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SUMMARY

The cellular mechanisms by which ethanol affects nervous sys-
tem function are poorly understood. However, evidence has been
accumulating that ethanol can affect the function of neurotrans-
mitter-gated ion channels. Extracellular ATP has recently been
reported to produce excitatory actions in the peripheral and
central nervous systems by activating ligand-gated ion channels.
We studied the effect of ethanol on membrane ion current
activated by extracellular ATP in isolated bullfrog dorsal root
ganglion neurons, by means of the whole-cell patch-clamp tech-
nique. The amplitude of the ATP-activated current was de-
creased by ethanol in a concentration-dependent manner over
the range of 3-500 mmM. The average inhibition of 1 um ATP-

activated current by 100 mm ethanol was 64 + 3%, and the
concentration of ethanol that produced 50% inhibition was 68
mwm. Ethanol inhibition of ATP-activated current was not depend-
ent on membrane potential from —80 to +40 mV, and ethanol
did not change the reversal potential of ATP-activated current.
Ethanol (100 or 400 mm) shifted the ATP concentration-response
curve to the right, increasing the ECs, for ATP from 3.0 um to
6.0 um or 22.3 um, respectively, but did not reduce the maximal
response to ATP. The results suggest that ethanol inhibits ATP-
activated current by increasing the apparent dissociation con-
stant for the ATP receptor.

Although ethanol is probably the oldest and most widely used
psychoactive drug, the cellular mechanisms by which it affects
nervous system function are poorly understood. Recently, at-
tention has focused on the effects of ethanol on membrane ion
channels. For example, electrophysiological experiments have
shown that ethanol, in a pharmacological concentration range
(5-100 mM), can affect the function of several different types
of neurotransmitter-gated ion channels (1). Ethanol inhibits
membrane ion current activated by NMDA in central (2, 3)
and peripheral neurons (4) and potentiates current activated
by GABA at GABA, receptors in some cell types (5, 6), by
acetylcholine at nicotinic cholinergic receptors in frog neuro-
muscular junction (7), and by serotonin at 5-hydroxytrypta-
mine type 3 channels in NCB-20 neuroblastoma cells and
sensory neurons (8). These observations suggest that certain
types of neurotransmitter-gated ion channels may be cellular
sites of ethanol action.

Extracellular ATP has recently been reported to produce
excitatory actions on neurons in both the peripheral and central
nervous systems (9-11) and to mediate fast excitatory postsyn-
aptic potentials or excitatory postsynaptic currents in periph-
eral (12, 13) and central (14) neurons by activating ligand-
gated ion channels. To determine whether ethanol can affect
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the function of neuronal ATP-gated ion channels, we used the
whole-cell patch-clamp technique to investigate the effects of
ethanol on the membrane ion current activated by extracellular
ATP in neurons freshly isolated from bullfrog DRG. We found
that ethanol concentrations from 3 to 500 mM produced a
concentration-dependent inhibition of ATP-activated ion cur-
rent, with an ICs, of 68 mM. Some of this work has been
presented previously in preliminary form (15).

Materials and Methods

Isolation of neurons. Adult male bullfrogs (Rana catesbeiana) were
used in winter and spring. After decapitation and pithing, DRGs
(usually six) were rapidly isolated, transferred to a Petri dish containing
DMEM (Sigma) solution (1.38 g of DMEM and 0.2 g of NaCl dissolved
in 100 ml of distilled water, pH 7.2; osmolarity, 2560 mosmol/kg), and
cut into small pieces. The DRG fragments were then placed in a flask
containing 5 ml of DMEM, in which trypsin III (0.56 mg/ml; Sigma)
and collagenase 1A (1.1 mg/ml; Sigma) had been dissolved, and were
incubated at 35° for approximately 30 min in a water-bath shaker.
Soybean trypsin inhibitor I-S (1.8 mg/ml; Sigma) then was added to
stop enzymatic digestion. Neurons were then placed into a single
uncoated Petri dish and used for electrophysiological recording. The
neurons studied in this investigation were 30-53 um in diameter.

Whole-cell patch-clamp recording. Neurons were observed under
an inverted microscope (Diaphot; Nikon, Tokyo, Japan) using phase-
contrast optics. Gigaohm seals were made using borosilicate glass
microelectrodes with tip resistances of 2-4 MQ. Whole-cell patch-clamp

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; DRG, dorsal root ganglion; GABA, y-aminobutyric acid; HEPES, 4-2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N.N’ N'-tetraacetic acid; DMEM, Dulbecco’s modified Eagle’s medium.
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recordings were carried out at room temperature using a EPC-7 (List
Electronic, Darmstadt, Germany) patch-clamp amplifier connected to
a computer (Compaq 386/20e) via a Labmaster TL-1 interface. Data
were collected and analyzed using pPCLAMP software (Axon Instru-
ments, Foster City, CA) and were stored for off-line analysis. Currents
were also recorded on a chart recorder (Gould 2400S). Cells were
continuously superfused at 1-2 ml/min with an extracellular medium
containing (in mM) 117 NaCl, 2 KCl, 2 MgCl,, 2 CaCl;, 5 HEPES, and
10 D-glucose; the pH was buffered to 7.2 using NaOH. Patch pipettes
were filled with an intracellular solution containing (in mm) 110 CsCl,
2 MgCl,, 0.4 CaCl,, 4.4 EGTA, 5 HEPES, and 1.5 ATP; the pH was
buffered to 7.2 using CsOH. Series resistance in all recordings was <5
MQ and was compensated by 50-70%. Membrane potential was usually
held at —60 mV, except where indicated.

Application of solutions. Drug applications were performed using
modifications of a superfusion system described previously (16, 17).
We used a 12-barrel array of perfusion pipettes composed of fused silica
tubes, each with an internal diameter of 200 um. Solutions were
delivered by gravity flow from independent reservoirs placed above the
preparation, and rapid solution changes were effected by shifting the
pipette array horizontally using a micromanipulator. Between drug
applications, cells were constantly bathed in normal external solution
flowing from one pipette barrel. ATP (Sigma) was added as the Na*
salt and was prepared daily in external solution. Ethanol was purchased
from Pharmco (Bayonne, NJ). In most experiments, ethanol and other
compounds were added to the extracellular solution containing agonist
and were delivered simultaneously to the neuron. Drug applications
were spaced at least 60 sec apart.

Data analysis. Data were statistically compared using Student’s ¢
test and one-way analysis of variance. Statistical analysis of concen-
tration-response data was performed using the nonlinear curve-fitting
program ALLFIT (18). Average values are expressed as mean + stand-
ard error.

Resuits

Extracellular ATP has recently been reported to activate
inward current in bullfrog DRG neurons; the current showed
inward rectification, low selective cation permeability, and a
reversal potential near 0 mV (19, 20). Fig. 1 illustrates the
current response to externally applied ATP in voltage-clamped
bullfrog DRG neurons in our experiments. The inward current
activated rapidly upon ATP application, showed slow desensi-
tization, and decayed quickly upon removal of ATP (Fig. 1A).
The amplitude of the response was concentration dependent,
with an ECq of 3.0 uM (Fig. 1B), which is similar to a previously
reported value (19). The slope of the concentration-response
curve for ATP (apparent Hill coefficient) was 1.1. Responses
to ATP application were observed in 94% of the neurons studied
(76 of 81 cells). Fig. 1C shows that the current activated by 2.5
uM ATP was reversibly antagonized by 100 uM suramin, a P,
purinoceptor antagonist. Similar results were observed in five
other neurons. In contrast, in four neurons in which ATP
activated inward current, 200 uM adenosine, a P, receptor
agonist, did not activate detectable current (data not shown).

Fig. 2 illustrates inhibition of ATP-activated current by
ethanol. As shown in Fig. 2A, the amplitude of inward current
activated by 1 uM ATP was markedly decreased in the presence
of 100 mM ethanol and completely recovered after ethanol
washout. On average, 100 mM ethanol inhibited the current
activated by 1 uM ATP by 64 + 3% (n = 12). As shown in Fig.
2B, the inhibition of ATP-activated current by ethanol was
concentration dependent over the concentration range of 3-
500 mM, and the ethanol concentration that produced 50%
inhibition (ICs) was 68 mM. The apparent Hill coefficient for
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Fig. 1. ATP-activated inward currents in neurons isolated from bullfrog
DRG. A, Inward currents activated by 0.5, 5, and 50 um ATP. Records
are sequential current traces (from left to right) obtained from a single
neuron at =60 mV. B, Graph plotting the relative
amplitude of ATP-activated current as a function of ATP concentration.
Ampilitudes of currents activated by various concentrations of ATP were
normalized to the current evoked by 250 um ATP. Each point is the
average of seven to 10 cells at a holding potential of —60 mV; error bars
not visible are smaller than the size of the symbols. The curve shown is
the best fit of the data to the logistic equation Y = Eme/[1 + (X/ECso)'],
where Ene, is the maximal response, ECs, is the agonist concentration
producing 50% of the maximal response, and n is the slope factor
(apparent Hill coefficient). Values obtained were Emex = 1, ECso = 3.0
pm, and n = 1.1. C, lon current activated by 2.5 um ATP before, during,
and several minutes after application of the P, purinoceptor antagonist
suramin (100 pM), in a neuron volitage-clamped at —60 mV.

ethanol inhibition of ATP-activated current was 1.1. The graph
in Fig. 2C plots the amplitude of the current activated by 5 um
ATP during two series of exposures to 100 mM ethanol in the
same neuron. It can be seen that the inhibition of ATP-
activated current by ethanol was relatively stable during the
two application series. Over the concentration range of 3-500
mM, application of ethanol alone did not activate detectable
current (data not shown). The effect of higher concentrations
of ethanol (>500 mM to 1 M) could not be evaluated, because
they result in degradation of the recording and/or rupture of
the seal between the patch pipette and the cell. Of a total of 76
cells tested, we found that the current activated by 5 um ATP
was insensitive to 100 mM ethanol in eight cells.

In an attempt to elucidate the mechanism involved in the
inhibitory effect of ethanol on ATP-activated current, we tested
the effect of membrane potential on the inhibition of ATP-
activated current by ethanol. Fig. 3A shows a current-voltage
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Fig. 2. Reversible inhibition by ethanol of ATP-activated current. A,
Current activated by application of 1 um ATP before, during, and after
application of 100 mm ethanol (EtOH). Records are sequential current
tmoes(fruhlafttorlght)obtanedﬁunasmyemonvoltage-damped

at —60 mV. B, Graph plotting average percentage inhibition of the
ampilitude of current activated by 1 um ATP as a function of ethanol
concentration. Each point is the average of five to eight cells at a holding
potential of =60 mV; error bars not visible are smaller than the size of
the symbols. The curve shown is the best fit of the data to the logistic

uatlonglmhmngendtoﬁg 1. Values obtained were Ene =
100%, ICso = 68 mm, and n = 1.1. C, Graph plotting the magnitude of
individual responses to application of 5 um ATP as a function of time in
a single neuron voitage-clamped at —60 mV, illustrating two periods of
exposure to 100 mm ethanol. Note the consistent inhibition of ATP-
activated current in the presence of ethanol.

relationship for current activated by 5 uM ATP, in the absence
and presence of ethanol, obtained with a voltage ramp from
+40 to —80 mV at a rate of 150 mV/sec. Using this protocol,
we found no significant difference in the percentage of inhibi-
tion of AT'P-activated current by ethanol at membrane voltages
between +40 and —80 mV. For example, the percentage of
inhibition of ATP-activated current by ethanol at membrane
potentials of +40 and —40 mV was 29 + 2 and 30 + 3%,
respectively (p > 0.1; n = 4). It also can be seen from this graph
that ethanol did not significantly alter the reversal potential of
ATP-activated current; in the absence and presence of ethanol,
the average reversal potential was —1 £ 5 mV and 0 + 4 mV,
respectively (p > 0.1; n = 4). Because voltage dependence could
also have a time-dependent component that is slower than the
slew rate of the voltage ramp, we also studied the effect of
ethanol in the steady state by holding the membrane potential
at a single voltage for >1 min before activating current with
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Fig. 3. Effect of membrane potential on inhibition by ethanol of ATP-
activated current. A, Current-voitage relationship (I-V plot) showing the
leak-subtracted ampilitude of current activated by 5 um ATP versus
membrane potential, in the absence and presence of 100 mm ethanol
(EtOH). Data were obtained using a voltage ramp from +40 to —80 mV
at a rate of 150 mV/sec. Current was first recorded in the presence of 5
um ATP in the absence and presence of 100 mm ethanol. Current was
then elicited using the same ramp protocol in the presence of normal
external solution. This “leak” current was subtracted from the currents
measured in the presence of ATP and ATP plus ethanol to obtain the
“leak-subtracted” currents shown in the |-V piot. Ethanol (100 mm) had
no effect on the leak current (data not shown). Note that ethanol did not
alter the reversal potential of ATP-activated current. B, Bar graphs
showing average percentage inhibition of ATP-activated current (5 um)
by 100 mm ethanolat membrane potentials from —80 to +40 mV.
Membrane potential was heid at different levels for >1 min before the
current was evoked in the absence and presence of ethanol. The
percentage of inhibition of ATP-activated current by 100 mm ethanol was
not significantly different at the holding potentials shown (analysis of
variance, p > 0.25; n = 6-9).

ATP in the absence and presence of ethanol (Fig. 3B). On
average, ethanol produced a similar reduction of current am-
plitude at membrane potentials of —80, —60, —40, +10, and
+40 mV (30 £ 2,32 + 2, 30 + 3, 32 + 4, and 30 * 4%,
respectively; p > 0.25; n = 6-9).

The mechanism of the inhibitory effect of ethanol on ATP-
activated current was evaluated further by studying the effect
of ethanol on current activated by different concentrations of
ATP. The records in Fig. 4A show current activated by 1 uM
ATP before, during, and after application of 100 mM ethanol
(Fig. 4A, upper) and current activated by 30 uM ATP under the
same conditions in the same cell (Fig. 4A, lower). On average,
100 mM ethanol decreased the amplitude of the current acti-
vated by 1 and 30 uM ATP by 64 + 3% (n = 12) and 12 + 2%
(n = 17), respectively. The graph in Fig. 4B shows the concen-
tration-response curve for inhibition by 100 and 400 mMm
ethanol of current activated by different concentrations of
ATP. As can be seen, both 100 and 400 mM ethanol shifted the
ATP concentration-response curve to the right, increasing the
ECs for ATP from 3.0 uM in the absence of ethanol to 6.0 uM
in the presence of 100 mM ethanol and 22.3 uM in the presence

2T0Z ‘S Jaqwadaq uo Alsianiun pesewwey ye Bio sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet..

874 Letal

A 1 uM ATP+
1uM ATP 100 mM EtOH

15 sec
30 uM ATP+
30 UM ATP 100 mM EtOH 30 uM ATP
350 pA l
12s8c
B 1-
E 0.8
8 0.6
£ 04 -
2
4 o Control
02 ©100 ™ EtOH
=400 mM EtOH
0 - T T 1
0.1 1 10 100 1000
ATP Concentration (uM)

Fig. 4. Effect of ATP concentration on ethanol inhibition of ATP-activated
current. A, Records illustrating effect of 100 mm ethanol (EtOH) on
currents activated by application of 1 um ATP (upper) and 30 um ATP
(lower). Data are from the same neuron voitage-clamped at —60 mV. B,
Graph plotting the relative amplitude of ATP-activated current in the
absence (O) and presence of 100 mm ethanol (@) and 400 mm ethanol
(W) as a function of ATP concentration. Amplitude is normalized to the
current activated by 250 um ATP in the absence of ethanol. Each data
point is an average of five to 10 cells. The curves shown are the best fit
of the data to the logistic equation given in the legend to Fig. 1. Both
100 mm and 400 mm ethanol significantly increased the ECs, for ATP,
from 3.0 um to 6.0 um and 22.3 um, respectively (analysis of variance, p
<0.001; n = 5).

of 400 mM ethanol (analysis of variance, p < 0.005; n = 5).
Ethanol, at either 100 or 400 mM, did not alter the slope (p >
0.4; n = 5) or maximal value (p > 0.2; n = 5) of the ATP
concentration-response curve.

Discussion

Purinergic receptors have been divided into two main cate-
gories, P, and P,, based on their pharmacological properties
(21). P, purinoceptors are more sensitive to adenosine than to
ATP, whereas P, purinoceptors are more sensitive to ATP than
to adenosine and are blocked by suramin (10, 12-14). In the
present study, we found that ATP activated a current with an
ECso of 3.0 uM, whereas 200 uM adenosine did not activate
detectable current. In addition, the ATP-activated current was
antagonized by suramin. These observations indicate that the
receptor activated by ATP in our experiments has the charac-
teristics of the P, classification of purinergic receptors. The
ATP-activated current also exhibited fast activation and deac-
tivation kinetics and a reversal potential near 0 mV. These
characteristics are consistent with ATP gating a nonselective
cation channel, as proposed previously (19).

The results reported here show that the inward current
activated by ATP was inhibited by ethanol in a concentration-
dependent manner over the concentration range of 3-500 mM
and the concentration that produced 50% inhibition (ICs,) was

68 mM. In humans, this concentration of ethanol (0.3%) is
associated with severe intoxication and loss of consciousness
(22). Additionally, 3-500 mM ethanol alone did not activate a
detectable ion current, indicating that the observed effect was
due to an effect of ethanol on ATP-gated ion channels, rather
than simultaneous direct activation of outward current by
ethanol. The amplitude of ethanol inhibition was relatively
stable during repeated applications over a period of 3.5 min,
indicating that the effect of ethanol does not appear to desen-
sitize over this time period, nor does it exhibit use dependence.

Ethanol might inhibit ATP-activated current by a number
of possible mechanisms, including (i) a voltage-dependent
channel-blocking action, (ii) alteration of the ion selectivity of
the channel, (iii) interaction with an allosteric site on the
channel protein, or (iv) competitive antagonism of ATP with
its binding site on the receptor (23, 24). We found that the
percentage of inhibition of ATP-activated current by 100 mm
ethanol was similar over a range of membrane potentials from
—80 to +40 mV and that 100 mM ethanol did not change the
reversal potential of ATP-activated current. These observa-
tions suggest that ethanol does not inhibit the ATP-activated
current by a voltage-dependent mechanism or by an alteration
in the ion selectivity of the channel. Although a voltage-de-
pendent block of the ion channel would not be expected, be-
cause ethanol is not charged, ethanol might induce a confor-
mational change in the channel protein that could result in
voltage dependence (25). Ethanol shifted the ATP concentra-
tion-response curve to the right, increasing the EC;, for ATP
from 3.0 uM to 6.0 uM (100 mM ethanol) or 22.3 uM (400 mM
ethanol), without altering the slope or maximal value of the
ATP concentration-response curve. These observations are
consistent with a competitive mechanism for inhibition of
ATP-activated current by ethanol. However, on the basis of
structural considerations, it seems unlikely that ethanol would
competitively block the interaction of ATP with its binding
site. The increase in ICs, for ATP activation of current could
also be explained by an allosteric interaction of ethanol with
the receptor that results in a decrease in the affinity of the
receptor for ATP (24). A similar modulation of the GABA,
receptor by inverse agonists at the benzodiazepine site has been
reported (26). These alternative mechanisms could theoreti-
cally be distinguished by determining the effect of multiple
concentrations of ethanol on the ATP concentration-response
curve; if ethanol acted competitively at the ATP binding site,
increasing ethanol concentrations would shift the concentra-
tion-response curve to the right in a parallel manner indefi-
nitely, whereas, if ethanol acted at an allosteric site, the effect
of ethanol would be expected to reach a maximum when the
sites were saturated. However, in the present study the maxi-
mum effect of ethanol occurred at approximately 500 mm
ethanol, which is close to the maximal concentration tolerated
by the cells used in this study. Thus, it was not possible to
evaluate the effect of supramaximal concentrations of ethanol
on the ATP concentration-response curve. Although the precise
mechanism by which ethanol inhibits ATP-activated current
remains unclear, it is evident that ethanol increases the appar-
ent dissociation constant (K;) of the ATP receptor. This action
of ethanol on ATP-gated channels contrasts with the inhibition
of another ligand-gated ion channel, the NMDA-gated ion
channel, by ethanol. Ethanol inhibition of NMDA channels is
associated with a decrease in maximal NMDA-activated cur-
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rent without a change in ECs (27, 28). Our observations in the
present study thus suggest a novel mechanism by which ethanol
inhibits the function of a ligand-gated ion channel.
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