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the effects of alcohol in the central nervous system
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Ethanol is a chemically simple compound that produces many well-known effects in humans. The prevail-
ing idea for many years was that ethanol and other alcohols exerted their effects on the central nervous
system (CNS) by non-selectively disrupting the lipid bilayers of neurons. However, in recent years, there
has been an accumulation of evidence pointing to the importance of ligand-gated ion channels (LGICs) in
mediating the effects of ethanol. Of these LGICs, y-aminobutyric acid type A (GABA,) receptors appear
to occupy a central role in mediating the effects of ethanol in the CNS. GABA is the primary inhibitory
neurotransmitter in the mammalian CNS, and activation of GABA, receptors by GABA tends to decrease
neuronal excitability. This article reviews several aspects of GABA, receptor and ethanol interactions,
including the evidence for short- and long-term modulation of GABA, receptors by ethanol and evidence
for a GABA, receptor-related genetic component of alcoholism.

L’éthanol est un composé chimiquement simple qui produit de nombreux effets biens connus chez les
humains. Le concept selon lequel I'éthanol et les autres alcools exercent leurs effets sur le systeme
nerveux central (SNC) par une perturbation non sélective de la bicouche lipidique des neurones a prévalu
pendant des années. En revanche, ces derniéres années, une masse de données probantes ont souligné
importance des canaux ioniques dont I'ouverture est contrélée par un ligand (LGIC) dans la médiation
des effets de I’éthanol. Au nombre des LGIC, les récepteurs de 'acide gamma-aminobutyrique de type A
(GABA,) semblent jouer un réle pivot dans la médiation des effets de I’éthanol sur le SNC. Le GABA est
le principal neurotransmetteur inhibiteur dans le SNC des mammiferes et I'activation par le GABA des
récepteurs GABA, a tendance a diminuer I'excitabilité neuronale. Le présent article examine divers
aspects des interactions entre les récepteurs GABA, et I'éthanol, y compris les données probantes sur la
modulation a court et a long terme des récepteurs GABA, par I’éthanol et les données probantes sur une
dimension génétique de I'alcoolisme se rattachant aux récepteurs GABA,.

Introduction not only in terms of the general health of the popula-

tion, but also in economic output, where it is estimated
Alcohol is the most frequently abused drug in our soci- that loss of productivity costs many billions of dollars
ety. The abuse of this substance has a societal impact each year.! Alcohol abuse has many long-term effects
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that result in premature death and an increased propen-
sity for serious illness.” Additionally, fetal alcohol
syndrome is a major health issue worldwide*” and of-
ten leads to health problems throughout life.*” Another
alcohol-related health issue is ethanol-drug interactions
which, in some cases, can be fatal.'*"

Alcohol, or more specifically, ethanol, produces sev-
eral effects in humans. It is a central nervous system
(CNS) depressant and shares many of the effects of
other CNS depressants, such as sedatives, hypnotics
and anesthetic agents. Although it has dramatic effects
on the CNS, ethanol is not a particularly potent drug.
For example, threshold effects generally do not occur
until the concentration of ethanol in the blood is rel-
atively high (5-10 mmol/L).” However, a single serv-
ing of a strong spirit can contain as much as 12 g of
ethanol, and thus it is possible to consume large
amounts of ethanol in a single sitting and quickly reach
these blood concentrations.

The effects of ethanol in humans are well docu-
mented.” At low blood concentrations, there is a
feeling of euphoria or disinhibition. As the concen-
tration of ethanol in the blood increases, motor func-
tion is impaired and speech becomes slurred. With
blood alcohol concentrations between 200 mg/dL
and 300 mg/dL (i.e., between 43 mmol/L and
65 mmol/L), vomiting can occur and the subject can
fall into a stupor. Blood concentrations higher than
this can result in coma, and at high blood concentra-
tions (500 mg/dL or 109 mmol/L), there is the potential
for respiratory failure and death."

For many years, it was believed that these effects
were mediated through the non-specific disruption of
neuronal lipid bilayers by ethanol. However, it is now
generally accepted that ethanol acts by binding with
and altering the function of specific proteins, particu-
larly membrane-bound ligand-gated ion channels and
voltage-dependent ion channels.””"® Additionally, there
is mounting evidence that ethanol can alter the func-
tion of second-messenger proteins.”*

Membrane-bound proteins and ethanol

The 2 major types of membrane-bound proteins that
are directly affected by pharmacologically relevant
concentrations of ethanol (i.e., concentrations up to
100 mmol/L or 460 mg/dL, at which point ethanol can
be lethal in humans) are ligand-gated ion channels
(LGICs) and voltage-dependent calcium channels.”

LGICs are a family of neurotransmitter receptors that
are widely distributed in the mammalian CNS and
play a major role in synaptic transmission and the reg-
ulation of neuronal excitability. In particular, the
gamma-aminobutyric acid type A (GABA,), N-methyl-
D-aspartate (NMDA), glycine,” neuronal nicotinic® and
5-hydroxytryptamine type 3 (5-HT;) receptors* are
LGICs that have been shown to be directly modulated
by ethanol. Ethanol does not modulate these receptors
in a non-specific fashion; interestingly, it potentiates
ligand-gated currents at some receptors but inhibits
them at others. For example, it is well documented that
acute ethanol exposure potentiates these currents at
GABA, and glycine receptors® but inhibits them at
NMDA receptors.” Voltage-gated calcium channels
play key roles in neurotransmitter release, hormone
secretion, gene regulation and differentiation. Ethanol,
when administered acutely, has been shown to block
voltage-gated calcium channels at pharmacologically
relevant concentrations.”*

Because of ethanol’s capacity to change neuronal ex-
citability by interacting with the proteins mentioned
above, it is not surprising that after long-term exposure
to ethanol, neurons adapt to its presence by altering the
expression of their complement of these receptors and
ion channels.

Current therapies to treat alcohol addiction

Current therapeutics for alcohol-related health prob-
lems include the drugs disulfiram, naltrexone and
acamprosate.””

Disulfiram inhibits aldehyde dehydrogenase, one of
the enzymes involved in alcohol metabolism, which
converts acetaldehyde to acetic acid.”** Administration
of disulfiram in the absence of alcohol has little or no
effect. However, if alcohol is consumed, there is a build
up of acetaldehyde, and this results in several unpleas-
ant effects such as tachycardia, nausea, vomiting and
hyperventilation, often accompanied by feelings of anx-
iety or panic.” Compliance taking this drug is often low.

Evidence for a link between opioid receptors and
alcohol has been shown, and it has been postulated
that opioid receptors are involved in the reinforcing
effects of chronic ethanol consumption.* With this idea
in mind, naltrexone, an opioid receptor antagonist, was
tested for its effects on ethanol consumption and
proved to be effective in decreasing it.”* Naltrexone
has been described as an anti-craving medication
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because clinical trials have shown that it helps relieve
the urge that alcoholics have to consume ethanol.

Acamprosate is a relative newcomer as a therapy for
alcohol abuse and is best used to maintain abstinence
in patients who have stopped drinking.”” Acamprosate
(N-acetylhomotaurine) has a structure similar to GABA
and has been shown to interact with presynaptic
GABA; receptors, increasing the release of GABA from
presynaptic terminals.®® Additionally, it appears to in-
hibit calcium ion influx through voltage-dependent
calcium channels and NMDA receptors.” The 5-HT,
receptor antagonist, ondansetron, has shown some effi-
cacy in the treatment of early-onset alcoholism. This
group of patients is considered to have a biological pre-
disposition to alcohol abuse. It has been postulated that
ondansetron acts by reducing the craving for alcohol.

Benzodiazepines are often used to treat some of the
symptoms of alcohol abuse, especially during with-
drawal, but have yet to be shown as effective drugs in
treating addiction itself.**

Ethanol and GABA, receptors

As described above, ethanol interacts with and modi-
fies the function of a number of membrane-bound pro-
teins. However, it is likely that some play more im-
portant roles than others in mediating the effects of
ethanol in the CNS.” There is a large body of evidence
showing that GABA, receptors play central roles in
both the short- and long-term effects of ethanol in the
CNS.® GABA, receptors belong to a family of trans-
membrane ligand-gated ion channels that includes the
nicotinic acetylcholine, glycine and 5-HT, receptors.*
These receptors are responsible for rapid neuronal
transmission in the mammalian CNS. GABA, recep-
tors primarily occur in the postsynaptic membrane,
although there is evidence that certain subtypes may
occur extra-synaptically.® These receptors are the site
of action of a number of drugs, including barbiturates,
benzodiazepines and anesthetics. The GABA, recep-
tors are pentameric receptors with a high degree of
homology with nicotinic receptors.*” GABA, recep-
tors have a multitude of subunits, including 6a, 48, 3y,
2p, , €, 8 and 1* They have a rich pharmacology, and
this is dependent upon the particular subunits that are
present within the receptor pentamer.**" Each subunit
has an extracellular N-terminal domain that typically
contains ligand-recognition sites and 4 membrane-
spanning domains.” The second membrane-spanning

domain forms the lining of the ion channel. The sub-
units are arranged in a radial fashion such that they
surround a central ion pore that opens in the presence
of ligand. Once the ion channel opens, ion transport
follows the electrochemical gradient that is established
across the neuronal membrane. In the case of GABA,
receptors, the ion pore conducts chloride ions. GABA
is classified as an inhibitory amino acid neurotrans-
mitter because the influx of chloride ions into the post-
synaptic cell after the activation of these receptors
moves the postsynaptic membrane potential further
away from its firing threshold. The discrete distribu-
tion of receptor subtypes suggests that each has a spe-
cific function within the CNS.%*® In mammalian tissue,
the most common receptor subtype contains a1, 32
and y2 subunits.

Within each subunit is a large N-terminal domain,
which includes clusters or “loops” of amino acids
thought to form the neurotransmitter binding do-
main(s),”* 4 transmembrane domains, of which the
second (TM2) is thought to line the ion channel, and a
large intracellular loop that contains consensus sites for
phosphorylation by various kinases.”* Interestingly,
these receptors not only bind their neurotransmitter
ligands, but can also interact with a number of com-
pounds that bind at distant sites on the protein and
allosterically modulate the actions of the neurotrans-
mitter.”* These modulatory agents include benzodi-
azepines, barbiturates, neurosteroids and anesthetics.
With some exceptions, these modulators are not able to
activate the receptors unless GABA is present and
bound to the receptor. Indeed, the capacity of some of
these compounds to modulate LGICs, and thus neu-
ronal function, has been exploited in the development
of therapeutic agents. Typically, those modulators that
enhance the actions of GABA at the receptor have
sedative or hypnotic effects. Benzodiazepines, one of
the most commonly prescribed groups of psychoactive
drugs, are positive allosteric modulators of GABA,
receptors.” Clinically useful benzodiazepines and ben-
zodiazepine-like compounds act by potentiating the
effects of GABA at the receptor. This is manifested as
an increased probability of channel opening, thus lead-
ing to a greater hyperpolarization of the postsynaptic
membrane and a further decrease in neuronal excitabil-
ity than would be seen with GABA activation alone.
Benzodiazepines are used to treat clinical symptoms
such as anxiety, convulsions, muscle tension and
insomnia. Not all ligands for this site are positive
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allosteric modulators, however. In fact, ligands for this
particular binding site show a spectrum of efficacies.”

Apart from positive allosteric modulators, there are
those that act as negative allosteric modulators by de-
creasing the probability of channel opening events in
the presence of GABA. In animal models, these com-
pounds lead to anxiety, seizures or both; other com-
pounds have no intrinsic efficacy at this site and are
therefore classified as antagonists.*

When GABA, receptors are acutely exposed to
ethanol, there is a potentiation of GABA-gated cur-
rent.”” Some of the first experiments showing that the
ionic flux generating this current is increased by
ethanol were done using native receptors in rat brain
microsacs and synaptoneurosome preparations. Expo-
sure of these preparations to ethanol increased GABA-
gated chloride uptake by as much as 260%.%* Sub-
sequently, the effects of ethanol on recombinant
receptors expressed in Xenopus oocytes were examined.
These effects generally occur in a pharmacologically
relevant range of concentrations (below 100 mmol/L)
and potentiate the actions of GABA at GABA, recep-
tors. However, this issue is somewhat contentious;
some laboratories report seeing no effect of alcohols at
GABA, receptors, and the range of concentrations at
which effects are seen also seems to vary.”* A study
using a1P2y2 receptors showed that ethanol potentia-
tion occurred, but only in those receptors in which a
particular splice variant of the y2 subunit was present.*
The “long” version of y2 (y2L), so-called because of the
presence of an extra 8 amino acids in the intracellular
loop, was deemed necessary for potentiation to occur.
However, other laboratories have been unable to dup-
licate this finding and have shown that the effects of
ethanol appear to be independent of the type of y2 sub-
unit that is contained within the oligomer.” So far,
there appears to be no subunit dependence with re-
spect to the effects of ethanol on GABA, receptors,®
with the exception of the a4p1d subtype, which seems
to be more sensitive to ethanol than other receptor sub-
types tested to date.”

Originally, it was believed that alcohols and anes-
thetics acted by non-selectively disturbing the lipid bi-
layers of neurons, thus exerting a global disruption in
neuronal membrane protein activity. This idea was
based on evidence showing that the lipid solubility of
anesthetic agents and their potency was highly corre-
lated.”” One aspect of anesthesia not easily explained
by the lipid hypothesis was the cut-off effect seen with

many series of anesthetic agents, in which the carbon
length of the anesthetic agent incrementally increased.”
Typically, the potencies of these agents increase until a
certain backbone length is reached, at which point the
anesthetic no longer shows any effect. It was originally
proposed that this phenomenon was due to anesthetics
over a particular size or carbon length having poor sol-
ubility in lipid bilayers.””

A turning point in the idea of alcohol and anesthetic
targets was provided by experiments showing that the
activity of a soluble enzyme, luciferase, could be modi-
fied by alcohols.” Further, this modification showed
distinct “cut-offs” where, after a certain chain length
was reached, the inhibitory effects were lost or did not
increase further.” (See below.) As this protein was solu-
ble and not associated with lipid, the best explanation
for this phenomenon was that the protein contained a
binding pocket of fixed dimensions that could only ac-
commodate alcohols of a certain size. Additionally, it
has been shown that long-chain anesthetics are able to
partition into membranes long after they have lost their
anesthetic effect,” thus negating the idea that the lipid
cut-off was due to a partitioning effect. Other evidence
for the protein theory comes from experiments show-
ing that optical isomers of anesthetic agents, while hav-
ing the same bilayer disrupting properties, nonetheless
show very different effects on LGICs.”*” Additionally,
agents that can disrupt the lipid bilayer do not neces-
sarily induce anesthesia.”

With respect to GABA, receptors, a number of alco-
hols with different carbon numbers in their backbone
(indicated in parenthesis), including methanol (3), bu-
tanol (4), hexanol (6), octanol (8), decanol (10) and do-
decanol (12), potentiate GABA-gated current. The po-
tencies of these alcohols tend to increase with chain
length. However, once the length of the backbone ex-
ceeds 12 carbons, there is no longer an effect on GABA-
gated current. Interestingly, dodecanol is the longest
n-alcohol that is able to bring about a loss of the righting
reflex in tadpoles.” This lack of effect with n-alcohols
longer than dodecanol has been taken to show that
there is a binding pocket with a defined size that is able
to accommodate alcohols with carbon lengths up to 12,
with those exceeding 12 being excluded on the basis of
size.*” Similar molecular cut-offs have been found for
neuronal nicotinic, NMDA® and AMPA receptors,*” al-
though other studies suggest that this cut-off effect
may be due to poor aqueous solubility.*

A study of the single-channel properties of GABA,
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receptors revealed that ethanol-induced potentiation of
GABA-gated currents is due to an increase in the fre-
quency and duration of channel opening and an in-
crease in channel bursts and burst duration.* Addition-
ally, the amount of time that the channel spends in the
closed state is decreased. The summation of these
effects leads to increased ion flux through the open
channel in the presence of GABA and ethanol.*

Evidence for a putative ethanol binding site on
GABA, receptors was provided by a study from Mihic
et al.® Ethanol potentiates glycine-gated chloride cur-
rent through glycine receptors composed of glycine a
subunits, but it inhibits GABA-gated current through
receptors composed entirely of the p subunit. By creat-
ing a series of chimeras between these 2 subunits, Ye
and colleagues™ identified regions of the subunits in-
volved in mediating this differential ethanol response.
They identified a region encompassing part of the TM2
and TM3 regions and the extracellular loop between as
being important for the effects of ethanol. However,
there was some question about whether this site was
part of a transduction mechanism brought about by
ethanol rather than the ethanol-binding site itself. Sub-
sequent mutagenesis studies of this region identified
an amino acid in TM2 as being an important compo-
nent of ethanol sensitivity. It was shown that replace-
ment of the serine residue in position 267 of the glycine
receptor al subunit by those occupying a smaller vol-
ume can increase the alcohol cut-off effect described
above, supporting the idea that this region does consti-
tute a binding site for alcohol.* Conversely, replacing
the residue at position 267 with amino acids of a larger
size decreased the cut-off size of alcohols. Further
manipulation of this region resulted in receptors at
which glycine-gated currents were inhibited, rather
than potentiated, by ethanol.

GABA, receptors in self-administration

There is strong evidence that GABAergic systems are
involved in mediating self-administration of ethanol in
animal models, likely by stimulating reward circuitry
in the mesolimbic system.” For the most part, there is
a correlation between compounds that activate or
potentiate GABAergic systems and increased ethanol
intake,”* while the reverse is true for compounds that
block or inhibit GABAergic systems.”** Benzodiaz-
epines, which display a spectrum of efficacies at
GABA, receptors, likewise can increase or decrease

self-administration depending on the efficacy of the
particular drug being studied.*” However, some studies
have not seen this effect with benzodiazepine
agents.”* It is believed that the mesolimbic dopamine
system is intimately involved in this behaviour and
that GABA, receptors play a role in mediating dopa-
mine levels in this region.” For example, infusion of
muscimol directly into the ventral tegmental area
(VTA), a component of the mesolimbic system, results
in a dose-dependent increase in dopamine levels.”
Also, long-term ethanol exposure decreases GABA,
receptor a1l subunits in the VT'A,” which would in turn
result in an increase in dopamine release.* An inverse
agonist selective for a5-containing receptors when in-
fused into rat hippocampus was effective in reducing
ethanol self-administration.” a5-Containing receptors
are enriched in the CA1 and CA3 fields, both of which
innervate the nucleus accumbens and amygdala, com-
ponents of the mesolimbic system.

Long-term effects of ethanol on GABA,
receptors

Long-term exposure to ethanol affects the baseline of
neuronal excitability.”” Animals chronically treated
with ethanol and then withdrawn are typically more
prone to seizure activity than naive controls. Several
studies have shown that GABA, receptor subunit
mRNA and protein levels change during repeated
ethanol exposure. At the functional level, examination
of receptors in brain preparations derived from chroni-
cally treated rats shows that ethanol no longer potenti-
ates GABA-gated chloride flux to as great an extent as
is seen in non-treated rats. Additionally, the response
to allosteric modulators such as benzodiazepine-site
ligands is altered.'” Positive allosteric modulators such
as flunitrazepam appear to be less effective in potenti-
ating the GABA response, whereas negative allosteric
modulators such as Ro 15-4513 appear to have an en-
hanced effect.” Additionally, the response to neuro-
steroids, a group of endogenous allosteric modulators,
is altered."”

Some of the more consistent findings in studies of
repeated alcohol exposure and changes in GABA, re-
ceptor subunit mRNA and protein involve changes in
relative levels of a1 and 04 protein and mRNA. In ani-
mals exposed to ethanol, the mRNA and protein levels
of a1 decrease, whereas those for a4 increase in certain
brain regions such as cerebral cortex.* The reason for
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this change is not understood, but it appears to be a
common adaptive change. We have observed this pat-
tern of change in the brains of rats repeatedly exposed
to other allosteric modulators such as benzodiaz-
epines,'” and others have observed increases in a4
expression in response to progesterone exposure.'®

Ethanol can pass freely through the lipid bilayer of
cells and affects several intracellular proteins, includ-
ing many involved in second-messenger pathways. In
particular, many studies have indicated that protein
kinase C (PKC) is affected by exposure to ethanol.”
Ethanol-induced alteration of PKC function leads to
changes in the expression or function of voltage de-
pendent calcium channels'” and ligand-gated ion chan-
nels."® In brain tissue from mice lacking PKCe, GABA
receptors are highly sensitive to allosteric modulation
by ethanol, with 20 mmol/L ethanol bringing about
twice the potentiation of GABA agonist-induced chlo-
ride ion flux compared with controls."” Additionally,
these mice displayed less ethanol self-administration.
Similarly, in a line of mutant mice lacking PKC-y,
ethanol lost its potentiating effect on GABA, recep-
tors."” These mice show a distinct increase in the con-
sumption of ethanol and appear to have a higher level
of impulsive behaviour than wild-type mice. Interest-
ingly, decreased sensitivity to the effects of ethanol
seems to be predictive of a high probability of alco-
holism in humans (see below).

Protein kinase A (PKA) activity is affected by ethanol
and, in turn, appears to alter the function of other pro-
teins.” In some rat brain regions, modulation of
GABA, receptors by ethanol will occur only if the re-
gion has been pre-exposed to B-adrenergic stimulating
agents."" This shows that increased cyclic adenosine
monophosphate (cAMP) levels, and therefore an in-
crease in PKA activity, are needed for ethanol to poten-
tiate GABA-gated currents. In support of this are find-
ings that repeated ethanol administration results in
increased PKA activity and cAMP levels and alters the
subcellular location of PKA."*"* Knockout mice in
which one of the regulatory subunits of PKA was dis-
rupted were much less sensitive to the sedative effects
of ethanol and consumed more ethanol than controls."

GABA, receptor subunit knockouts and
ethanol

Several GABA, receptor subunit knockout mice have
been developed over the past several years. Because it

was hypothesized that the long splice variant of the y2
subunit was required for ethanol responses, this gene
was disrupted to determine its role in ethanol sensitiv-
ity in mice. This line of mice showed no difference
between wild-type mice in terms of the behavioural
effects of ethanol."® A line of mice in which the a6 sub-
unit had been knocked out also showed no difference
in response to ethanol when compared with wild-type
animals."” However, a different outcome was seen with
O subunit knockout mice; these animals consumed less
ethanol, were less sensitive to withdrawal and dis-
played less ethanol-induced seizure protection than
wild-type mice."® Interestingly, & subunits have been
found to co-localize with 04 subunits in various brain
regions,"” and, as mentioned previously, expression of
this subunit increases in models of repeated ethanol
exposure and appears to be a neuroadaptive response
to the presence of ethanol.

GABA, receptor as a target for therapeutics

A large body of evidence indicates that pharmacologi-
cal manipulation of GABA, receptors may be one way
to treat alcohol-related diseases. Numerous behav-
ioural studies have shown that allosteric modulators of
GABA, receptors, specifically those that recognize the
benzodiazepine binding site, can reverse the effects of
ethanol. One compound in particular, the imidazoben-
zodiazepine Ro 15-4513, has been reported to be partic-
ularly effective in reversing the effects of ethanol intox-
ication in rats.” This compound is a negative allosteric
modulator. At the molecular level, Ro 15-4513 has been
shown to reverse the potentiating effects of ethanol at
recombinant receptors expressed in Xenopus oocytes.
However, because of its anxiogenic and proconvulsant
activity, Ro 15-4513 has not been tested as an alcohol
antagonist in humans. Interestingly, this drug has also
been shown to protect against ethanol-induced dam-
age of the gastric mucosa by interacting with GABA,
receptors in the stomach.” Ro 15-4513 binds to sub-
types that contain any a, B and y subunits. It binds
with particularly high affinity to a5B2y2 subtypes, with
an affinity approximately 10-fold higher than for al-
containing receptors.

Other compounds that act at the benzodiazepine
binding site, for example, members of the B-carboline
structural family, also show potential for being alcohol
antagonists. FG 7142, a B-carboline inverse agonist, has
been shown to block the effects of ethanol in various
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GABA, receptor-containing models. However, like
Ro 15-4513, its proconvulsant activity precludes its use
as a therapeutic agent. Allosteric modulators with no
intrinsic activity at the benzodiazepine site, which
therefore have the potential to be used therapeutically,
show some promise in ameliorating the effects of
ethanol. Although these compounds have not yet been
shown to antagonize the potentiating effects of ethanol
at GABA, receptors, they do seem able to antagonize
some of the complex behaviours associated with
ethanol intake.”™* This has prompted some specula-
tion that an endogenous compound produced during
chronic ethanol ingestion is prevented from binding to
GABA, receptors by these compounds. Flumazenil
(also known as Ro 15-1788), an imidazobenzodiazepine
antagonist, has been the subject of several trials. There
is conflicting evidence with respect to its ability to
reduce ethanol tolerance and dependence,*' but it
seems to be somewhat effective in lessening with-
drawal-associated anxiety and convulsions.” Both
flumazenil and ZK 93426 (a B-carboline antagonist)
have been shown to reduce alcohol-induced aggression
in rats and monkey.” Flumazenil is also reported to
block ethanol-induced sleep when injected into the me-
dial preoptic area of the hypothalamus of rats."™ Other
antagonists such as CGS 8216 have also been shown to
modulate some of the behaviours associated with
ethanol ingestion, and drugs that block the chloride
channel (picrotoxin) or are GABA antagonists (bicu-
culline) have shown some potential in antagonizing the
effects of ethanol.”'*

Genetic component to alcoholism

It has been long-debated whether alcohol dependence
is a due to environment or genotype. A genetic com-
ponent for alcohol-related disorders is supported by
many many studies.”™ Early genetic studies revealed
polymorphisms in the gene coding for aldehyde dehy-
drogenase, an enzyme that plays a major role in the
metabolism of ethanol. There are 2 common polymor-
phisms in these genes. One causes an increase in acet-
aldehyde production, the other a decrease in the rate of
its removal. A build-up of acetaldehyde results, pro-
ducing symptoms such as headache, vasodilation and
nausea. At high enough concentrations, acetaldehyde
can produce symptoms similar to those of disul-
firam.”"* Poor alcohol metabolism due to these poly-
morphisms is prevalent in Chinese and Japanese popu-

lations. The side-effects of poor metabolism seem to, in
turn, reduce the probability of alcoholism."**

Several strains of rodents have been bred to be sensi-
tive to ethanol, and there appears to be a GABAergic
component underlying this trait. For example, long
sleep (LS) and short sleep (SS) mice are strains that
were selectively bred on the basis of the duration of
sleep induced by acute exposure to ethanol. When the
mRNA obtained from the brains of these mice was in-
jected into Xenopus oocytes, the GABA, receptors that
were expressed were differentially modulated by
ethanol.”™ mRNA from SS mice produced receptors at
which ethanol antagonized GABA-gated currents, and
mRNA from LS mice produced receptors at which
ethanol potentiated GABA-gated currents. In a line of
alcohol non-tolerant (ANT) rats, GABA, receptors are
highly sensitive to allosteric modulators of GABA, re-
ceptors such as benzodiazepines. When GABA, recep-
tor subunits from this line were cloned and sequenced,
it was discovered that the a6 subunits contained a mu-
tation at position 100, where a glutamine residue re-
placed an arginine residue.” Interestingly, the amino
acid occupying this position has been shown to be a
major determinant of benzodiazepine affinity and effi-
cacy," but not of ethanol sensitivity, and so its signifi-
cance in the ANT phenotype is uncertain."! GABA, re-
ceptor polymorphism appears to be the underlying
cause in differences among mice strains with different
reactions to alcohol withdrawal.

Quantitative trait loci (QTL) studies are based on sta-
tistical analysis of the association of a measurable trait
and molecular markers that segregate with them. As
the position of the markers is known, the relation be-
tween the trait(s) and regions of specific chromosomes
can be determined. These studies are useful to deter-
mine the relation between complex traits that likely in-
volve more than 1 gene and genotype. Application of
this technique to understanding the genetic basis of
alcohol-related behaviours has met with some success
and has implicated the GABAergic system in these
processes. The C57BL/6] and DBA /2] mouse lines
have high and low acute ethanol withdrawal sensitiv-
ity, respectively. QTL mapping shows that a cluster of
genes on chromosome 11 affects the severity of acute
alcohol withdrawal."® Included in this cluster are the
genes for the GABA, receptor al, a6, 32 and y2 sub-
units. Comparison of the y2 gene of the 2 mice strains
shows that the y2 subunit gene differs at position 11,
with alanine present in the high withdrawal sensitivity
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mice and a threonine present in the low withdrawal
sensitivity mice."® This allelic variation is highly corre-
lated with susceptibility to behaviours such as with-
drawal sensitivity and ethanol-induced motor incoor-
dination."* How this polymorphism affects receptor
function is unknown, but it has been proposed that it
might disrupt an a-helical region of the N-terminus.

Several studies have also implicated a region of
mouse chromosome 1 in mediating alcohol-related be-
haviours.” This region also contains genes involved in
diazepam withdrawal convulsions and pentobarbital
withdrawal. The identity of these genes has yet to be
resolved. QTL mapping has also revealed a cluster of
genes on mouse chromosome 2 that include those cod-
ing for glutamic acid decarboxylase, the enzyme that
synthesizes GABA from glutamate, as being a deter-
minant of ethanol withdrawal behaviours."* Interest-
ingly, these same regions overlap with those linked to
pentobarbital withdrawal.'* Other neurotransmitter
systems, namely those for dopamine and serotonin,
have also been shown in QTL studies to be linked to
alcohol-related behaviours."**'¥

Polymorphisms in GABA, receptor subunits have
also been linked to alcohol response in humans. One
study showed that the offspring of alcoholics tend to
be less sensitive to the effects of ethanol than control
groups, and this was a strong predictor for the devel-
opment of alcoholism."® Genetic analysis of this group
revealed a polymorphism in the GABA, receptor 06
subunit, specifically a switch from proline at position
385 to serine."” Again, as was noted in the ANT mouse
line, this mutation seems to be more important in ben-
zodiazepine modulation and has not been shown to
affect modulation of the receptor by ethanol. Results of
another study in 2 psychiatric populations suggest that
the serotoninlB gene might be linked to alcoholism in
which aggression is displayed.™

The role of GABA, receptors in fetal
alcohol syndrome

Fetal alcohol syndrome is a collection of abnormalities,
including mental retardation, behavioural and devel-
opmental problems, as well as physical abnormalities
(e.g., facial malformations).” The developing CNS
appears to be extremely sensitive to the effects of
ethanol, especially during a period of rapid brain
growth in the third trimester.” There is evidence that
GABA, and NMDA receptors in the developing brain

are involved in mediating the damage brought about
by ethanol.”*"** With respect to GABA receptors, it
appears that the potentiating effects of ethanol initiate
a pro-apoptotic cascade that leads to neuronal cell
death.” The pattern of cell death brought about by
ethanol matched that caused by exposure to benzodi-
azepines and barbiturates, both positive allosteric mod-
ulators of GABA, receptors.” Relatively brief exposure
of the developing brain to ethanol during periods of
neuronal growth can lead to the deaths of millions of
neurons in animal models. This neuronal death is
likely the cause of the reduced brain mass and thinner
cerebral cortex typically noted in those with fetal alco-
hol syndrome. The mechanism by which the apoptotic
cascade begins through GABA, receptor activation is
unclear, but a link between these receptors and calcium
influx via L-type voltage-gated calcium channels has
been shown in a model system composed of prolifer-
ating neural precursor cells.”™

Conclusions

The effects of ethanol on proteins in the CNS are com-
plex and involve many different systems. It appears
that ligand-gated ion channels and voltage-gated
calcium channels are important targets for this drug
because their function, type and numbers are altered
by short- and long-term exposure to ethanol. A large
body of work ranging from biochemical to genetic
studies points to the importance of GABA, receptors in
mediating the effects of ethanol in the CNS. It is possi-
ble that drugs targeting these receptors could be a com-
ponent of therapies designed to battle alcohol abuse
and dependence.
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