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Ethanol and the benzodiazepine-GABA receptor-ionophore complex

M. K. Ticku

The University of Texas Health Science Center, Department of Pharmacology, 7703 Floyd Curl Drive, San Antonio
(Texas 78284-7764, USA)

Summary. Ethanol has a pharmacological profile similar to that of classes of drugs like benzodiazepines and
barbiturates, which enhance GABAergic transmission in the mammalian CNS. Several lines of behavioral, electro-
physiological and biochemical studies suggest that ethanol may bring about most of its effects by enhancing
GABAergic transmission. Recently, ethanol at relevant pharmacological concentrations has been shown to enhance
GABA-induced *°Cl-fluxes in cultured spinal cord neurons, synaptoneurosomes and microsacs. These enhancing
effects of ethanol were blocked by GABA antagonists. Ro15-4513, an azido analogue of classical BZ antagonist
Ro15-1788, reversed most of the behavioral effects of ethanol and other effects involving *¢Cl-flux studies. The studies
summarized below indicate that most of the pharmacological effects of ethanol can be related to its effects on

GABAergic transmission.

Key words. Ethanol; GABA receptor complex; chloride channels; Ro15-4513.

The molecular mechanism by which ethanol produces its
effects, and the neuronal components involved in ethanol
actions, have been a matter of debate over the years. A
variety of neuronal pathways have been implicated in
various states of alcoholism *®. However, recent evidence
indicates that drugs which have a pharmacological pro-
file similar to ethanol, i.e. benzodiazepines (BZs) and
barbiturates, appear to bring about their pharmacologi-
cal effects by facilitation of inhibitory transmission medi-
ated by GABA. Based on several lines of behavioral,
electrophysiological and radioligand-binding studies,
and functional assays, it is becoming apparent that
ethanol may also mediate many of its effects via
GABAergic transmission 7+ °8_ This paper will sum-
marize the evidence which implicates GABA, receptor
system in the pharmacological effects of ethanol.

GABA-BZ receptor-ionophore complex

GABA receptor is an oligomeric complex, composed of
four binding sites which bear an allosteric relationship to
each other (fig. 1). Radioligand binding studies have
shown that these sites include GABA recognition sites,
BZ sites and picrotoxin sites3%->!, Although previous
studies suggested that barbiturates act at the picrotoxin
sites *®, recent studies based on equilibrium binding and
dissociation kinetic studies with [3*S]t-butylbicyclophos-
phorothionate (TBPS), a ligand which binds to the picro-
toxin site3%43 have shown that barbiturate sites are
distinct from the picrotoxin sites 2857 3%,

GABA receptor activation opens chloride channels, re-
sulting in hyperpolarizing responses * 6. GABA-mediat-
ed responses are blocked by bicuculline, picrotoxin and
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Figure 1. Potential sites of drug action at the GABA-benzodiazepine
receptor-ionophore complex 7.

pentylenetetrazol and facilitated by BZ agonists and de-
pressant/anticonvulsant barbiturates* ¢ > **. Further-
more, fS-carbolines (agonists/antagonists/inverse ago-
nists) modify GABA response in accordance with their
pharmacological activity 7. The GABA receptor has re-
cently been cloned and is believed to be composed of
two o (BZ-receptor) and two f (GABA-receptor) sub-
units*3, However, the exact subunit composition and
the stoichiometry of GABA receptor remains to be re-
solved.

Ethanol and GABA receptor complex

Electrophysiological studies

The ability of ethanol to potentiate GABA-mediated re-
sponses in electrophysiological experiments has been
controversial. Several investigators have shown that
ethanol facilitates GABA-mediated responses in prepa-
rations like cat spinal cord *, frog spinal cord?, cortical
neurons >° and substantia nigra >3, and brings about re-
current inhibition of the dentate gyrus of the hippocam-
pus t°. However, negative results have also been report-
ed!®.

Behavioral studies

Several lines of behavioral studies using diverse
paradigms like ethanol-induced motor incoordination,
loss of righting reflex, the anticonvulsant effect of
ethanol, and ethanol-induced withdrawal symptoms,
have also implicated GABA synapses in the actions of
ethanol. Thus, the GABA antagonist bicuculline attenu-
ates ethanol-induced motor impairment*#. Further,
agents which elevate GABA levels in the CNS were re-
ported to enhance ethanol-induced motor incoordina-
tion*: %21 Drugs which bind to the picrotoxin site of
the GABA receptor complex, like picrotoxin and iso-
propylbicyclophosphate, decrease ethanol-induced loss
of the righting reflex *2. Our laboratory has previously
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demonstrated that ethanol exhibited an anticonvulsant
effect against bicuculline, picrotoxin and strychnine*!.
More importantly, we also observed that subeffective
doses of ethanol, in combination with subeffective doses
of other facilitators of GABAergic transmission, potenti-
ated each others’ effects in vivo*!. Similar results were
also observed against electroshock-induced seizures*°.
Others have also reported an' anticonflict effect of
ethanol, and an anticonvulsant effect against chemocon-
vulsants2*:22, Frye and co-workers!? have implicated
the GABA system in audiogenic seizures associated with
ethanol withdrawal. These observations, coupled with
the fact that some of the ethanol withdrawal symptoms
can be prevented by GABA mimetics, indicates the in-
volvement of the GABAergic system in the pharmaco-
logical effects of ethanol, and in part, in ethanol with-
drawal.

Radioligand binding studies

Effects of ethanol on the binding to various sites on the
GABA receptor complex have been investigated both in
vitro and following acute and/or chronic administration
of ethanol. In vitro, using membrane homogenates, it
was found that ethanol does not affect the binding of
GABA and BZ agonists to their binding sites 3. How-
ever, cthanol was reported to enhance the binding of
[*H]diazepam to a lubrol-solubilized fraction in vitro®.
The reason for this discrepancy is not clear and it is
possible that the effect observed in a detergent-solubi-
lized preparation could be nonspecific or artifactual,
since no reproducible effect could be observed in mem-
brane homogenates ®. Ethanol does inhibit the binding of
[3°S]t-butylbicyclophosphorothionate (TBPS) to the pi-
crotoxin site in vitro2%4°. This interaction of ethanol
with TBPS binding sites appears to be allosteric, since it
accelerates the dissociation kinetics of TBPS2°. Since
TBPS binding is also inhibited by barbiturates, it was
suggested that ethanol may modulate GABAergic trans-
mission via the picrotoxin site 2% 4. However, the con-
centrations of ethanol that inhibited TBPS binding
(ECsp ~ 500 mM) are lethal. The importance of ethanol
inhibition of TBPS binding is not clear, but it could be
involved in ethanol intoxication.

Chronic ethanol administration does not alter the bind-
ing characteristics of TBPS or BZ agonists to their recep-
tor sites 23:42-4%_ Likewise, the ability of GABA to inhib-
it TBPS binding (IC;,) or to enhance BZ binding (EC;,)
were also not altered following chronic ethanol adminis-
tration or during withdrawal*2. However, complex re-
sults are observed on GABA receptor binding following
chronic ethanol administration >% >2:6°, Based on these
studies, it was suggested by this laboratory that the ef-
fects of ethanol on GABAergic transmission may occur
at the level of coupled chloride channels*?“°. Recent
investigations described below, using functional studies,
have supported this contention.
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Figure 2. Ethanol (20 mM) enhancement of GABA (10 uM)-induced
3¢Cl-influx and its antagonism by bicuculline and picrotoxinin in spinal
cord neurons. Ethanol (up to 20 mM) does not alter the basal **Cl-influx
in these neurons>'.

Effect of ethanol on a functional assay using GABA-in-
duced *°Cl-flux

To demonstrate that ethanol does, in fact, modulate
GABAergic transmission, recent studies have utilized
functional assays using GABA-mediated *°Ci-fluxes in
vitro. Ethanol has been reported to potentiate GABA
receptor mediated 3°Cl-fluxes in cultured spinal cord
neurons ' ** neurosynaptosomes*’ and microsacs .
Ethanol at pharmacologically relevant concentrations
potentiates GABA, agonist-stimulated *°Cl-flux. Allan
and Harris! reported that ethanol, while potentiating
muscimol-stimulated 3°Cl-flux in the cerebellum of long
sleep (LS) mice did not do so in the cerebellum of mice
of the short sleep (SS) strain, suggesting a differential
sensitivity to ethanol in the two strains. Additionally,
these investigators did not observe a potentiating effect
of ethanol in hippocampal preparations from LS or SS
mice. It was also reported that LS mice exhibited toler-
ance to the ethanol potentiating effect following acute
and chronic ethanol treatments 2. In contrast, Suzdak et
al. %7 observed that ethanol (2050 mM), besides poten-
tiating the effect of muscimol, also directly stimulated
36Cl-flux. The effect of ethanol was biphasic, and was
blocked by GABA antagonists. These investigators re-
ported that potentiation of muscimol-stimulated *¢CI
uptake was a result of an increase in the V,,,, rather than
a change in the K, value of muscimol*’.

Over the years, our laboratory has developed cultured
spinal cord neurons in order to study GABA synaptic
pharmacology. Spinal cord cultured neurons contain
specific BZ receptors that are coupled to GABA,
barbiturate and picrotoxin sites 2% 33! Furthermore,
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Figure 3. Ability of Ro15-4513 to reverse ethanol enhancement of
GABA-induced **Cl-influx in spinal cord neurons>'.

GABA , agonists produce a concentration-dependent in-

crease in *°Cl-influx, a response which is blocked by

bicuculline and picrotoxinin and potentiated by BZ ago-

nists 29-31-3*  Ethanol (5-100 mM) potentiated the ef-

fect of submaximal concentrations of GABA (10 uM),

with the maximal effect occurring at 50 mM ethanol.

Figure 2 shows that a concentration of ethanol (20 mM)

which does not alter the basal **Cl-influx potentiated the

effect of GABA on the *°Cl-influx in these neurons. This

effect of ethanol was blocked by bicuculline and picro-

toxin, and was due to a decrease in the K value of
GABA from 11.4 + 0.8 uM to 4.8 + 0.5 pM *!. The po-

tentiating effect of ethanol was specific for GABA-gated
C1~ channels, since ethanol did not modify a glycine-in-
duced *¢Cl-influx *!. The potentiating effect of ethanol
was also blocked by inverse agonists of the BZ receptors.
This effect is similar to that observed with benzo-
diazepine agonists (unpublished observation). Besides
potentiating the effect of GABA ethanol at = 20 mM
directly activated C1~ channels in spinal cord neurons !,
The direct effect of ethanol was also blocked by GABA
antagonists and inverse agonists of BZ receptors. Fur-
thermore, the direct effect of ethanol could not be ob-
served when all the GABA receptors were saturated with
the agonist. These results suggest that the direct effect of
ethanol is also mediated by GABA-gated Cl~ channels.
These results are similar to that reported by Suzdak et
al.*7, but differ from Allan and Harris!, who did not
observe a direct effect.

Ro15-4513: An ethanol antagonist

Recently, a great deal of attention has focused on the
observation that an azido analogue of the BZ receptor
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antagonist Ro15-1788, Ro15-4513, could block many of
the effects of ethanol, including effects on GABA recep-
tor-gated Cl~ channels® 242746 Effects of Ro15-4513
on ethanol and the GABAergic system have recently
been reviewed *%. Ro15-4513 reverses the behavioral ef-
fects of ethanol, which were reversed by the BZ antago-
nist Ro15-178845. Ro15-4513 has also been reported to
reverse intoxication due to large doses of ethanol 1%, but
others have failed to detect such a protective effect .
However, these investigators used massive doses (7.5-
15 g/kg) of ethanol. It is feasible that such high doses of
ethanol affect a variety of biological processes in addi-
tion to GABAergic transmission. Thus, the inability of
Ro015-4513 to block lethal effects of ethanol may not be
surprising. The concensus seems to be that Ro15-4513
reverses most of the effects of ethanol which may be
related to the GABA system, except hypothermia. This is
again not surprising, since ethanol-induced hypothermia
is not mediated via GABAergic transmission. It may be
noted that Ro15-4513 is a partial inverse agonist and also
exhibits proconvulsant effects > 18:3°, While some inves-
tigators report selectivity of ethanol antagonistic activity
to Ro15-451347, others report similar results against pen-
tobarbital and BZ agonists 3°.

We have recently observed that Ro15-4513 reversed the
inhibition by ethanol of convulsions and mortality due to
bicuculline better than those due to picrotoxin, and FG-
7142 was less effective. Further, Ro15-4513 was not as
effective against the inhibition by pentobarbital of con-
vulsions due to bicuculline and picrotoxin!®. It is
possible that these differences could be due to different
experimental paradigms used, species and/or doses of
ethanol used in such studies. Ro15-4513 also blocks the
ability of ethanol to potentiate GABA-induced 3¢Cl-
fluxes in synaptoneurosomes and spinal cord neu-
rons 3!*45:4%_Figure 3 shows that Ro15-4513 blocked the
ethanol potentiating effect on GABA induced *¢Cl-in-
flux in cultured spinal cord neurons in a concentration-
dependent manner. While the effect of Ro15-4513 was
reported to be unique in synaptoneurosomes, several
other inverse agonists like FG-7142 and DMCM (methyl
6,-7-dimethoxy-4-ethyl-f-carboline-3-carboxylate)  re-
versed the effects of ethanol in spinal cord neurons?>!.
Apparently, this effect occurred at concentrations at
which Ro15-4513 and FG-7142 did not exhibit inverse
agonistic activity in a *®Cl-flux assay3!. A recent study
from our laboratory has also shown that chronic ethanol
treatment (intragastric method) produced a selective in-
crease in the number of binding sites for [*H]Ro15-4513
in cortex and cerebellum, but not in hippocampus or
striatum >*. We also reported that ethanol does not inter-
act with [*H]Ro15-4513 binding sites in membrane ho-
mogenates. These results are intriguing and suggest that
the ability of ethanol to increase Ro15-4513 binding sites
following chronic treatment may result by acting at a
certain unique lipoprotein domain in close proximity to
the CI~ channels. Furthermore, since chronic ethanol
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treatment does not alter the BZ agonist binding*?, it
is reasonable to speculate that the binding characteristics
of BZ agonists/antagonists and inverse agonists like
R015-4513 may not be identical. This may explain why
Ro015-4513, but not BZ antagonist Ro15-1788, blocks the
effects of ethanol.

In summary, many of the pharmacological effects of
ethanol can be related to its ability to facilitate
GABA, ergic transmission in the CNS. This is based on
behavioral and electrophysiological studies and on recent
biochemical assays using GABA-induced 3¢Cl flux stud-
ies in several preparations. Additional support is provid-
ed by the findings that besides GABA antagonists, an
inverse agonist of the BZ receptor, Ro15-4513, exhibits a
degree of selectivity in blocking the effects of ethanol. In
vitro binding studies rule out the direct involvement of
GABA, BZ or picrotoxin sites in ethanol-induced toler-
ance and withdrawal. However, there may be a role for
Ro015-4513 binding sites in the action of ethanol, in toler-
ance to ethanol and in the effects of ethanol withdrawal,
besides the coupling mechanism associated with GABA
receptor-gated C1~ channels.

Abbreviations used: GABA = y-aminobutyric acid; BZ = benzo-
diazepine(s); TBPS = t-butylbicyclophosphorothionate; Ro15-4513 =
(ethyl-8-azido-5, 6-dihydro-5-methyl-6-Oxo-4H-imidazo [1,54], [1,4] ben-
zodiazepine-3-carboxylate); Ro15-1788 = (ethyl-8-fluoro-5, 6-dihydro-5-
methyl-6-Oxo-4H-imidazo [1,5¢], [1,4] benzodiazepine-3-carboxylate);
FG-7142 = (N-methyl-f-carboline-3-carboxamide).
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Ethanol and opioid receptor signalling

M. E. Charness

Department of Neurology and the Ernest Gallo Clinic and Research Center, University of California San Francisco,
Building 1, Room 101, San Francisco General Hospital, San Francisco (California 94110, USA)

Summary. Ethanol may modulate endogenous opioid systems by disrupting opioid receptor signalling. Low concen-
trations of ethanol slightly potentiate u-opioid receptor binding by increasing receptor B, .., and, in some cases,
chronic ethanol exposure decreases the density or affinity of the u-opioid receptors. By contrast, high concentrations
of ethanol acutely decrease d-opioid receptor binding by decreasing receptor affinity, whereas chronic exposure of
animals and neuronal cell lines to lower concentrations of ethanol leads to possibly adaptive increases in the density
or affinity of the d-opioid receptors. In the neuronal cell line NG108-15, ethanol does not up-regulate the d-opioid
receptor by blocking receptor degradation or endocytosis, but protein synthesis is required for this response.
Up-regulation of the d-opioid receptor renders ethanol-treated NG108-15 cells 3.5-fold more sensitive to opioid
inhibition of adenylyl cyclase. Long-term treatment with ethanol also increases maximal opioid inhibition in NG108-
15 cells, possibly by decreasing levels of Ge, and its mRNA. Ethanol differentially modulates signal transduction
proteins in three additional neuronal cell lines, N18TG2, N4TG1, and N1E-115. Ethanol-treated N18TG?2 cells show
the least up-regulation of the d-opioid receptor, little heterologous desensitization of adenylyl cyclase, and no changes
in Ge, or Gu;. By contrast, ethanol-treated N1E-115 cells show the largest up-regulation of the §-opioid receptor,
the most heterologous desensitization of adenylyl cyclase, and concentration-dependent decreases in Ga, and increas-
es in Ga;. Further analysis of these related neuronal cell lines may help to identify the molecular elements that endow
some, but not all, neuronal cells with the capacity to adapt to ethanol.

Key words. Endogenous opioid systems; ethanol; Ga-proteins; receptor signalling; up-regulation; y-opioid receptor;
J-opioid receptor.

Alcohol and endogenous opioid systems

Peptide Synthesis
and Processing

There is considerable evidence that ethanol interacts with
endogenous opioid systems to produce some of its central
nervous system (CNS) effects* 581, ICI 174864, a selec-
tive §-opioid receptor antagonist, can block ethanol-in-
duced hypothermia and sedation when microinjected in-
to discrete brain. regions®'. Moreover, the opiate
antagonist naloxone can attenuate the ethanol with-
drawal syndrome when given during and after the admin-
istration of ethanol *-*. Heritable differences in suscepti-
bility to alcoholism may also be related o an
ethanol-opioid interaction. In inbred strains of mice,
ethanol consumption correlates inversely with brain lev-
els of [Met]enkephalin °.

Ethanol could modulate the activity of endogenous opi-

i i i .

oid systems thrqugh effec_ts on the Synt%‘le.SIS, processmg, Figure 1. Possible sites of action of ethanol on endogenous opioid sys-

or release of opioid peptides, or on opioid receptor sig-  tems, Ethanol could alter the synthesis, release, conformation, or receptor

nalling (ﬁg. 1). Effects of ethanol on the biosynthesis and  binding of opioid peptides, or the events that follow receptor activation.
. s : . : Opioid receptors couple with G proteins to regulate adenylyl cyclase or

regulatl on 0{80p101d peptlldes ajre described elsewhere in ion channels and ethanol could disrupt opioid signalling at any of these

this volume *®. Here, I will review the effects of ethanol  1oci.

on opioid receptor signalling in brain and in neuronal

cells.

Peptide Conformation.

Receptor Binding®

G Proteins



