe-
nyl-2',4'-disulphonic acid (PPADS), which were purchased
from Research Biochemicals International (Natick, MA,
U.S.A.), and ethanol, which was purchased from Aldrich

Chemical Company (Milwaukee, WI, U.S.A.).
Current amplitudes reported are peak values, and average

values are expressed as mean+s.e.mean, with n equal to the

number of cells studied. Data were statistically compared using
Student's t-test or analysis of variance (ANOVA), as noted.
Statistical analysis of concentration-response data was

performed using the nonlinear curve-®tting program ALLFIT
(DeLean et al., 1978), which uses an ANOVA procedure.
Values reported for concentrations yielding 50% inhibition
(IC50) or 50% of maximal e�ect (EC50) and slope factor (n) are

those obtained by ®tting the data to the equation:

y � Emax=�1� �x=EC50�n�
where x and y are concentration and response, respectively,
and Emax is the maximal response.

Results

It has previously been reported that purinoceptor antagonists
suramin and PPADS have little or no e�ect on ATP-activated
current in HEK293 cells mediated by P2X4 receptors cloned

from rat superior cervical ganglion (Buell et al., 1996b). Figure
1 illustrates the ATP-activated inward current in Xenopus
oocytes expressing P2X4 receptors cloned from rat superior

cervical ganglion and the e�ect of purinoceptor antagonists
suramin, PPADS and reactive blue 2 on that current in our
experiments. As can be seen, the inward current activated

rapidly upon ATP application, showed slow desensitization,
and decayed quickly upon removal of ATP. Moreover,
suramin, PPADS, or reactive blue 2, at a concentration of

100 mM, had little or no e�ect on the current activated by ATP.
Similar results were observed in ®ve other oocytes expressing

P2X4 receptors (Student's t-test; P40.5). Suramin, PPADS or
reactive blue 2 alone (10 ± 100 mM) did not activate current in
any tested Xenopus oocytes expressing P2X4 receptors (data

not shown, n=5). In uninjected oocytes, ATP, at concentra-
tions up to 500 mM, did not evoke detectable current (n=6,
data not shown).

Figure 2 illustrates the e�ect of ethanol on ATP-activated

current mediated by P2X4 receptors. As shown in Figure 2a,
the amplitude of current activated by 1 mM ATP was markedly
decreased in the presence of 50 and 100 mM ethanol, and

completely recovered after ethanol washout. On average, 50
and 100 mM ethanol decreased the amplitude of current
activated by 1 mM ATP by 48+37% (n=16) and 65+23%

(n=12), respectively. As shown in Figure 2b, ethanol
inhibition of current activated by 1 mM ATP exhibited a clear
concentration-dependence over the concentration range, 1 ±

500 mM. The calculated ethanol concentration that produced
50% inhibition (IC50) was 58+4.5 mM, the apparent Hill
coe�cient for ethanol inhibition of ATP-activated current was
1.0+0.2, and the maximal e�ect was 100% inhibition. Over

the concentration range 1 ± 500 mM, application of ethanol
alone did not activate detectable current (n=8, data not
shown).

To evaluate the mechanism involved in the inhibitory e�ect
of ethanol on ATP-activated current, we tested the e�ect of
membrane potential on ethanol inhibition of ATP-activated

current by activating current with ATP at various membrane
voltages in the absence and presence of ethanol. As illustrated
in Figure 3a, the average inhibition of ATP-activated current

by 50 mM ethanol did not di�er signi®cantly at membrane
holding potentials between 760 and +20 mV (ANOVA,
P40.25; n=5). In addition, as can be seen from the current-
voltage relationship for current activated by 1 mM ATP, in the

absence and presence of 50 mM ethanol (Figure 3b), ethanol
did not change the reversal potential of ATP-activated current
(71+3 mV in the absence vs 0+4 mV in the presence of

50 mM ethanol; Student's t-test; P40.1; n=5).
The mechanism of the inhibitory e�ect of ethanol on ATP-

activated current was evaluated further by studying the e�ect

of ethanol on current activated by di�erent concentrations of
ATP. The records in Figure 4a show current activated by
0.5 mM ATP before, during, and after application of 50 mM

ethanol (upper series), and current activated by 30 mM ATP

Figure 1 E�ect of suramin, PPADS and reactive blue 2 on ATP-
activated current mediated by P2X4 receptors expressed in Xenopus
oocytes. Records of current activated by 5 mM ATP in the absence
and the presence of 100 mM suramin, PPADS or reactive blue 2
(RB2). Records are sequential current traces (from left to right)
obtained from a single oocyte. Solid bar above each record indicates
time of agonist application in the absence or presence of antagonists,
as labelled. Suramin and reactive blue 2 were preapplied for 1 min,
and PPADS was preapplied for 8 min.
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under the same conditions in the same cell (lower series). On
average, 50 mM ethanol decreased the amplitude of the current

activated by 0.5 and 30 mM ATP by 86+3% (n=5) and
15+6% (n=6), respectively. Figure 4b illustrates that ethanol
shifted the ATP concentration-response curve to the right in a

parallel manner. In the absence of ethanol, ATP had an EC50

value of 9.1+0.4 mM and a slope factor of 1.0+0.1. Ethanol,
50 mM, increased the EC50 value of ATP to 16.0+0.4 mM
(ANOVA, P50.01), but did not alter the slope factor

(1.0+0.1) or Emax (1.0+0.01) of the curve (P40.5).

Discussion

P2X4 receptors have been cloned from rat brain (Bo et al.,

1995; SeÂ gueÂ la et al., 1996; Soto et al., 1996), mouse brain
(Townsend-Nicholson et al., 1999), human brain (Garcia-
Guzman et al., 1997), rat superior cervical ganglion (Buell et

al., 1996b), rat pancreatic islets (Wang et al., 1996), and
stomach (Dhulipala et al., 1998). In most cases, P2X4

receptors can be readily distinguished from the other known
P2X receptors because the purinoceptor antagonists, suramin,

PPADS and reactive blue 2, have little or no e�ect on ATP-
activated current mediated by P2X4 receptors (Bo et al., 1995;
Buell et al., 1996b; Soto et al., 1996). In the present study, we

found that suramin, PPADS, and reactive blue 2, at a

concentration of 100 mM, did not antagonize ATP-activated
current in Xenopus oocytes expressing P2X4 receptors cloned
from rat superior cervical ganglion (Buell et al., 1996b). We
also found that the EC50 value of ATP-activated current was

9.1 mM when P2X4 receptors were expressed in Xenopus
oocytes, which is similar to the value of 10 mM observed
previously for this receptor expressed in HEK293 cells (Buell

et al., 1996b). Thus, these observations indicate that the
receptors activated by ATP in our experiments have the
characteristics of the P2X4 receptors cloned from rat superior

cervical ganglion and expressed in HEK293 cells. It should be
noted, however, that the EC50 value of ATP for P2X4

receptors cloned from a mouse brain cDNA library was
reported to be 1.7 mM (Townsend-Nicholson et al., 1999) and

the EC50 value of ATP for P2X4 receptors cloned from a rat
pancreatic islet cDNA library was reported to be 63 mM
(Wang et al., 1996). The reason for these di�erences in EC50

values is not known.

Figure 2 E�ect of ethanol on ATP-activated current. (a) Current
activated by application of 1 mM ATP before, during, and after
application of 50 and 100 mM ethanol (EtOH). Records are
sequential current traces (from left to right) obtained from a single
oocyte. (b) Graph plotting average percentage inhibition of the
amplitude of current activated by 1 mM ATP as a function of ethanol
concentration. Each point is the average of 4 ± 16 cells; error bars
indicate s.e.mean. The curve shown is the best ®t of the data to the
equation in the Methods. Values obtained were: IC50=58+4.5 mM;
n=1.0+0.2; and Emax=100%.

Figure 3 E�ect of membrane potential on inhibition of ATP-
activated current by ethanol. (a) Bar graphs showing average
percentage inhibition by 50 mM ethanol of current activated by
1 mM ATP at membrane potentials from 760 to +20 mV. Current
was activated by ATP at various membrane voltages in the absence
and presence of ethanol. The percentage inhibition of ATP-activated
current by 50 mM EtOH was not signi®cantly di�erent at the holding
potentials shown (ANOVA, P40.25; n=5). (b) Current-voltage
relationship (I-V plot) showing the amplitude of current activated by
1 mM ATP as a function of membrane potential, in the absence and
presence of 50 mM ethanol in a single oocyte. Note that ethanol did
not alter the reversal potential of ATP-activated current.
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The results reported here show that ATP-activated current
mediated by P2X4 receptors can be inhibited by ethanol in a
concentration-dependent manner over the concentration range

1 ± 500 mM, and the concentration that produced 50%
inhibition (IC50) of current activated by 1 mM ATP was 58 mM.
Additionally, 1 ± 500 mM ethanol alone did not activate
detectable current, indicating that the observed e�ect of

ethanol was not due to an activation of outward current by
ethanol.

Ethanol could inhibit the current mediated by P2X4

receptors by any of several mechanisms. For example, ethanol
might alter the ion permeance ratio of ATP-gated channels.

We found, however, that ethanol did not alter the reversal
potential of current activated by ATP, and thus this
mechanism does not appear to account for the ethanol-
induced inhibition of ATP-activated current that was observed

in the present study. Ethanol could also inhibit ATP-activated
current by decreasing the number of channels gated by ATP,
but this mechanism would be expected to be re¯ected in a

decrease in the maximal response to ATP, which was not
observed. In addition, another type of inhibitory action, open-
channel block, appears to be unlikely, as this mechanism

would also be expected to decrease the maximal response to
ATP, and this was not observed. In addition, although a
voltage-dependent ion channel block would not be expected

because ethanol is not charged, ethanol might induce a
conformational change in the channel protein that could result
in voltage-dependence (Magleby & Stevens, 1972). This
possibility seems unlikely since voltage-dependence of ethanol

action was not observed. Finally, ethanol could decrease the
apparent a�nity of the receptor for ATP. Our observation that
ethanol shifted the ATP concentration-response curve to the

right in a parallel manner, increasing the EC50 for ATP, is
consistent with an action of ethanol to decrease the apparent
a�nity of the P2X4 receptor for agonist. Moreover, this

observation agrees well with previous ®ndings for ethanol
inhibition of P2X receptors in bullfrog dorsal root ganglion
neurons (Li et al., 1993a; 1998a). This action of ethanol on

ATP-gated P2X receptor-channels contrasts with the observa-
tions on ethanol inhibition of another ligand-gated ion
channel, N-methyl-D-aspartate (NMDA) receptors. Ethanol
inhibition of NMDA receptors is associated with a decrease in

maximal response to agonist (Emax), without a change in EC50

(Peoples et al., 1997).
Of the known P2X receptor subunits, the P2X4 subunit has

been found to be the most abundant P2X subunit in brain.
Northern blot analysis and in situ hybridization studies have
revealed extensive distribution of P2X4 mRNA in rat brain

with particularly strong expression in the hippocampus,
Purkinje cells of the cerebellum, and spinal cord motoneurons
(Bo et al., 1995; Collo et al, 1996; SeÂ gueÂ la et al., 1996; Soto et
al., 1996). In addition, the P2X4 receptor and another major

central subunit, P2X6,- have highly overlapping mRNA
distribution at both the regional and the cellular level (Collo
et al., 1996). The coexpression of P2X4 and P2X6 subunits in

Xenopus oocytes generates a novel heteromeric ATP receptor
(LeÃ et al., 1998), which is another candidate for ethanol action
in the central nervous system (Xiong et al., 1999a). Moreover,

in recent preliminary experiments, pharmacological concentra-
tions of ethanol have been found to inhibit ATP-activated
current in freshly isolated adult rat hippocampal neurons (Li &

Weight, 1999). Thus, our observations suggest that P2X
receptors could be important e�ectors of ethanol action in
the central nervous system.

We thank Dr Gary Buell for providing the cDNA for the P2X4

subunit.

Figure 4 E�ect of ATP concentration on ethanol inhibition of ATP-
activated current. (a) Records showing currents activated by 0.5 mM
ATP (upper traces) and 30 mM ATP (lower traces), before, during,
and after application of 50 mM ethanol in a single oocyte. (b) Graph
plotting the relative amplitude of ATP-activated current in the
absence and the presence of 50 mM ethanol as a function of ATP
concentration. Amplitude is normalized to the current activated by
300 mM ATP in the absence of ethanol. Each data point is the
average current from 5 ± 8 cells. The solid curves are the best ®ts of
the data to the equation described in the Methods section. Ethanol
signi®cantly increased the EC50 for ATP from 9.1+0.4 mM in the
absence of ethanol to 16.0+0.4 mM in the presence of 50 mM ethanol
(ANOVA, P50.01).
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