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ALLAN, A. M. AND R. A. HARRIS. Acute and chronic ethanol treatments alter GABA receptor-operated chloride
channels. PHARMACOL BIOCHEM BEHAYV 27(4) 665-670, 1987.—The effect of ethanol exposure in vitro on the GABA
receptor-operated chloride channel was evaluated by monitoring **Cl~ influx in a membrane vesicle suspension (microsacs)
prepared from mouse cerebellum. These experiments directly demonstrate ethanol augmentation of muscimol-stimulated
chloride flux. DBA/2J mice were made tolerant to and dependent on ethanol by administration of an ethanol containing
liquid diet for 7 days. Exposure to physiologically relevant concentrations of ethanol (1045 mM) in vitro potentiated
muscimol stimulation of **Cl~ uptake in control (pair-fed) membranes, but had no effect on cerebellar microsacs from
tolerant/dependent mice. Muscimol stimulation of 3¢C1~ uptake was not different for pair-fed and ethanol-treated mice.
Augmentation of muscimol-induced **Cl~ flux by in vitro ethanol was abolished by a single 4 g/kg injection of ethanol. This
‘‘acute tolerance” occurred within 5 min and disappeared within 24 hr after ethanol treatment. The reduced sensitivity of
ethanol treated (chronic and acute) mice to ethanol potentiation of muscimol stimulated 36Cl- uptake offers a biochemical
correlate to the phenomenon of ethanol tolerance. Moreover, the findings suggest that this biochemical tolerance devel-
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ops rapidly following a single hypnotic dose of ethanol.
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Chloride channel

THE molecular mechanisms responsible for the actions of
ethanol are still unknown, but there is considerable evidence
that acute exposure to ethanol enhances the opening of the
GABA, receptor-operated chloride channels [1, 2, 21, 28,
37]. In addition, a number of researchers have examined the
role of the GABAergic neurotransmitter system in the de-
velopment of ethanol tolerance and dependence [3, 5, 9, 11,
19, 22, 29, 32, 36]. In most paradigms, the behavioral effects
of GABA agonists are attenuated in ethanol tolerant mice
[19,32]. A number of studies show that ethanol withdrawal
symptoms are diminished by treatments that increase GABA
transmission and exacerbated by treatments that decrease
GABA activity [4, 8, 9, 11].

There are surprisingly few electrophysiological studies on
the effects of ethanol tolerance and dependence on the
GABA neurotransmitter system. Tolerance has been re-
ported to ethanol-induced decreases in striatum radiatum
evoked CAL1 field potentials of hippocampus [3]. The authors
later suggested this effect of ethanol may be mediated by
GABA [6]. GABA turnover rates, measured by gabaculine-
induced accumulation of GABA, decreased in seven differ-
ent brain regions following chronic ethanol treatment. In one
region, the inferior colliculus, GABA turnover increased by

100% during chronic ethanol exposure and remained high
during withdrawal with the other regions returning to normal
[29]. It is interesting that this region was identified as a major
locus for the initiation of audiogenic seizures in ethanol
withdrawn rats and that adaptation to GABAergic inhibitory
mechanisms are involved in the production of these seizures
[10].

Radioligand binding studies have also detected changes
following chronic exposure to ethanol. A decrease in the
density of low affinity GABA binding sites was observed in
ethanol-tolerant animals [36,40]. In contrast, Unwin and
Taberner [39] found an increase in the affinity, but no change
in the density of low affinity GABA binding sites in mice
chronically treated with ethanol. The development of
ethanol tolerance has been reported to have no effect on the
inhibition of [33S]t-butylbicyclophosphorothionate (TBPS)
(convulsant ligand) binding by either ethanol, GABA or pen-
tobarbital [16].

In general, these studies lend support to the hypothesis
that ethanol tolerance results from a compensatory decrease
in the sensitivity of the GABA system as a consequence of
chronic enhancement of activity by ethanol, and withdrawal
symptoms result from unmasking this decrease in GABA
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activity by the removal of ethanol. Techniques are now
available to directly monitor functional changes in GABA ,
receptor-operated chloride channel [12, 26, 28, 34, 38, 42],
and recently it has been reported that low concentrations
(10-60 mM) of ethanol increase chloride influx in vitro [1, 2,
30, 31, 37]. Thus far, however, no measures of the effect of
ethanol tolerance on GABA mediated **Cl~ have been made.
The present experiments were designed to examine the
possible functional changes in the mouse cerebellar GABA
receptor chloride inonophore following both chronic and
acute in vivo ethanol treatments.

METHOD
Drugs

Muscimol HCI was purchased from Research Biochemi-
cals (Wayland, MA), absolute ethanol from Midwest
Solvents Company (Pekin, IL), and 3*Cl~ from ICN (Irvine,
CA).

Chronic Ethanol Treatment

Adult (60-90 days) male DBA/2J mice were purchased
from Jackson Laboratories (Bar Harbor, ME) and weighed
25-30 g at the beginning of the experiments. Mice were
housed singly and given free access to tap water at all times.
Mice were chronically fed ethanol for 7 days according to the
the method of Harris er al. [13]. Briefly, mice were given
Slender liquid diet (chocolate flavor, Carnation Company,
Los Angeles, CA) ad lib for 3 days. Following this 3 day
consumption, a diet containing 88% (v/v) Slender, 5% (v/v)
ethanol and 7% (v/v) water was given for 7 days. The control
group was pair-fed an equicaloric diet with sucrose substi-
tuted for ethanol. This diet regimen has been fully charac-
terized for tolerance and dependence development [13].

Acute Ethanol Treatment

Adult (60-90 days) male DBA/2J mice (Jackson Labora-
tories, Portland, ME) were injected intraperitoneally with a
single 4.0 g/kg dose of ethanol at a volume of 0.02 ml/g body
weight. Animals were checked for the loss of the righting
reflex and returned to their home cage. Mice were decapti-
tated and the cerebella removed at either 5 min, 60 min or 24
hr after injection. In another experiment, mice received a
single 2 g/kg dose of ethanol (IP) and were decaptiated 30
min following the injection. Control mice were given an
equivalent volume of physiologic saline, IP, decaptiated and
the cerebella removed at either 5 min, 30 min, 60 min or 24 hr
following saline administration.

Membrane Preparation

The cerebellum including both flocculi was dissected and
retained. The cerebella from 4 mice were pooled to form one
cerebellar membrane suspension. Cerebella from control and
ethanol-treated mice were collected and assayed at the same
time in a paired fashion.

The procedure for preparation of membrane vesicles
(microsacs) was described by Harris and Allan [12]. Cere-
bella were homogenized by hand (10-12 strokes) in 4.5 ml of
ice cold assay buffer [145 mM NaCl, 5 mM KCI, 1 mM
MgCl,, 10 mM D-Glucose, 1 mM CaCl, and 10 mM 4-
(2-hydroxyethyl)-1-piperazinethanesulfonic acid adjusted to
pH 7.5 with Tris base], using a glass teflon homogenizer
(Thomas, size C). The homogenate was centrifuged at 2800
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FIG. 1. Effect of muscimol on **Cl~ uptake in cerebellar membranes
from chronic ethanol (open squares) and pair-fed control (filled
squares) mice. The ordinate represents **Cl- influx in nmol/mg
protein/3 sec. The abcissa represents muscimol concentration in M.
Each point represents mean+SEM, n=8. A significant effect of
muscimol dose, F(4,24)=52.4, p<0.0001, was observed.

rpm (900 gav) for 15 minutes, using a Sorvall SA600 rotor.
The supernatant was decanted and the pellet resuspended in
8 ml of assay buffer and centrifuged at 2800 rpm (900 gav) for
15 min. The final pellet was suspended in 7 ml of assay
buffer, yielding a preparation containing 6-7 mg protein per
ml of suspension. Protein content was determined by the
method of Lowry ¢r al. [18].

Procedure for *CI~ Uptake

Aliquots (200 ul) of membranes were incubated in a shak-
ing water bath at 30°C for a total of 5 min. Following this
incubation, uptake was initiated by the addition and im-
mediate vortexing of 200 ul of a solution containing *¢Cl- (0.2
©Ci/ml of assay buffer). Drugs (muscimol or ethanol) were
added only in the *¢CI~ solution. Three seconds following the
addition of *¢Cl-, influx was terminated by the addition of 4
ml of ice cold assay buffer and rapid filtration under vacuum
(10 in. Hg) onto a 2.4 cm Whatman GF/C glass microfiber
filter, using a Hoefer manifold (Hoefer Scientific, San Fran-
cisco, CA). The filters were washed with an additional 8 ml
of cold assay buffer with the manifold towers removed. The
amount of radioactivity on the fiiters was determined by lig-
uid scintillation spectrometry. The amount of *Cl- bound to
the filters in the absence of membranes (no-tissue blank) was
subtracted from all values. Muscimol-dependent or stimu-
lated uptake was defined as the amount of **Cl- taken up
while agonist was present in the medium (total uptake) minus
the amount of chloride taken up when agonist was not pres-
ent (muscimol-independent or nonspecific uptake).

Membranes from control and ethanol-treated mice were
prepared on the same day and exposed to the same experi-
mental conditions. Data was analyzed by analysis of vari-
ance (ANOVA) and post hoc Tukey A tests where required.

RESULTS

Muscimol-stimulated 3°Cl~ uptake was examined in
ethanol tolerant-dependent and pair-fed control mice. Al-
though chronic ethanol treatment slightly reduced *¢Cl- up-
take relative to controls, this small difference was not statis-
tically significant (Fig. 1). Maximal levels of uptake and the
approximate ECS50 were similar in the ethanol and saline-
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FIG. 2. Effect of in vitro ethanol on muscimol-stimulated *¢Cl~ up-
take. Cerebellar microsacs were prepared from chronic ethanol
(open squares) and pair-fed control (filled squares) mice. The ordi-
nate represents **Cl- influx in nmol/mg protein/3 sec. The concen-
tration of muscimol was 2 uM. The abcissa represents the concen-
tration of ethanol in mM. Each point represents mean+SEM, n=8.
A significant effect of in vivo ethanol treatment, F(1,5)=63.1,
p<0.0005, and a significant ethanol concentration X in vivo treat-
ment interaction, F(5,50)=2.81, p<0.02, was observed.
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FIG. 3. Effect of in vitro ethanol on muscimol-stimulated *Cl~
uptake 60 min following an injection of 4 g/kg ethanol (open squares)
or saline (closed squares) in vivo. The ordinate represents 3¢Cl-
influx in nmol/mg protein/3 sec. The concentration of muscimol was
I uM. The abcissa represents the concentration of ethanol in mM.
Each point represents mean+SEM, n=8. A significant effect of in
vivo ethanol treatment, F(1,5)=32.4, p<0.005, and a significant
ethanol concentration X in vivo treatment interaction, F(5,50)=3.2,
p<0.01, was observed.

treated mice. Thus, chronic ethanol treatment did not alter
the ability of muscimol to activate the chloride channel. Al-
though it cannot be directly determined from these data, they
suggest that chronic ethanol does not affect either affinity or
number of GABA-receptors coupled to chloride channels.
The uptake of 3¢Cl~ in the absence of muscimol (nonspecific
uptake) was not different between the ethanol and control
mice (data not shown).

Ethanol augmented muscimol-stimulated *¢Cl~ uptake in
pair-fed cerebella but not in the ethanol tolerant-dependent
cerebella (Fig. 2). Concentrations of ethanol ranging from
10-45 mM produced significant increase in the amount of
36C]- uptake produced by 2 uM muscimol in the pair-fed
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FIG. 4. Effects of in vitro ethanol on muscimol-stimulated *Cl~ uptake
24 hr (upper panel) and 5 min (lower panel) following injection of 4
g/kg ethanol (open squares) or saline (closed squares) in vivo. The
ordinate represents *¢Cl- influx in nmol/mg protein/3 sec. The con-
centration of muscimol was 2 uM. The abcissa represents the con-
centration of ethanol in mM. Each point represents mean+SEM,
n=8. A significant effect of ethanol concentration, F(1,5)=45.2,
p<0.001 and F(1,5)=37.4, p<0.001, was observed following 24 hr
and S min respectively. A significant ethanol concentration X in vivo
treatment interaction, F(5,50)=3.02, p <0.02, was observed between
the ethanol and saline 5 min treatment (lower panel).

(control) cerebella. None of the ethanol concentrations
tested produced a significant change in *®Cl~ flux in the cere-
bella from ethanol tolerant-dependent mice. Thus, chronic
ethanol exposure virtually eliminated the ability of ethanol to
potentiate muscimol-induced *Cl~ flux, resulting in a type of
biochemical tolerance. Ethanol did not alter the uptake of
36Cl- in the absence of muscimol (nonspecific uptake) in
either treatment condition (data not shown).

The tolerance to in vitro ethanol augmentation of mus-
cimol-stimulated *¢CI- influx was also obtained with cerebel-
lar microsacs prepared 1 hr following a single acute hypnotic
dose (4 g/lkg) of ethanol (Fig. 3). As with the pair-fed controls
in Fig. 2, microsacs from saline treated control mice showed
an increase in stimulated chloride flux in response to in vitro
addition of ethanol. The acute ethanol treatment, however,
produced membranes resistant to the stimulating effects of in
vitro ethanol on muscimol-induced 3Cl- flux.

To more fully characterize the development of this rapid
form of ethanol tolerance (acute tolerance), we tested the
ability of ethanol to potentiate muscimol-induced chloride
influx in cerebellar microsacs prepared 5 min (loss of the
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FIG. 5. Effect of in vitro ethanol on muscimol-stimulated **Cl- up-
take 30 min following injection of 2 g/kg ethanol (open squares) or
saline (closed squares) in vivo. The ordinate represents 3¢Cl~ influx
in nmol/mg protein/3 sec. The concentration of muscimol was 2 uM.
The abcissa represents the concentration of ethanol in mM. Each
point represents mean+SEM, n=8. A significant effect of ethanol
concentration, F(1,5)=65.7, p<0.001, was observed.

righting reflex) and 24 hr after injection of 4 g/kg ethanol
(Fig. 4 lower and upper panel, respectively). Ethanol addi-
tion in vitro failed to augment stimulated 3Cl~ flux in mem-
branes from animals treated with ethanol for only 5 min. An
increase in muscimol-stimulated *¢Cl- influx was obtained in
membranes prepared 24 hr following in vivo ethanol treat-
ment, with ethanol-treated mice responding similarly to the
saline controls.

In contrast to the effects of a high dose of ethanol, follow-
ing injection of a low dose of ethanol (2 g/kg), cerebellar
microsacs responded like control membranes to in vitro
ethanol augmentation of muscimol-stimulated *$Cl~ influx
(Fig. 5). Unlike the 4 g/kg dose of ethanol, the 2 g/kg ethanol
dose did not produce righting reflex loss (hypnosis) in these
mice and in agreement with other studies [27] some locomo-
tor stimulation was observed.

DISCUSSION

The present findings indicate a role for the GABA , recep-
tor-operated chloride channel in the development of ethanol
tolerance. Brain membrane vesicles (microsacs), prepared
from mice chronically treated with ethanol, were resistant to
in vitro ethanol potentiation of muscimol %¢Cl~ flux. This
resistance to ethanol augmentation of chloride flux repre-
sents a form of functional (cellular) tolerance. Chronic
ethanol-treated membranes differed from pair-fed control
membranes only in their response to ethanol. Thus, it is
unlikely that in vivo ethanol exposure acts directly at the
level of the GABA, receptor to alter GABA-mediated
chloride flux. As mentioned in the introduction, ethanol
tolerance and dependence are hypothesized to result from a
decrease in GABAergic sensitivity. The present findings do
not support this contention because the potency and efficacy
of muscimol were not altered by ethanol administration.
However, our data only measured cerebellar GABA func-
tioning, and it is possible that GABA receptor subsensitivity
could develop in other brain regions. This lack of an ethanol
tolerance-induced change in GABA receptor functioning is
not with precedence. Although in vitro exposure to ethanol
inthibits [3>S]t-bicyclophosphorothionate binding, no changes
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in binding were found following chronic ethanol exposure
[24,35]. In general, chronic ethanol treatments do not mark-
edly or consistently alter benzodiazepine binding [17, 24, 25,
41). Recently, however, Tamorska and Marangos [33] found
chronic ethanol produced a substantial increase in
“‘peripherial benzodiazepine’’ binding, but this site is not
related to GABA receptor chloride channel complex.
Thus, there is no compelling evidence to support a direct
effect of chronic ethanol treatment on the known receptor
sites on the GABA receptor chloride complex. It is possible
that ethanol either alters the coupling of the chloride channel
to the complex or affects the channel directly.

The functional tolerance obtained in membranes from
mice treated with ethanol developed quite rapidly. In vitro
ethanol failed to augment muscimol-stimulated **CI~ flux in
microsacs prepared from mice killed 5 min following a single
4 g/kg dose of ethanol. This is indicative of acute alcohol
tolerance. Tolerance that develops within the treatment ses-
sion was first hypothesized by Mellanby in 1919 [20]. Since
then, acute tolerance has been demonstrated to a number of
alcohol related effects [14]. Most of the research on acute
ethanol tolerance has used behavioral performance as a
measure of tolerance development and describes the degree
of impairment by ethanol is greater when measurements are
made during the ascending portion of the blood alcohol curve
compared to the same blood concentration on the descend-
ing portion of the curve. However, rapid forms of cellular
tolerance to ethanol, not related to peripherial absorption
and distribution factors, occur in CA1 hippocampal neurons
[6] and in mouse erythrocytes [23]. The rapidly developing
tolerance in the present study is different from the acute
tolerance described by Mellanby [20] since we detected
tolerance during the ascending portion of the blood alcohol
curve (within 5 min post-injection). Tolerance also appeared
to depend on high concentrations of ethanol since a subhyp-
notic (2 g/kg) dose failed to affect the ability of in vitro
ethanol to increase chloride influx. The tolerance was also
reversible because ethanol increased muscimol-induced *CIl-
influx in microsacs prepared from mice treated 24 hr earlier
with ethanol.

The acute or chronic in vivo alcohol treatments produced
essentially complete tolerance to the effects of in vitro
ethanol. This is similar to genetic differences in muscimol-
stimulated chloride flux since membranes from Short-Sleep
mice were found to be completely resistant to effects of
ethanol on chloride flux [2]. The complete resistance is
somewhat surprising because chronic alcohol treatment as
well as genetic selection results in only about a two-fold shift
in the ethanol dose-response curve in vivo [7,13]. One
possible explanation for this discrepancy is that augmenta-
tion of GABA actions is only one of many ways by which
ethanol produces loss of righting relfex. Thus, complete
tolerance to this one neurochemical action of ethanol will not
result in complete resistance to the behavioral effects of
ethanol. Another consideration is that our studies of chloride
flux examined only cerebellar membranes. It is possible that
complete tolerance to effects of ethanol on chloride flux
would not be manifested in other brain regions. This hypoth-
esis is supported by brain regional studies of the Long Sleep
and Short Sleep mice [2].

Although ethanol (5-15 mM) reliably agumented
muscimol-stimulated chloride flux, the shape of the ethanol
concentration-response curve varied across experiments.
This variation in no way precludes the interpretation of the
findings since control and experimental membranes were al-
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ways tested in a paired fashion. However, it does suggest
that the effect of ethanol on muscimol-mediated chloride flux
is sensitive to day-to-day variation in the procedure.

The DBA inbred mouse strains were chosen for the pres-
ent studies because they have been fully characterized for
ethanol tolerance and dependence development using the
liquid diet technique in our laboratory [13]. In general, the
advantage of using an inbred strain, such as the DBA/2J
mice, is directly related to their genetic uniformity. Individ-
ual members of an inbred strain are virtually genetically
identical with all other members of the strain. This reduction
in heritable sources of variation produced by inbreeding
also reduces the ability to generalize the results obtained
from them to outbred stocks of mice. Thus, it is possible that
these findings are specific to the DBA/2J mouse strain and
not characteristic of other lines of mice.

In agreement with present findings, previous work has
shown that in vitro ethanol will increase 3Cl- conductance
through the GABA, receptor-operated chloride channel in
microsacs [1,2], synaptoneurosomes [28, 30, 31] and cul-
tured spinal neurons {37]. Ethanol facilitation of chloride flux
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in microsacs, unlike that in synaptoneurosomes and cultured
spinal neurons, is dependent on agonist activation of the
GABA receptor. Ethanol concentrations of 20 mM and
greater in synaptoneurosomes [30] and 50 mM in cultured
spinal neurons [37] produce a direct stimulation of 2*¢Cl- in-
flux (without the presence of an agonist). In all the reported
studies, however, ethanol was able to augment agonist-
stimulated chloride influx. Further, in synaptoneourosomes
the direct effect of ethanol on basal chloride flux may be
partially due to the presence of endogenous GABA since
both picrotoxin and bicuculline inhibited ethanol-induced
36Cl~ uptake by at least 50% [31].

In summary, the present findings demonstrate that low
concentrations (10-45 mM) of ethanol augmented
muscimol-stimulated %Cl- influx into microsacs and that
tolerance developed to this in vitro effect of ethanol follow-
ing either chronic or acute in vivo treatments with ethanol.
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