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Abstract Rationale: Changes in the expression of type A
receptors for γ-aminobutyric acid (GABA) represent one
of the mechanisms implicated in the development of tol-
erance to and dependence on ethanol. The impact of such
changes on the function and pharmacological sensitivity of
GABAA receptors (GABAARs) has remained unclear, how-
ever. Certain behavioral and electrophysiological actions
of ethanol are mediated by an increase in the concentra-
tion of neuroactive steroids in the brain that results from
stimulation of the hypothalamic–pituitary–adrenal (HPA)
axis. Such steroids include potent modulators of GABAAR
function. Objectives: We have investigated the effect of
ethanol exposure and withdrawal on subunit expression
and receptor function evaluated by subunit selective com-
pounds, as well as the effects of short-term exposure to
ethanol on both neurosteroid synthesis and GABAAR func-
tion, in isolated neurons and brain tissue. Results: Chronic
treatment with and subsequent withdrawal from ethanol
alter the expression of genes for specific GABAAR subunits
in cultured rat neurons, and these changes are associated
with alterations in receptor function and pharmacological
sensitivity to neurosteroids, zaleplon, and flumazenil. Acute
ethanol exposure increases the amount of 3α-hydroxy-5α-
pregnan-20-one (allopregnanolone) in hippocampal slices

by a local action independent of the activity of the HPA
axis. This effect of ethanol was associated with an in-
creased amplitude of GABAAR-mediated miniature inhib-
itory postsynaptic currents recorded from CA1 pyramidal
neurons in such slices. Conclusions: Chronic ethanol ex-
posure elicits changes in the subunit composition of
GABAARs, which, in turn, likely contribute to changes
in receptor function associated with the altered pharmaco-
logical and behavioral sensitivity characteristic of ethanol
tolerance and dependence. Ethanol may also modulate
GABAAR function by increasing the de novo synthesis of
neurosteroids in the brain in a manner independent of the
HPA axis. This latter mechanism may play an important
role in the central effects of ethanol.
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Introduction

Type A receptors for γ-aminobutyric acid (GABA) are
ligand-gated Cl− channels and mediate fast inhibitory syn-
aptic transmission in the mammalian central nervous system
(CNS) (Barnard et al. 1998; Mehta and Ticku 1999; Vicini
1999). These receptors are heteromeric complexes formed
by the assembly of five subunits of various classes, in-
cluding α1 to α6, β1 to β4, γ1 to γ3, δ, ɛ, π, θ, and ρ1 to ρ3
(Barnard et al. 1998; Sieghart and Sperk 2002; Whiting
et al. 1999). The brain region-specific distribution and
ontogeny-dependent expression of these various subunits
give rise to a relatively large number of GABAA receptor
(GABAAR) subtypes, which differ in their subunit com-
position as well as in their physiological and pharmaco-
logical properties (Sieghart 1995; Sieghart and Sperk 2002;
Whiting et al. 1999).

GABAARs are the targets both of various classes of
clinically relevant drugs, including benzodiazepines, barbi-
turates, and general anesthetics, as well as of endogenous
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compounds such as neuroactive steroids, all of which allo-
sterically modulate receptor function (Barnard et al. 1998;
Frye et al. 1981; Mohler et al. 2002; Sieghart 1995).
Neurochemical, electrophysiological, and behavioral evi-
dence accumulated over the past two decades suggests that
GABAARs also mediate certain acute and chronic actions
of ethanol (Deitrich et al. 1989; Faingold et al. 1998;
Grobin et al. 1998; Harris 1999; Ueno et al. 2001). Similar
to the GABAAR modulators mentioned above, ethanol
exhibits an array of central depressant actions, including
anxiolytic, anticonvulsant, sedative-hypnotic, muscle re-
laxant, and general anesthetic effects, in a dose-dependent
manner (Deitrich et al. 1989; Frye et al. 1981).

A role for GABAAR-mediated neurotransmission in the
effects of ethanol was suggested by the early observation
that low concentrations (20–60 mM) of ethanol enhanced
agonist-stimulated Cl− flux in brain synaptoneurosomes
(Allan and Harris 1986; Morrow et al. 1988; Suzdak et al.
1988) and cultured neurons (Ticku and Burch 1980). In
addition, certain behavioral effects of ethanol were shown
to be enhanced by GABAAR agonists or positive mod-
ulators and to be attenuated or blocked by GABAAR
antagonists or negative modulators (Martz et al. 1983).
Neurophysiological evidence that ethanol acutely mod-
ulates GABAAR function has been somewhat more elusive
and controversial; whereas some studies have shown that
ethanol potentiates GABAAR function, others have failed
to detect a significant effect (Faingold et al. 1998; Grobin
et al. 1998). Potentiation of GABAAR function by ethanol
has been suggested to be region specific, with the hippo-
campus generally regarded as a relatively ethanol-insensi-
tive region of the brain. However, ethanol potentiation of
GABAAR function has been demonstrated even in the hip-
pocampus under particular experimental conditions, in-
cluding, for example, blockade of presynaptic GABAB

receptors (Wan et al. 1996), proximal rather than distal
stimulation (Weiner et al. 1997), and activation of β-
adrenergic signaling mediated by cyclic AMP and protein
kinase A (Freund and Palmer 1997; Lin et al. 1991).

More recent studies have provided insight into addi-
tional mechanisms by which ethanol might influence the
activity of GABAergic synapses. In addition to affecting
postsynaptic GABAARs, ethanol appears to exert a pre-
synaptic action that results in an increased probability of
GABA release. Ethanol has thus been shown to in-
crease the frequency of both potential-dependent and
-independent GABAAR-mediated inhibitory postsynaptic
currents (IPSCs) in hippocampal CA1 pyramidal neurons
(Ariwodola andWeiner 2004; Carta et al. 2003; Sanna et al.
2004), the amygdala (Nie et al. 2004; Roberto et al. 2003),
cerebellar granule cells (Carta et al. 2004), and spinal mo-
toneurons (Ziskind-Conhaim et al. 2003). Such an action of
ethanol might also be expected to result in an increase in
the extracellular concentration of GABA to a level suf-
ficient to activate presynaptic GABAB receptors, which
negatively regulate GABA release from presynaptic ter-
minals (Ariwodola and Weiner 2004). Consistent with this
notion, blockade of presynaptic GABAB receptors with the
specific antagonist SCH 50911 greatly increased the mod-

ulatory effect of ethanol on GABAAR-mediated IPSCs in
the CA1 region (Ariwodola and Weiner 2004). The mod-
ulatory activity of ethanol at GABAergic synapses might
thus be self-limiting as a result of indirect activation of
presynaptic GABAB receptors.

Expression of mammalian GABAA receptor subunits in
Xenopus oocytes revealed that ethanol, at concentrations as
low as 3–30 mM, selectively potentiates the function of
recombinant receptors containing α4 or α6 and δ subunits;
ethanol had no effect at these concentrations on receptors
that contained the γ2 subunit in place of δ (Sundstrom-
Poromaa et al. 2002; Wallner et al. 2003). GABAARs
containing α4 or α6 and δ subunits (unlike γ2 subunit-
containing receptors) are located exclusively at extrasyn-
aptic sites in the brain and are thought to mediate tonic
inhibitory activity (Mody et al. 1994; Semyanov et al.
2004). Extrasynaptic GABAARs in the dentate gyrus and
thalamus (α4βδ) or cerebellar granule cells (α6βδ) are
characterized by a higher affinity for GABA (∼0.5 μM),
a slower desensitization rate, and a higher sensitivity to
neuroactive steroids (Semyanov et al. 2004). A low con-
centration of ethanol (30 mM) was shown to increase
GABAAR-mediated tonic activity in dentate gyrus granule
cells (Wei et al. 2004). Given the important role of tonic
inhibitory activity in the fine tuning of neuronal excit-
ability, these observations suggest that extrasynaptic
GABAARs may be an important target of ethanol at phar-
macologically relevant concentrations.

Effects of chronic ethanol exposure on GABAARs

Long-term exposure to ethanol can result in adaptive
changes in GABAAR-mediated neurotransmission (Chandler
et al. 1998; Faingold et al. 1998; Grobin et al. 1998).
Altered GABAAR function, characterized by a decreased
responsiveness to GABA, a decreased sensitivity to ethanol,
cross-tolerance to benzodiazepines and barbiturates, as
well as an increased sensitivity to neurosteroids and inverse
agonists, is thought to be important in the development of
tolerance to and dependence on ethanol (Allan and Harris
1987; Devaud et al. 1996; Morrow et al. 1988; Sanna et al.
1993; Ticku and Burch 1980). Although the molecular
mechanisms responsible for the changes in GABAAR
function induced by persistent ethanol exposure remain
unclear, they have been proposed to involve effects on
receptor density (Ticku and Burch 1980), posttranslation-
al modification (Kumar et al. 2002), receptor trafficking
(Grobin et al. 1998), and subunit expression (Devaud et al.
1995, 1997; Follesa et al. 2003; Mhatre et al. 1993; Sanna
et al. 2003).

Chronic ethanol exposure is associated with marked
changes in GABAAR subunit expression at both the
mRNA and protein levels in various brain regions (Grobin
et al. 2000). Such treatment has thus been shown to result
in a decrease in the expression of α1 and α2 subunits and a
parallel increase in that of α4, α6, β1, β2, β3, γ1, and γ2

subunits in the cerebral cortex and cerebellum. In addition,
chronic intermittent ethanol treatment resulted in down-
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regulation of α1 and δ subunit expression and up-regu-
lation of α4, γ1, and γ2 subunit expression in the hip-
pocampus (Cagetti et al. 2003; Mahmoudi et al. 1997).
Thus, in the hippocampus, the α1 subunit was altered only
after multiple withdrawals (Cagetti et al. 2003) but not by
chronic ethanol treatment (Matthews et al. 1998). Together,
these results suggest that long-term ethanol exposure
triggers cellular adaptive mechanisms that involve altera-
tions in the subunit composition of GABAARs with re-
gional differences, which, in turn, might affect receptor
function and underlie the altered pharmacological and
behavioral sensitivity characteristic of ethanol tolerance
and dependence. Multiple mechanisms could contribute
to the regulation of GABA(A) receptor expression. These
mechanisms may include the involvement of other neuro-
transmitter systems, endogenous steroids, and second or
third messenger cross talk (Grobin et al. 1998, 2000).

Role of neurosteroids in the effects of ethanol
on GABAARs

Neurosteroids are steroid derivatives that are synthesized
de novo in the CNS from cholesterol (Hu et al. 1987;
Mathur et al. 1993). They are generally distinguished from
neuroactive steroids, which are steroids produced by pe-
ripheral sources (adrenals and gonads) that exert their
effects within the CNS. Certain neuroactive steroids, rather
than exhibiting the classical genomic action of steroid
hormones, directly modulate the function of GABAARs
with potencies and efficacies that are similar to or greater
than those of benzodiazepines or barbiturates (Harrison and
Simmonds 1984; Majewska et al. 1986). These molecules
have thus been implicated as endogenous modulators of
GABAAR-mediated neurotransmission.

The progesterone metabolite 3α-hydroxy-5α-pregnan-
20-one (allopregnanolone) potentiates the GABA-induced
opening of the GABAAR-associated Cl− channel at nano-
molar concentrations in vitro, and its systemic adminis-
tration induces pharmacological and behavioral effects
similar to those elicited by anxiolytic, anticonvulsant, and
hypnotic drugs that modulate GABAAR function (Lambert
et al. 2001; Majewska 1992). The anxiolytic and anticon-
vulsant properties of progesterone are mostly attributable
to its conversion to allopregnanolone (Bitran et al. 1995;
Kokate et al. 1994). Fluctuations in plasma or brain con-
centrations of allopregnanolone have been associated with
stress, pregnancy, the menstrual cycle, menopause, regu-
lation of neuronal excitability, and a variety of neurological
or psychiatric disorders (Barbaccia et al. 1996; Bicikova
et al. 1998; Biggio and Purdy 2001; Concas et al. 1998;
Genazzani et al. 1998). In addition, prolonged physiolog-
ical or pharmacologically induced changes in allopreg-
nanolone concentrations are implicated in regulation of
GABAAR plasticity in addition to that of receptor function
(Brussaard et al. 1997; Concas et al. 1998; Follesa et al.

2000; Smith et al. 1998b) as well as in development of the
GABAergic system in the prefrontal cortex (Grobin et al.
2003).

Certain acute effects of ethanol on GABAARs have been
proposed to be mediated by the peripheral secretion of
neuroactive steroids (Morrow et al. 1999). Acute ethanol
administration indeed increases the concentrations of allo-
pregnanolone in the plasma, cerebral cortex, and hippo-
campus (Barbaccia et al. 1999; Morrow et al. 2001;
VanDoren et al. 2000). Furthermore, pretreatment of ani-
mals with the 5α-reductase inhibitor finasteride, which in-
hibits the biosynthesis of allopregnanolone, reduced the
extent of the ethanol-induced increase in the cerebrocor-
tical level of allopregnanolone and prevented certain neu-
rochemical, electrophysiological, and behavioral effects of
ethanol (Khisti et al. 2002b; VanDoren et al. 2000). The
ability of ethanol to increase allopregnanolone biosynthesis
is thought to be dependent on its stimulatory effect on the
hypothalamic–pituitary–adrenal (HPA) axis (Ellis 1966;
Khisti et al. 2003a; Ogilvie et al. 1997; Rivier 1996; Rivier
et al. 1984). Indeed, ethanol fails to increase the plasma or
brain levels of allopregnanolone or to induce certain of its
pharmacological effects in adrenalectomized rats (Khisti
et al. 2002a,b). In addition, these investigators showed that
in adrenalectomized rats, the administration of the im-
mediate precursor of allopregnanolone restored the effect
of ethanol, suggesting that both peripheral precursors and
brain synthesis contribute to the effect of this drug (Khisti
et al. 2003b).

These various observations suggest that neuroactive ste-
roids produced by peripheral organs in response to acti-
vation of the HPA axis mediate certain effects of ethanol on
GABAARs. However, given that neurosteroids are pro-
duced in the brain in a manner independent of peripheral
organs (Hu et al. 1987; Khisti et al. 2003b; Mathur et al.
1993; Purdy et al. 1991), it is important to clarify further
the pharmacology of ethanol as well as whether this
addictive drug is able to stimulate neurosteroidogenesis
directly in the brain.

Ethanol and GABAAR plasticity in cultured cerebellar
granule cells and hippocampal neurons

Long-term administration and subsequent withdrawal of
ethanol elicit neurochemical and molecular effects simi-
lar to those induced by drugs that positively modulate
GABAAR function (Biggio et al. 2003; Devaud et al. 1997;
Mhatre et al. 1993; Morrow et al. 1990). We here sum-
marize the results of several studies from our laboratory in
which primary neuronal cultures were subjected to long-
term treatment with and withdrawal of ethanol and in which
the effects of diazepam, γ-hydroxybutyrate (GHB), and bac-
lofen on GABAAR expression and function were evaluated
during ethanol withdrawal in order to obtain insight into the
role of individual receptor subunits in the actions of ethanol.
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Effects of chronic exposure to and withdrawal
of ethanol on GABAAR gene expression

We incubated rat cerebellar granule cells for 5 days in the
absence or presence of 100 mM ethanol and then deter-
mined the abundance of mRNA or protein for α1 to α6, δ,
γ2L, and γ2S subunits of the GABAAR. Ethanol induced a
decrease in the amounts of the mRNAs for the γ2L and γ2S
splice variants as well as an increase in the amount of the
α3 subunit mRNA, but it had no effect on the abundance of
the other subunit mRNAs or proteins examined (Table 1).
In contrast, in rat hippocampal neurons, chronic ethanol
treatment resulted in a decrease in the amounts of α1, α3,
γ2L, and γ2S subunit mRNAs and a marked increase in
those of the δ subunit mRNA and protein (Table 1).

We next investigated the effects of ethanol withdrawal
by incubating the cultured neurons first with 100 mM
ethanol for 5 days and then in the absence of ethanol for 3–
24 h. The effects of withdrawal, which peaked between 3
and 6 h after discontinuation of ethanol treatment, included
a decrease in the abundance of the α1 and α6 subunit
mRNAs as well as in that of the δ subunit mRNA and
protein, with the amounts of the γ2L and γ2S subunit
mRNAs remaining decreased, in cerebellar granule cells
(Table 1). In addition, ethanol withdrawal increased the
expression of the α2, α4, and α5 subunits in these cells. In
hippocampal neurons, the abundance of the α1, γ2L, and
γ2S subunit mRNAs remained decreased, and the expres-
sion of the δ subunit remained increased after ethanol

withdrawal (Table 1). In addition, ethanol withdrawal in-
creased the expression of α2, α3, and α4 subunits in these
neurons.

These changes in the expression of specific GABAAR
subunits might contribute to the molecular mechanisms
responsible for development of tolerance to and depen-
dence on ethanol as well as for the central hyperexcitability
induced by abrupt discontinuation of prolonged exposure
to this drug (Faingold et al. 1998; Grobin et al. 1998). This
hypothesis is supported by the fact that changes in the
subunit composition of GABAARs have pronounced ef-
fects on their physiological and pharmacological properties
(Barnard et al. 1998; Hevers and Luddens 1998; Sieghart
1995) and thus might underlie the reduced receptor func-
tion and altered pharmacological and behavioral sensitivity
characteristic of ethanol tolerance and dependence. Given
the diversity and heterogeneity of GABAARs expressed in
different neuronal cell types, the ethanol-induced changes
in the expression of each subunit might differ among
neuronal populations.

Effects of chronic exposure to and withdrawal
of ethanol on GABAAR function

The pharmacology of benzodiazepine receptor ligands
depends on the subunit composition of GABAARs, es-
pecially with regard to the specific α and γ subunit
isoforms present (Barnard et al. 1998; Pritchett et al. 1989).
We therefore next examined the impact of the changes in
GABAAR subunit gene expression induced by chronic
exposure to and withdrawal of ethanol on benzodiazepine
pharmacology in both cerebellar granule cells and hippo-
campal neurons. With the use of patch-clamp electrophys-
iological recording from single neurons in culture, we
evaluated the effects of the benzodiazepine receptor agonist
zaleplon, which is selective for GABAARs containing the
α1 subunit (Damgen 1999), as well as those of flumazenil,
which acts as a competitive antagonist at the benzodiaz-
epine site of most GABAARs but as an agonist at that of
GABAARs containing the α4 subunit (Wafford et al. 1996;
Whittemore et al. 1996).

Consistent with its predominant pharmacological profile
of a pure antagonist devoid of intrinsic activity, flumazenil
(3 μM) exhibited only small effects on GABA-evoked Cl−

currents in either cerebellar granule cells or hippocampal
neurons cultured in the absence of ethanol (Table 2).
Treatment of either cell type with ethanol for 5 days had no
effect on the action of flumazenil. In contrast, in granule
cells or hippocampal neurons subjected to ethanol with-
drawal for 6 h, flumazenil induced marked potentiation
(+53±5 and +61±8%, respectively) of GABA-evoked Cl−

currents. Given that the presence of the α4 subunit in
recombinant GABAARs confers positive (rather than no)
allosteric modulation by flumazenil, our electrophysiolog-
ical data showing positive modulation of GABAAR func-
tion by flumazenil in cultured neurons subjected to ethanol
withdrawal are consistent with our observations that, in
both cerebellar granule cells and hippocampal neurons,

Table 1 Effects of long-term treatment with and withdrawal of
ethanol on GABAAR gene expression in rat cerebellar granule cells
and hippocampal neurons in culture

GABAAR
subunit

Cerebellar granule cells Hippocampal neurons

Chronic
ethanol

Ethanol
withdrawal

Chronic
ethanol

Ethanol
withdrawal

α1 ↔ ↓ ↓ ↓
α2* ↔ ↑↑↑ ↔ ↑↑
α3 ↑ ↔ ↓ ↑↑
α4* ↔ ↑↑ ↔ ↑↑
α5 ↔ ↑ ↔ ↔
α6 ↔ ↓ Not expressed Not expressed
δ* ↔ ↓ ↑↑↑ ↑↑
γ2L ↓↓ ↓↓↓ ↓↓ ↓↓
γ2S ↓ ↓↓ ↓ ↓

Cells were incubated in the presence of 100 mM ethanol for 5 days
(chronic ethanol) and then in the absence of ethanol for an
additional 3–6 h (ethanol withdrawal). Changes in the amounts of
GABAAR subunit mRNAs relative to those in control cultures
incubated continuously in the absence of ethanol were determined
by RNase protection assay. Changes in the abundance of those
subunits indicated with an asterisk were also determined by
immunoblot or fluorescence analysis; similar qualitative results
were obtained for the mRNA and protein of a given subunit.
The arrows indicate an increase, decrease, or no change. The
number of arrows indicates: one, from 20 to 30%; two, from 30
to 50%; three, more than 50%. Data for α3 and α5 subunit mRNAs
in cerebellar granule cells are original; all other data are published
(Follesa et al. 2003, 2004, 2005; Sanna et al. 2003)
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ethanol withdrawal also induced up-regulation of α4 sub-
unit expression (Table 1).

Chronic treatment of rats with ethanol was found to
increase GABAAR α4 subunit gene expression in both the
cerebral cortex and hippocampus (Cagetti et al. 2003;
Devaud et al. 1995, 1997; Mahmoudi et al. 1997; Matthews
et al. 1998). Our data show that ethanol withdrawal results
in a marked increase in expression of the α4 subunit gene in
cultured neurons. Up-regulation of α4 subunit expression
is also induced by withdrawal of benzodiazepine receptor
ligands (Follesa et al. 2001, 2002) or of neurosteroids
(Follesa et al. 2000; Smith et al. 1998b), suggesting that it
might play an important role in the cellular hyperexcit-
ability and anxiety-like behavior apparent in both animals
and humans during withdrawal from these positive allo-
steric modulators of the GABAAR. Increased expression of
the α4 subunit was also observed in the hippocampus of
rats subjected to electrical kindling, a condition associated
with reduced GABAergic function, a lower threshold for
convulsions, and conflict behavior (Kamphuis et al. 1995).
Furthermore, depletion of the α4 subunit with the use of
antisense RNA prevented the development of withdrawal
symptoms in a progesterone withdrawal paradigm (Smith
et al. 1998a). Flumazenil ameliorates ethanol withdrawal
symptoms such as anxiety and hyperexcitability in animals
and human alcoholics (Buck et al. 1991; File et al. 1989;
Gerra et al. 1991; Moy et al. 1997; Nutt et al. 1993), an
effect that has been proposed to result from blockade of the
action of a putative endogenous benzodiazepine receptor
ligand endowed with inverse agonist activity. Our data
suggest that this effect of flumazenil might also be at-
tributable to an increase in the number of GABAARs
containing the α4 subunit induced by ethanol withdrawal,
given that flumazenil acts as an agonist at these receptors.

To evaluate the functional effects of the changes in α1

subunit gene expression induced by chronic ethanol treat-
ment or withdrawal, we examined the modulatory action of
the pyrazolopyrimidine zaleplon. Zaleplon at low concen-
trations in vitro is selective for GABAARs that contain the
α1 subunit (Sanna et al. 2002). It also shows a lower
receptor affinity and modulatory potency compared with
other α1 subunit-selective drugs (Sanna et al. 2002). We
therefore examined the effects of zaleplon at a concentra-
tion at which it is selective for α1 subunit-containing

receptors in order to discriminate between receptors con-
taining α1 and those containing other α subunits.

The potentiating effect of a low concentration of zaleplon
(0.5 μM) in control cerebellar granule cells (+42±3%) was
similar to that observed in those subjected to chronic eth-
anol treatment (+43±5%). In contrast, this effect of zaleplon
was reduced by about half in cerebellar granule cells
subjected to ethanol withdrawal (Table 2). In hippocampal
neurons, the potentiating effect of zaleplon observed under
control conditions (+41±5%) was reduced by about half in
neurons subjected either to chronic ethanol treatment or to
ethanol withdrawal (Table 2).

The reduced efficacies of zaleplon in cerebellar granule
cells subjected to ethanol withdrawal and in hippocampal
neurons after chronic ethanol treatment or withdrawal
(Table 2) are thus consistent with the down-regulation of
α1 subunit gene expression apparent under these condi-
tions (Table 1). Given that GABAAR subtypes that contain
α1 or α2 subunits mediate the sedative and anxiolytic
effects of benzodiazepines, respectively (Mohler et al. 2002),
our results are also consistent with the reduced sedative
efficacy of benzodiazepines in human alcoholics as well
as with the ability of these drugs to reduce the anxiogenic
effect of ethanol withdrawal (Lejoyeux et al. 1998; Sellers
et al. 1983).

With the same cell culture system, we have also shown
that the changes in GABAAR gene expression induced by
ethanol withdrawal are similar to those induced by with-
drawal of benzodiazepines (Follesa et al. 2001), of imid-
azopyridines or pyrazolopyrimidines (Follesa et al. 2002),
or of neurosteroids (Follesa et al. 2000), suggesting that
these various modulators elicit changes in GABAAR func-
tion by a common molecular mechanism and that these
changes underlie the development of withdrawal symptoms.

We also examined whether the differential changes in
expression of the GABAAR δ subunit gene induced by
chronic exposure to and withdrawal of ethanol in cerebellar
granule and hippocampal neurons were accompanied by
parallel changes in GABAAR function. Given that recep-
tors containing the δ subunit (α4β3δ receptors) manifest a
greater sensitivity to the partial agonist 4,5,6,7-tetrahy-
droisoxazolo-pyridin-3-ol (THIP or gaboxadol) than do
those containing the γ2 subunit (α4β3γ2 receptors) (Adkins
et al. 2001; Brown et al. 2002), we used this compound to

Table 2 Modulation of GABAA receptor function by flumazenil or zaleplon after long-term treatment with or withdrawal of ethanol in rat
cerebellar granule cells and hippocampal neurons in culture

Drug Potentiation of GABA-evoked Cl− current (%)

Cerebellar granule cells Hippocampal neurons

Control Chronic ethanol Ethanol withdrawal Control Chronic ethanol Ethanol withdrawal

Flumazenil 20±3 18±2 53±5* 9±1 11±1 61±8*
Zaleplon 42±3 43±5 24±5* 41±5 23±5* 24±4*

Cells were untreated (control), treated with 100 mM ethanol for 5 days (chronic ethanol) or subjected to ethanol withdrawal for 6 h (ethanol
withdrawal). They were then subjected to whole-cell patch-clamp recording. GABA was first applied to the cells at a concentration that
induced a Cl− current with an amplitude of 5–10% of the maximal response. It was then applied together with 3 μM flumazenil or 0.1–
0.5 μM zaleplon. Some data are derived from published studies (Sanna et al. 2003, copyright of the Society for Neuroscience, and Follesa
et al. 2003, with permission of ASPET)
*P<0.05 vs corresponding value for control cells
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evoke GABAAR-mediated Cl− currents in both types of
neuron.

In cerebellar granule cells, the potency of THIP apparent
under control conditions (EC50, 18±1 μM) was not sig-
nificantly affected by chronic ethanol treatment (Table 3).
However, withdrawal of ethanol resulted in a significant
reduction in THIP potency (EC50, 51±2 μM). In hippo-
campal neurons, the potency of THIP was significantly in-
creased after chronic exposure to ethanol (EC50, 18±3 μM),
compared with that apparent in control cells (EC50, 72±3 μM),
and it remained significantly increased after ethanol with-
drawal (EC50, 31±2 μM) (Table 3).

The modulatory effect of several neuroactive steroids on
GABAAR function is markedly enhanced by the presence
of the δ subunit (Adkins et al. 2001; Brown et al. 2002;
Wohlfarth et al. 2002). This modulatory action is thus im-
paired in mice that lack the δ subunit (Mihalek et al. 1999;
Spigelman et al. 2003). We therefore examined whether the
different effects of δ subunit expression elicited by chronic
ethanol exposure and ethanol withdrawal in cerebellar
granule cells and hippocampal neurons were associated
with parallel changes in the effect of allopregnanolone on
THIP-evoked Cl− currents. In cerebellar granule neurons,
the modulatory action of allopregnanolone on THIP-evoked
Cl− current apparent under control conditions (+492±95%)
was not significantly affected by chronic ethanol treatment
(Table 3). However, withdrawal of ethanol resulted in a sig-
nificant decrease in allopregnanolone efficacy (+164±14%).
In hippocampal neurons, the modulatory effect of allopreg-
nanolone on THIP-evoked Cl− current was increased by a
factor of 2.7 by chronic ethanol treatment and remained
significantly increased after ethanol withdrawal (Table 3).

The δ subunit confers on GABAARs a greater sensitivity
to GABA, to the partial agonist THIP (Adkins et al. 2001;
Brown et al. 2002), and to neurosteroids (Mihalek et al.
1999; Spigelman et al. 2003; Wohlfarth et al. 2002) than
does the γ2 subunit. Moreover, coassembly of the δ sub-
unit with the α4 and β3 subunits yields GABAARs whose
function is enhanced by ethanol at low concentrations
(Sundstrom-Poromaa et al. 2002; Wallner et al. 2003). The
changes in the expression of the δ subunit induced by
chronic ethanol treatment and withdrawal in cerebellar
granule and hippocampal neurons (Table 1) were thus
consistent with the corresponding changes in THIP poten-
cy and allopregnanolone efficacy (Table 3).

Effects of diazepam, GHB, and baclofen
on GABAAR plasticity during ethanol withdrawal

Benzodiazepines, GHB, and the GABAB receptor agonist
baclofen reduce withdrawal symptoms and the craving for
ethanol in both human alcoholics and ethanol-dependent
laboratory animals (Addolorato et al. 1996, 2002; Agabio
et al. 1998; Colombo et al. 2000; Fadda et al. 1989;
Gallimberti et al. 1992; Lejoyeux et al. 1998). We therefore
examined the effects of diazepam, GHB, and baclofen on
the changes in GABAAR gene expression and function
induced by ethanol withdrawal in cultured cerebellar gran-
ule and hippocampal neurons. Exposure of cerebellar gran-
ule cells or hippocampal neurons to diazepam or GHB at
the time of ethanol withdrawal completely antagonized the
withdrawal-induced increase in the abundance of the α2

and α4 subunit mRNAs (Table 4). In contrast, baclofen did
not antagonize these effects of ethanol withdrawal in either
cell type. Neither diazepam, GHB, nor baclofen affected

Table 3 Effects of chronic exposure to and subsequent withdrawal of ethanol on THIP-evoked Cl− current and GABAAR sensitivity to
allopregnanolone in cerebellar granule and hippocampal neurons

Cerebellar granule cells THIP-evoked Cl− current Hippocampal neurons THIP-evoked Cl− current

Control Chronic ethanol Ethanol withdrawal Control Chronic ethanol Ethanol withdrawal

THIP (EC50, μM) 18±1 16±1 51±2* 72±3 18±3* 31±2*
Allopregnanolone (% potentiation) 492±95% 499±76% 164±14%* 326±41% 895±179%** 652±103%*

Cells were incubated for 5 days in the absence (control) or presence of 100 mM ethanol (chronic ethanol) or were subjected to ethanol
withdrawal for 6 h (ethanol withdrawal). The median effective concentration (EC50) for THIP-evoked Cl− current was determined from the
dose–response relation, and the potentiation by allopregnanolone (0.3–1 μM) of THIP-evoked Cl− current was determined at a THIP
concentration that yielded 5–10% of the maximal response. Data are means±SEM of values from 10 to 22 neurons
*P<0.05, **P<0.01 vs corresponding value for control cells

Table 4 Prevention by diazepam and GHB, but not by baclofen,
of the increase in GABAAR α2 and α4 subunit gene expression
induced by ethanol withdrawal

GABAAR subunit
mRNA

Drug Effect on cerebellar granule cells
and hippocampal neurons

α1 Diazepam Does not antagonize decrease
GHB Does not antagonize decrease
Baclofen Does not antagonize decrease

α2 Diazepam Antagonizes increase
GHB Antagonizes increase
Baclofen Does not antagonize increase

α4 Diazepam Antagonizes increase
GHB Antagonizes increase
Baclofen Does not antagonize increase

γ2 Diazepam Does not antagonize decrease
GHB Does not antagonize decrease
Baclofen Does not antagonize decrease

Cerebellar granule cells or hippocampal neurons were incubated first
for 5 days with 100 mM ethanol and then for 3 h in ethanol-free
medium in the presence of 10 μM diazepam, 100 mM GHB, or
100 μM baclofen. The abundance of the indicated GABAAR
subunit mRNAs was then determined by RNase protection assay.
Most data are derived from published studies (Follesa et al. 2003,
2004; Sanna et al. 2003)
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the decrease in the abundance of the α1 or γ2 subunit
mRNAs induced by ethanol withdrawal. Furthermore, sub-
stitution of diazepam or GHB for ethanol prevented devel-

opment of the positive modulatory effect of flumazenil on
GABAAR function conferred by ethanol withdrawal in
both cerebellar granule cells and hippocampal neurons
(Fig. 1). These latter results are thus consistent with the
ability of diazepam and GHB to abolish the ethanol with-
drawal-induced up-regulation of α4 subunit expression
(Table 4).

Benzodiazepines are among the most effective drugs
available for treatment of the life-threatening condition of
alcohol withdrawal syndrome in humans (Mayo-Smith
1997). These drugs prevent the more severe clinical manifes-
tations of the syndrome, including seizures and delirium.
Our data demonstrate that the ethanol withdrawal-induced

Fig. 1 Potentiation of GABAAR function by flumazenil in cultured
rat cerebellar granule cells (a) and hippocampal neurons (b) sub-
jected to ethanol withdrawal and its prevention by diazepam or
GHB. Cells were untreated (control), treated with 100 mM ethanol
for 5 days (chronic), or subjected to ethanol withdrawal for 6 h
in the absence (withdrawal) or presence of 10 μM diazepam or
100 mM GHB (withdrawal + diazepam or GHB). They were then
subjected to whole-cell patch-clamp recording. GABA was first
applied to the cells at a concentration (1–3 μM) that induced a Cl−

current with an amplitude of 5–10% of the maximal response. It was
then applied together with 3 μM flumazenil. *P<0.01 vs control;
#P<0.01 vs withdrawal. Data are derived from published studies
(Sanna et al. 2003, copyright 2003 by the Society of Neuroscience,
and Follesa et al. 2003, with permission of ASPET)

Fig. 2 Time- and concentration-dependent stimulatory effect of
ethanol on allopregnanolone production in rat hippocampal slices.
Fresh hippocampal slices were incubated for the indicated times
at 34°C in the presence of ethanol (25, 50, or 100 mM) or vehicle,
after which the total amount of allopregnanolone in the tissue
and medium was determined. At time zero (0 min), the incubation
was stopped immediately after the addition of ethanol. Data are
expressed as percentage change in the abundance of allopregnano-
lone relative to the corresponding value for vehicle-treated slices.
*P<0.05, **P<0.01 vs corresponding value for vehicle. Adapted
with permission from Sanna et al. (2004), copyright 2004 by the
Society of Neuroscience

Table 5 Effects of ethanol, progesterone, CB34, and GHB on
allopregnanolone concentration in rat hippocampal slices

Treatment Allopregnanolone
(ng/g tissue)

Change (%)

Vehicle 0.50±0.04
Ethanol
25 mM 0.56±0.03 13±6.1
50 mM 0.85±0.04* 70±8.3*
100 mM 0.96±0.02* 92±5.0*
Progesterone (1 μM) 1.05±0.03* 110±7.1*
CB34 (30 μM) 1.22±0.04* 145±7.8*
GHB (300 μM) 1.37±0.04* 175±8.0*

Freshly isolated hippocampal slices were incubated for 30 min at
34°C in the presence of the indicated agents, after which the
amount of allopregnanolone in the tissue and medium was
determined and expressed both as nanograms of steroid per gram of
tissue and as percentage change relative to vehicle-treated slices.
Data are derived from Sanna et al. (2004), copyright 2004 by the
Society for Neuroscience
*P<0.01 vs vehicle-treated slices
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increase in expression of the GABAAR α2 and α4 subunit
genes and the associated changes in receptor function in
cultured neurons are prevented by both diazepam and
GHB. A rapid and marked increase in the abundance of the
α2 and α4 subunits may thus contribute to the development
of alcohol withdrawal symptoms that are ameliorated by
diazepam or GHB.

Whereas the effects of diazepam during ethanol with-
drawal are consistent with its mechanism of action at the
GABAAR, the mechanism by which GHB elicits its ef-
fects is not clear. Despite its similarities to GABA and
GABAergic drugs in terms of chemical structure and
pharmacological profile, GHB does not possess activity at
GABAARs (Feigenbaum and Howard 1996; Follesa et al.
2003; Serra et al. 1991). GHB has been suggested to exert
its central depressant effects by increasing the synthesis
and extracellular concentration of GABA in specific brain
regions (Gobaille et al. 1999). Furthermore, administration
of GHB, like that of ethanol (Morrow et al. 2001), increases
the formation of neuroactive steroids in rats (Barbaccia
et al. 2002), an effect mediated by GABAB receptors. The

accumulation of neuroactive steroids in the brain would be
expected to result in an increased GABAergic tone, me-
diated by GABAA receptors. However, the GABAB re-
ceptor antagonist SCH 50911 failed to inhibit the actions
of GHB, which were also not mimicked by the GABAB

receptor agonist baclofen, during ethanol withdrawal in
cultured cerebellar granule and hippocampal neurons
(Follesa et al. 2004; Sanna et al. 2003), suggesting that
GABAB receptors do not contribute to the effects of GHB
in our experimental models.

Role of neurosteroids in the acute effects
of ethanol on hippocampal GABAAR function

Effect of ethanol on neurosteroid synthesis
in isolated hippocampal tissue

Given that experimental evidence indicated that certain
pharmacological actions of ethanol require an increase in
the synthesis and secretion of neuroactive steroids from

Fig. 3 Effects of ethanol on GABAAR-mediated mIPSCs in CA1
pyramidal cells of rat hippocampal slices. The mean amplitude (a),
decay time constant (τw) (b), and frequency (c) of mIPSCs were
determined at the indicated times during bath application of 100 mM
ethanol for 30 min in the absence or presence of 1 μM finasteride.

The time zero point (0 min) recording occurred during the initial
3 min (0–3 min) of ethanol application. Data are expressed as
percentage change in each parameter induced by ethanol. *P<0.05,
**P<0.01 vs control values. Adapted with permission from Sanna
et al. (2004), copyright 2004 by the Society of Neuroscience
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peripheral organs (Morrow et al. 2001), we investigated
whether such a mechanism might also operate in the brain.
Indeed, brain cells express steroid synthetic enzymes, and
neurosteroid formation has been demonstrated to occur
independently of peripheral sources (Hu et al. 1987; Khisti
et al. 2003b; Mathur et al. 1993; Purdy et al. 1991). We
found that exposure of hippocampal slices freshly isolated
from 3-week-old rats to ethanol resulted in a concentration-
and time-dependent increase in the amount of allopregna-
nolone (Table 5, Fig. 2); the effect was apparent at 50 and
100 mM (but not 25 mM) ethanol and at 20 and 30 min.
The abundance of allopregnanolone in isolated hippocam-
pal slices was also increased after incubation for 30 min
with various agents that stimulate neurosteroid synthesis by
different mechanisms, including progesterone, which is
converted to allopregnanolone by neurons and glial cells,
CB34, a selective agonist of the peripheral benzodiazepine
receptor (Serra et al. 1999), whose activation promotes
translocation of cholesterol into mitochondria (Gavish et al.
1999), and GHB, which has been suggested to promote
steroidogenesis through GABAB receptor-mediated stim-
ulation of the HPA axis (Barbaccia et al. 2002; Table 5).

Neurosteroids and ethanol modulation
of hippocampal GABAAR function

Our results showing that ethanol as well as progesterone,
CB34, and GHB increased the concentration of allopreg-
nanolone in isolated hippocampal tissue led us to examine
whether this effect results in positive modulation of the
function of hippocampal GABAARs, which are sensitive
targets of neurosteroids (Lambert et al. 2001). Recording of
spontaneousGABAAR-mediatedminiature IPSCs (mIPSCs)
from CA1 pyramidal neurons revealed that the continuous
bath application of ethanol induced a time- and concen-
tration-dependent modulation of GABAAR function. At
the concentration of 100 mM, ethanol induced an ∼30%
increase in mIPSC amplitude during the initial 3 min of
treatment (Fig. 3a). The extent of this effect was reduced,
although still significant, after exposure of the tissue to
ethanol for 10 min and had increased again to ∼35% at
30 min. Both the decay time constant and frequency of
mIPSCs were also increased after exposure to ethanol for
30 min, whereas ethanol had no effect on these parameters
during the initial 3 min of treatment (Fig. 3b,c).

To determine whether the increased biosynthesis of
allopregnanolone induced by ethanol was responsible for
its effects on GABAAR-mediated mIPSCs, we exposed
hippocampal slices to the 5α-reductase inhibitor finasteride
both before and during treatment with ethanol. Finasteride
alone had no effect on mIPSCs and did not modify the early
(initial 3 min) effect of ethanol on mIPSC amplitude
(Fig. 3a); however, it abolished the effect of ethanol on
mIPSC amplitude apparent between 10 and 30 min after
the onset of ethanol application. These results thus sug-
gested that the delayed effect of ethanol on mIPSC am-
plitude was due to increased synthesis of neurosteroids,
whereas the finasteride-insensitive immediate increase in

mIPSC amplitude was attributable to a direct modulatory
action of ethanol at GABAARs. Consistent with this con-
clusion, given the ability of neurosteroids to prolong
GABAAR-mediated IPSCs (Harrison et al. 1987; Zhu and

Fig. 4 Effects of progesterone, CB34, and GHB on the mean
amplitude of GABAAR-mediated mIPSCs in CA1 pyramidal neu-
rons of rat hippocampal slices. The percentage change in mean
mIPSC amplitude was determined at the indicated times during bath
application for 30 min of 1 μM progesterone (a), 30 μM CB34 (b),
or 300 μM GHB (c), each in the absence or presence of 1 μM
finasteride. The time zero point (0 min) recording occurred dur-
ing the initial 3 min (0–3 min) of ethanol application. *P<0.05,
**P<0.01 vs control values. Adapted with permission from Sanna
et al. (2004), copyright 2004 by the Society of Neuroscience
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Vicini 1997), finasteride also blocked the increase in
the decay time constant of mIPSCs induced by ethanol
(Fig. 3b). In contrast, finasteride failed to affect the
ethanol-induced increase in mIPSC frequency (Fig. 3c),
indicating that ethanol increases the probability of GABA
release from presynaptic terminals independently of neu-
rosteroids. A presynaptic action of ethanol in the modu-
lation of GABAAR activity has also been described by
other groups (Ariwodola and Weiner 2004; Carta et al.
2004; Roberto et al. 2003; Ziskind-Conhaim et al. 2003)
and is consistent with our observation that ethanol also
reduced and then reversed the ratio of paired-pulse facili-
tation in hippocampal slices (Sanna et al. 2004).

GABAAR-mediated mIPSCs in CA1 pyramidal neurons
were also modulated by bath application of progesterone,
CB34, or GHB (Fig. 4). All three compounds increased in
a time-dependent and reversible manner the amplitude of

mIPSCs, with the onset of this effect being apparent after
10–20 min. Unlike ethanol, these compounds did not affect
mIPSC amplitude during the initial 3 min of application,
consistent with their inability to interact directly with the
GABAAR (Lambert et al. 2001; Serra et al. 1991, 1999).
Furthermore, progesterone, CB34, andGHB each increased
mIPSC decay time but failed to affect mIPSC frequency
(Sanna et al. 2004), and pretreatment of hippocampal slices
with finasteride prevented the effects of all three com-
pounds on both mIPSC amplitude (Fig. 4) and decay time
(Sanna et al. 2004).

To verify further that the delayed effects of ethanol, pro-
gesterone, CB34, and GHB onGABAAR-mediated mIPSCs
were attributable to the local synthesis of neurosteroids, we
examined the effects of bath application of allopregnano-
lone to hippocampal slices. At the concentration of 1 μM,
allopregnanolone induced a rapid increase in both the am-
plitude and decay time of mIPSCs without an effect on
mIPSC frequency (Fig. 5).

Effects of ethanol on hippocampal
neurosteroidogenesis and GABAAR function
in ADX-CX rats

The molecular mechanism underlying the stimulatory ef-
fect of ethanol on allopregnanolone biosynthesis in iso-
lated brain tissue remains unclear. However, to clarify
whether ethanol increases the rate of conversion of pre-
cursors (such as progesterone) derived from peripheral
sources to allopregnanolone by brain cells or whether it
promotes the de novo formation of neurosteroids from
cholesterol, we studied hippocampal tissue freshly isolated
from adrenalectomized-castrated (ADX-CX) rats. The plas-
ma and brain concentrations of progesterone and pregnen-
olone are markedly reduced in ADX-CX rats 1 week after
surgery compared with those in sham-operated animals
(Porcu et al. 2004). The basal level of allopregnanolone in
hippocampal slices isolated from ADX-CX animals at this
time was reduced by only ∼40% compared with that in
hippocampal tissue from sham-operated animals (Fig. 6),
consistent with the notion that brain cells continue to

Fig. 6 Ethanol-induced formation of allopregnanolone in hippo-
campal slices from ADX-CX rats. Freshly isolated hippocampal
slices obtained from ADX-CX or sham-operated rats at least 1 week
after surgery were incubated in the presence of ethanol (100 mM)
or vehicle for 30 min at 34°C, after which the total amount of
allopregnanolone in tissue and medium was determined. Data
are expressed as a percentage of the allopregnanolone content for
vehicle-treated tissue from sham-operated rats (control). *P<0.05 vs
vehicle-treated group

Fig. 5 Effect of allopregnanolone on GABAAR-mediated mIPSCs
in CA1 pyramidal neurons of rat hippocampal slices. a Averaged
mIPSC traces recorded before and 5 min after the onset of bath
application of 1 μM allopregnanolone (AP). b Percentage changes in

mean mIPSC amplitude, decay time constant, and frequency deter-
mined 5 min after the onset of bath application of 1 μM allo-
pregnanolone. *P<0.05 vs control values
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produce neurosteroids independently of the periphery.
Incubation of hippocampal slices from ADX-CX rats with
ethanol (100 mM) for 30 min resulted in a significant
increase (∼65%) in the amount of allopregnanolone, with
the size of this effect being similar to that observed with
hippocampal tissue from sham-operated animals (Fig. 6).
Consistent with these observations, electrophysiological
recording of GABAAR function in CA1 pyramidal neurons
revealed that ethanol increased mIPSC amplitude and
decay time to similar extents in hippocampal slices from
ADX-CX rats and sham-operated animals (Fig. 7).

Together, these results suggest that the abilities of eth-
anol to both increase the concentration of allopregnanolone
and enhance GABAAR function in hippocampal slices are
independent of steroid precursors from the periphery and
likely involve the local de novo biosynthesis of neuroster-
oids from cholesterol. Consistent with our findings, the
increase in the brain content of allopregnanolone did not
correlate with changes in the plasma concentrations of
corticosterone, progesterone, or allopregnanolone in etha-
nol-treated rats, suggesting that brain and circulating ste-
roid concentrations are regulated differentially (VanDoren
et al. 2000).

Conclusions

We have shown that prolonged exposure to and subsequent
withdrawal of ethanol are associated with marked, specific,
and differential changes in GABAAR subunit gene expres-
sion, as well as with changes in receptor function and
pharmacological sensitivity to neurosteroids, zaleplon, and
flumazenil, in cultured rat neurons. The changes in receptor
function induced by ethanol withdrawal may be an im-
portant determinant of alcohol withdrawal syndrome, con-
sistent with the fact that some of these changes are blocked
by drugs effective in the treatment of ethanol dependence.
It should be kept in mind also that although alterations
in subunit expression are correlated with altered receptor
function, in the absence of altered subunit composition,
selective trafficking of specific subunits could also repre-
sent an additional mechanism. Our results also demonstrate
that ethanol is able to increase brain steroidogenesis by a
local action independent of the activity of the HPA axis.
This latter action of ethanol, together with or independent
of stimulation of the HPA axis, might thus be important in
mediating some of the central effects of this drug of abuse.
In addition, this mechanism may be important in mediating
the effects of ethanol in such physiological or pathological
conditions as the menstrual cycle, pregnancy, menopause,
premenstrual syndrome, and a variety of neurological or
psychiatric disorders in which steroidogenic activity un-
dergoes pronounced changes.

Acknowledgements This study is supported by grant CE00042735
(Project Center of Excellence for the Neurobiology of Dependence,
D.M. 21 January 2001), FIRB grant RBNE0195AX, and PRIN
grants 2002053959-001 and 2001055774 from the Ministry of
Instruction, Universities, and Research, Italy; by NIAAA grant
U01AA13641 from the Sardinian Health Ministry; and, in part, by
GIO.I.A. Foundation (Pisa).

References

Addolorato G, Castelli E, Stefanini GF, Casella G, Caputo F,
Marsigli L, Bernardi M, Gasbarrini G (1996) An open multi-
centric study evaluating 4-hydroxybutyric acid sodium salt in
the medium-term treatment of 179 alcohol dependent subjects.
GHB Study Group. Alcohol Alcohol 31:341–345

Addolorato G, Caputo F, Capristo E, Janiri L, Bernardi M, Agabio
R, Colombo G, Gessa GL, Gasbarrini G (2002) Rapid sup-
pression of alcohol withdrawal syndrome by baclofen. Am J
Med 112:226–229

Adkins CE, Pillai GV, Kerby J, Bonnert TP, Haldon C, McKernan
RM, Gonzalez JE, Oades K, Whiting PJ, Simpson PB (2001)
alpha4beta3delta GABA(A) receptors characterized by fluores-
cence resonance energy transfer-derived measurements of mem-
brane potential. J Biol Chem 276:38934–38939

Agabio R, Colombo G, Loche A, Lobina C, Pani ML, Reali R,
Gessa GL (1998) Gamma-hydroxybutyric acid reducing effect
on ethanol intake: evidence in favour of a substitution mech-
anism. Alcohol Alcohol 33:465–474

Allan AM, Harris RA (1986) Gamma-aminobutyric acid and alcohol
actions: neurochemical studies of long sleep and short sleep
mice. Life Sci 39:2005–2015

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

Fig. 7 Effects of ethanol on GABAAR-mediated mIPSCs in CA1
pyramidal cells of hippocampal slices from ADX-CX rats. The mean
amplitude (a) and decay time constant (b) of mIPSCs were de-
termined at the indicated times during exposure of hippocampal
tissue from ADX-CX or sham-operated rats to 100 mM ethanol for
30 min. Data are expressed as percentage change in each parameter
induced by ethanol. *P<0.05, **P<0.01 vs control values

277



Ariwodola OJ, Weiner JL (2004) Ethanol potentiation of GABAer-
gic synaptic transmission may be self-limiting: role of presyn-
aptic GABAB receptors. J Neurosci 24:10679–10686

Barbaccia ML, Roscetti G, Trabucchi M, Mostallino MC, Concas A,
Purdy RH, Biggio G (1996) Time-dependent changes in rat
brain neuroactive steroid concentrations and GABAA receptor
function after acute stress. Neuroendocrinology 63:166–172

Barbaccia ML, Affricano D, Trabucchi M, Purdy RH, Colombo
G, Agabio R, Gessa GL (1999) Ethanol markedly increases
“GABAergic” neurosteroids in alcohol-preferring rats. Eur J
Pharmacol 384:R1–R2

Barbaccia ML, Colombo G, Affricano D, Carai MA, Vacca G, Melis
S, Purdy RH, Gessa GL (2002) GABA(B) receptor-mediated
increase of neurosteroids by gamma-hydroxybutyric acid. Neu-
ropharmacology 42:782–791

Barnard EA, Skolnick P, Olsen RW, Mohler H, Sieghart W, Biggio
G, Braestrup C, Bateson AN, Langer SZ (1998) International
Union of Pharmacology. XV. Subtypes of gamma-aminobutyric
acidA receptors: classification on the basis of subunit structure
and receptor function. Pharmacol Rev 50:291–313

Bicikova M, Dibbelt L, Hill M, Hampl R, Starka L (1998) Allo-
pregnanolone in women with premenstrual syndrome. Horm
Metab Res 30:227–230

Biggio G, Purdy RH (2001) Neurosteroids and brain function. In:
Bradley RJ, Harris RA, Jenner P (eds) International review of
neurobiology. Academic, San Diego

Biggio G, Dazzi L, Biggio F, Mancuso L, Talani G, Busonero F,
Mostallino MC, Sanna E, Follesa P (2003) Molecular mech-
anisms of tolerance to and withdrawal of GABA(A) receptor
modulators. Eur Neuropsychopharmacol 13:411–423

Bitran D, Shiekh M, McLeod M (1995) Anxiolytic effect of pro-
gesterone is mediated by the neurosteroid allopregnanolone at
brain GABAA receptors. J Neuroendocrinol 7:171–177

Brown N, Kerby J, Bonnert TP, Whiting PJ, Wafford KA (2002)
Pharmacological characterization of a novel cell line expressing
human alpha(4)beta(3)delta GABA(A) receptors. Br J Pharma-
col 136:965–974

Brussaard AB, Kits KS, Baker RE, Willems WP, Leyting-Vermeulen
JW, Voorn P, Smit AB, Bicknell RJ, Herbison AE (1997)
Plasticity in fast synaptic inhibition of adult oxytocin neurons
caused by switch in GABA(A) receptor subunit expression.
Neuron 19:1103–1114

Buck KJ, Heim H, Harris RA (1991) Reversal of alcohol depen-
dence and tolerance by a single administration of flumazenil. J
Pharmacol Exp Ther 257:984–989

Cagetti E, Liang J, Spigelman I, Olsen RW (2003) Withdrawal from
chronic intermittent ethanol treatment changes subunit compo-
sition, reduces synaptic function, and decreases behavioral re-
sponses to positive allosteric modulators of GABAA receptors.
Mol Pharmacol 63:53–64

Carta M, Partridge LD, Savage DD, Valenzuela CF (2003) Neuro-
steroid modulation of glutamate release in hippocampal neurons:
lack of an effect of a chronic prenatal ethanol exposure paradigm.
Alcohol Clin Exp Res 27:1194–1198

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

Chandler LJ, Harris RA, Crews FT (1998) Ethanol tolerance and
synaptic plasticity. Trends Pharmacol Sci 19:491–495

Colombo G, Agabio R, Carai MA, Lobina C, Pani M, Reali R,
Addolorato G, Gessa GL (2000) Ability of baclofen in reducing
alcohol intake and withdrawal severity: I—Preclinical evi-
dence. Alcohol Clin Exp Res 24:58–66

Concas A, Mostallino MC, Porcu P, Follesa P, Barbaccia ML,
Trabucchi M, Purdy RH, Grisenti P, Biggio G (1998) Role of
brain allopregnanolone in the plasticity of gamma-aminobutyric
acid type A receptor in rat brain during pregnancy and after
delivery. Proc Natl Acad Sci U S A 95:13284–13289

Damgen KLH (1999) Zaleplon displays a selectivity to recombinant
GABAA receptors different from zolpidem, zopiclone and
benzodiazepines. Neurosci Res Commun 25:139–148

Deitrich RA, Dunwiddie TV, Harris RA, Erwin VG (1989) Mech-
anism of action of ethanol: initial central nervous system
actions. Pharmacol Rev 41:489–537

Devaud LL, Smith FD, Grayson DR, Morrow AL (1995) Chron-
ic ethanol consumption differentially alters the expression of
gamma-aminobutyric acidA receptor subunit mRNAs in rat
cerebral cortex: competitive, quantitative reverse transcriptase–
polymerase chain reaction analysis. Mol Pharmacol 48:861–
868

Devaud LL, Purdy RH, Finn DA, Morrow AL (1996) Sensitization
of gamma-aminobutyric acidA receptors to neuroactive steroids
in rats during ethanol withdrawal. J Pharmacol Exp Ther 278:
510–517

Devaud LL, Fritschy JM, Sieghart W, Morrow AL (1997) Bi-
directional alterations of GABA(A) receptor subunit peptide
levels in rat cortex during chronic ethanol consumption and
withdrawal. J Neurochem 69:126–130

Ellis FW (1966) Effect of ethanol on plasma corticosterone levels. J
Pharmacol Exp Ther 153:121–127

Fadda F, Colombo G, Mosca E, Gessa GL (1989) Suppression by
gamma-hydroxybutyric acid of ethanol withdrawal syndrome in
rats. Alcohol Alcohol 24:447–451

Faingold CL, N’Gouemo P, Riaz A (1998) Ethanol and neurotrans-
mitter interactions–from molecular to integrative effects. Prog
Neurobiol 55:509–535

Feigenbaum JJ, Howard SG (1996) Gamma hydroxybutyrate is not
a GABA agonist. Prog Neurobiol 50:1–7

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

Follesa P, Serra M, Cagetti E, Pisu MG, Porta S, Floris S, Massa F,
Sanna E, Biggio G (2000) Allopregnanolone synthesis in
cerebellar granule cells: roles in regulation of GABA(A) re-
ceptor expression and function during progesterone treatment
and withdrawal. Mol Pharmacol 57:1262–1270

Follesa P, Cagetti E, Mancuso L, Biggio F, Manca A, Maciocco E,
Massa F, Desole MS, Carta M, Busonero F, Sanna E, Biggio G
(2001) Increase in expression of the GABA(A) receptor alpha
(4) subunit gene induced by withdrawal of, but not by long-
term treatment with, benzodiazepine full or partial agonists.
Brain Res Mol Brain Res 92:138–148

Follesa P, Mancuso L, Biggio F, Cagetti E, Franco M, Trapani G,
Biggio G (2002) Changes in GABA(A) receptor gene expres-
sion induced by withdrawal of, but not by long-term exposure
to, zaleplon or zolpidem. Neuropharmacology 42:191–198

Follesa P, Mancuso L, Biggio F, Mostallino MC, Manca A, Mascia
MP, Busonero F, Talani G, Sanna E, Biggio G (2003) Gamma-
hydroxybutyric acid and diazepam antagonize a rapid increase
in GABA(A) receptors alpha(4) subunit mRNA abundance
induced by ethanol withdrawal in cerebellar granule cells. Mol
Pharmacol 63:896–907

Follesa P, Biggio F, Mancuso L, Cabras S, Caria S, Gorini G, Manca
A, Orru A, Biggio G (2004) Ethanol withdrawal-induced up-
regulation of the alpha2 subunit of the GABAA receptor and its
prevention by diazepam or gamma-hydroxybutyric acid. Brain
Res Mol Brain Res 120:130–137

Follesa P, Mostallino MC, Biggio F, Gorini G, Caria S, Busonero F,
Murru L, Mura ML, Sanna E, Biggio G (2005) Distinct patterns
of expression and regulation of GABA-A receptors containing
the delta subunit in cerebellar granule and hippocampal neu-
rons. J Neurochem (in press)

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

Frye GD, Chapin RE, Vogel RA, Mailman RB, Kilts CD, Mueller
RA, Breese GR (1981) Effects of acute and chronic 1,3-bu-
tanediol treatment on central nervous system function: a com-
parison with ethanol. J Pharmacol Exp Ther 216:306–314

Gallimberti L, Ferri M, Ferrara SD, Fadda F, Gessa GL (1992)
gamma-hydroxybutyric acid in the treatment of alcohol depen-
dence: a double-blind study. Alcohol Clin Exp Res 16:673–676

278



Gavish M, Bachman I, Shoukrun R, Katz Y, Veenman L, Weisinger
G, Weizman A (1999) Enigma of the peripheral benzodiazepine
receptor. Pharmacol Rev 51:629–650

Genazzani AR, Petraglia F, Bernardi F, Casarosa E, Salvestroni C,
Tonetti A, Nappi RE, Luisi S, Palumbo M, Purdy RH, Luisi M
(1998) Circulating levels of allopregnanolone in humans: gen-
der, age, and endocrine influences. J Clin Endocrinol Metab
83:2099–2103

Gerra G, Caccavari R, Volpi R, Maninetti L, Delsignore R, Coiro V
(1991) Effectiveness of flumazenil in the treatment of alcohol
withdrawal. Curr Ther Res 50:62–66

Gobaille S, Hechler V, Andriamampandry C, Kemmel V, Maitre M
(1999) gamma-hydroxybutyrate modulates synthesis and ex-
tracellular concentration of gamma-aminobutyric acid in dis-
crete rat brain regions in vivo. J Pharmacol Exp Ther 290:303–
309

Grobin AC, Matthews DB, Devaud LL, Morrow AL (1998) The role
of GABA(A) receptors in the acute and chronic effects of
ethanol. Psychopharmacology (Berl) 139:2–19

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

Grobin AC, Heenan EJ, Lieberman JA, Morrow AL (2003) Perinatal
neurosteroid levels influence GABAergic interneuron localiza-
tion in adult rat prefrontal cortex. J Neurosci 23:1832–1839

Harris RA (1999) Ethanol actions on multiple ion channels: which
are important? Alcohol Clin Exp Res 23:1563–1570

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

Harrison NL, Vicini S, Barker JL (1987) A steroid anesthetic pro-
longs inhibitory postsynaptic currents in cultured rat hippo-
campal neurons. J Neurosci 7:604–609

Hevers W, Luddens H (1998) The diversity of GABAA receptors.
Pharmacological and electrophysiological properties of GABAA
channel subtypes. Mol Neurobiol 18:35–86

Hu ZY, Bourreau E, Jung-Testas I, Robel P, Baulieu EE (1987)
Neurosteroids: oligodendrocyte mitochondria convert choles-
terol to pregnenolone. Proc Natl Acad Sci U S A 84:8215–8219

Kamphuis W, De Rijk TC, Lopes da Silva FH (1995) Expression of
GABAA receptor subunit mRNAs in hippocampal pyramidal
and granular neurons in the kindling model of epileptogenesis:
an in situ hybridization study. Brain Res Mol Brain Res 31:33–
47

Khisti RT, Kralic JE, VanDoren MJ, Morrow AL (2002a) Adrenal-
ectomy attenuates increase in cortical allopregnanolone and
behavioral effects induced by acute ethanol administration.
Alcohol Clin Exp Res 26:103A

Khisti RT, Penland SN, VanDoren MJ, Grobin AC, Morrow AL
(2002b) GABAergic neurosteroidmodulation of ethanol actions.
World J Biol Psychiatry 3:87–95

Khisti RT, Kumar S, Morrow AL (2003a) Ethanol rapidly induces
steroidogenic acute regulatory protein expression and translo-
cation in rat adrenal gland. Eur J Pharmacol 473:225–227

Khisti RT, VanDoren MJ, O’Buckley T, Morrow AL (2003b) Neu-
roactive steroid 3alpha-hydroxy-5alpha-pregnan-20-one mod-
ulates ethanol-induced loss of righting reflex in rats. Brain Res
980:255–265

Kokate TG, Svensson BE, Rogawski MA (1994) Anticonvulsant
activity of neurosteroids: correlation with gamma-aminobutyric
acid-evoked chloride current potentiation. J Pharmacol Exp
Ther 270:1223–1229

Kumar S, Sieghart W, Morrow AL (2002) Association of protein
kinase C with GABA(A) receptors containing alpha1 and alpha4
subunits in the cerebral cortex: selective effects of chronic eth-
anol consumption. J Neurochem 82:110–117

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

Lejoyeux M, Solomon J, Ades J (1998) Benzodiazepine treatment
for alcohol-dependent patients. Alcohol Alcohol 33:563–575

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

Mahmoudi M, Kang MH, Tillakaratne N, Tobin AJ, Olsen RW
(1997) Chronic intermittent ethanol treatment in rats increases
GABA(A) receptor alpha4-subunit expression: possible rele-
vance to alcohol dependence. J Neurochem 68:2485–2492

Majewska MD (1992) Neurosteroids: endogenous bimodal mod-
ulators of the GABAA receptor. Mechanism of action and
physiological significance. Prog Neurobiol 38:379–395

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

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

Mathur C, Prasad VV, Raju VS, Welch M, Lieberman S (1993)
Steroids and their conjugates in the mammalian brain. Proc Natl
Acad Sci U S A 90:85–88

Matthews DB, Devaud LL, Fritschy JM, Sieghart W, Morrow AL
(1998) Differential regulation of GABA(A) receptor gene ex-
pression by ethanol in the rat hippocampus versus cerebral
cortex. J Neurochem 70:1160–1166

Mayo-Smith MF (1997) Pharmacological management of alcohol
withdrawal. A meta-analysis and evidence-based practice guide-
line. American Society of Addiction Medicine Working Group
on Pharmacological Management of Alcohol Withdrawal. JAMA
278:144–151

Mehta AK, Ticku MK (1999) An update on GABAA receptors.
Brain Res Brain Res Rev 29:196–217

Mhatre MC, Pena G, Sieghart W, Ticku MK (1993) Antibodies
specific for GABAA receptor alpha subunits reveal that chronic
alcohol treatment down-regulates alpha-subunit expression in
rat brain regions. J Neurochem 61:1620–1625

Mihalek RM, Banerjee PK, Korpi ER, Quinlan JJ, Firestone LL, Mi
ZP, Lagenaur C, Tretter V, Sieghart W, Anagnostaras SG, Sage
JR, Fanselow MS, Guidotti A, Spigelman I, Li Z, DeLorey
TM, Olsen RW, Homanics GE (1999) Attenuated sensitivity to
neuroactive steroids in gamma-aminobutyrate type A receptor
delta subunit knockout mice. Proc Natl Acad Sci U S A 96:
12905–12910

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, Fritschy JM, Rudolph U (2002) A new benzodiazepine
pharmacology. J Pharmacol Exp Ther 300:2–8

Morrow AL, Suzdak PD, Paul SM (1988) Benzodiazepine, barbi-
turate, ethanol and hypnotic steroid hormone modulation of
GABA-mediated chloride ion transport in rat brain synapto-
neurosomes. Adv Biochem Psychopharmacol 45:247–261

Morrow AL, Montpied P, Lingford-Hughes A, Paul SM (1990)
Chronic ethanol and pentobarbital administration in the rat:
effects on GABAA receptor function and expression in brain.
Alcohol 7:237–244

Morrow AL, Janis GC, VanDoren MJ, Matthews DB, Samson HH,
Janak PH, Grant KA (1999) Neurosteroids mediate pharmaco-
logical effects of ethanol: a new mechanism of ethanol action?
Alcohol Clin Exp Res 23:1933–1940

Morrow AL, VanDoren MJ, 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

Moy SS, Knapp DJ, Criswell HE, Breese GR (1997) Flumazenil
blockade of anxiety following ethanol withdrawal in rats. Psy-
chopharmacology (Berl) 131:354–360

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

Nutt D, Glue P, Wilson S, Groves S, Coupland N, Bailey J (1993)
Flumazenil in alcohol withdrawal. Alcohol Alcohol Suppl 2:
337–341

279



Ogilvie KM, Lee S, Rivier C (1997) Role of arginine vasopressin
and corticotropin-releasing factor in mediating alcohol-induced
adrenocorticotropin and vasopressin secretion in male rats bear-
ing lesions of the paraventricular nuclei. Brain Res 744:83–95

Porcu P, Sogliano C, Ibba C, Piredda M, Tocco S, Marra C, Purdy
RH, Biggio G, Concas A (2004) Failure of gamma-hydroxy-
butyric acid both to increase neuroactive steroid concentrations
in adrenalectomized–orchiectomized rats and to induce toler-
ance to its steroidogenic effect in intact animals. Brain Res
1012:160–168

Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann
H, Schofield PR, Seeburg PH (1989) Importance of a novel
GABAA receptor subunit for benzodiazepine pharmacology.
Nature 338:582–585

Purdy RH, Morrow AL, Moore PH Jr, Paul SM (1991) Stress-
induced elevations of gamma-aminobutyric acid type A re-
ceptor-active steroids in the rat brain. Proc Natl Acad Sci U S A
88:4553–4557

Rivier C (1996) Alcohol stimulates ACTH secretion in the rat:
mechanisms of action and interactions with other stimuli. Al-
cohol Clin Exp Res 20:240–254

Rivier C, Bruhn T, Vale W (1984) Effect of ethanol on the hypo-
thalamic–pituitary–adrenal axis in the rat: role of corticotropin-
releasing factor (CRF). J Pharmacol Exp Ther 229:127–131

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 U S A 100:2053–2058

Sanna E, Serra M, Cossu A, Colombo G, Follesa P, Cuccheddu T,
Concas A, Biggio G (1993) Chronic ethanol intoxication in-
duces differential effects on GABAA and NMDA receptor
function in the rat brain. Alcohol Clin Exp Res 17:115–123

Sanna E, Busonero F, Talani G, Carta M, Massa F, Peis M,
Maciocco E, Biggio G (2002) Comparison of the effects of
zaleplon, zolpidem, and triazolam at various GABA(A) recep-
tor subtypes. Eur J Pharmacol 451:103–110

Sanna E, Mostallino MC, Busonero F, Talani G, Tranquilli S,
Mameli M, Spiga S, Follesa P, Biggio G (2003) Changes in
GABA(A) receptor gene expression associated with selective
alterations in receptor function and pharmacology after ethanol
withdrawal. J Neurosci 23:11711–11724

Sanna E, Talani G, Busonero F, Pisu MG, Purdy RH, Serra M,
Biggio G (2004) Brain steroidogenesis mediates ethanol mod-
ulation of GABAA receptor activity in rat hippocampus. J
Neurosci 24:6521–6530

Sellers EM, Naranjo CA, Harrison M, Devenyi P, Roach C, Sykora
K (1983) Diazepam loading: simplified treatment of alcohol
withdrawal. Clin Pharmacol Ther 34:822–826

Semyanov A, Walker MC, Kullmann DM, Silver RA (2004) Ton-
ically active GABA A receptors: modulating gain and main-
taining the tone. Trends Neurosci 27:262–269

Serra M, Sanna E, Foddi C, Concas A, Biggio G (1991) Failure of
gamma-hydroxybutyrate to alter the function of the GABAA
receptor complex in the rat cerebral cortex. Psychopharmacol-
ogy 104:351–355

Serra M, Madau P, Chessa MF, Caddeo M, Sanna E, Trapani G,
Franco M, Liso G, Purdy RH, Barbaccia ML, Biggio G (1999)
2-Phenyl-imidazo[1,2-a]pyridine derivatives as ligands for pe-
ripheral benzodiazepine receptors: stimulation of neurosteroid
synthesis and anticonflict action in rats. Br J Pharmacol
127:177–187

Sieghart W (1995) Structure and pharmacology of gamma-amino-
butyric acidA receptor subtypes. Pharmacol Rev 47:181–234

Sieghart W, Sperk G (2002) Subunit composition, distribution and
function of GABA(A) receptor subtypes. Curr Top Med Chem
2:795–816

Smith SS, Gong QH, Hsu FC, Markowitz RS, Ffrench-Mullen JM,
Li X (1998a) GABA(A) receptor alpha4 subunit suppression
prevents withdrawal properties of an endogenous steroid. Na-
ture 392:926–930

Smith SS, Gong QH, Li X, Moran MH, Bitran D, Frye CA, Hsu FC
(1998b) Withdrawal from 3alpha-OH-5alpha-pregnan-20-One
using a pseudopregnancy model alters the kinetics of hippo-
campal GABAA-gated current and increases the GABAA re-
ceptor alpha4 subunit in association with increased anxiety. J
Neurosci 18:5275–5284

Spigelman I, Li Z, Liang J, Cagetti E, Samzadeh S, Mihalek RM,
Homanics GE, Olsen RW (2003) Reduced inhibition and sen-
sitivity to neurosteroids in hippocampus of mice lacking the
GABA(A) receptor delta subunit. J Neurophysiol 90:903–910

Sundstrom-Poromaa I, Smith DH, Gong QH, Sabado TN, Li X,
Light A, Wiedmann M, Williams K, Smith SS (2002) Hor-
monally regulated alpha(4)beta(2)delta GABA(A) receptors are
a target for alcohol. Nat Neurosci 5:721–722

Suzdak PD, Paul SM, Crawley JN (1988) Effects of Ro15-4513 and
other benzodiazepine receptor inverse agonists on alcohol-
induced intoxication in the rat. J Pharmacol Exp Ther 245:880–
886

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

Ueno S, Harris RA, Messing RO, Sanchez-Perez AM, Hodge CW,
McMahon T, Wang D, Mehmert KK, Kelley SP, Haywood A,
Olive MF, Buck KJ, Hood HM, Blednov Y, Findlay G, Mascia
MP (2001) Alcohol actions on GABA(A) receptors: from pro-
tein structure to mouse behavior. Alcohol Clin Exp Res 25:
76S–81S

VanDoren MJ, 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 (1999) New perspectives in the functional role of GABA
(A) channel heterogeneity. Mol Neurobiol 19:97–110

Wafford KA, Thompson SA, Thomas D, Sikela J, Wilcox AS,
Whiting PJ (1996) Functional characterization of human gamma-
aminobutyric acidA receptors containing the alpha 4 subunit.
Mol Pharmacol 50:670–678

Wallner M, Hanchar HJ, Olsen RW (2003) Ethanol enhances alpha 4
beta 3 delta and alpha 6 beta 3 delta gamma-aminobutyric acid
type A receptors at low concentrations known to affect humans.
Proc Natl Acad Sci U S A 100:15218–15223

Wan FJ, Berton F, Madamba SG, Francesconi W, Siggins GR (1996)
Low ethanol concentrations enhance GABAergic inhibitory post-
synaptic potentials in hippocampal pyramidal neurons only after
block of GABAB receptors. Proc Natl Acad Sci U S A 93:5049–
5054

Wei W, Faria LC, Mody I (2004) Low ethanol concentrations
selectively augment the tonic inhibition mediated by delta sub-
unit-containing GABAA receptors in hippocampal neurons.
J Neurosci 24:8379–8382

Weiner JL, Gu C, Dunwiddie TV (1997) Differential ethanol sen-
sitivity of subpopulations of GABAA synapses onto rat hippo-
campal CA1 pyramidal neurons. J Neurophysiol 77:1306–1312

Whiting PJ, Bonnert TP, McKernan RM, Farrar S, Le Bourdelles B,
Heavens RP, Smith DW, Hewson L, Rigby MR, Sirinathsinghji
DJ, Thompson SA, Wafford KA (1999) Molecular and func-
tional diversity of the expanding GABA-A receptor gene fam-
ily. Ann NY Acad Sci 868:645–653

Whittemore ER, Yang W, Drewe JA, Woodward RM (1996) Phar-
macology of the human gamma-aminobutyric acidA receptor
alpha 4 subunit expressed in Xenopus laevis oocytes. Mol
Pharmacol 50:1364–1375

Wohlfarth KM, Bianchi MT, Macdonald RL (2002) Enhanced
neurosteroid potentiation of ternary GABA(A) receptors con-
taining the delta subunit. J Neurosci 22:1541–1549

Zhu WJ, Vicini S (1997) Neurosteroid prolongs GABAA channel
deactivation by altering kinetics of desensitized states. J Neu-
rosci 17:4022–4031

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

280


	Neurosteroids, GABAA receptors, and ethanol dependence
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Effects of chronic ethanol exposure on GABAARs
	Role of neurosteroids in the effects of ethanol on GABAARs
	Ethanol and GABAAR plasticity in cultured cerebellar granule cells and hippocampal neurons
	Effects of chronic exposure to and withdrawal of ethanol on GABAAR gene expression
	Effects of chronic exposure to and withdrawal of ethanol on GABAAR function
	Effects of diazepam, GHB, and baclofen on GABAAR plasticity during ethanol withdrawal

	Role of neurosteroids in the acute effects of ethanol on hippocampal GABAAR function
	Effect of ethanol on neurosteroid synthesis in isolated hippocampal tissue
	Neurosteroids and ethanol modulation of hippocampal GABAAR function
	Effects of ethanol on hippocampal neurosteroidogenesis and GABAAR function in ADX-CX rats


	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


