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ABSTRACT The effects of ethanol on Cl™ uptake were
studied using a cell-free subcellular preparation from brain
that contains a y-aminobutyric acid (GABA)/barbiturate re-
ceptor-sensitive Cl~ transport system. In isolated vesicles
prepared from rat cerebral cortex, ethanol, at concentrations
that are present during acute intoxication (20-50 mM), stim-
ulated 36C1~ uptake in a concentration-dependent and biphasic
manner. The ethanol-stimulated uptake of 36C1~ was markedly
inhibited by the GABA antagonists picrotoxin and bicuculline
but not by a variety of other neurotransmitter receptor
antagonists. The effects of ethanol in stimulating 36C1~ uptake
in isolated brain vesicles were qualitatively and quantitatively
similar to that of pentobarbital. Ethanol also markedly poten-
tiated both muscimol- and pentobarbital-stimulated 36C1~
uptake at concentrations below those that directly stimulate
C1~ uptake. Under our incubation conditions, ethanol did not
release GABA, suggesting that it interacts with the postsynaptic
GABA /barbiturate receptor complex. The ability of ethanol to
stimulate GABA /barbiturate receptor-mediated C1~ transport
may explain many of its pharmacological properties and
provides a mechanism for the common psychopharmacological
actions of ethanol, barbiturates, and benzodiazepines.

Ethanol is one of the oldest and most commonly used of all
psychotropic drugs (1). Repeated exposure to ethanol pro-
duces both psychological and physical dependence and its
abuse potential constitutes a major public health problem (2).
The neurochemical mechanism(s) underlying the depressant
effects of ethanol on the central nervous system (CNS) is
poorly understood (3) despite numerous studies demonstrat-
ing effects of ethanol on several neurotransmitter systems (4,
5). Ethanol shares many pharmacologic actions with both
barbiturates and benzodiazepines. For example, ethanol, like
barbiturates and benzodiazepines, possesses anxiolytic and
sedative/hypnotic activity in both laboratory animals (6, 7)
and humans (8). Moreover, previous studies have docu-
mented the development of behavioral cross-tolerance be-
tween ethanol, barbiturates, and benzodiazepines (9, 10).
Benzodiazepines and barbiturates, which also show cross-
dependence with each other, are effective in alleviating the
withdrawal symptoms that occur after chronic ethanol ad-
ministration, suggesting that all three drugs may share a
common mechanism of action (11).

It is now generally accepted that both benzodiazepines and
barbiturates produce their major pharmacological effects by
augmenting the actions of the principal inhibitory neurotrans-
mitter of brain, y-aminobutyric acid (GABA) (12-15). Fur-
ther, both benzodiazepines and barbiturates bind to specific
recognition sites associated with the postsynaptic GABA
receptor with affinities that are highly correlated with their
behavioral potencies as anxiolytic and sedative/hypnotic
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agents (13-15). Recent work indicates that the GABA/ben-
zodiazepine/barbiturate receptor complex is an oligomeric
protein consisting of several subunits with multiple allosteric
binding sites that are associated with a C1~ channel (14, 15).
Benzodiazepines and barbiturates bind to this complex and
indirectly regulate GABA receptor-mediated Cl~ conduc-
tance, resulting in membrane hyperpolarization (15-18).

Despite the many pharmacological similarities between
benzodiazepines, barbiturates, and ethanol, it is as yet
unclear whether ethanol has a similar action on GABA
receptor function. While behavioral (19, 20) and electrophys-
iological (21, 22) studies suggest that ethanol potentiates
GABAergic neurotransmission, there is conflicting evidence
for a direct action at the GABA receptor. The addition of
ethanol to brain membranes in vitro has been reported to have
no effect on either [*H]diazepam binding to the benzodi-
azepine receptor (23) or *'H]lmuscimol binding to the GABA
receptor (23). However, ethanol has been reported to in-
crease [*H]diazepam binding to detergent-solubilized benzo-
diazepine receptors (24) and to decrease the binding of
t-butylbicyclophosphoro[**S]thionate (TBPS) to a site close-
ly associated with the C1~ channel in both rat and mouse brain
membranes (25, 26). Unfortunately, the concentrations of
ethanol used in many of these receptor binding studies
exceed those observed during acute intoxication (>30 mM)
and are, in fact, many times above the lethal concentration
(>100 mM) (27, 28).

Recently, we have reported the use of the ‘‘synaptoneuro-
some,”’ a subcellular brain preparation, to measure GABA/
barbiturate receptor-mediated C1~ transport in vitro (29-31).
Morphologic characterization of this preparation has re-
vealed the presence of both pre- and postsynaptic membranes
that form closed vesicles (32). We now report that ethanol,
like pentobarbital, stimulates ¢C1~ uptake into these isolated
brain vesicles in concentrations that are within the range
observed during acute intoxication. At even lower
(subthireshold) concentrations, ethanol markedly potentiates
both muscimol- and pentobarbital-stimulated *C1~ uptake.
Since the effect(s) of ethanol in stimulating 3¢Cl1~ uptake is
selectively blocked by both the GABA receptor antagonist
bicuculline and the Cl~ channel antagonist picrotoxin, our
data suggest that at pharmacologically relevant concentra-
tions, ethanol specifically interacts with the GABA/barbitu-
rate receptor complex. These observations may explain the
many behavioral and pharmacological similarities between
ethanol, benzodiazepines, and barbiturates. Moreover, the
ability of ethanol to stimulate GABA /barbiturate receptor-
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mediated *C1~ transport may represent an important mech-
anism underlying the effects of ethanol on CNS function.

MATERIALS AND METHODS

Preparation of Synaptoneurosomes. Isolated membrane
vesicles (synaptoneurosomes) were prepared according to
the method of Hollingsworth et al. (32) as modified by
Schwartz et al. (29, 30) for measurement of 3¢Cl~ efflux.
Cerebral cortices from adult male Sprague-Dawley rats
(200-250 g) housed under diurnal lighting conditions with free
access to food and water were removed, pooled, and dis-
sected free from surrounding white matter. Brain tissue (1 g)
was homogenized in 7 vol (wt/vol) of an ice-cold buffer
containing 20 mM Hepes/Tris, 118 mM NaCl, 4.7 mM KCl,
1.18 mM MgSO,, and 2.5 mM CaCl, (pH 7.4) using a
glass-glass homogenizer (five strokes). The homogenate was
diluted with 30 ml of buffer and then filtered by gravity
through three layers of nylon mesh (160 um, Tetko,
Elmsford, NY) placed in a Millipore Swinex filter holder. The
resulting filtrate was then gently pushed through a 10-um
Millipore filter (LCWP 047) using a 10-ml syringe. Care was
taken to prevent the development of hydrostatic pressure
during filtration. The filtered preparation was centrifuged at
1000 x g for 15 min, the supernatant was discarded, and the
pellet was washed by suspension in buffer followed by
centrifugation (1000 X g for 15 min). The resulting pellet was
resuspended in buffer to a final protein concentration of 20
mg/ml.

Measurement of *C1~ Uptake. 3¢Cl~ uptake into synapto-
neurosomes was carried out as described by Schwartz et al.
(31). Aliquots of the membrane preparation equivalent to 2
mg of protein were incubated at 30°C for 20 min and then
various concentrations of ethanol, other drugs, or buffer, and
0.5 uCi of 3Cl1~ (specific activity, 12.5 mCi/g; 1 Ci = 37 MBq;
New England Nuclear) in a total incubation volume of 0.5 ml.
Uptake of *C1~ was terminated 5 sec later by the addition of
5 ml of ice-cold buffer followed by rapid filtration under
vacuum through Whatman GF/C glass-fiber filters that had
been treated with 0.05% polyethyleneimine to reduce non-
specific binding of 36Cl~. After filtration, the filters were
washed with two 5-ml portions of ice-cold buffer, air-dried,
and placed in vials containing 7 ml of Readi-Solv (Beckman
Instruments, Fullerton, CA). Radioactivity was determined
by liquid scintillation spectrometry. A full characterization of
the effects of various barbiturates and GABA receptor
agonists and antagonists on 36C1~ efflux and uptake has been
reported elsewhere (29-31, 33). All data represent mean +
SEM expressed as percent stimulation of 3°Cl~ uptake and
are from a typical experiment carried out in quadruplicate
and repeated three times with similar results.

Measurement of [PHJGABA Release. Synaptoneurosomes
(approximately 20 mg of protein per ml) were first incubated
(in buffer of the composition described above) with 0.1 uM
[PHIGABA (specific activity, 85.4 Ci/mmol; New England
Nuclear) at 30°C in the presence of 0.1 mM aminooxyacetic
acid to prevent metabolism of GABA by GABA transamin-
ase. [3H]GABA release was measured by a modification of
the methods of Sandoval (34) and of Rohde and Harris (35).

RESULTS

Addition of ethanol to cerebral cortical synaptoneurosomes
stimulated 36Cl~ uptake in a dose-dependent fashion (Fig.
1A). A significant (P < 0.01) stimulation of *Cl~ uptake was
observed at ethanol concentrations as low as 20 mM and
maximal stimulation (260%) was observed at concentrations
between 50 and 70 mM (ECsq, 25-35 mM). The effects of
ethanol in stimulating 3%Cl~ uptake were biphasic; higher
concentrations (=100 mM) resulted in appreciably lower

Proc. Natl. Acad. Sci. USA 83 (1986)

300+

200 r

100F

3C|~ uptake, % stimulation

0720 30 40 60 80100
Ethanol, mM
B
2001
100
AT 200 300 500 700 1000

Pentobarbital, uM

Fic. 1. (A) Effect of 20-100 mM ethanol alone (®) or in the
presence of 100 uM picrotoxin (a) on uptake of 3*Cl- in cerebral
cortical synaptoneurosomes. Synaptoneurosomes were incubated in
assay buffer at 30°C for 15 min, picrotoxin (100 uM) was added, and
incubation was continued for 5 min. Then, 0.5 uCi of *Cl~ and
ethanol at various concentrations was added. Uptake of %Cl~ was
terminated 5 sec later by the addition of 5 ml of ice-cold buffer
followed by rapid filtration. Data represent mean = SEM and are
from a typical experiment carried out in quadruplicate and repeated
three times with similar results. At each concentration of ethanol
tested, picrotoxin significantly decreased ethanol-stimulated 3¢C1~
uptake (P < 0.01, Student’s ¢ test). The amount of *¢C1~ bound to the
filter in the absence of synaptoneurosomes (nonspecific filter bind-
ing) was =500 cpm (mean) and was subtracted from all values. In a
typical experiment the basal uptake of 3C1~ was 700 + 18 cpm, while
in the presence of ethanol (50 mM) uptake of **C]~ was 993 + 40 cpm.
(B) Effect of 0.1-1.0 mM pentobarbital alone (@) or in presence of 100
uM picrotoxin (a) on *¢Cl- uptake in cerebral cortical synaptoneu-
rosomes. At pentobarbital concentrations >0.1 mM, picrotoxin
significantly decreased pentobarbital-stimulated *C1~ uptake (P <
0.05, Student’s ¢ test).

stimulation of 3*C1~ uptake (see Figs. 14 and 3). The ability
of ethanol to stimulate 36Cl~ uptake was qualitatively and
quantitatively similar to that of the prototypic barbiturate
pentobarbital, as indicated by a similar biphasic dose-re-
sponse curve and by the maximal increases in 3Cl~ uptake
(see Figs. 1B and 5).

We first investigated the effect of incubating synaptoneu-
rosomes with ethanol for various times prior to the initiation
of 3C1~ uptake. When ethanol and 3°C1~ were added simul-
taneously (i.e., no preincubation time with ethanol alone)
stimulation of 3¢Cl~ uptake was maximal (Fig. 2). When
synaptoneurosomes were preincubated with ethanol for 1
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FiG. 2. Effect of preincubation time on ethanol (50 mM)-
stimulated %*Cl~ uptake. Ethanol was added 1-20 min prior to the
addition of **Cl~ or simultaneously with *Cl- (i.e., no ethanol
preincubation).

min prior to the addition of 3*Cl~ the effect of ethanol was
reduced by almost 40%. Preincubation for longer intervals
resulted in loss of the effect of ethanol in stimulating 3°Cl~
uptake (Fig. 2). Consequently, all experiments, unless oth-
erwise specified, were carried out without ethanol preincuba-
tion.

To determine whether the action of ethanol in stimulating
36C1~ uptake might be mediated by the GABA/barbiturate
receptor complex, we studied the effects of the GABA
antagonists picrotoxin and bicuculline on ethanol-stimulated
3CI™ uptake (Figs. 14 and 3). Prior treatment with picrotoxin
(100 uM), a GABA receptor Cl~ channel antagonist, signif-
icantly decreased the ability of ethanol to stimulate 3¢Cl~
uptake (Fig. 14) but had no effect on basal **C1~ uptake (data
not shown). Similar results were observed for pentobarbital-
induced *¢Cl1~ uptake, although the magnitude of the inhibi-
tion by picrotoxin was somewhat greater than that for
pentobarbital (Fig. 1B). Bicuculline, a specific GABA, re-
ceptor antagonist, also significantly antagonized ethanol-
stimulated 3°Cl~ uptake (Fig. 2) at a concentration that did
not decrease basal 3¢Cl~ uptake. Previous studies in our
laboratory (30, 31) and by others (33, 36, 37) have shown a
similar antagonism of both pentobarbital and GABA-medi-
ated 36Cl~ uptake and/or efflux by bicuculline. The effects of
bicuculline and picrotoxin in antagonizing the ethanol-stim-

300+
c
Re)
g 2004
E
®
X
g
]
‘% 1004
O
8

77 U T T T T LI 1
0 20 30 40 60 80 100
Ethanol, mM

FiG.3. Effect of 20-100 mM ethanol alone (0) or in the presence
of bicuculline (@) on ¥Cl~ uptake. *Cl~ uptake was measured as
described in Fig. 1A, except that bicuculline methiodide (100 uM)
was added S min prior to the addition of **C1~ and ethanol. At each
concentration of ethanol tested, bicuculline significantly decreased
ethanol-stimulated 3¢Cl~ uptake (P < 0.01, Student’s 7 test).
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ulated uptake of 3*Cl~ appear to be selective in that a variety
of neurotransmitter receptor antagonists (haloperidol, pro-
pranolol, verapamil, strychnine, clonidine, phenoxybenz-
amine) failed to alter ethanol-stimulated 3°C1~ uptake.

The ability of ethanol to stimulate **Cl1~ uptake was similar
to that of pentobarbital (Fig. 1B), which has been shown to
potentiate GABA-mediated Cl~ conductance at concentra-
tions below those required to directly stimulate C1~ conduc-
tance (38, 39). Thus, the effect of low (subthreshold) ethanol
concentrations on both muscimol- and barbiturate-mediated
3C1~ uptake was determined. Ethanol, at a concentration of
10 mM, which had no effect on basal *Cl~ uptake, markedly
potentiated muscimol-stimulated 3°C1~ uptake (Fig. 4). This
potentiation of muscimol-stimulated 3*C1~ uptake by ethanol
appears to be the result of an increase in the V., of
muscimol-stimulated 3*C1~ uptake rather than a change in the
apparent K, (Fig. 4 Inset). A similar potentiation of
pentobarbital-stimulated 3¢Cl~ uptake was also observed
(Fig. 5) except that ethanol affected both the V., and the
apparent K, of pentobarbital-stimulated **C1~ uptake (Fig. 5
Inset).

To rule out that the effects of ethanol in stimulating 3¢Cl~
uptake were due to the release of GABA, the effects of
various concentrations of ethanol on basal and depolarized
GABA release were examined. Synaptoneurosomes were
preincubated with *’HJGABA and then incubated for 5 sec in
the presence or absence of various concentrations of ethanol
and/or a depolarizing concentration of veratrine. Under
these conditions ethanol failed to stimulate the release of
[P*HIGABA or to potentiate the depolarization-induced re-
lease (data not shown). In agreement with previous reports
(41), ethanol inhibited the depolarized release of [’THIGABA
at the highest concentrations tested (=100 mM) (data not
shown).

DISCUSSION

We have found that ethanol, when added to isolated brain
vesicles in vitro, markedly stimulates 3¢Cl~ uptake in a
dose-dependent fashion. The concentrations of ethanol nec-
essary to stimulate 3°CI~ uptake (ECsq, 25-35 mM) are within
the range of those observed during acute intoxication (25-50
mM) (27, 28). The ability of ethanol to stimulate 3°Cl~ uptake
in synaptoneurosomes appears to be mediated by an inter-
action with the GABA /barbiturate receptor complex since
both picrotoxin and bicuculline block the effects of ethanol
whereas other neurotransmitter receptor antagonists are
ineffective. ’
The stimulation of 3Cl~ uptake by ethanol is qualitatively
similar to the stimulation of 3¢Cl~ uptake by anesthetic
barbiturates such as pentobarbital (31) (Fig. 1B). It has been
shown by electrophysiologic experiments that these barbitu-
rates directly stimulate ClI~ conductance at high (i.e., anes-
thetic) concentrations and that at lower (sedative-hypnotic)
concentrations they markedly potentiate GABA receptor-
mediated Cl~ conductance (38, 39). Similarly, ethanol at
concentrations below those that directly stimulate 3¢Cl~
uptake markedly Eotentiates both muscimol- and pentobar-
bital-stimulated 3°Cl~ uptake (Figs. 4 and ). It is also
interesting that ethanol, like pentobarbital, produces a bi-
phasic effect on 3°Cl~ uptake. Ethanol has previously been
reported to have a biphasic effect on both the brain concen-
tration and turnover of GABA (42, 43). However, it is more
likely that the decrease in ethanol-stimulated 3°Cl~ uptake
observed at higher ethanol concentrations is due to an
ethanol-induced state of receptor desensitization. In fact, in
experiments in which ethanol was included in the preincuba-
tion mixture for various times prior to the measurement of
36CI~ uptake, a progressive diminution of ethanol-stimulated
36C1~ uptake was observed (Fig. 2). This time-dependent
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Fic.4. The effect of a subthreshold concentration of ethanol on muscimol-stimulated *Cl~ uptake was determined using 2-100 M muscimol
alone (0) or in combination with ethanol (10 mM) (e), as described in Fig. 14. A Hanes-Woolf plot (40) of the data (Inset) indicates that ethanol
increased the Vy, for muscimol (Musc)-stimulated *C1~ uptake. The apparent K., was not significantly altered (5.4 and 4.5 uM in the absence
and presence of ethanol, respectively). At muscimol concentrations >2 uM, ethanol significantly increased muscimol-stimulated *¢Cl- uptake

(P < 0.01, Student’s ¢ test).

decrement in 6Cl~ uptake has also been observed with
pentobarbital and muscimol (unpublished work) and proba-
bly represents desensitization. However, at lower concen-
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Fi1G. 5. The effect of a subthreshold concentration of ethanol on
pentobarbital-stimulated 3¢C1~ uptake was determined using 0.1-1.0
mM pentobarbital alone (0) or in combinatjon with ethanol (10 mM)
(@), as described in Fig. 1A. A Hanes-Woolf plot (40) of the data
(Inse?) indicates that ethano] increased the V., for pentobarbital
(Pento)-stimulated 36Cl~ uptake from 218% to 264% and decreased
the apparent K, from 0.200 to 0.103 mM. At each concentration of
pentobarbital tested, ethanol significantly increased pentobarbital-
stimulated 3C1~ uptake (P < 0.05, Student’s ¢ test).

trations of ethanol (=25 mM), no appreciable decrease in
%Cl- uptake was observed during a 20-min preincubation
(unpublished work).

The possible mechanism(s) responsible for the action(s) of
ethanol on *Cl~ transport includes an ethanol-induced per-
turbation of membrane lipids, resulting in an increase in
membrane fluidity (41, 44-46). We have recently found that
pretreatment of synaptoneurosomes with low concentrations
of phospholipase A, markedly attenuates both muscimol- and
pentobarbital-stimulated **Cl1~ uptake and efflux (31). In
addition, in recent experiments (unpublished work), good
correlations have been found between the potencies of a
series of alcohols in stimulating 3Cl~ uptake in synapto-
neurosomes and both their intoxication potencies in rats and
their membrane/buffer partition coefficients. Thus, an effect
of ethanol on membrane lipids may alter the microenviron-
ment of the GABA /barbiturate receptor-coupled Cl~ chan-
nel, resulting in an increase in Cl~ conductance. Alternative-
ly, ethanol may act directly at the recognition site associated
with the GABA/benzodiazepine/barbiturate receptor com-
plex. Several groups have, in fact, reported that ethanol
inhibits the specific binding of [>*SITBPS, a radioligand that
has been shown to label a site close to or on the C1~ channel
itself (25, 26). However, the concentrations of ethanol re-
quired for inhibition of [**S]TBPS binding (ICso, =300 mM)
(26) are substantially higher than those required to stimulate
36Cl1- uptake. Nevertheless, the very rapid decrease in
ethanol-stimulated 3¢Cl~ uptake as a function of incubation
time (Fig. 2) suggests that radioreceptor binding studies
carried out under equilibrium conditions at room temperature
(e.g., 90 min for [**S]TBPS) may underestimate the affinity of
ethanol for these binding sites.

Although the exact mechanism(s) responsible for the
ability of ethanol to stimulate 3Cl~ uptake is unknown, it
apparently does not involve the release of GABA. Previous
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studies have failed to show an effect of ethanol in stimulating
either basal or depolarized release of GABA from synapto-
somes (35). Using our membrane preparation and incubation
conditions, ethanol had no effect on the release of PH]JGABA
under either basal or depolarized conditions. Moreover, at
higher ethanol concentrations (=100 mM) we observed
significant inhibition of the depolarized release of [’HIGABA
which is also in agreement with previous findings (41).
Finally, examination of the Kkinetics of the potentiation of
muscimol-stimulated 3¢Cl~ uptake by low concentrations of
ethanol (Fig. 4 Inset) revealed an increase in the apparent
Vmax Of 2°C1~ uptake, an effect that would not be expected by
the release of endogenous GABA. Nevertheless, it is con-
ceivable that at higher concentrations (=20 mM) ethanol may
be releasing GABA from a presynaptic pool not labeled by
[’HIGABA under our assay conditions.

Regardless of the mechanisms responsible for the ability of
ethanol to stimulate 3°Cl~ transport, our results show that
pharmacologically relevant concentrations of ethanol stimu-
late the GABA/barbiturate receptor complex in a manner
similar to that of the barbiturates; at low concentrations
ethanol potentiates GABA receptor-mediated Cl~ permeabil-
ity and at higher (i.e., intoxicating) concentrations ethanol
appears to stimulate C1~ permeability directly. The actions of
ethanol on GABA /barbiturate receptor-mediated Cl~ trans-
port may explain the anxiolytic, sedative-hypnotic, and
intoxicating properties of this drug.
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