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A Conceptualization of Integrated Actions of Ethanol

Contributing to its GABAmimetic Profile: A Commentary

Hugh E Criswell*' and George R Breese'

'Center For Alcohol Studies, UNC Neuroscience Center, Departments of Psychiatry, Anesthesiology and Pharmacology, University of North
Carolina, School of Medicine, Chapel Hill, NC, USA

Early behavioral investigations supported the contention that systemic ethanol displays a GABAmimetic profile. Microinjection of GABA
agonists into brain and in vivo electrophysiological studies implicated a regionally specific action of ethanol on GABA function. While
selectivity of ethanol to enhance the effect of GABA was initially attributed an effect on type-I-benzodiazepine (BZD)-GABAA
receptors, a lack of ethanol's effect on GABA responsiveness from isolated neurons with this receptor subtype discounted this
contention. Nonetheless, subsequent work identified GABA,A receptor subtypes, with limited distribution in brain, sensitive to
enhancement of GABA at relevant ethanol concentrations. In view of these data, it is hypothesized that the GABAmimetic profile for
ethanol is due to activation of mechanisms associated with GABA function, distinct from a direct action on the majority of postsynaptic
GABAA, receptors. The primary action proposed to account for ethanol’s regional specificity on GABA transmission is its ability to release
GABA from some, but not all, presynaptic GABAergic terminals. As systemic administration of ethanol increases neuroactive steroids,
which can enhance GABA responsiveness, this elevated level of neurosteroids is proposed to magnify the effect of GABA released by
ethanol. Additional factors contributing to the degree to which ethanol interacts with GABA function include an involvement of GABAg
and other receptors that influence ethanol-induced GABA release, an effect of phosphorylation on GABA responsiveness, and a regional
reduction of glutamatergic tone. Thus, an integration of these consequences induced by ethanol is proposed to provide a logical basis for

its in vivo GABAmimetic profile.

rylation

INTRODUCTION

Ingestion of ethanol results in a dose-dependent reduction
of central nervous system (CNS) activity. For several
decades, it was presumed that this CNS depression was
due to a major effect of ethanol on GABA mechanisms.
Owing to its regional specificity in vivo to enhance the effect
of GABA, it was initially hypothesized that ethanol had a
direct effect on type-1-GABA, receptors, which represent
the majority of the GABA, receptors in the CNS. Subse-
quently, while it became apparent that this view was not
viable, recent studies implicated a direct effect of ethanol on
selected benzodiazepine (BZD)-insensitive receptor sub-
types. However, pursuit of new initiatives has provided
alternatives to a direct effect of ethanol on the majority of
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GABA, receptors. The present commentary will first
provide an historical perspective of attempts to define
ethanol’s ability to influence this neural system in brain,
followed by an overview of findings from recent initiatives
to clarify the means by which ethanol displays its
GABAmimetic profile.

INTERACTION OF ETHANOL WITH THE GABA
SYSTEM IN VIVO

GABA (y-amino-butyric acid) is the primary inhibitory
neurotransmitter in brain (Mody et al, 1994; Sieghart, 1995).
Evidence accumulated over several decades suggested that
ethanol influences GABA function (Allan and Harris, 1987;
Frye and Breese, 1982; Liljequist and Engel, 1982; Martz
et al, 1983; Mereu and Gessa, 1985; Nestoros, 1980; Simson
et al, 1991; see Crews et al, 1996). Most convincing was the
early recognition that behavioral consequences of moderate
doses of ethanol had similarities to those of BZDs and
barbiturates (Breese et al, 1983; Frye et al, 1979, White et al,
1997), drugs known to rely on GABA, receptor function
(see Harris, 1990; Ticku, 1989). Further, BZDs and
barbiturates enhanced ethanol-induced motor impairment
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(Martz et al, 1983) and substituted for ethanol in drug
discrimination studies (Grant et al, 2000; Shannon et al,
2004). On the other hand, a BZD-inverse agonist minimized
ethanol-induced sedation (McCown and Breese, 1989;
Suzdak et al, 1986a; Ticku and Kulkarni, 1988) and GABA,
receptor antagonists decreased the antipunishment action
of ethanol (Koob et al, 1986, 1988; Liljequist and Engel,
1984). Samson et al (1987) reported that a BZD-inverse
agonist reduced ethanol self-administration—a common
procedure used to evaluate motivation to drink ethanol
(Samson, 1986; Samson et al, 1988). Likewise, a BZD-
inverse agonist and a ligand blocking GABA, receptor
function decreased responding for ethanol (Petry, 1995;
Rassnick et al, 1993).

Another area that has been associated with an action of
ethanol on GABA function is withdrawal from chronic
ethanol. Withdrawal results in an increased sensitivity to
induction of seizures (Cooper et al, 1979; Frye et al, 1983b;
McCown et al, 1985, Allan and Harris, 1987). BZDs and
other drugs with GABAmimetic action reduced such
withdrawal-related hyper-excitability (McCown et al, 1985;
Ticku and Burch, 1980). Conversely, GABA, receptor
antagonists (Allan and Harris, 1987; Brouillet et al, 1991)
and BZD-receptor inverse agonists (Mehta and Ticku, 1989;
Becker and Anton, 1989) exacerbated seizure susceptibility
associated with ethanol withdrawal. Withdrawal from
chronic ethanol also results in an anxiety-like response
(File et al, 1989; Criswell and Breese, 1989)—a response
blocked by BZDs and GABAmimetic drugs (Cooper et al,
1979; Criswell and Breese, 1989). Additionally, flumazenil, a
BZD-receptor antagonist, blocked the anxiogenic conse-
quence of ethanol withdrawal (File et al, 1989; Criswell and
Breese, 1990, 1993).

Collectively, these functional and behavioral studies of
GABAmimetics and GABA antagonists on the acute and
chronic actions of ethanol offered strong support for the
hypothesis that at least a part of the action of ethanol was
mediated by effects on neural functions associated with
GABA transmission.

REGIONAL SPECIFICITY OF ETHANOL ON
FUNCTIONS ALTERED BY GABAMIMETIC DRUGS

The next series of investigations sought to define brain
site(s) responsible for enhancement of ethanol-induced
sedation by GABAmimetic drugs. A potential brain site
involved in the sedative action of ethanol came from
research with thyrotropin releasing factor (TRH), a peptide
known to reduce sleep time induced by ethanol (Breese
et al, 1974; Cott et al, 1976). Since microinjection of TRH
into the medial septum antagonized measures of sedation
induced by ethanol (Breese et al, 1984; McCown et al, 1986),
this site was chosen to examine the effect of drugs affecting
GABA function on loss of aerial righting and sleep-time
induced by systemic administration of ethanol. Microinjec-
tion of muscimol into the medial septum markedly
enhanced these measures of ethanol-induced sedation
(McCown et al, 1986; Givens and Breese, 1990b). Con-
versely, microinjection of the GABA antagonist, bicuculline,
into the medial septum antagonized the effect of ethanol on
sedation (Breese et al, 1984; Givens and Breese, 1990b). In
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contrast to results obtained in the medial septum, muscimol
microinjected into the lateral septum was without an effect
on sleep time (Givens and Breese, 1990b).

Subsequent work was undertaken to define specific brain
sites responsible for the action of GABAmimetic drugs to
minimize the increased susceptibility to audiogenic seizures
following withdrawal from chronic ethanol exposure
(Cooper et al, 1979; Frye et al, 1983b). As lesioning of
inferior colliculus, a prominent relay nucleus in the
auditory pathway, prevented audiogenic seizures in rodents
(Wada et al, 1970; Henry et al, 1972), the possible
involvement of this brain site in the ability of systemically
administered GABA receptor agonists to reduce audiogenic
seizure activity during withdrawal from chronic ethanol was
investigated (Frye et al, 1983a). Muscimol microinjected
into the inferior colliculus antagonized seizure activity
during withdrawal from chronic ethanol, consistent with a
reduction in GABA function within this brain site during
withdrawal (Frye et al, 1983b, 1986). Such reduction in
seizure susceptibility was not observed when GABAmi-
metics were introduced into other brain regions (Frye et al,
1983b).

Brain sites responsible for GABA transmission supporting
self-administration and discrimination of ethanol have also
been studied. McBride et al (1999) reviewed the literature
concerning intracranial self-administration of ethanol in
comparison to the consequence of intracranial administra-
tion of drugs that influence GABA, receptor function. The
effect of drugs influencing GABA function implicated the
extended amygdala in ethanol self-administration (Hyytia
and Koob, 1995; Roberts et al, 1996). Utilizing intracranial
self-administration of ethanol, Rodd et al (2005) described
regional heterogeneity within the ventral tegmental area. To
define sites that support the discriminative stimulus for
ethanol, Hodge and Cox (1998) found that muscimol
substituted for ethanol when microinjected into the
amygdala, but not when microinjected in the prelimbic
cortex.

Thus, microinjection of drugs affecting GABA function
provided evidence that the sedation induced by acute
ethanol and the increased seizure susceptibility following
withdrawal from chronic ethanol depend upon its action on
GABA function within specific regions of brain (see Frye
et al, 1983b, 1986; McCown et al, 1986). Likewise,
examination of drugs affecting GABA, receptor function
implicated differing brain regions for self-administration
and ethanol discrimination of ethanol (Hyytia and Koob,
1995; McBride et al, 1999; Roberts et al, 1996; Rodd et al,
2004, 2005). In further support of a regional specificity of
ethanol on GABA transmission, work demonstrated that
chronic ethanol treatment altered expression of GABAj4
receptor subunit mRNAs in some brain regions, but not
others (Devaud et al, 1995; Grobin et al, 2000a, b; Montpied
et al, 1991; Morrow et al, 1992; Mhatre and Ticku, 1992;
Papadeas et al, 2001).

IN VIVO ELECTROPHYSIOLOGICAL MEASURES OF
ETHANOL ACTION ON GABA FUNCTION

Another approach taken to evaluate the interaction of
ethanol with GABA function employed in vivo extracellular



electrophysiological recording of spontaneous activity of
neurons in anesthetized animals across a variety of brain
regions. For example, Bloom and Siggins (1987) described
regionally distinct effects of ethanol on cell firing ranging
from increased firing to depression when recording from
inferior olive, hippocampal, cerebellar, and locus coeruleus
neurons. In accord with this observation, Givens and Breese
(1990a) showed that systemic administration of ethanol
depressed neural activity in the medial septum, but not the
lateral septum, whereas others described ethanol increases
in firing rate of neurons in the ventral tegmental area
(Brodie et al, 1990; Clark and Little, 2004). Mereu and Gessa
(1985) found that low doses of systemically administered
ethanol inhibited firing of neurons in the substantia nigra
reticulata—an effect enhanced by muscimol and eliminated
by bicuculline.

Other studies examined the effect of ethanol on the
GABA-induced changes in firing rate of neurons. Nestoros
(1980) found that intravenous administration of low doses
of ethanol, as well as its electro-osmotic application,
enhanced GABA-induced inhibition from cerebro-cortical
neurons. Subsequently, Givens and Breese (1990a) observed
that systemically administered (1.5 g/kg) and iontophoretic-
applied ethanol enhanced the inhibitory action of GABA on
single unit activity of neurons in the medial septum, but not
from lateral septal neurons. This effect of ethanol on cellular
responsiveness to GABA in these distinct brain regions was
consistent with earlier data demonstrating that muscimol
microinjection into the medial septum facilitated ethanol-
induced sedation, whereas microinjection into the lateral
septum did not (Breese et al, 1984; Givens and Breese,
1990b; McCown et al, 1986). Criswell et al (1993, 1995)
examined the effect of ethanol on GABA responsiveness in
several additional regions of brain and demonstrated that
ethanol enhanced the effect of GABA on spontaneous
activity from neurons in some, but not all, brain regions.
Figure 1 provides an example of rate-meter records
demonstrating that ethanol can have distinct effects on
GABA-induced firing rate when ethanol is applied locally to
differing neurons within the ventral pallidum (Criswell et al,
1995). The demonstration of regional specificity of ethanol
on neural rate (Bloom and Siggins, 1987; Givens and Breese,
1990a) and of its influences on GABA, receptor-related
function (Criswell et al, 1993, 1995; Givens and Breese,
1990a,b) was a major advance in understanding the
complex pharmacology of ethanol.

In the in vivo studies, the specific effect of ethanol on
GABA-induced changes in neuronal firing rate occurred
following either systemic (Bloom and Siggins, 1987; Givens
and Breese, 1990a,b; Mereu and Gessa, 1985; Nestoros,
1980) or central application of ‘relevant’ ethanol concentra-
tions to neurons (Criswell et al, 1993, 1995; Givens and
Breese, 1990a; Lin et al, 1991; Nestoros, 1980). Since locally
applied ethanol enhanced GABA-induced inhibition, etha-
nol was able to produce this effect without acting at a
distant site (Criswell et al, 1993, 1995; Givens and Breese,
1990b; Lin et al, 1991). Siggins et al (1987a) reported that
systemic ethanol (2 g/kg) had differing effects on firing of
inferior olive neurons in rats anesthetized with urethane
compared to the response obtained to ethanol in rats
anesthetized with other anesthetics. Therefore, a potentially
complicating factor in many in vivo studies of ethanol was
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Figure | Selective enhancement of GABA-mediated inhibition of single

unit activity by ethanol in the ventral pallidum. Vertical bars represent action
potentials during a 10s period. GABA (EC3p current) was applied
iontophoretically with a constant current for a 10s period every 60s as
indicated by the arrows. Alcohol (E) or zolpidem (Z) were applied every
40s shown by the horizontal bars. The alcohol and zolpidem were applied
305 prior to GABA application. Note that the neuron in the left trace (a)
responded to these drugs, whereas the neuron in the right trace (b) did not
respond to either ethanol or zolpidem. This finding indicates that some, but
not all, neurons at this site respond to ethanol. Modified from Criswell et al
(1995).

that animals were anesthetized with urethane or other
anesthetics. However, the effects of ethanol on medial septal
area neurons in freely moving rats were found to be similar
to those in rats anesthetized with urethane (Givens and
Breese, 1990a). Nonetheless, the possibility that urethane or
other anesthetics influence single-unit activity changes
induced in vivo by GABA application after ethanol has yet
to be eliminated.

HYPOTHESIS FOR ETHANOL ACTION ON A
TYPE-1-BZD RECEPTOR

The GABA, receptor is assembled as a heteropentamere
(Macdonald and Olsen, 1994; Hevers and Liiddens, 1998)
from a collection of differing receptor subunits—six a,
three f3, three y, three p, and 9, &, 7, and 0 subunits (Benke
et al, 1991b; Hevers and Liiddens, 1998, 2002; Khan et al,
1994; Korpi et al, 2002; Liiddens and Korpi, 1995; McKernan
and Whiting, 1996; Rudolph et al, 2001; Sieghart, 1995;
Wisden et al, 1992). The distribution of these differing
assortments of receptor subunits was found to be hetero-
geneous, allowing for diversity of GABA, receptor com-
plexes (Fritschy and Mohler, 1995; Mckernan and Whiting,
1996; Rudolph et al, 2001; Wisden et al, 1992). Two
independent lines of research suggested that the regional
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differences in the effect of ethanol on GABA function might
be due to a selective effect of ethanol on a specific GABA
receptor subtype.

In an initial study, Wafford et al (1991) found that when
various sets of GABA, subunits were assembled in oocytes,
only that combination containing the «;f;y,; subunits was
affected by ethanol—a finding confirmed in L(tk™) cells
(Harris et al, 1995¢). Additionally, Harris et al (1997) found
that ethanol enhanced muscimol-induced chloride flux in
L(tk™) cells transfected with o;f,/37,1 GABA, receptor
subunits. From immunoprecipitation (Benke et al, 1991a)
and immunohistochemical studies of brain (Fritschy et al,
1992), the o, receptor was found to combine with f3,,; and y,
GABA 4 receptor subunits (see review by Mohler et al, 1995).
This GABA, receptor combination (o;fxy,) reportedly is
the most abundant BZD/GABA , receptor in brain (Duncan
et al, 1995; Liddens and Korpi, 1995; Mckernan and
Whiting, 1996). Binding of zolpidem, as a BZD-receptor
agonist selective for GABA 5 receptors that contained o, fx),
receptor subunits (Wafford et al, 1993; Criswell et al, 1997),
localized with the a;f,y, GABA4 receptor subunit combina-
tion (Criswell et al, 1995; Duncan et al, 1995). Importantly,
zolpidem binding was found in the medial septum, a site
where muscimol increased ethanol-induced sedation, but
not in the lateral septum, a site where muscimol did not
have this action (Givens and Breese, 1990b; McCown et al,
1986).

Based upon finding zolpidem binding in a brain area
where ethanol enhanced GABA inhibition of neural rate in
vivo (Givens and Breese, 1990b), the second line of research
utilized extracellular recording to test whether subunit
composition of GABA, receptors sensitive to the action of
zolpidem (Horne et al, 1992; Wafford et al, 1993) would be
sensitive to ethanol enhancement of GABA inhibition. This
investigation demonstrated that ethanol enhanced the effect
of GABA in brain regions where zolpidem binding was high,
but not in regions where zolpidem binding was low
(Criswell et al, 1993, 1995). When effects of ethanol and
zolpidem were tested on the same neuron, neurons sensitive
to zolpidem were also sensitive to ethanol enhancement of
the effect of GABA across several brain regions (Criswell
et al, 1995; see Figure 1). Thus, it appeared that the effect of
zolpidem on GABA responsiveness was capable of predict-
ing the action of ethanol to enhance inhibitory responses to
GABA on neural firing in selected sites in brain (Criswell
et al, 1993, 1995).

It is well known that the effect of ethanol on GABA-
induced depression of cerebellar Purkinje neurons can be
variable (see Bloom and Siggins, 1987; Freund et al, 1993;
Lee et al, 1995; Lin et al, 1994; Yang et al, 1998, 2000), even
though these neurons have only the type-1-BZD receptor
(Fritschy and Mobhler, 1995; Itier et al, 1996; Liiddens and
Korpi, 1995). Therefore, the concordance between effects of
zolpidem and ethanol to potentiate GABA-induced depres-
sions of neuronal activity did not appear to hold for
cerebellar Purkinje neurons (Lin et al, 1991, 1994; Yang
et al, 1998, 2000). Subsequently, it was found that when the
action of ethanol was concomitantly modulated by beta-
adrenergic (Freund and Palmer, 1997; Lin et al, 1991, 1994;
Yang et al, 1998) or GABAp (Yang et al, 2000) receptor
agonists, ethanol markedly enhanced the GABA-induced
inhibition of firing rate from Purkinje neurons (see

Neuropsychopharmacology

phosphorylation section). Thus, with this clarification,
ethanol action on Purkinje neurons was consistent with
the hypothesis that the ethanol enhancement of the effect of
GABA in vivo related to ethanol having a direct effect on
GABA , receptors sensitive to zolpidem. Since other GABA,
receptor subunits had differing distributions from that of
the o; subunit forming the type-1-BZD receptor (Fritschy
et al, 1992; Wisden et al, 1992), it was proposed that
this differing distribution of GABA, receptor subtypes
accounted for the regional specificity of ethanol to enhance
GABA responsiveness (Criswell et al, 1993, 1995).

ARGUMENT FOR AN ACTION OF ETHANOL ON
BZD-INSENSITIVE GABA, RECEPTOR SUBTYPES

Based upon a variety of investigations, an argument could
be made that the furosemide-sensitive receptor, a BZD-
insensitive receptor (Kleingoor et al, 1991), might also be
sensitive to ethanol enhancement of GABA function (Harris
et al, 1995b, Ticku and Burch, 1980). This view is based
upon the inverse agonist, RO15-4513, which binds to the
furosemide-sensitive receptor (Mehta and Ticku, 1988;
Mhatre et al, 1988), antagonizing the deficit in righting
reflex induced by ethanol (Bonetti et al, 1989; Suzdak et al,
1986a; see review by Ticku and Kulkarni, 1988). Addition-
ally, in vivo, the BZD-inverse agonists, RO15-4513 and
FG7142, blocked the ethanol-induced depression of Pur-
kinje neurons in the cerebellum (Palmer et al, 1988; see
review by Palmer and Hoffer, 1990). The R0O15-4513 and
other BZD inverse agonists are now known to bind to
receptors with os- and ¢,-GABA, receptor subunits (Derry
et al, 2004; Knoflach et al, 1996; Mhatre and Ticku, 1992;
Yang et al, 1995), providing evidence that the reversal of
ethanol action was related to their effect on these BZD-
insensitive GABA, receptor subtypes.

After chronic ethanol, an alteration in the expression
of ay-receptor subunit occurs in some, but not all,
brain regions (Grobin et al, 2000a,b; Kumar et al, 2002;
Montpied et al, 1991; Papadeas et al, 2001) and the o4-
receptor subunit is increased in the cerebellum (Mhatre
and Ticku, 1992; Morrow et al, 1992). In respect to the
increase in the expression of the oy~ and ws-receptor
subunits following chronic ethanol exposure, there is
often a concomitant downregulation of the a;-receptor
subunit (Grobin et al, 2000a,b; Mhatre and Ticku, 1992;
Morrow et al, 1992; Papadeas et al, 2001). While the
underlying basis of the shift in these alpha-subunits
for GABA, receptors after chronic ethanol is unknown,
this change in GABA 4 receptor subunits is consistent with a
close relationship between ethanol action in vivo and GABA
function.

IN VITRO EXAMINATION OF ETHANOL ACTION ON
GABA, RECEPTOR FUNCTION

A number of observations utilizing in vitro approaches were
consistent with ethanol enhancing GABA function. For
example, it was observed that ethanol enhanced GABA-
induced chloride flux in synapto-neurosomes (Suzdak et al,
1986b). Other studies of cultured neurons seemed consis-
tent with ethanol having an action on GABA, receptors at



concentrations below 100mM (Aguayo, 1990; Reynolds
and Prasad, 1991; Reynolds et al, 1992; see review by
Mihic, 1999). Durand et al (1981) found that ethanol
depressed the evoked population spike from CAl neurons
in slices consistent with an effect on GABA function.
Enhancement of GABA-gated currents by ethanol from
acutely dissociated cerebellar Purkinje and retinal bipolar
cells and ganglion cells was also observed (Nishio and
Narahashi, 1990; Sapp and Yeh, 1998; Yeh and Kolb, 1997).
Signore and Yeh (2000) found ethanol potentiation of
GABA (>10%) in a small number (nine of 44) of pyramidal
neurons in the pyriform cortex. Roberto et al (2003)
recently reported that 44 mM ethanol enhanced the effect
of exogenously applied GABA to amygdaloid neurons,
indicative that ethanol had a direct postsynaptic action on
GABA, receptors at this site. Finally, the specific ayfx0
and ogfix0 GABA, receptor subunits (BZD-insensitive
receptor subtypes), when expressed in oocytes, exhibited a
direct action of low ethanol concentration enhancement of
GABA responsiveness (Sundstrom-Poromaa et al, 2002;
Wallner et al, 2003). More will be said later about this latter
observation.

In contrast to studies thus far outlined, other in vitro
investigations suggested that ethanol was not influencing
GABA, receptors directly (Frye and Breese, 1982; Palmer
and Hoffer, 1990; Siggins et al, 1987b; White et al, 1990). In
accord with this view, several studies failed to demonstrate
an enhancement of GABA responsiveness from isolated
neurons, cultured neurons, and cells transfected with
specific GABA, receptor subunits. Indicative of a lack of
effect of ethanol on GABA, receptor function, Siggins et al
(1987b), utilizing an intracellular approach to measure
GABA-gated currents from CAl- and CA3 pyramidal cells in
hippocampal slices, were unable to find a direct effect of
ethanol on GABA responsiveness. Likewise, Frye et al
(1994) were unable to demonstrate an effect of pharmaco-
logically active concentrations of ethanol on GABA-gated
currents from neurons isolated from medial septal nucleus,
a brain site where earlier in vivo recording showed
enhancement of the inhibitory action of GABA by ethanol
(Givens and Breese, 1990b; Criswell et al, 1993, 1995).
Perfusion of 100 mM ethanol did not augment the effect of
exogenous GABA applied to cultured cortical neurons
(Marszalec et al, 1998)—an observation confirmed by Ming
et al (2001). In a study comparing ethanol to longer chain
alcohols, Peoples and Weight (1999) found that longer chain
alcohols enhanced GABA-gated currents at pharmacologi-
cally relevant concentrations, whereas the extrapolated ECs
for ethanol was 2.1 M—several times the lethal concentra-
tion. In a comprehensive study of neurons from differing
regions of the CNS, Mori et al (2000) concluded that longer
chain alcohols had reliable effects on GABA-gated currents
at physiologically relevant concentrations, while ethanol did
not. Additionally, a wide range of ethanol concentrations
failed to enhance GABA-gated currents from neurons
acutely dissociated from a number of brain regions
previously found sensitive to zolpidem (Criswell et al,
2003). This point is illustrated in Figure 2. The topic of
ethanol action on GABA, receptors has been reviewed by
Aguayo et al (2002).

Most important to the concept that zolpidem predicted
the action of ethanol on GABA function (Criswell et al,
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Figure 2 Demonstration that ethanol does not enhance GABA
responsiveness from isolated Purkinje neurons and neurons from other
brain regions. For this investigation, neurons were enzymatically dissociated
from 12 to 18 day Sprague-Dawley rats. An approximate ECjq
concentration of GABA was used in all cases. lllustration (a) on the left
shows a lack of effect of 100 mM ethanol on GABA-gated current from a
cerebellar Purkinje neuron. The right illustration (b) expressed as percent of
control shows concentration—response curves for the effect of ethanol on
neurons from substantia nigra reticulata (snr), lateral septum (Is)
hippocampus (hip) thalamus (thal) and cerebellar Purkinje neurons (pkj).
There was no significant effect of ethanol on GABA-gated currents at any
concentration tested in these latter brain regions. Modified from Criswell
et al (2003).

1995), ethanol at reasonable concentrations did not alter the
effect of GABA responsiveness when the «;f3,7,; combina-
tion was expressed in various cell lines (see Criswell et al,
2003; Kleingoor et al, 1991; Mihic et al, 1994; Mori et al,
2000; Sapp and Yeh, 1998; Sigel et al, 1993) or in oocytes
(Harris et al, 1997)—a contrast to the positive effect found
when the o7, subunit combination was expressed in
oocytes (Wafford et al, 1991) or L(tk™) cells (Harris et al,
1995c). Consequently, the view concerning the specificity
for ethanol to affect the type-1-BZD receptor directly to
enhance GABA function was placed in doubt. Given this
conclusion that a direct effect of ethanol on the zolpidem
receptor is not responsible for the GABAmimetic profile of
ethanol (Criswell et al, 2003), the mechanism likely under-
lying ethanol enhancement of the ability of GABA to inhibit
neuronal activity in vivo at brain sites with type-1-BZD
receptors required resolution.

In contrast to work on dissociated neurons, several
studies demonstrated that evoked release of GABA in a slice
preparation was sensitive to ethanol (Carlen et al, 1982;
Bloom and Siggins, 1987; Proctor et al, 1992; Roberto et al,
2003; Wan et al, 1996; Weiner et al, 1994a,b, 1997a,b).
Carlen et al (1982) reported enhanced inhibitory post-
synaptic potentials (IPSPs) from CA1l hippocampal cells by
ethanol, an observation later confirmed by a number of
laboratories (Proctor et al, 2004; Wan et al, 1996; Weiner
et al, 1994a,b, 1997a). However, Siggins et al (1987b)
reported that ethanol most often reduced hippocampal CA1
and CA3 neuronal IPSPs induced by stimulation of the hilar
mossy fiber pathway. Proctor et al (1992) reported that
ethanol did not enhance IPSPs from the hippocampus, but
enhanced this measure from neurons in the cortex.
Subsequently, Weiner et al (1997a) reported differing
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sensitivity of subpopulations of rat CA1 pyramidal cells to
evoked GABA 4 receptor mediated IPSCs by ethanol (see Wu
et al, 2004). Wan et al (1996) found that IPSCs from CAl
pyramidal cells were only sensitive to ethanol enhancement
in the presence of a GABAp antagonist, providing a
mechanism for the variability reported (see subsequent
section on GABAjg receptor influences). In another brain
region, investigators (Nie et al, 2004; Roberto et al, 2003)
reported that ethanol enhanced IPSCs from amygdaloid
neurons.

Even though the majority of responses to GABA from
isolated neurons were not affected by ethanol (Bloom and
Siggins, 1987; Criswell et al, 2003; Frye et al, 1994; Mori
et al, 2000; Peoples and Weight, 1999), under the
appropriate conditions, work indicated that the effect of
ethanol on in vivo single unit recording of neural firing
provided consistent results within a brain region (Bloom
and Siggins, 1987; Criswell et al, 1995; Givens and Breese,
1990a; Nestoros, 1980; Palmer and Hoffer, 1990). Based
upon knowing that ethanol has a local effect on GABA
function when measuring neural rate in vivo, it was
reasoned that ethanol would affect spontaneous single unit
activity in a slice preparation. In this respect, Figure 3
demonstrates that ethanol reduced neural activity of a
cerebellar Purkinje neuron in a slice and enhanced the
action of GABA on this measure. Based upon these data
demonstrating a local action of ethanol in the slice, previous
data that ethanol is without effect on enhancement of GABA
from isolated Purkinje neurons, and the positive effects of
ethanol on evoked IPSCs in several brain regions, the neural
action of ethanol on GABA transmission in vivo and in slices
was assumed to depend upon mechanisms not available to
individual neurons enzymatically isolated from brain or to
cells transfected with the majority of GABA, receptor
subunits.
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Figure 3 Effect of ethanol on neural rate from cerebellar Purkinje
neurons. This figure illustrates the effect of GABA (top), ethanol (middle;
50mM) and the combination of GABA and ethanol (bottom) on
extracellularly recorded action potentials from a cerebellar Purkinje neuron
in a slice preparation. Drugs were administered at the time point shown by
the arrow and remain present for the remainder of the record. Note that
both GABA and ethanol cause a temporary decrease in rate that returns
over time. The combination of GABA and ethanol causes a much longer
period of inhibition. The reason for the return of neural activity over time is
not presently known but may involve local circuits that invoke homeostatic
control (unpublished data).
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HYPOTHESIS FOR THE GABAMIMETIC PROFILE
OF ETHANOL

For the most part, the apparent discrepancies concerning
ethanol action on GABA function could be related to the in
vitro preparations used to evaluate the action of ethanol, the
region of brain investigated, factors responsible for main-
taining IPSPs, or the presence of a specific receptor subtype
within a given brain region being sensitive to ethanol.
Regardless, with current evidence not being persuasive that
ethanol has a direct effect on zolpidem-sensitive receptors
to account for its GABAmimetic profile, new initiatives were
needed to understand the overwhelming behavioral and in
vivo electrophysiological studies linking ethanol to a GABA-
like action. Of course, one proposed component that could
contribute to its GABAmimetic profile would be a direct
action of ethanol on selected BZD-insensitive GABAj,
receptors (Sundstrom-Poromaa et al, 2002; Wallner et al,
2003). However, as will be discussed, these BZD-insensitive
GABA, receptors are believed to have limited localization in
brain (Peng et al, 2002). While these selected BZD-
insensitive receptors likely support the action of ethanol
on GABA function in specific regions of brain, they cannot
contribute to actions of ethanol related to GABA , receptors
containing an o;-receptor subunit. Therefore, for systemic
ethanol to display its GABAmimetic profile, it is hypothe-
sized that ethanol affects mechanisms associated with GABA
function distinct from a direct effect on the majority of
postsynaptic GABA 4 receptors (Criswell and Breese, 2005).
These neural mechanisms must be capable of supporting
ethanol-depression of neural rate (Givens and Breese,
1990b) and the action of ethanol on evoked IPSCs (Roberto
et al, 2003; Weiner et al, 1997a) from some, but not all,
neurons within and across brain regions (Breese et al, 1984;
McCown et al, 1986; Givens and Breese, 1990a,b; Weiner
et al, 1997a). Potential neural mechanisms proposed to
account for characteristics contributing to the GABAmi-
metic profile of ethanol are illustrated in Figure 4 and
discussed in the legend.

In earlier work (Bloom and Siggins, 1987; Siggins et al,
1987a,b), a possible presynaptic action of ethanol was
suggested. Therefore, based upon this view, another action
of ethanol distinct from a direct action on GABA, receptors
that could contribute to its GABAmimetic profile would be
an ability to release GABA from presynaptic terminals (see
Figure 4). Consistent with this view, Marszalec et al (1998)
found that perfusion of 100 mM ethanol augmented GABA 4
receptor mediated IPSCs from rat cortical neurons, even
though the effect of GABA applied to the neuron was not
altered. Subsequently, Roberto et al (2003, 2004a) provided
evidence that ethanol enhanced the effect of stimulus-
induced GABA-mediated IPSPs and mIPSCs from neurons
in slices from the central nucleus of the amygdala and
caused release of GABA into microdialysates—clear evi-
dence that ethanol could facilitate GABA release. This action
of ethanol to release GABA can apparently be modified at
presynaptic sites (see designation in Figure 4), by GABAg
(Ariwodola and Weiner, 2004; Wan et al, 1996) and
corticotrophin releasing factor (CRF; Nie et al, 2004)
receptors. Additionally, other neurotransmitter receptors
affected by ethanol can influence neural circuits that
influence GABA transmission (Carta et al, 2003, 2004;
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Figure 4 Proposed mechanisms for the in vivo GABAmimetic action of ethanol. As noted in the text, a direct action of ethanol on o4f330 or s ff30 GABAA
receptors (Hanchar et al, 2004; Sundstrom-Poromaa et al, 2002; Wallner et al, 2003) could be a means by which ethanol is capable of enhancing GABA
transmission in selected brain regions. Additionally, systemic administration of ethanol is proposed to result in an increase in GABA release from presynaptic
terminals, as illustrated (right side under ETOH). This release of GABA by ethanol is thought to occur in some, but not all, regions of brain (see text). Data
are noted in the text that presynaptic influences (note ‘presynaptic receptor’ designation in the figure) on GABAg (see Ariwodola and Weiner, 2004) and
other transmitter receptors (Nie et al, 2004) can influence GABA released by ethanol. Additionally, following ethanol activation of the hypothalamic-
pituitary-adrenal (HPA) axis (denoted by the darkened arrows), ethanol increases neurosteroid precursors from the adrenal, which in turn results in

increased neurosteroids in brain (Barbaccia et dl,

1999; Khisti et al, 2003; O'Dell et al, 2004). Since neuroactive steroids enhance GABA responsweness

(Lambert et al, 2001, 2003; Paul and Purdy, 1992), it is proposed that the ethanol-induced enhancement of neurosteroid presence in brain synergizes the
effect of GABA released by ethanol (Criswell and Breese, 2005). Finally, other possible means by which ethanol is capable of enhancing the effect of GABA is
by reducing excitatory drive or by influencing phosphorylation of GABA receptors (see these topics in Additional Considerations). The relationship of each
of these proposed mechanisms to the regional specificity of ethanol is discussed.

Crowder et al, 2002; Lomniczi et al, 2000; Yang et al,
1996).

Since acute ethanol increases neurosteroid levels in brain
(see Morrow et al, 2004) and neurosteroids enhance the
effect of GABA (Criswell et al, 2003; Harrison and
Simmonds, 1984; Majewska et al, 1986), the increase in
neurosteroids induced by acute ethanol exposure would be
expected to synergize the response to GABA released by
ethanol (see Figure 4). Furthermore, a reduction in
functions associated with glutamate transmission would
also contribute to facilitating the GABAmimetic profile of
ethanol by decreasing the excitation that can counteract
GABA inhibition (Figure 4, legend). This possibility is
supported by earlier reports that ethanol inhibits evoked
EPSPs (Bloom and Siggins, 1987; Brancucci et al, 2004;
Maldve et al, 2004; Siggins et al, 1987a, b; Ziskind-Conhaim
et al, 2003). Another consideration could be influences of
phosphorylation on GABA transmission (Freund and
Palmer, 1997; Weiner et al, 1994a, 1997b).

Collectively, these actions of ethanol associated with
influences on GABA function are proposed to contribute to
its GABAmimetic profile after systemic administration.
Critical to understanding the overall action of ethanol is
defining the basis of its regionally specific action to
influence GABA function and elucidating how this specifi-
city in various brain regions affects distinct functions of the
CNS. The current status of mechanisms in Figure 4 and
legend, which are proposed to contribute to the GABAmi-
metic action of ethanol in vivo, are discussed below in
relation to its regional specificity on GABA transmission.

PROPOSED ROLE FOR BZD-INSENSITIVE GABA,
RECEPTORS IN ETHANOL ACTION

As noted earlier, low ethanol concentrations (3-30 mM)
enhance the effects of GABA from transfected o,fx0 and

osfx0 GABA, receptor subunits expressed in vitro in
oocytes (Sundstrom-Poromaa et al, 2002; Wallner et al,
2003). Consistent with ethanol having an effect on neurons
with BZD-insensitive receptors, low concentrations of
ethanol also selectively augmented the tonic GABA inhibi-
tion of granule cells that contain the oy and 0 GABA,4
receptor subunits, but did not have an effect on CAl
pyramidal cells containing the a5f5),/; subunits (Wei et al,
2004). Likewise, hippocampal neurons with increased levels
of the oy-receptor subunit following progesterone with-
drawal were sensitive to low doses of ethanol (Smith et al,
2004; Sundstrom-Poromaa et al, 2002). Upregulation of the
o4-receptor subunit has been associated with increased
sensitivity to the anxiolytic action of ethanol (Sundstrom-
Poromaa et al, 2002).

It is recognized that GABA has an extremely high
affinity for some BZD-insensitive receptors containing
the 6 subunit, but a relatively low efficacy (Wallner et al,
2003). In some cases, the BDZ-insensitive receptors carry a
major portion of the inhibitory current (Mody, 2001;
Nusser and Mody, 2002; Hamann et al, 2002). Further, it
is proposed that GABA, receptors present at extrasynaptic
sites on neurons (Mody, 2001; Nusser et al, 1998;
Nusser and Mody, 2002) are endogenous o,fixd and osfxd
subtypes, which would be probable targets of ethanol action
(Hanchar et al, 2004). Thus, in brain areas with high
concentrations of BDZ-insensitive receptors containing the
0 subunit, ethanol could have a major effect on GABA
function. Given the sensitivity of these BZD-insensitive
receptor subtypes to ethanol, work like that previously
undertaken with 200 mM ethanol to identify critical sites for
ethanol action (Mihic et al, 1997) should be performed
at low ethanol concentrations (ie <60 mM) on the BZD-
insensitive GABA, receptor subtypes to define the mole-
cular basis of the difference between these receptors and
those subtypes only sensitive to a high level of ethanol
(ie >100 mM).

Neuropsychopharmacology
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The effect of ethanol in knockout mice with various
subunits making up BZD-insensitive receptor subtypes
provided important insight into their contribution to the
GABAmimetic profile of ethanol. The effects of ethanol in
various GABA,-receptor knockout mouse models have
been reviewed (Boehm et al, 2004). The GABA, receptor
knockout mice exhibit normal anxiolytic action to ethanol
(Mihalek et al, 2001), but deficits in seizure sensitivity and a
reduction in the anticonvulsant action of ethanol (Mihalek
et al, 2001; Spigelman et al, 2002). The discriminative
stimulus by ethanol, as well as that for other GABA,
receptor ligands, was not altered in J-knockout mice
(Shannon et al, 2004). Finally, an absence of the - and
the 0s-GABA, receptor subunits did not alter ethanol-
induced sleep time (Mihalek et al, 2001) or righting reflex
(Homanics et al, 1997, 1998). Clearly, not all behavioral
responses associated with ethanol action are affected by
specific removal of subunits forming the BZD-insensitive
receptors (Homanics et al, 1997, 1998; Mihalek et al, 2001;
Shannon et al, 2004; Spigelman et al, 2002). The potential of
these GABA, receptor subtypes to provide an under-
standing of ethanol action was discussed by Harris and
Mihic (2004).

The restricted anatomical localization of the o, oy, and
0-GABA, receptor subunits (Gutierrez et al, 1996; Laurie
et al, 1992; Peng et al, 2002), and these combinations
contributing less than 5% of the total GABA, receptor pool
(Hanchar et al, 2004), likely explains the limited effects
removal of the subunits associated with the BZD-insensitive
receptors have on function. Nonetheless, definition of
specific brain regions influenced by an action of ethanol
on these BZD-insensitive receptors, which could support
selected functions associated with the GABAmimetic profile
of ethanol, remains an open issue. However, the complexity
of this interpretation is exemplified by the recent observa-
tion that GABA responses from the GABA, receptor on
granule cells in the cerebellum, which are thought to
contain ogfix0 subunits (Hamann et al, 2002), were not
affected by ethanol (Carta et al, 2004). However, Hanchar
et al (2005) recently published data that a variant of the
GABA, receptor [as(R100)f30] on cerebellar granule cells
was more sensitive to ethanol than the native receptor. The
basis of this apparent conflict concerning the effect of
ethanol on this receptor subtype on the cerebellar granule
neurons requires further investigation (see discussion by
Carta et al, 2004).

In contrast to the lack of an effect in o and 6 knockout
mice on ethanol-induced sedation (Homanics et al, 1997,
1998; Mihalek et al, 2001), deletion of the o;-GABA,
receptor subunit minimizes the sedative effect of ethanol
(Kralic et al, 2003) indicative of a role of this receptor
subtype in the sedative properties of ethanol. Owing to the
lack of sensitivity of BZD-insensitive receptors to zolpidem
(Derry et al, 2004; Knoflach et al, 1996; Yang et al, 1995),
these GABA, receptors containing the o/o6/fixd subunits
would not be viable candidates for ethanol action in brain
regions with type-1-BZD (zolpidem) receptors—sites where
ethanol was shown earlier in vivo to support enhancement
of GABA (Criswell et al, 1993, 1995). Therefore, additional
initiatives undertaken were directed at clarifying the means
by which ethanol might display its influence on GABA
transmission at sites lacking BZD-insensitive receptors by a
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mechanism distinct from a direct effect on GABA 5 receptor
function.

EVIDENCE FOR ETHANOL-INDUCED RELEASE OF
GABA—A MAJOR CONTRIBUTOR

A logical contribution, consistent with the GABAmimetic
profile of ethanol, would be that ethanol releases GABA
from presynaptic terminals. Such an action would certainly
result in a GABA-related response. The first potential
evidence that ethanol might affect mechanisms related to
GABA release was the demonstration that ethanol altered
levels of GABA in the cortex and cerebellum following
systemic administration (Gordon, 1967). In contrast to this
finding, Frye and Breese (1982) did not find a change in
GABA levels after acute ethanol administration in three
brain regions, including the cerebellum. However, measure-
ment of tissue level after ethanol would require sufficient
release of GABA to reduce content. Therefore, alternative
approaches were required to test this hypothesis.

A direct approach utilized to evaluate the potential action
of ethanol on presynaptic release of GABA was micro-
dialysis. However, various investigations using microdia-
lysis were unable to demonstrate an elevation of GABA by
acute ethanol from nucleus accumbens, ventral pallidum, or
the ventral tegmental area (Cowen et al, 1998; Dahchour
et al, 1994; Heidbreder and De Witte, 1993; Piepponen et al,
2002). On the other hand, Roberto et al (2004a) demon-
strated an ethanol dose-related release of GABA from
amygdala utilizing this approach. One possibility for this
apparent discrepancy among the various dialysis studies
would be ethanol having a selective effect on GABA release
in some, but not all, brain regions—a possibility to be
delineated in future experiments.

In spite of the ambiguity of these latter approaches to
define an ethanol induction of GABA release, several recent
investigations utilizing alternative procedures provided
credence for a direct effect of ethanol on presynaptic
terminals to release GABA. In this respect, Melis et al (2002)
found that ethanol increased the frequency of miniature
inhibitory postsynaptic potentials (mIPSPs) from ventral
tegmental neurons, a finding in accord with GABA release,
but in apparent conflict with data collected with micro-
dialysis (Cowen et al, 1998). Likewise, Ziskind-Conhaim
et al (2003) demonstrated that 70 mM ethanol increased the
number of mIPSPs related to GABA release from neurons in
slices of rat spinal cord. A similar presynaptic action of
ethanol to increase the frequency of GABA-related mIPSCs
was observed from all neurons in slices containing the
central nucleus of the amygdala (Roberto et al, 2003), a
finding consistent with the ethanol-induced increase of
GABA in microdialysates from this site (Roberto et al,
2004a). Ethanol also increased the frequency of mIPSCs
from CAl pyramidal neurons in slices of hippocampus
(Sanna et al, 2004), and from brain stem motor neurons
(Sebe et al, 2003). In addition to the work on mIPSCs
performed in slices (see Roberto et al, 2003, 2004a; Nie et al,
2004; Carta et al, 2004), the use of mechanically dissociated
neurons that have terminals attached (see Akaike and
Moorhouse, 2003) has allowed confirmation of the conclu-
sion that ethanol indeed has the ability to release GABA
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Figure 5 Ethanol increases mIPSCs from isolated cerebellar Purkinje neurons (left), but not from cortical neurons (right): blockade of ethanol effect by
bicuculline (left). On the left (cerebellar Purkinje), the top trace (a) shows a representative |5 s sample of mIPSCs from a mechanically dissociated cerebellar
Purkinje neuron from rat brain. The middle trace (b) shows the increase in frequency of mIPSCs from 3.1 Hz in the absence of ethanol (a) to 10.0Hz in the
presence of 50 mM ethanol (b). Trace C demonstrates a block of mIPSPs induced by ethanol with bicuculline. The ethanol did not change the amplitude or
decay time of mIPSCs from the cerebellar Purkinje neurons. On the right (Cortex), the top trace (a) shows a 5s sample of mIPSCs from a mechanically
dissociated cortical neuron. The bottom trace (b) illustrates the lack of increase in frequency of mIPSCs from |3.1 Hz in the absence of ethanol (a) to I 1.6 Hz
in the presence of 50mM ethanol (b). There was also no change in amplitude or of decay time. All recordings were made in the presence of 500 nM
tetrodotoxin to eliminate the influence of preterminal Na™ currents. Criswell et al (2004) has shown that the increased frequency of mIPSCs from
cerebellar Purkinje neurons is concentration related (from Criswell et al, 2004 and unpublished data).

directly from presynaptic terminals. Utilizing this approach,
Criswell et al (2004) provided evidence that ethanol
increased the frequency of mIPSCs from cerebellar Purkinje
neurons. An example is presented in Figure 5. Since these
mIPSCs were blocked by bicuculline, postsynaptic GABA
receptors were activated by the ethanol-induced release of
GABA (Figure 5). Zhu and Lovinger (2004) reported similar
ethanol enhancement of the frequency of mIPSCs from
neurons mechanically dissociated from the basolateral
amygdala.

Thus, these recent findings in vitro showing that ethanol
increases the frequency of mIPSCs from neurons in slices
and from mechanically dissociated neurons provide needed
evidence that ethanol is capable of releasing GABA from
presynaptic terminals. However, our laboratory found that
ethanol did not enhance miniature currents from isolated
cortical neurons (Figure 5, Cortex)—a finding suggesting
that ethanol does not release GABA from terminals in all
brain locations. In accord with this view, Dubois et al (2004)
found that ethanol decreased the frequency of mIPSCs of
cultured septal neurons without changing decay kinetics.
These latter observations would be consistent with in vivo
electrophysiological recording showing that ethanol has
regionally specific actions on GABA function (Bloom and
Siggins, 1987; Givens and Breese, 1990a,b; Criswell et al,
1993, 1995); however, the extent that ethanol has a regional
action on GABA release has yet to be defined.

The demonstrated presynaptic action of ethanol to
increase the frequency of GABA-induced mIPSCs (Criswell
et al, 2004; Roberto et al, 2003, 2004a; Siggins et al, 2005;
Zhu and Lovinger, 2004) supports the view that ethanol can
affect a mechanism related to GABA function distinct from
a postsynaptic action on GABA, receptors (see Figure 4).
These findings can also explain the positive interaction of
ethanol with modulators of GABA, receptor function, such
as barbiturates and BZDs (Akaike et al, 1990; Puia et al,
1991), by their enhancing the effect of GABA released by
ethanol. Since Sebe et al (2003) and Li et al (2003) described
a developmental consequence of ethanol action to influence
GABA transmission, testing the role of presynaptic release

of GABA by ethanol in this developmental process should
be investigated. For the present, the mechanism by which
ethanol induces release of GABA from some, but not all,
terminals is uncertain, but is a finding that should receive
attention. Likewise, the mechanism of the specificity for this
action on GABA release not being universal for all
neurotransmitter release must also be considered. The next
question that arose was whether any other mechanisms or
actions of ethanol could contribute to the GABAmimetic
profile of ethanol by affecting the degree to which GABA is
released.

OTHER NEURAL MECHANISMS INFLUENCING GABA
RELEASE: RELATION TO ETHANOL ACTION

GABAjg Receptor Involvement

Several studies demonstrated that GABAy receptor antago-
nists enhance the ability of ethanol to facilitate GABA
transmission in the hippocampus (Ariwodola and Weiner,
2004; Wan et al, 1996; Wu et al, 2004) and nucleus
accumbens (Nie et al, 2000). Melis et al (2002) linked the
long-lasting potentiation of GABAergic synapses on dopa-
minergic neurons in the ventral tegmental area by systemic
ethanol to an effect on presynaptic GABAjp receptors.
Ariwodola and Weiner (2004) recently suggested that the
effect of ethanol to facilitate GABA transmission is limited
because of GABA feedback on presynaptic GABAg recep-
tors. Wu et al (2004) reported that the presence of GABAp
receptors accounted for the difference in sensitivity to
ethanol influences on GABA transmission in differing
subfields of the hippocampus (see Weiner et al, 1997a).
Additionally, GABAjg receptors did not influence GABA
release from neurons in the amygdala (Roberto et al, 2003).
Thus, the involvement of GABAp receptors on GABA release
in various brain regions may not be universal, suggestive
that the presence or absence of presynaptic GABAjp
receptors may be an important determinant for the regional
specificity of ethanol to affect GABA transmission (Ariwo-
dola and Weiner, 2004).

Neuropsychopharmacology
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Other Presynaptic Receptor Involvement

In addition to GABA itself influencing GABA release via
GABAg receptors, other neurotransmitter systems acting at
presynaptic sites can influence GABA release. Nie et al
(2004) showed that CRF is involved in controlling the
presynaptic action of ethanol in amygdala, implying that
CRF influences GABA release. Yang et al (1996) demon-
strated in vivo that nicotine inhibition in medial septum
involved activation of GABA release by presynaptic
nicotinic cholinergic receptors—a means by which ethanol
and nicotine may interact. Defining the potential role of
ethanol action on nicotinic receptor influences on GABA
transmission could be a means to understand the high
incidence of nicotine addiction in alcoholics. Missing from
consideration is testing the effect of ethanol on the myriad
of other neurotransmitters and mechanisms that appear to
influence presynaptic release of GABA (Cossart et al, 2001;
Gitler et al, 2004; Ho et al, 2003; Kerchner et al, 2001; Meir
et al, 1999; Miller, 1998; Nakamura et al, 2003; Saitow et al,
2001; Satake et al, 2000).

Circuit Dependent Influences

In addition to work demonstrating direct presynaptic
influences of ethanol to affect GABA transmission, other
studies describe circuit-dependent effects of ethanol on
GABA release. For example, Lomniczi et al (2000) reported
that incubation of hypothalamic tissue with ethanol resulted
in GABA release—a change proposed to relate to ethanol-
induced release of endorphin. Crowder et al (2002) reported
that ethanol concentrations as low as 20mM inhibit
kainate-induced inhibition of GABA, IPSCs from CAl
hippocampal neurons (see Weiner et al, 1999). Subse-
quently, Carta et al (2003) reported that ethanol inhibition
of kainate receptor excitation of GABA-containing inter-
neurons reduced GABA release on CAl neurons. In an
investigation of cerebellar granule cells, Carta et al (2004)
described an ethanol effect on a GABAergic inhibition of
cerebellar granule cells via a release of GABA due to
activation of Golgi cells—a circuit-dependent mechanism
blocked by TTX.

Collectively, defining the possible influence of ethanol on
presynaptic mechanisms that influence GABA release, as
well as its actions on other neurotransmitter systems that
indirectly influence release, is important to understand
ethanol action on GABA transmission. Defining the
relationship of these actions to the regional specificity in
various brain regions could be a fertile area of future
research.

NEUROSTEROID INVOLVEMENT IN THE
GABAMIMETIC PROFILE OF ETHANOL:
ENHANCEMENT OF THE EFFECT OF GABA
RELEASED BY ETHANOL

Progesterone released from the adrenal gland (Holzbauer
et al, 1985) serves as a precursor for neurosteroids in brain
(see Barbaccia et al, 2001; Mellon et al, 2001). Acute
administration of ethanol activates the hypothalamic-
pituitary-adrenal (HPA) axis and increases plasma pre-
cursors for neurosteroids, resulting in elevated neuroster-
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oids in brain (Barbaccia et al, 1999; Morrow et al, 2001)—a
change blocked by adrenalectomy (Khisti et al, 2002, 2003)
and by combining adrenalectomy and gonadectomy (O’Dell
et al, 2004). As seen in male and female rats (Morrow et al,
1999), ethanol has a like effect to increase allopregnanolone
levels in both male and female adolescent humans (Torres
and Ortega, 2003, 2004). As it is well known that
neurosteroids enhance the action of GABA (Harrison and
Simmonds, 1984; Majewska et al, 1986), the increase in
brain neurosteroids induced by acute ethanol could
presumably contribute to its GABAmimetic profile.

Even though Gabriel et al (2004) found that allopregna-
nolone did not influence ethanol-induced place preference,
other work emphasized a relationship of neurosteroid
action to ethanol pharmacology by demonstrating that
discrimination for ethanol generalized to neurosteroids
(Ator et al, 1993; Bowen et al, 1999; Grant et al, 1996).
Additionally, exogenous neurosteroid altered the reinforce-
ment responding for ethanol (Janak et al, 1998) and
reinstated previously extinguished responding for ethanol
(Nie and Janak, 2003). Further, a neurosteroid enhanced
ethanol consumption in two-bottle preference test (Sinnott
et al, 2002). These findings, which demonstrate an interac-
tion of ethanol and neurosteroids, are consistent with these
compounds sharing influences on GABA, receptors.

A variety of other functional investigations, in which
neurosteroid production was inhibited, also supported the
view that central neurosteroids interact with actions of
ethanol. VanDoren et al (2000) were able to reduce the
anticonvulsant action of ethanol and completely block the
effect of moderate concentrations of ethanol on medial
septal neurons by minimizing the production of neuroster-
oids with the 5a-reductase inhibitor finasteride. Likewise,
Tokunaga et al (2003) demonstrated a reduction of ethanol
action on neural activity in the hippocampus by inhibiting
neuroactive steroid production. However, finasteride did
not affect duration of loss of righting by ethanol (Khisti
et al, 2003; VanDoren et al, 2000), possibly because the
enzyme blocked by this synthesis inhibitor is localized to
specific brain regions not related to this functional measure.

Since adrenalectomy reduces neurosteroids as noted
previously (Khisti et al, 2002, 2003; O’Dell et al, 2004), this
approach provided an alternative to evaluate the role of
neurosteroids in the action of ethanol. An early study by
Bowers et al (1991) noted that adrenalectomy increased
bicuculline-induced seizure sensitivity in long-sleep and
short-sleep mice. A subsequent study demonstrated that
adrenalectomy reduced the sedative action of ethanol
(Khisti et al, 2003). This adrenalectomy-induced deficiency
of ethanol action was reversed by administration of the
neurosteroid, allopregnanolone (3-alpha-hydroxy-5-alpha-
pregnan-20-one; Khisti et al, 2003). Even though adrena-
lectomy did not completely eliminate the sedation induced
by ethanol (Khisti et al, 2003), the reduction of ethanol
action by adrenalectomy implied that a significant part of
the sedation related to ethanol is dependent upon its
activation of the HPA axis to increase neurosteroids. Based
upon the findings that reducing neurosteroid content in
brain minimized sedation and other actions of ethanol,
Morrow et al (1999, 2001, 2004) suggested that the increase
in neurosteroids following acute ethanol administration
contributes to its actions.



A missing link for understanding neurosteroid contribu-
tion to the GABAmimetic profile of ethanol was the specific
means of their involvement—a circumstance that has not
been given the attention it deserves. While reports
suggested a direct interaction between ethanol and neuro-
steroids on GABA, receptor function (Akk and Steinbach,
2003; Criswell et al, 1999), recent data from our laboratory
questions this observation (Criswell et al, 2003). Further, it
should be recognized that the concentration of neurosteroid
following ethanol (<100 nM) is likely insufficient to have a
direct effect on GABA, receptors to gate current in the
absence of GABA (Callachan et al, 1987; Cottrell et al, 1987;
Puia et al, 1990). This circumstance minimizes the
possibility that a direct activation of GABA, receptor
function by neurosteroids is responsible for the neuroster-
oid contribution to the GABAmimetic profile of ethanol.
However, given the recent report consistent with a direct
effect of neurosteroids on GABA 5 receptor gating (Shu et al,
2004), some caution must be taken with this interpretation.

A clue to the mechanism by which the ethanol-induced
increase in neurosteroids could influence GABA function
was a study by Kang et al (1998), who noted that a
neurosteroid enhanced evoked IPSCs from hippocampal
neurons. Likewise, Vicini et al (2002) found that a
neurosteroid enhanced decay time of mIPSCs. A finding
directly relevant to the mechanism by which ethanol
enhances GABA transmission was the study by Sanna
et al (2004), who found that the effect of ethanol on decay
time of mIPSCs in the hippocampus was dependent upon
brain steroidogenesis. Utilizing mechanically dissociated
cerebellar Purkinje neurons, Figure 6 shows that the
neuroactive steroid, alphaxalone, enhances the decay time
of mIPSCs induced by 50 mM ethanol without affecting
amplitude. Collectively, such data are consistent with the
proposal that the ethanol-induced increase in neuroster-
oids, by its activation of the HPA axis, enhances (syner-
gizes) the responsiveness of the GABA released by ethanol
from presynaptic terminals. These combined actions are
proposed to be the primary contributors to the GABAmi-
metic profile of ethanol (Figure 4). Further, the specificity of
neurosteroids on differing GABA, receptor subtypes (see
Belelli et al, 2002; Bianchi and Macdonald, 2003; Lambert
et al, 2001, 2003; Spigelman et al, 2003; Stell et al, 2003;
Wallner et al, 2003) could conceivably contribute to the
regional specificity of ethanol on GABA function.

In addition to enhancing the effect of GABA, Haage and
Johansson (1999) and Haage et al (2002) stated that
neurosteroids increase the frequency of mIPSCs from
preoptic nerves, suggestive of a presynaptic action of these
compounds to release GABA. This neurosteroid enhance-
ment of mIPSCs from medial preoptic neurons has been
confirmed by Uchida et al (2002). Sulfated neuroactive
steroids can inhibit GABA release from hippocampal
pyramidal cells by acting on a sigma receptor (Mtchedlish-
vili and Kapur, 2003). While our laboratory has confirmed
the ability of a sulfated neurosteroid to inhibit GABA release
(unpublished data from Purkinje neurons), our laboratory
and others (Cooper et al, 1999; Puia et al, 2003) have not
observed a change in frequency of mIPSCs at low
concentrations of unsulfated neuroactive steroids from
terminals influencing hippocampal or cerebellar Purkinje
neurons. If neurosteroids are found to release GABA from
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Figure 6 Alphaxalone, a neuroactive steroid, increases decay time of
mIPSCs associated with ethanol-induced GABA release. The traces show
the scaled mean of |2—14 mIPSCs recorded from a cerebellar Purkinje
neuron after ethanol application (50 mM; ethanol alone) in the absence
(control) and presence of 100nM alphaxalone (ethanol + alphaxalone).
The control and ethanol traces overlap indicating a lack of effect of ethanol
on decay time. However, addition of the 100nM alphaxalone in the
presence of ethanol prolonged the decay time. The curves were best fit by
a double exponential curve with t;, =331 ms and 17, =49.5ms for the
control condition (ethanol alone) and 1) =2.86ms and 7, = 125.8ms in
the presence of alphaxalone. Alphaxalone had similar effects on increasing
the decay time of the mIPSCs in the absence of ethanol. This finding
illustrates a direct action of alphaxalone on the GABAA receptor complex
to increase the effectiveness of GABA in the presence of ethanol
(unpublished data).

some, but not all, brain regions, this potential action on
GABA function would be an additional way the ethanol-
induced increase in central neurosteroids could contribute
to its regional specificity on GABA function—a possibility
that must be tested.

ADDITIONAL CONSIDERATIONS

In addition to the factors already discussed, there are other
aspects of ethanol pharmacology that may contribute to its
GABAmimetic profile that require further investigation.
Selected factors are discussed below.

Phosphorylation and Ethanol Action on GABA Function

One area that needs clarification is the role of phosphoryla-
tion on GABA transmission and ethanol’s effect on this
process. Some GABA, receptors have consensus sites for
phosphorylation (Browning et al, 1990; Kellenberger et al,
1992). Phosphorylation of these sites results in an alteration
in GABA-related currents (Kellenberger et al, 1992;
Leidenheimer et al, 1992). In a seminal publication, Weiner
et al (1994b) reported that ethanol enhancement of IPSCs
from hippocampal CA1 neurons was modulated by PKC, an
observation later confirmed (Weiner et al, 1997b). In
contrast to this consistent finding, mice with the PKCe
and PKCy isoforms provided differing effects on ethanol
action. Removal of PKCe¢ gene enhanced the behavioral
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response to ethanol (Hodge et al, 1999; Proctor et al, 2003),
suggestive that phosphorylation by this enzyme facilitates
its GABAmimetic profile. On the other hand, mutant mice
lacking the 7y isoform of PKC exhibit a decrease in
behavioral responses to ethanol and the action of ethanol
on GABA, receptor function is abolished (Harris et al,
1995a), suggestive that removal of this PKC isoform results
in a reduction of ethanol action on GABA function.
Consistent with these in vivo results, Proctor et al (2003)
reported that ethanol (80 mM) enhancement of IPSCs from
CA1l hippocampal neurons was absent in the PKCy null
mice, but potentiated in PKCe¢ null mice. Needing clarifica-
tion is whether differing isoforms of PKC have alternative
means of affecting the action of ethanol on GABA function
(eg altering either pre- or postsynaptic functions). Whether
the differing isoforms of PKC have a differing regional
specificity to alter the action of ethanol on GABA function
has not been investigated. Additionally, the role of PKA in
modifying ethanol action requires further examination—a
need given the suggestion that this enzyme may be
responsible for beta-adrenergic stimulation that allows
ethanol action to enhance GABA function from cerebellar
Purkinje neurons (Freund et al, 1993; Freund and Palmer,
1997). Additionally, altered phosphorylation can modulate
inhibitory synaptic currents associated with neurosteroid
action (Vicini et al, 2002). Definition of the basis of these
differing findings concerning phosphorylation modifying
the action of ethanol on GABA transmission is likely to
further clarify whether this process contributes to ethanol’s
regional specificity.

Ethanol on Excitatory Drive

In whole animals, the GABAmimetic action of ethanol in
vivo could also be related to reduce excitatory function. In
this respect, Ziskind-Conhaim et al (2003) found a decrease
in the number of glutamate mediated miniature excitatory
postsynaptic currents (mEPSCs) from spinal cord neurons,
under the same conditions as those in which GABA-related
minipotentials were increased. Likewise, Maldve et al (2004)
found ethanol inhibition of vesicular release at excitatory
synapses and Brancucci et al (2004) found that ethanol
reduced the efficacy of excitatory glutamatergic transmis-
sion on dopaminergic neurons in the substantia nigra pars
compacta. In the ventral tegmental area, Stobbs et al (2004)
found that ethanol had inhibitory effects on excitatory
glutamatergic neurotransmission. Additionally, ethanol is
reported to diminish glutamate release in nucleus accum-
bens (Piepponen et al, 2002; Yan et al, 1998), to reduce the
probability of glutamate release at the crayfish neuromus-
cular junction (Strawn and Cooper, 2002), and to minimize
potassium stimulated glutamate release in the guinea pig
hippocampus (Butters et al, 2001). On the other hand,
Roberto et al (2004b) found that acute ethanol (5-66 mM)
did not affect paired pulse facilitation of EPSPs and EPSCs
in naive rat central amygdala and that infusion of ethanol by
reverse microdialysis did not affect glutamate in dialysates
from this site. Collectively, these limited findings suggest
that acute ethanol is capable of reducing glutamate release
in some, but not all, brain regions. Nonetheless, acute
ethanol can also reduce the postsynaptic effects of NMDA
and non-NMDA receptors mediating excitation (see Crews
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et al, 1996)—another change that would reduce excitatory
drive and allow greater effectiveness of GABA released by
ethanol. As with GABA transmission, a number of
presynaptic mechanisms can influence glutamate release
(see Brown et al, 2004; Jones and Wonnacott, 2004). Since
ethanol increases neurosteroids, another aspect that should
receive future attention is the possibility that pregnenolone
sulfate may enhance spontaneous glutamate release (see
Meyer et al, 2002), while reducing release of GABA
(Mtchedlishvili and Kapur, 2003). Such an action would
likely relate to adaptations induced by chronic ethanol
exposure.

SUMMARY

From this commentary, the view that an integration of
various actions of ethanol that influence GABA function
contributes to its GABAmimetic profile appears reasonable
(Criswell and Breese, 2005). However, it is emphasized that
documentation of this integration is in its infancy. In view
of the reported specificity of ethanol action within and at
differing sites in brain (Bloom and Siggins, 1987; Givens
and Breese, 1990a, b; Criswell et al, 1993, 1995; Weiner et al,
1997a), additional investigation of the potential regional
specificity for each of the mechanisms proposed to
collectively influence the in vivo GABAmimetic profile of
ethanol should be defined. Given reports that ethanol can
affect ion channels that influence membrane potential (see
Blednov et al, 2001; Davies et al, 2003; Kobayashi et al, 1999;
Lewohl et al, 1999; Carlen et al, 1982; Gruol et al, 1997), this
area also warrants further investigation, particularly given
that small changes in membrane potential can have potent
effects on neural activity (North, 1989). Likewise, further
attention should be given to whether GABA uptake is
affected by ethanol, as an effect on this function could be a
means by which ethanol could influence the effectiveness of
GABA released by ethanol. The focus proposed should allow
identification of specific brain regions responsible for
various functions affected by ethanol, extending our
understanding of ethanol’s varied physiological and func-
tional consequences—particularly those that relate to its
GABAmimetic profile. Ultimately, delineation of the con-
tribution of each of the proposed mechanisms influencing
the acute pharmacology of ethanol might provide future
clues for addressing alcohol abuse.

ACKNOWLEDGEMENTS
We thank Dr Darin Knapp for preparation of Figure 4.

REFERENCES

Akaike N, Moorhouse AJ (2003). Techniques: applications of
the nerve-bouton preparation in neuro-pharmacology. Trends
Neurosci 24: 44-47.

Akaike N, Tokutomi N, Ikemoto Y (1990). Augmentation of
GABA-induced current in frog sensory neurons by pentobarbi-
tal. Am ] Physiol 258: C452-C460.

Akk G, Steinbach JH (2003). Low doses of ethanol and a
neuroactive steroid positively interact to modulate rat GABA,
receptor function. J Physiol 546(Part 3): 641-646.



Allan AM, Harris RA (1987). Acute and chronic ethanol treatments
alter GABA receptor-operated chloride channels. Pharmacol
Biochem Behav 27: 665-670.

Aguayo LG (1990). Ethanol potentiates the GABA-activated Cl™
current in mouse hippocampal and cortical neurons. Eur |
Pharmacol 187: 127-130.

Aguayo LG, Peoples RW, Yeh HH, Yevenes GE (2002). GABA,
receptors as molecular sites of ethanol action. Direct or indirect
actions? Curr Top Med Chem 2: 869-885.

Ariwodola O], Weiner JL (2004). Ethanol potentiation of
GABAergic synaptic transmission may be self-limiting: role of
presynaptic GABAg receptors. | Neurosci 24: 10679-10686.

Ator NA, Grant KA, Purdy RH, Paul SM, Griffiths RR (1993). Drug
discrimination analysis of endogenous neuroactive steroids in
rats. Eur ] Pharmacol 241: 237-243.

Becker HC, Anton RF (1989). The benzodiazepine receptor inverse
agonist RO15-4513 exacerbates, but does not precipitate, ethanol
withdrawal in mice. Pharmacol Biochem Behav 32: 163-167.

Benke D, Mertens S, Trzeciak A, Gillessen D, Mohler H (1991a).
GABA , receptors display association of y2-subunit with «1- and
p2/3-subunits. J Biol Chem 266: 4478-4483.

Benke D, Mertens S, Trzeciak A, Gillessen D, Mohler H (1991b).
Identification and immuno-histochemical mapping of GABA,
receptor subtypes containing the J-subunit in rat brain. FEBS
Lett 283: 145-149.

Barbaccia ML, Affricano D, Trabucchi M, Purdy RH, Colombo G,
Agabio R et al (1999). Ethanol markedly increases ‘GABAergic’
neurosteroids in alcohol-preferring rats. Eur J Pharmacol 384:
R1-R2.

Barbaccia ML, Serra M, Purdy RH, Biggio G (2001). Stress and
neuroactive steroids. Int Rev Neurobiol 46: 243-272.

Belelli D, Casula A, Ling A, Lambert JJ (2002). The influence of
subunit composition on the interaction of neurosteroids with
GABA, receptors. Neuropharmacology 43: 651-661.

Bianchi MT, Macdonald RL (2003). Neurosteroids shift partial
agonist activation of GABA, receptor channels from low- to
high-efficacy gating patterns. J Neurosci 23: 10934-10943.

Blednov YA, Stoffel M, Chang SR, Harris RA (2001). Potassium
channels as targets for ethanol: studies of G-protein-coupled
inwardly rectifying potassium channel 2 (GIRK2) null mutant
mice. | Pharmacol Exp Ther 298: 521-530.

Bloom FE, Siggins GR (1987). Electrophysiological action of
ethanol at the cellular level. Alcohol 4: 331-337.

Boehm II SL, Ponomarev I, Jennings AW, Whiting PJ], Rosahl TW,
Garrett EM et al (2004). Aminobutyric acid A receptor subunit
mutant mice: new perspectives on alcohol actions. Biochem
Pharmacol 68: 1581-1602.

Bonetti EP, Burkard WP, Gabl M, Hunkeler W, Lorez HP, Martin
JR et al (1989). Ro 15-4513: partial inverse agonism at the
BZR and interaction with ethanol. Pharmacol Biochem Behav 31:
733-749.

Bowen CA, Purdy RH, Grant KA (1999). Ethanol-like discrimina-
tive stimulus effects of endogenous neuroactive steroids: effect of
ethanol training dose and dosing procedure. | Pharmacol Exp
Ther 289: 405-411.

Bowers BJ, Bosy TZ, Wehner JM (1991). Adrenalectomy increases
bicuculline-induced seizure sensitivity in long-sleep and short-
sleep mice. Pharmacol Biochem Behav 38: 593-600.

Brancucci A, Berretta N, Mercuri NB, Francesconi W (2004).
Gamma-hydroxybutyrate and ethanol depress spontaneous
excitatory postsynaptic currents in dopaminergic neurons of
the substantia nigra. Brain Res 997: 62-66.

Breese GR, Cott JM, Cooper BR, Prange AJ, Lipton MA (1974).
Antagonism of ethanol narcosis by thyrotropin releasing
hormone. Life Sci 14: 1053-1063.

Breese GR, Frye GD, McCown TJ, Mueller RA (1984). Comparison
of the CNS effects induced by TRH and bicuculline after
microinjection into medial septum, substantia nigra and inferior

Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

colliculus: absence of support for a GABA antagonist action for
TRH. Pharmacol Biochem Behav 21: 145-149.

Breese GR, Frye GD, Vogel RA, Mann-Koepke K, Mueller RA
(1983). Comparisons of behavioral and biochemical effects of
ethanol and chlordiazepoxide. In: Pohorecky LA, Brick J (eds).
Stress and Alcohol Use. Elsevier Sci. Publ. Co., Inc.: Amsterdam.
pp 261-276.

Brodie MS, Shefner SA, Dunwiddie TV (1990). Ethanol increases
the firing rate of dopamine neurons of the rat ventral tegmental
area in vitro. Brain Res 508: 65-69.

Brouillet E, Chavoix C, Bottlaender M, Khalili-Varasteh M,
Hantraye P, Fournier D et al (1991). In vivo bidirectional
modulatory effect of benzodiazepine receptor ligands on
GABAergic transmission evaluated by positron emission tomo-
graphy in non-human primates. Brain Res 557: 167-176.

Brown SP, Safo PK, Regehr WG (2004). Endocannabinoids inhibit
transmission at granule cell to Purkinje cell synapses by
modulating three types of presynaptic calcium channels.
J Neurosci 24: 5623-5631.

Browning MD, Bureau M, Dudek EM, Olsen RW (1990). Protein
kinase C and cAMP-dependent protein kinase phosphorylate the
beta subunit of the purified y-aminobutyric acid A receptor. Proc
Natl Acad Sci 87: 1315-1318.

Butters NS, Reynolds JN, Brien JF (2001). In vitro ethanol exposure
decreases potassium-stimulated, but not veratridine-stimulated,
glutamate release in the guinea pig hippocampus. Alcohol 25:
49-53.

Callachan H, Cottrell GA, Hather NY, Lambert JJ, Nooney JM,
Peters JA (1987). Modulation of the GABA, receptor by
progesterone metabolites. Proc Roy Soc London B Biol Sci 31:
359-369.

Carlen PL, Gurevich N, Durand D (1982). Ethanol in low doses
augments calcium-mediated mechanisms measured intracellu-
larly in hippocampal neurons. Science 215: 306-309.

Carta M, Ariwodola OJ, Weiner JL, Valenzuela CF (2003). Alcohol
potently inhibits the kainate receptor-dependent excitatory
drive of hippocampal interneurons. Proc Natl Acad Sci USA
100: 6813-6818.

Carta M, Mameli M, Valenzuela CF (2004). Alcohol enhances
GABAergic transmission to cerebellar granule cells via an
increase in Golgi cell excitability. ] Neurosci 24: 3746-3751.

Clark A, Little HJ (2004). Interactions between low concentrations
of ethanol and nicotine on firing rate of ventral tegmental
dopamine neurones. Drug Alcohol Depend 75: 199-206.

Cooper BR, Viik K, Ferris RM, White HL (1979). Antagonism of
the enhanced susceptibility to audiogenic seizures during
alcohol withdrawal by GABA and GABA-mimetic agents.
J Pharmacol Exp Ther 209: 396-403.

Cooper EJ, Johnston GA, Edwards FA (1999). Effects of a naturally
occurring neurosteroid on GABA, IPSCs during development in
rat hippocampal or cerebellar slices. | Physiol 521(Part 2):
437-449.

Cossart R, Tyzio R, Dinocourt C, Esclapez M, Hirsch JC, Ben-Ari Y
et al (2001). Presynaptic kainate receptors that enhance the
release of GABA on CAl hippocampal interneurons. Neuron 29:
497-508.

Cott JM, Breese GR, Cooper BR, Barlow TS, Prange AJ (1976).
Investigations into the mechanism of reduction of ethanol sleep
by thyrotropin-releasing hormone (TRH). ] Pharmacol Exp Ther
196: 594-604.

Cottrell GA, Lambert JJ, Peters JA (1987). Modulation of
GABA, receptor activity by alphaxalone. Br J Pharmacol 90:
491-500.

Cowen M, Chen F, Jarrott B, Lawrence AJ (1998). Effects of acute
ethanol on GABA release and GABA, receptor density in the rat
mesolimbic system. Pharmacol Biochem Behav 59: 51-57.

Crews FT, Criswell HE, Morrow AL, Breese GR (1996). Ethanol’s
action on ion channels. Int Rev Neurobiol 39: 283-368.

Neuropsychopharmacology

1419



Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

1420

Criswell HE, Breese GR (1989). A conflict procedure not requiring
deprivation: evidence that chronic ethanol treatment induces
tolerance to the anticonflict action of ethanol and chlordiazep-
oxide. Alcohol Clin Exp Res 13: 680-685.

Criswell HE, Breese GR (1990). Evidence for the involvement of an
endogenous benzodiazepine-inverse agonist in the tolerance to
the anticonflict action of ethanol and benzodiazepines. Alcohol
Clin Exp Res 13: 680-685.

Criswell HE, Breese GR (1993). Similar effects of ethanol and
flumazenil on acquisition of a shuttle-box avoidance response
during withdrawal from chronic ethanol treatment. Br J
Pharmacol 110: 753-760.

Criswell HE, Breese GR (2005). Effects of alcohol on ion channels
in brain—a new look. In: Preedy VR, Watson RR (eds).
Comprehensive Handbook of Alcohol Related Pathology. Elsevier
Ltd: London. Chapter 67, pp 857-870.

Criswell HE, McCown TJ, Moy SS, Oxford GS, Mueller RA, Morrow
AL et al (1997). Action of zolpidem on responses to GABA in
relation to mRNAs for GABA, receptor alpha subunits within
single cells: evidence for multiple functional GABA , isoreceptors
on individual neurons. Neuropharmacology 36: 1641-1652.

Criswell HE, McCown TJ, Ming Z, Mueller RA, Breese GR (1999).
Interactive role for neurosteroids in ethanol enhancement of y-
aminobutyric acid-gated currents from dissociated substantia
nigra reticulata neurons. J Pharmacol Exp Ther 291: 1054-1059.
(Erratum in J Pharmacol Exp Ther (2000), 294: following 1224).

Criswell HE, Ming Z, Breese GR (2004). Effect of ethanol on
spontaneous inhibitory postsynaptic potentials from mechani-
cally dissociated cerebellar Purkinje neurons. Alcohol Clin Exp
Res 28: 59A.

Criswell HE, Ming Z, Griffin BL, Mueller RA, Breese GR (2003).
Comparison of the effect of ethanol on NMDA- and GABA-gated
currents from acutely dissociated neurons: absence of regional
differences in sensitivity to ethanol. /] Pharmacol Exp Ther 304:
192-199.

Criswell HE, Simson PE, Knapp DJ, Devaud LL, McCown TJ,
Duncan GE et al (1995). Effect of zolpidem on y-aminobutyric
acid (GABA)-induced inhibition predicts the interaction of
ethanol with GABA on individual neurons in several rat brain
regions. J Pharmacol Exp Ther 273: 526-536.

Criswell HE, Simson PE, Duncan GE, McCown TJ, Herbert JS,
Morrow AL et al (1993). Molecular basis for regionally specific
action of ethanol on y-aminobutyric acid, receptors: general-
ization to other ligand-gated ion channels. ] Pharmacol Exp Ther
267: 522-537.

Crowder TL, Ariwodola OJ, Weiner JL (2002). Ethanol antagonizes
kainate receptor-mediated inhibition of evoked GABA, inhibi-
tory postsynaptic currents in the rat hippocampal CA1 region.
J Pharmacol Exp Ther 303: 937-944.

Dahchour A, Quertemont E, De Witte P (1994). Acute ethanol
increases taurine but neither glutamate nor GABA in the nucleus
accumbens of male rats: a microdialysis study. Alcohol Alcohol
29: 485-487.

Davies AG, Pierce-Shimomura JT, Kim H, VanHoven MK, Thiele
TR, Bonci A et al (2003). A central role of the BK potassium
channel in behavioral responses to ethanol in C. elegans. Cell
115: 655-666.

Derry JM, Dunn SM, Davies M (2004). Identification of a residue in
the y-aminobutyric acid type A receptor o subunit that
differentially affects diazepam-sensitive and -insensitive benzo-
diazepine site binding. ] Neurochem 88: 1431-1438.

Devaud LL, Smith FD, Grayson DR, Morrow AL (1995). Chronic
ethanol consumption differentially alters the expression of y-
aminobutyric acid, receptor subunit mRNAs in rat cerebral
cortex: competitive, quantitative reverse transcriptase-polymer-
ase chain reaction analysis. Mol Pharmacol 48: 861-868.

DuBois DW, Parrish AR, Trzeciakowski JP, Frye GD (2004). Binge
ethanol exposure delays development of GABAergic miniature

Neuropsychopharmacology

postsynaptic currents in septal neurons. Brain Res Dev Brain Res
152: 199-212.

Duncan GE, Breese GR, Criswell HE, McCown TJ, Herbert JS,
Devaud LL et al (1995). Distribution of [*H]zolpidem binding
sites in relation to messenger RNA encoding the o1, 2 and y2
subunits of GABA, receptors in rat brain. Neuroscience 64:
1113-1128.

Durand D, Corrigall WA, Kujtan P, Carlen PL (1981). Effect of low
concentrations of ethanol on CA1 hippocampal neurons in vitro.
Can ] Physiol Pharmacol 59: 979-984.

File SE, Baldwin HA, Hitchcott PK (1989). Flumazenil but not
nitrendipine reverses the increased anxiety during ethanol
withdrawal in the rat. Psychopharmacology 98: 262-264.

Freund RK, Palmer MR (1997). Beta adrenergic sensitization of y-
aminobutyric acid receptors to ethanol involves a cyclic AMP/
protein kinase A second-messenger mechanism. J Pharmacol
Exp Ther 280: 1192-1200.

Freund RK, van Horne CG, Harlan T, Palmer MR (1993).
Electrophysiological interactions of ethanol with GABAergic
mechanisms in the rat cerebellum in vivo. Alcohol Clin Exp Res
17: 321-328.

Fritschy JM, Beneke D, Mertens S, Oertel WH, Bachi T, Mohler H
(1992). Five subtypes of type A y-aminobutyric acid receptors
identified in neurons by double and triple immunofluorescence
staining with subunit-specific antibodies. Proc Natl Acad Sci
USA 89: 6726-6730.

Fritschy JM, Mohler H (1995). GABA,-receptor heterogeneity in
the adult rat brain: differential regional and cellular distribution
of seven major subunits. ] Comp Neurol 359: 154-194.

Frye GD, Breese GR (1982). GABAergic modulation of ethanol-
induced motor impairment. | Pharmacol Exp Ther 223: 752-756.

Frye GD, Breese GR, Mailman RB, Vogel RA, Mueller RA (1979).
Similarities in the central actions of GABAmimetic drugs and
ethanol. Br Res Bull 4: 706.

Frye GD, Fincher AS, Grover CA, Griffith W (1994). Interaction of
ethanol and allosteric modulators with GABA -activated cur-
rents in adult medial septum/diagonal band neurons. Brain Res
635: 283-292.

Frye GD, McCown TJ, Breese GR (1983a). Characterization of
susceptibility to audiogenic seizures in ethanol-dependent rats
after microinjection of y-aminobutyric acid (GABA) agonists
into the inferior colliculus, substantia nigra or medial septum. J
Pharmacol Exp Ther 227: 663-670.

Frye GD, McCown TJ, Breese GR (1983b). Differential sensitivity of
ethanol withdrawal signs in the rat to y-aminobutyric acid
(GABA)mimetics: blockade of audiogenic seizures but not
forelimb tremors. J Pharmacol Exp Ther 226: 720-725.

Frye GD, McCown TJ, Breese GR, Peterson SL (1986). GABAergic
modulation of inferior colliculus excitability: relationship to
ethanol withdrawal audiogenic seizure susceptibility. ] Pharma-
col Exp Ther 237: 478-485.

Gabriel KI, Cunningham CL, Finn DA (2004). Allopregnanolone
does not influence ethanol-induced conditioned place preference
in DBA/2] mice. Psychopharmacology 176: 50-56.

Gitler D, Takagishi Y, Feng J, Ren Y, Rodriguiz RM, Wetsel WC
et al (2004). Different presynaptic roles of synapsins at
excitatory and inhibitory synapses. J Neurosci 24: 11368-11380.

Givens BS, Breese GR (1990a). Electrophysiological evidence
that ethanol alters function of medial septal area without
affecting lateral septal function. J Pharmacol Exp Ther 253:
95-103.

Givens BS, Breese GR (1990b). Site-specific enhancement of y-
aminobutyric acid-mediated inhibition of neural activity by
ethanol in the rat medial septal area. J] Pharmacol Exp Ther 254:
528-538.

Gordon ER (1967). The effect of ethanol on the concentration of y-
aminobutyric acid in the rat brain. Can J Physiol Pharmacol 45:
915-918.



Grant KA, Azarov A, Bowen CA, Mirkis S, Purdy RH (1996).
Ethanol-like discriminative stimulus effects of the neurosteroid 3
alpha-hydroxy-5 alpha-pregnan-20-one in female Macaca fasci-
cularis monkeys. Psychopharmacology 124: 340-346.

Grant KA, Waters CA, Green-Jorden K, Azarov A, Szeliga KT
(2000). Characterization of the discriminative stimulus effects of
GABA, receptor ligands in Macaca fascicularis monkeys under
different ethanol training conditions. Psychopharmacol 152:
181-188.

Grobin AC, Fritschy JM, Morrow AL (2000a). Chronic ethanol
administration alters immuno-reactivity for GABA, receptor
subunits in rat cortex in a region-specific manner. Alcohol Clin
Exp Res 24: 1137-1144.

Grobin AC, Papadeas ST, Morrow AL (2000b). Regional variations
in the effects of chronic ethanol administration on GABA,
receptor expression: potential mechanisms. Neurochem Int 37:
453-461.

Gruol DL, Parsons KL, DiJulio N (1997). Acute ethanol alters
calcium signals elicited by glutamate receptor agonists and K+
depolarization in cultured cerebellar Purkinje neurons. Brain
Res 773: 82-89.

Gutierrez A, Khan ZU, De Blas AL (1996). Immunocytochemical
localization of the alpha 6 subunit of the y-aminobutyric
acidA receptor in the rat nervous system. ] Comp Neurol 365:
504-510.

Haage D, Druzin M, Johansson S (2002). Allopregnanolone
modulates spontaneous GABA release via presynaptic Cl~
permeability in rat preoptic nerve terminals. Brain Res 958:
405-413.

Haage D, Johansson S (1999). Neurosteroid modulation of synaptic
and GABA-evoked currents in neurons from the rat medial
preoptic nucleus. ] Neurophysiol 82: 143-151.

Hamann M, Rossi DJ, Attwell D (2002). Tonic and spillover
inhibition of granule cells control information flow through
cerebellar cortex. Neuron 33: 625-633.

Hanchar HJ, Dodson PD, Olsen RW, Otis TS, Wallner M (2005).
Alcohol-induced motor impairment caused by increased
extrasynaptic GABA receptor activity. Nat Neurosci 8:
339-345.

Hanchar HJ, Wallner M, Olsen RW (2004). Alcohol effects on y-
aminobutyric acid type A receptors: are extrasynaptic receptors
the answer? Life Sci 76: 1-8.

Harris RA (1990). Distinct actions of alcohols, barbiturates and
benzodiazepines on GABA-activated chloride channels. Alcohol
7: 273-275.

Harris RA, McQuilkin SJ, Paylor R, Abeliovich A, Tonegawa S,
Wehner JM (1995a). Mutant mice lacking the gamma isoform of
protein kinase C show decreased behavioral actions of ethanol
and altered function of y-aminobutyrate type A receptors. Proc
Natl Acad Sci 92: 3658-3662.

Harris RA, Mihic SJ (2004). Alcohol and inhibitory receptors:
unexpected specificity from a nonspecific drug. Proc Natl Acad
Sci 101: 2-3.

Harris RA, Mihic SJ, Brozowski S, Hadingham K, Whiting PJ
(1997). Ethanol, flunitrazepam, and pentobarbital modulation of
GABA, receptors expressed in mammalian cells and Xenopus
oocytes. Alcohol Clin Exp Res 21: 444-451.

Harris BD, Moody EJ, Gu ZQ, Skolnick P (1995b). Contribution of
‘diazepam-insensitive’ GABA, receptors to the alcohol antago-
nist properties of Ro 15-4513 and related imidazobenzodiaze-
pines. Pharmacol Biochem Behav 52: 113-118.

Harris RA, Proctor WR, McQuilkin SJ, Klein RL, Mascia MP,
Whatley V et al (1995c¢). Ethanol increases GABA, responses in
cells stably transfected with receptor subunits. Alcohol Clin Exp
Res 19: 226-232.

Harrison NL, Simmonds MA (1984). Modulation of the GABA
receptor complex by a steroid anaesthetic. Brain Res 323:
287-292.

Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

Heidbreder C, De Witte P (1993). Ethanol differentially affects
extracellular monoamines and GABA in the nucleus accumbens.
Pharmacol Biochem Behav 46: 477-481.

Henry KR, Wallick M, Davis M (1972). Inferior collicular lesions:
effects on audiogenic seizure and Preyer reflex. Physiol Behav 9:
885-887.

Hevers W, Liiddens H (1998). The diversity of GABA, receptors—
pharmacological and electrophysiological properties of GABA4
channel subtypes. Mol Neurobiol 18: 35-86.

Hevers W, Liiddens H (2002). Pharmacological heterogeneity of
y-aminobutyric acid receptors during development suggests
distinct classes of rat cerebellar granule cells in situ. Neuro-
pharmacology 42: 34-47.

Ho A, Morishita W, Hammer RE, Malenka RC, Siidhof TC (2003).
A role for Mints in transmitter release: Mint 1 knockout mice
exhibit impaired GABAergic synaptic transmission. Proc Natl
Acad Sci 100: 1409-1414.

Hodge CW, Cox AA (1998). The discriminative stimulus
effects of ethanol are mediated by NMDA and GABA, receptors
in specific limbic brain regions. Psychopharmacology 139:
95-107.

Hodge CW, Mehmert KK, Kelley SP, McMahon T, Haywood A,
Olive MF et al (1999). Supersensitivity to allosteric GABA,
receptor modulators and alcohol in mice lacking PKCepsilon.
Nat Neurosci 2: 997-1002.

Holzbauer M, Birmingham MK, De Nicola AF, Oliver JT (1985).
In vivo secretion of 3 alpha-hydroxy-5 alpha-pregnan-20-one,
a potent anaesthetic steroid, by the adrenal gland of the rat.
J Steroid Biochem 22: 97-102.

Homanics GE, Ferguson C, Quinlan JJ, Daggett J, Snyder K,
Lagenaur C et al (1997). Gene knockout of the alphaé subunit of
the y-aminobutyric acid type A receptor: lack of effect on
responses to ethanol, pentobarbital, and general anesthetics. Mol
Pharmacol 51: 588-596.

Homanics GE, Le NQ, Kist F, Mihalek R, Hart AR, Quinlan JJ
(1998). Ethanol tolerance and withdrawal responses in
GABA, receptor alpha 6 subunit null allele mice and in inbred
C57BL/6] and strain 129/Sv] mice. Alcohol Clin Exp Res 22:
259-265.

Horne AL, Hadingham KL, Macaulay AJ, Whiting P, Kemp JA
(1992). The pharmacology of recombinant GABAA receptors
containing bovine o1, f1, y2L sub-units stably transfected into
mouse fibroblast L-cells. Br ] Pharmacol 107: 732-737.

Hyytia P, Koob GF (1995). GABA, receptor antagonism in the
extended amygdala decreases ethanol self-administration in rats.
Eur ] Pharmacol 283: 151-159.

Itier V, Depoortere H, Scatton B, Avenet P (1996). Zolpidem
functionally discriminates subtypes of native GABA, receptors
in acutely dissociated rat striatal and cerebellar neurons.
Neuropharmacology 35: 137-145.

Janak PH, Redfern JE, Samson HH (1998). The reinforcing
effects of ethanol are altered by the endogenous neurosteroid,
allopregnanolone. Alcohol Clin Exp Res 22: 1106-1112.

Jones IW, Wonnacott S (2004). Precise localization of o7 nicotinic
acetylcholine receptors on glutamatergic axon terminals in the
rat ventral tegmental area. ] Neurosci 24: 11244-11252.

Kellenberger S, Malherbe P, Sigel E (1992). Function of the o, f3,),s
y-aminobutyric acid type A receptor is modulated by protein
kinase C via multiple phosphorylation sites. | Biol Chem 267:
25660-25663.

Kerchner GA, Wang GD, Qiu CS, Huettner JE, Zhuo M (2001).
Direct presynaptic regulation of GABA/glycine release by kainate
receptors in the dorsal horn: an ionotropic mechanism. Neuron
32: 477-488.

Kang MH, Spigelman I, Olsen RW (1998). Alteration in the
sensitivity of GABA 4 receptors to allosteric modulatory drugs in
rat hippocampus after chronic intermittent ethanol treatment.
Alcohol Clin Exp Res 22: 2165-2173.

Neuropsychopharmacology

1421



Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

1422

Khan ZU, Gutierrez A, De Blas AL (1994). Short and long form 7y,
subunits of the GABA,/benzodiazepinereceptors. J Neurochem
63: 1466-1476.

Khisti RT, Penland SN, VanDoren M]J, Grobin AC, Morrow AL
(2002). GABAergic neurosteroid modulation of ethanol actions.
World ] Biol Psychiatry 3: 87-95.

Khisti RT, VanDoren MJ, O’Buckley TO, Morrow AL (2003).
Neuroactive steroid 3 alpha-hydroxy-5 alpha-pregnan-20-one
modulates ethanol-induced loss of righting reflex in rats. Brain
Res 980: 255-265.

Kleingoor C, Ewert M, von Blankenfeld G, Seeburg PH, Ketten-
mann H (1991). Inverse but not full benzodiazepine agonists
modulate recombinant o4fl,7, GABA, receptors in transfected
human embryonic kidney cells. Neurosci Lett 130: 169-172.

Knoflach F, Benke D, Wang Y, Scheurer L, Liiddens H, Hamilton
BJ et al (1996). Pharmacological modulation of the diazepam-
insensitive recombinant y-aminobutyric acid, receptors o4f,7,
and agf,),. Mol Pharmacol 50: 1253-1261.

Kobayashi T, Ikeda K, Kojima H, Niki H, Yano R, Yoshioka T et al
(1999). Ethanol opens G-protein-activated inwardly rectifying
K+ channels. Nat Neurosci 2: 1091-1097.

Koob GF, Braestrup C, Thatcher Britton K (1986). The effects of FG
7142 and RO 15-1788 on the release of punished responding
produced by chlordiazepoxide and ethanol in the rat. Psycho-
pharmacology 90: 173-178.

Koob GF, Mendelson WB, Schafer J, Wall TL, Britton KT, Bloom
FE (1988). Picrotoxinin receptor ligand blocks anti-punishment
effects of alcohol. Alcohol 5: 437-443.

Korpi ER, Grunder G, Luddens H (2002). Drug interactions at
GABA, receptors. Prog Neurobiol 67: 113-159.

Kralic JE, Wheeler M, Renzi K, Ferguson C, O’Buckley TK, Grobin
AC et al (2003). Deletion of GABA, receptor alpha 1 subunit-
containing receptors alters responses to ethanol and other
anesthetics. | Pharmacol Exp Ther 305: 600-607.

Kumar S, Sieghart W, Morrow AL (2002). Association of protein
kinase C with GABA, receptors containing alpha; and alpha,
subunits in the cerebral cortex: selective effects of chronic
ethanol consumption. J Neurochem 82: 110-117.

Lambert JJ, Belelli D, Harney SC, Peters JA, Frenguelli BG (2001).
Modulation of native and recombinant GABA, receptors by
endogenous and synthetic neuroactive steroids. Brain Res Brain
Res Rev 37: 68-80.

Lambert JJ, Belelli D, Peden DR, Vardy AW, Peters JA (2003).
Neurosteroid modulation of GABA, receptors. Prog Neurobiol
71: 67-80.

Laurie DJ, Seeburg PH, Wisden W (1992). The distribution of 13
GABA, receptor subunit mRNAs in the rat brain. II. Olfactory
bulb and cerebellum. | Neurosci 12: 1063-1076.

Lee RS, Smith SS, Chapin JK, Waterhouse BD, Shimizu N, Maddux
BN et al (1995). Effects of systemic and local ethanol on
responses of rat cerebellar Purkinje neurons to iontophoretically
applied y-aminobutyric acid. Brain Res 687: 1-11.

Leidenheimer NJ, McQuilkin SJ, Hahner LD, Whiting P, Harris RA
(1992). Activation of protein kinase C selectively inhibits the
y-aminobutyric acidA receptor: role of desensitization. Mol
Pharmacol 41: 1116-1123.

Lewohl JM, Wilson WR, Mayfield RD, Brozowski SJ, Morrisett RA,
Harris RA (1999). G-protein-coupled inwardly rectifying potas-
sium channels are targets of alcohol action. Nat Neurosci 2:
1084-1090.

Li Q, Wilson WA, Swartzwelder HS (2003). Developmental
differences in the sensitivity of hippocampal GABA, receptor-
mediated IPSCS to ethanol. Alcohol Clin Exp Res 27:
2017-2022.

Lin AM, Freund RK, Hoffer BJ, Palmer MR (1994). Ethanol-
induced depressions of cerebellar Purkinje neurons are poten-
tiated by beta-adrenergic mechanisms in rat brain. J Pharmacol
Exp Ther 271: 1175-1180.

Neuropsychopharmacology

Lin AM, Freund RK, Palmer MR (1991). Ethanol potentiation of
GABA-induced electrophysiological responses in cerebellum:
requirement for catecholamine modulation. Neurosci Lett 122:
154-158.

Liljequist S, Engel J (1982). Effects of GABAergic agonists and
antagonists on various ethanol-induced behavioral changes.
Psychopharmacology 78: 71-75.

Liljequist S, Engel J (1984). The effects of GABA and benzodia-
zepine receptor antagonists on the anti-conflict actions of
diazepam or ethanol. Pharmacol Biochem Behav 21: 521-525.

Lomniczi A, Mastronardi CA, Faletti AG, Seilicovich A, De
Laurentiis A, McCann SM et al (2000). Inhibitory pathways
and the inhibition of luteinizing hormone-releasing hormone
release by alcohol. Proc Natl Acad Sci USA 97: 2337-2342.

Liddens H, Korpi ER (1995). Biological function of GABA,/
benzodiazepine receptor heterogeneity. J Psychiatr Res 29: 77-94.

Macdonald RL, Olsen RW (1994). GABA, receptor channels. Ann
Rev Neurosci 17: 569-602.

Majewska MD, Harrison NL, Schwartz RD, Barker JL, Paul SM
(1986). Steroid hormone metabolites are barbiturate-like modu-
lators of the GABA receptor. Science 232: 1004-1007.

Marszalec W, Aistrup GL, Narahashi T (1998). Ethanol modulation
of excitatory and inhibitory synaptic interactions in cultured
cortical neurons. Alcohol Clin Exp Res 22: 1516-1524.

Martz A, Deitrich RA, Harris RA (1983). Behavioral evidence for
the involvement of y-aminobutyric acid in the actions of ethanol.
Eur ] Pharmacol 89: 53-62.

Maldve RE, Chen X, Zhang TA, Morrisett RA (2004). Ethanol
selectively inhibits enhanced vesicular release at excitatory
synapses: real-time visualization in intact hippocampal slices.
Alcohol Clin Exp Res 28: 143-152.

McBride WJ, Murphy JM, Ikemoto S (1999). Localization of brain
reinforcement mechanisms: intracranial self-administration and
intracranial place-conditioning studies. Behav Brain Res 101:
129-152.

McCown TJ, Breese GR (1989). Mechanistic and functional
divergence between thyrotropin-releasing hormone and RO 15-
4513 interactions with ethanol. Alcohol Clin Exp Res 13: 660-663.

McCown TJ, Frye GD, Breese GR (1985). Evidence for site specific
ethanol actions in the CNS. Alcohol Drug Res 6: 423-429.

McCown TJ, Moray L], Kizer ]S, Breese GR (1986). Interactions
between TRH and ethanol in the medial septum. Pharmacol
Biochem Behav 24: 1269-1274.

Mckernan RM, Whiting PJ (1996). Which GABAA-receptor
subtypes really occur in the brain? TINS 19: 139-143.

Mehta AK, Ticku MK (1988). Ethanol potentiation of GABAergic
transmission in cultured spinal cord neurons involves
y-aminobutyric acidA-gated chloride channels. J Pharmacol
Exp Ther 246: 558-564.

Mehta AK, Ticku MK (1989). Chronic ethanol treatment alters the
behavioral effects of Ro 15-4513, a partially negative ligand for
benzodiazepine binding sites. Brain Res 489: 93-100.

Meir A, Ginsburg S, Butkevich A, Kachalsky SG, Kaiserman I,
Ahdut R et al (1999). Ion channels in presynaptic nerve
terminals and control of transmitter release. Physiol Rev 79:
1019-10188.

Melis M, Camarini R, Ungless MA, Bonci A (2002). Long-lasting
potentiation of GABAergic synapses in dopamine neurons after a
single in vivo ethanol exposure. | Neurosci 22: 2074-2082.

Mellon SH, Griffin LD, Compagnone NA (2001). Biosynthesis and
action of neurosteroids. Brain Res Brain Res Rev 37: 3-12.

Mereu G, Gessa GL (1985). Low doses of ethanol inhibit the firing
of neurons in the substantia nigra, pars reticulata: a GABAergic
effect? Brain Res 360: 325-330.

Meyer DA, Carta M, Partridge LD, Covey DF, Valenzuela CF
(2002). Neurosteroids enhance spontaneous glutamate release in
hippocampal neurons. Possible role of metabotropic sigmal-like
receptors. J Biol Chem 277: 28725-28732.



Mhatre M, Mehta AK, Ticku MK (1988). Chronic ethanol
administration increases the binding of the benzodiazepine
inverse agonist and alcohol antagonist [’H]RO15-4513 in rat
brain. Eur | Pharmacol 153: 141-145.

Mhatre MC, Ticku MK (1992). Chronic ethanol administration
alters y-aminobutyric acid, receptor gene expression. Mol
Pharmacol 42: 415-422.

Mihic SJ (1999). Acute effects of ethanol on GABA, and glycine
receptor function. Neurochem Int 35: 115-123.

Mihic SJ, Whiting PJ, Harris RA (1994). Anaesthetic concentra-
tions of alcohols potentiate GABA, receptor-mediated currents:
lack of subunit specificity. Eur | Pharmacol 268: 209-214.

Mihic SJ, Ye Q, Wick M]J, Koltchine VV, Krasowski MD, Finn SE
et al (1997). Sites of alcohol and volatile anaesthetic action on
GABA, and glycine receptors. Nature 389: 385-389.

Mihalek RM, Bowers BJ, Wehner JM, Kralic JE, VanDoren MJ,
Morrow AL et al (2001). GABA,-receptor ¢ subunit knockout
mice have multiple defects in behavioral responses to ethanol.
Alcohol Clin Exp Res 25: 1708-1718.

Miller R]J (1998). Presynaptic receptors. Ann Rev Pharmacol
Toxicol 38: 201-227.

Ming Z, Knapp DJ, Mueller RA, Breese GR, Criswell HE (2001).
Differential modulation of GABA- and NMDA-gated currents by
ethanol and isoflurane in cultured rat cerebral cortical neurons.
Brain Res 920: 117-124.

Mody I (2001). Distinguishing between GABA, receptors respon-
sible for tonic and phasic conductances. Neurochem Res 26:
907-913.

Mody I, De Koninck Y, Otis TS, Soltesz I (1994). Bridging the cleft
at GABA synapses in the brain. Trends Neurosci 17: 517-525.
Mohler H, Benke D, Benson ], Luscher B, Fritschy JM (1995).
GABA ,-receptor subtypes in vivo: cellular localization, pharma-
cology and regulation. Adv Biochem Psychopharmacol 48: 41-56.

Montpied P, Morrow AL, Karanian JW, Ginns EI, Martin GM, Paul
SM (1991). Prolonged ethanol inhalation decreases GABA,
receptor o subunit mRNAs in the rat cerebral cortex. Mol
Pharmacol 39: 157-193.

Mori T, Aistrup GL, Nishikawa K, Marszalec W, Yeh JZ, Narahashi
T (2000). Basis of variable sensitivities of GABA, receptors to
ethanol. Alcohol Clin Exp Res 24: 965-971.

Morrow AL, Herbert JS, Montpied P (1992). Differential effects of
chronic ethanol administration on GABAA receptor al and a6
subunit mRNA levels in rat cerebellum. J Mol Cell Neurosci 3:
251-258.

Morrow AL, Janis GC, VanDoren M]J, Matthews DB, Samson HH,
Janak PH et al (1999). Neurosteroids mediate pharmacological
effects of ethanol: a new mechanism of ethanol action? Alcohol
Clin Exp Res 23: 1933-1940.

Morrow AL, Khisti R, Tokunaga S, McDanielo JR, Matthews DG
(2004). GABAergic Neuroactive Steroids Modulate Selective
Ethanol Actions: Mechanisms and Significance. CRC Press: Boca
Raton. pp 219-245.

Morrow AL, VanDoren M]J, Penland SN, Matthews DB (2001). The
role of GABAergic neuroactive steroids in ethanol action,
tolerance and dependence. Brain Res Brain Res Rev 37: 98-109.

Mtchedlishvili Z, Kapur J (2003). A presynaptic action of the
neurosteroid pregnenolone sulfate on GABAergic synaptic
transmission. Mol Pharmacol 64: 857-864.

Nakamura M, Jang IS, Ishibashi H, Watanabe S, Akaike N (2003).
Possible roles of kainate receptors on GABAergic nerve
terminals projecting to rat substantia nigra dopaminergic
neurons. ] Neurophysiol 90: 1662-1670.

Nestoros ] (1980). Ethanol specifically potentiates GABA neuro-
transmission in feline cerebral cortex. Science 209: 708-710.

Nie H, Janak PH (2003). Comparison of reinstatement of ethanol-
and sucrose-seeking by conditioned stimuli and priming
injections of allopregnanolone after extinction in rats. Psycho-
pharmacology 168: 222-228.

Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

Nie Z, Madamba SG, Siggins GR (2000). Ethanol enhances
y-aminobutyric acid responses in a subpopulation of nucleus
accumbens neurons: role of metabotropic glutamate receptors.
] Pharmacol Exp Ther 293: 654-661.

Nie Z, Schweitzer P, Roberts AJ, Madamba SG, Moore SD, Siggins
GR (2004). Ethanol augments GABAergic transmission in the
central amygdala via CRF1 receptors. Science 303: 1512-1514.

Nishio M, Narahashi T (1990). Ethanol enhancement of GABA-
activated chloride current in rat dorsal root ganglion neurons.
Brain Res 518: 283-286.

North RA (1989). Drug receptors and the inhibition of nerve cells.
Br J Pharmacol 98: 13-28.

Nusser Z, Mody I (2002). Selective modulation of tonic and phasic
inhibitions in dentate gyrus granule cells. ] Neurophysiol 87:
2624-2628.

Nusser Z, Sieghart W, Somogyi P (1998). Segregation of different
GABA, receptors to synaptic and extrasynaptic membranes of
cerebellar granule cells. J Neurosci 18: 1693-1703.

O’Dell LE, Alomary AA, Vallee M, Koob GF, Fitzgerald RL, Purdy
RH (2004). Ethanol-induced increases in neuroactive steroids in
the rat brain and plasma are absent in adrenalectomized and
gonadectomized rats. Eur ] Pharmacol 484: 241-247.

Palmer MR, Hoffer B] (1990). GABAergic mechanisms in the
electrophysiological actions of ethanol on cerebellar neurons.
Neurochem Res 15: 145-151.

Palmer MR, van Horne CG, Harlan JT, Moore EA (1988).
Antagonism of ethanol effects on cerebellar Purkinje neurons
by the benzodiazepine inverse agonists Ro 15-4513 and FG 7142:
electrophysiological studies. | Pharmacol Exp Ther 247: 1018-
1024.

Papadeas S, Grobin AC, Morrow AL (2001). Chronic ethanol
consumption differentially alters GABA, receptor alphal and
alpha4 subunit peptide expression and GABA, receptor-
mediated 36 Cl™ uptake in mesocorticolimbic regions of rat
brain. Alcohol Clin Exp Res 25: 1270-1275.

Paul SM, Purdy RH (1992). Neuroactive steroids. FASEB ] 6:
2311-2322.

Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart W, Olsen
RW et al (2002). GABA, receptor changes in ¢ subunit-deficient
mice: altered expression of @4 and 2 subunits in the forebrain.
J Comp Neurol 446: 179-197.

Peoples RW, Weight FF (1999). Differential alcohol modulation of
GABA, and NMDA receptors. Neuroreport 10: 97-101.

Petry NM (1995). Ro 15-4513 selectively attenuates ethanol, but not
sucrose, reinforced responding in a concurrent access proce-
dure; comparison to other drugs. Psychopharmacology 121:
192-203.

Piepponen TP, Kiianmaa K, Ahtee L (2002). Effects of ethanol
on the accumbal output of dopamine, GABA and glutamate
in alcohol-tolerant and alcohol-nontolerant rats. Pharmacol
Biochem Behav 74: 21-30.

Proctor WR, Poelchen W, Bowers BJ, Wehner JM, Messing RO,
Dunwiddie TV (2003). Ethanol differentially enhances hippo-
campal GABA, receptor-mediated responses in protein kinase
Cy (PKCy) and PKCe¢ null mice. ] Pharmacol Exp Ther 305:
264-270.

Proctor WR, Soldo BL, Allan AM, Dunwiddie TV (1992). Ethanol
enhances synaptically evoked GABA, receptor-mediated re-
sponses in cerebral cortical neurons in rat brain slices. Brain Res
595: 220-227.

Proctor WR, Wu PH, Bennett B, Johnson TE (2004). Differential
effects of ethanol on y-aminobutyric acid-A receptor-mediated
synaptic currents in congenic strains of inbred long and short-
sleep mice. Alcohol Clin Exp Res 28: 1277-1283.

Puia G, Mienville JM, Matsumoto K, Takahata H, Watanabe H,
Costa E et al (2003). On the putative physiological role of
allopregnanolone on GABA, receptor function. Neuropharma-
cology 44: 49-55.

Neuropsychopharmacology

1423



Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

1424

Puia G, Santi MR, Vicini S, Pritchett DB, Purdy RH, Paul SM et al
(1990). Neurosteroids act on recombinant human GABA,
receptors. Neuron 4: 759-765.

Puia G, Vicini S, Seeburg PH, Costa E (1991). Influence of
recombinant y-aminobutyric acid-A receptor subunit composi-
tion on the action of allosteric modulators of y-aminobutyric
acid-gated Cl™ currents. Mol Pharmacol 39: 691-696.

Rassnick S, D’Amico E, Riley E, Koob GF (1993). GABA
antagonist and benzodiazepine partial inverse agonist reduce
motivated responding for ethanol. Alcohol Clin Exp Res 17:
124-130.

Reynolds JN, Prasad A (1991). Ethanol enhances GABA, receptor-
activated chloride currents in chick cerebral cortical neurons.
Brain Res 564: 138-142.

Reynolds JN, Prasad A, MacDonald JF (1992). Ethanol modulation
of GABA receptor-activated Cl~ currents in neurons of the chick,
rat and mouse central nervous system. Eur | Pharmacol 224:
173-181.

Roberto M, Madamba SG, Moore SD, Tallent MK, Siggins GR
(2003). Ethanol increases GABAergic transmission at both pre-
and postsynaptic sites in rat central amygdala neurons. Proc Natl
Acad Sci USA 100: 2053-2058.

Roberto M, Madamba SG, Stouffer DB, Parsons LH,
Siggins GR (2004a). Increased GABA release in the central
amygdala of ethanol-dependent rats. | Neurosci 24: 10159-
10166.

Roberto M, Schweitzer P, Madamba SG, Stouffer DG, Parsons LH,
Siggins GR (2004b). Acute and chronic ethanol alter glutama-
tergic transmission in rat central amygdala: an in vitro and in
vivo analysis. ] Neurosci 24: 1594-1603.

Roberts AJ, Cole M, Koob GF (1996). Intra-amygdala muscimol
decreases operant ethanol self-administration in dependent rats.
Alcohol Clin Exp Res 20: 1289-1298.

Rodd ZA, Bell RL, Melendez RI, Kuc KA, Lumeng L, Li TK et al
(2004). Comparison of intracranial self-administration of
ethanol within the posterior ventral tegmental area between
alcohol-preferring and Wistar rats. Alcohol Clin Exp Res 28:
1212-1219.

Rodd ZA, Bell RL, Zhang Y, Murphy JM, Goldstein A, Zaffaroni A
et al (2005). Regional heterogeneity for the intracranial
self-administration of ethanol and acetaldehyde within the
ventral tegmental area of alcohol-preferring (P) rats: involve-
ment of dopamine and serotonin. Neuropsychopharmacology 30:
330-338.

Rudolph U, Crestani F, Mohler H (2001). GABA, receptor
subtypes: dissecting their pharmacological functions. Trends
Pharmacol Sci 22: 188-194.

Saitow F, Satake S, Yamada ], Konishi S (2001). adrenergic
receptor-mediated presynaptic facilitation of inhibitory GA-
BAergic transmission at cerebellar interneuron-Purkinje cell
synapses. | Neurophysiol 84: 2016-2025.

Samson HH (1986). Initiation of ethanol reinforcement using a
sucrose-substitution procedure in food- and water-sated rats.
Alcohol Clin Exp Res 10: 436-442.

Samson HH, Pfeffer AO, Tolliver GA (1988). Oral ethanol self-
administration in rats: models of alcohol-seeking behavior.
Alcohol Clin Exp Res 12: 591-598.

Samson HH, Tolliver GA, Pfeffer AO, Sadeghi KG, Mills FG (1987).
Oral ethanol reinforcement in the rat: effect of the partial inverse
benzodiazepine agonist RO15-4513. Pharmacol Biochem Behav
27: 517-519.

Sanna E, Talani G, Busonero F, Pisu MG, Purdy RH, Serra M et al
(2004). Brain steroidogenesis mediates ethanol modulation of
GABA, receptor activity in rat hippocampus. | Neurosci 24:
6521-6530.

Sapp DW, Yeh HH (1998). Ethanol-GABA 4 receptor interactions: a
comparison between cell lines and cerebellar Purkinje cells.
J Pharm Exp Ther 284: 768-776.

Neuropsychopharmacology

Satake S, Saitow F, Yamada J, Konishi S (2000). Synaptic activation
of AMPA receptors inhibits GABA release from cerebellar
interneurons. Nat Neurosci 3: 551-558.

Sebe JY, Eggers ED, Berger AJ (2003). Differential effects of ethanol
on GABA, and glycine receptor-mediated synaptic currents in
brain stem motoneurons. J Neurophysiol 90: 870-875.

Shannon EE, Shelton KL, Vivian JA, Yount I, Morgan AR,
Homanics GE et al (2004). Discriminative stimulus effects of
ethanol in mice lacking the y-aminobutyric acid type A receptor
0 subunit. Alcohol Clin Exp Res 28: 906-913.

Shu HJ, Eisenman LN, Jinadasa D, Covey DF, Zorumski CF,
Mennerick S (2004). Slow actions of neuroactive steroids at
GABA, receptors. | Neurosci 24: 6667-6675.

Sieghart W (1995). Structure and pharmacology of y-aminobutyric
acid, receptor subtypes. Pharmacol Rev 47: 181-234.

Sigel E, Baur R, Malherbe P (1993). Recombinant GABA, receptor
function and ethanol. FEBS Lett 324: 140-142.

Siggins GR, Bloom FE, French ED, Madamba SG, Mancillas J,
Pittman QJ et al (1987a). Electrophysiology of ethanol on central
neurons. Ann NY Acad Sci 492: 350-366.

Siggins GR, Pittman QJ, French ED (1987b). Effects of ethanol on
CAl and CA3 pyramidal cells in the hippocampal slice
preparation: an intracellular study. Brain Res 414: 22-34.

Siggins GR, Roberto M, Nie Z (2005). The typsy terminal:
presynaptic effects of ethanol. Pharmacol Ther (in press).

Signore AP, Yeh HH (2000). Chronic exposure to ethanol
alters GABA, receptor-mediated responses of layer II pyramidal
cells in adult rat piriform cortex. ] Neurophysiol 84:
247-254.

Simson PE, Criswell HE, Breese GR (1991). Ethanol potentiates
GABA-mediated inhibition in the inferior colliculus: evidence
for local ethanol/GABA interactions. ] Pharmacol Exp Ther 259:
1288-1293.

Sinnott RS, Mark GP, Finn DA (2002). Reinforcing effects of the
neurosteroid allopregnanolone in rats. Pharmacol Biochem
Behav 72: 923-929.

Smith SS, Ruderman Y, Hua Gong Q, Gulinello M (2004). Effects of
a low dose of ethanol in an animal model of premenstrual
anxiety. Alcohol 33: 41-49.

Spigelman I, Li Z, Banerjee PK, Mihalek RM, Homanics GE, Olsen
RW (2002). Behavior and physiology of mice lacking the
GABA ,-receptor 6 subunit. Epilepsia 43(Suppl 5): 3-8.

Spigelman I, Li Z, Liang J, Cagetti E, Samzadeh S, Mihalek RM et al
(2003). Reduced inhibition and sensitivity to neurosteroids in
hippocampus of mice lacking the GABA, receptor ¢ subunit.
J Neurophysiol 90: 903-910.

Stell BM, Brickley SG, Tang CY, Farrant M, Mody I (2003).
Neuroactive steroids reduce neuronal excitability by selectively
enhancing tonic inhibition mediated by ¢ subunit-containing
GABA, receptors. Proc Natl Acad Sci USA 100: 14439-14444.

Stobbs SH, Ohran AJ, Lassen MB, Allison DW, Brown JE,
Steffensen SC (2004). Ethanol suppression of ventral tegmental
area GABA neuron electrical transmission involves N-methyl-p-
aspartate receptors. | Pharmacol Exp Ther 311: 282-289.

Strawn JR, Cooper RL (2002). The effects of ethanol on pre-
synaptic components of synaptic transmission in a model
glutamatergic synapse: the crayfish neuromuscular junction.
Comp Biochem Physiol C Toxicol Pharmacol 131: 395-404.

Sundstrom-Poromaa I, Smith DH, Gong QH, Sabado TN, Li X,
Light A et al (2002). Hormonally regulated «4f,0 GABA,
receptors are a target for alcohol. Nat Neurosci 8: 721-722.

Suzdak PD, Glowa JR, Crawley JN, Schwartz RD, Skolnick P, Paul
SM (1986a). A selective imidazobenzodiazepine antagonist of
ethanol in the rat. Science 234: 1243-1247.

Suzdak PD, Schwartz RD, Skolnick P, Paul SM (1986b). Ethanol
stimulates y-aminobutyric acid receptor-mediated chloride
transport in rat brain synaptoneurosomes. Proc Natl Acad Sci
USA 83: 4071-4075.



Ticku MK (1989). Ethanol and the benzodiazepine-GABA recep-
tor-ionophore complex. Experientia 45: 413-418.

Ticku MK, Burch T (1980). Alterations in y-aminobutyric acid
receptor sensitivity following acute and chronic ethanol treat-
ments. | Neurochem 34: 417-423.

Ticku MK, Kulkarni SK (1988). Molecular interactions of ethanol
with GABAergic system and potential of RO15-4513 as an
ethanol antagonist. Pharmacol Biochem Behav 30: 501-510.

Tokunaga S, McDaniel JR, Morrow AL, Matthews DB (2003). Effect
of acute ethanol administration and acute allopregnanolone
administration on spontaneous hippocampal pyramidal cell
neural activity. Brain Res 967: 273-280.

Torres JM, Ortega E (2003). Alcohol intoxication increases
allopregnanolone levels in female adolescent humans. Neurop-
sychopharmacology 28: 1207-1209.

Torres JM, Ortega E (2004). Alcohol intoxication increases
allopregnanolone levels in male adolescent humans. Psycho-
pharmacology 172: 352-355.

Uchida S, Noda E, Kakazu Y, Mizoguchi Y, Akaike N, Nabekura ]
(2002). Allopregnanolone enhancement of GABAergic transmis-
sion in rat medial preoptic area neurons. Am ] Physiol
Endocrinol Metab 283: E1257-E1265.

VanDoren M]J, Matthews DB, Janis GC, Grobin AC, Devaud LL,
Morrow AL (2000). Neuroactive steroid 3alpha-hydroxy-5alpha-
pregnan-20-one modulates electrophysiological and behavioral
actions of ethanol. J Neurosci 20: 1982-1989.

Vicini S, Losi G, Homanics GE (2002). GABA, receptor ¢ subunit
deletion prevents neurosteroid modulation of inhibitory synap-
tic currents in cerebellar neurons. Neuropharmacology 43:
646-650.

Wada JA, Terao A, White B, Jung E (1970). Inferior colliculus
lesion and audiogenic seizure susceptibility. Exp Neurol 28:
326-332.

Wafford KA, Burnett DM, Leidenheimer NJ, Burt DR, Wang JB,
Kofuji P et al (1991). Ethanol sensitivity of the GABA, receptor
expressed in Xenopus oocytes requires 8 amino acids contained
in the y,; subunit. Neuron 7: 27-33.

Wafford KA, Whiting PJ, Kemp JA (1993). Differences in affinity
and efficacy of benzodiazepine receptor ligands at recombinant
y-aminobutyric acidA receptor subtypes. Mol Pharmacol 43:
240-244.

Wallner M, Hanchar HJ, Olsen RW (2003). Ethanol enhances ¢,4f350
and oef30 y-aminobutyric acid type A receptors at low
concentrations known to affect humans. Proc Natl Acad Sci
USA 100: 15218-15223.

Wan FJ], Berton F, Madamba SG, Francesconi W, Siggins GR
(1996). Low ethanol concentrations enhance GABAergic inhibi-
tory postsynaptic potentials in hippocampal pyramidal neurons
only after block of GABAjp receptors. Proc Natl Acad Sci 93:
5049-5054.

Wei W, Faria LC, Mody I (2004). Low ethanol concentrations
selectively augment the tonic inhibition mediated by é subunit-
containing GABA 4 receptors in hippocampal neurons. | Neurosci
24: 8379-8382.

Weiner JL, Dunwiddie TV, Valenzuela CF (1999). Ethanol
inhibition of synaptically evoked kainate responses in rat
hippocampal CA3 pyramidal neurons. Mol Pharmacol 56: 85-90.

Weiner JL, Gu C, Dunwiddie TV (1997a). Differential ethanol
sensitivity of subpopulations of GABA, synapses onto rat

Ethanol action on GABAmimetic profile
HE Criswell and GR Breese

hippocampal CAl pyramidal neurons. ] Neurophysiol 77:
1306-1312.

Weiner JL, Valenzuela CF, Watson PL, Frazier CJ, Dunwiddie TV
(1997Db). Elevation of basal protein kinase C activity increases
ethanol sensitivity of GABA4 receptors in rat hippocampal CAl
pyramidal neurons. | Neurochem 68: 1949-1959.

Weiner JL, Zhang L, Carlen PL (1994a). Potentiation of GABA4-
mediated synaptic current by ethanol in hippocampal CAl
neurons: possible role of protein kinase C. ] Pharmacol Exp Ther
268: 1388-1395.

Weiner JL, Zhang L, Carlen PL (1994b). Guanosine phosphate
analogs modulate ethanol potentiation of GABAA-mediated
synaptic currents in hippocampal CAl neurons. Brain Res 665:
307-310.

White G, Lovinger DM, Weight FF (1990). Ethanol inhibits
NMDA-activated current but does not alter GABA-activated
current in an isolated adult mammalian neuron. Brain Res 507:
332-336.

White AM, Simson PE, Best PJ (1997). Comparison between the
effects of ethanol and diazepam on spatial working memory in
the rat. Psychopharmacology 133: 256-261.

Wisden W, Laurie DJ, Monyer H, Seeburg PH (1992). The
distribution of 13 GABA, receptor subunit mRNAs in the
rat brain. I. Telencephalon, diencephalon, mesencephalon.
J Neurosci 12: 1040-1062.

Wu PH, Poelchen W, Proctor WR (2004). Differential GABAy
receptor modulation of ethanol effects on GABA, synaptic
activity in hippocampal CA1 neurons. ] Pharmacol Exp Ther 312:
1082-1089.

Yan QS, Reith ME, Yan SG, Jobe PC (1998). Effect of systemic
ethanol on basal and stimulated glutamate releases in the
nucleus accumbens of freely moving Sprague-Dawley rats: a
microdialysis study. Neurosci Lett 258: 29-32.

Yang X, Criswell HE, Breese GR (1996). Nicotine-induced
inhibition in medial septum involves activation of presynaptic
nicotinic cholinergic receptors on y-aminobutyric acid-contain-
ing neurons. ] Pharmacol Exp Ther 276: 482-489.

Yang X, Criswell HE, Breese GR (2000). Ethanol modulation of
y-aminobutyric acid (GABA)-mediated inhibition of cerebellar
Purkinje neurons: relationship to GABA,, receptor input. Alcohol
Clin Exp Res 24: 682-690.

Yang W, Drewe JA, Lan NC (1995). Cloning and characterization of
the human GABA, receptor o4 subunit: identification of a
unique diazepam-insensitive binding site. Eur J Pharmacol 291:
319-325.

Yang X, Knapp DJ, Criswell HE, Breese GR (1998). Action
of ethanol and zolpidem on y-aminobutyric acid responses
from cerebellar Purkinje neurons: relationship to beta-
adrenergic receptor input. Alcohol Clin Exp Res 22: 1655-
1661.

Yeh HH, Kolb JE (1997). Ethanol modulation of GABA-activated
current responses in acutely dissociated retinal bipolar cells and
ganglion cells. Alcohol Clin Exp Res 21: 647-655.

Zhu PJ, Lovinger DM (2004). Ethanol increases GABA release onto
basolateral amygdala neurons freshly isolated using an enzyme-
free procedure. Alcohol Clin Exp Res 28: 58A.

Ziskind-Conhaim L, Gao B, Hinckley C (2003). Ethanol dual
modulatory actions on spontaneous postsynaptic currents in
spinal motoneurons. ] Neurophysiol 89: 806-813.

Neuropsychopharmacology

1425



