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a b s t r a c t

The precise mechanisms underlying the memory-blocking properties of ethanol are unknown, in part
because ethanol targets a wide array of neurotransmitter receptors and transporters. The aim of this
study was to determine whether the memory loss caused by ethanol is mediated, in part, by �5 subunit-
containing �-aminobutyric acid subtype A receptors. These receptors have been implicated in learning
and memory processes and are targets for a variety of neurodepressive drugs. Also, since these receptors
generate a tonic inhibitory current in hippocampal pyramidal neurons, we examined whether concen-
trations of ethanol that block memory in vivo increased the tonic current using whole-cell patch–clamp
recordings in hippocampal neurons. Null mutant mice lacking the �5 subunit (Gabra5−/−) and wild-type
mice were equally impaired in contextual fear conditioning by moderate (1 mg/kg) and high (1.5 mg/kg)
doses of ethanol. The higher dose of ethanol also reduced auditory delay fear conditioning to the same
emory
5 subunit
edation

extent in the two genotypes. Interestingly, wild-type mice were more sensitive than Gabra5−/− mice to
the sedative effects of low (0.5 mg/kg) and moderate (1 mg/kg) doses of ethanol in the open-field task.
Concentrations of ethanol that impaired memory performance in vivo did not increase the amplitude
of the tonic current. Together, the results suggest that the �5-subunit containing �-aminobutyric acid
subtype A receptors are not direct targets for positive modulation by ethanol nor do they contribute to
ethanol-induced memory loss. In contrast, these receptors may contribute to the sedative properties of

ethanol.

. Introduction

The ingestion of ethanol is associated with multiple behavioral
ffects including sedation, the inability to form new, long-term
emories, ataxia and anxiolysis. The liability for memory loss

epends on the amount and rate of consumption [1] as well as
he genetic background of the subject [2]. The memory blocking

roperties of ethanol may arise from the interactions with specific
olecular targets, [3] and the identification of such targets may

elp in the design of effective strategies to reverse this adverse
ffect.

∗ Corresponding author at: Department of Physiology, Room 3318, Medical Sci-
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Substantial evidence indicates that ethanol interacts with
specific membrane-bound proteins, most notably several
neurotransmitter-gated ion channels [3]. Ethanol decreases
the release of glutamate and inhibits N-methyl-d-aspartate recep-
tors in the brain [4–6]. Ethanol also depresses neuronal activity
by increasing the release of the inhibitory neurotransmitter
�-aminobutyric acid (GABA) and increasing the activity of GABA
subtype A receptors (GABAAR) in the brain [7] and that of glycine
receptors in the spinal cord [8].

GABAARs are the main inhibitory neurotransmitter receptors in
the mammalian brain [9]. They are heteropentameric ion channels
that are encoded from a family of 16 genes for 16 different subunits

(�1–6, �1–3, �1–3, �, �, �, �), but are typically composed of �, �, and
� subunits arranged in a 2:2:1 stoichiometry [10]. Populations of
GABAARs with distinct subunit composition differ in their sensi-
tivity to pharmacological agents [14–16] and neuroanatomical and
cellular localization [11–13].

dx.doi.org/10.1016/j.bbr.2010.11.008
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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In the hippocampus, GABAARs containing the �5 subunit
�5GABAAR) populate the extrasynaptic regions of CA1 and CA3
yramidal neurons [13,17], where they generate a tonic inhibitory
onductance [18–23]. Another extrasynaptic GABAA receptor sub-
ype that contains the � subunit also generates a tonic inhibitory
onductance that has been shown to be positively up-regulated
y ethanol in vitro [24–26]. Thus, we postulated that �5GABAARs
ight also be relevant targets for the effects of ethanol in

itro and in vivo. Moreover, pharmacological up-regulation of
5GABAAR activity is associated with deficits in learning and mem-
ry [22,23,27]. Behavioral studies in human volunteers suggest that
5GABAARs are important for ethanol-induced memory impair-
ent [28]. Specifically, the acute consumption of ethanol impaired

he recall of word lists and the administration of a �5GABAAR-
elective negative modulator �5IA, attenuated the impairment of
ord recall without altering the breath alcohol levels, alterations

n saccadic eye movements, or changes in blood pressure and heart
ate.

To determine whether ethanol inhibits learning and memory
ia �5GABAAR-dependent mechanisms, the effects of ethanol were
tudied with null mutant mice lacking the �5 subunit (Gabra5−/−)
nd wild-type (WT) mice using two fear conditioning paradigms.
lso, since �5GABAAR-selective inhibitors have been shown to
educe the motor-impairing and sedative effects of ethanol [29],
e sought to determine whether the sedative properties of ethanol
ere mediated in part by �5GABAARs. Finally, we examined
hether a tonic inhibitory current generated by �5GABAARs in

ultured hippocampal pyramidal neurons is enhanced by various
oncentrations of ethanol using whole-cell patch clamp recordings.

. Methods

.1. Animal models

All experiments were approved by the Animal Care Committee at the Univer-
ity of Toronto. Gabra5−/− mice were generated as described previously [30]. For all
ehavioral tests, 3 month-old age-matched male Gabra5−/− mice and WT mice were
tudied. The experimenters were blinded to the genotype and the drug treatment
roup. For electrophysiological recordings, primary cultures of hippocampal neu-
ons were prepared, as described previously [38], from Swiss Webster mice (Charles
iver, Montreal, Canada) on embryonic day 18. Neurons were maintained in culture

or 14 to 21 days prior to recording.

.2. Contextual and delay (cued) fear conditioning

In a Pavlovian fear conditioning task, mice were exposed to a tone (the condition-
ng stimulus) and a foot shock (the unconditioned stimulus) in a novel conditioning
ontext. The unconditioned stimulus was presented during the last 2 s of presen-
ation of the conditioning stimulus [31]. The conditioning chamber consisted of
Perspex acrylic arena with a light mounted in the lid (dimensions of chamber

50 mm × 200 mm × 193 mm; Technical and Scientific Equipment, Midland, Michi-
an). The floor consisted of stainless steel bars (4 mm diameter, 5 mm apart) that
ere connected to a computer, which controlled the duration of the test session

nd the timing, intensity, and duration of the shock. On day 1, each mouse received
n intraperitoneal (i.p.) injection of 0.5, 1.0 or 1.5 g/kg ethanol (20%, v/v) or vehi-
le (physiological saline). Ethanol was administered 10 min before placement of the
ouse in the fear conditioning chamber. Each mouse was allowed to explore the

hamber for 180 s, after which a 2800-Hz tone (the auditory conditioning stimu-
us) from a frequency generator, amplified to 70 dB and lasting 20 s, was presented

times, at 60-s intervals. The last 2 s of each auditory conditioning stimulus was
aired with a 0.7-mA electrical shot to the foot. On day 2, 24 h after the condi-
ioning session, the mice were returned to the chamber for assessment of freezing,
efined as the lack of any movement except that required for respiration; the freez-

ng response was assessed every 8 s for 8 min (a total of 60 observations). On day
, the conditioning chamber was modified as follows: the metal grid floor was cov-
red with ceramic tiles, the walls were covered with black and white stripes and the
eramic tiles were wiped with a vanilla-scented cloth. On the same day, at 48 h after

he conditioning session, the mice were again placed in the conditioning chamber
nd were monitored (every 8 s) for baseline freezing to the modified context for
80 s. After this baseline period, the auditory tone was presented continuously for
00 s and the freezing response was recorded every 8 s. For the purpose of analyzing
reezing scores over the course of the entire session, the data were combined into
min bins.
Research 217 (2011) 379–385

2.3. Open-field test

We tested the sedative properties of ethanol by measuring spontaneous
activity in an open-field arena made of acrylic glass with the dimensions
42 cm × 42 cm × 30 cm. WT and Gabra5−/− mice were given injections of ethanol
(0.5, 1.0 or 1.5 g/kg i.p.) or saline and were then returned to their home cage. All mice
were tested 10 min after ethanol injection for 5 consecutive minutes. The duration
of time spent walking, rearing and grooming was monitored as an index of sponta-
neous locomotor activity in the open field. To score the time spent walking, rearing
and grooming, a trained examiner used an event recorder. The floor and walls of the
test chamber were cleaned with an ethanol solution between subjects.

2.4. Electrophysiological recordings

The concentration-dependent effects of ethanol on the tonic GABAAR current
recorded from cultured hippocampal neurons were studied using the whole-cell
patch–clamp technique (at 20–23 ◦C). Electrodes were made from borosilicate glass
pipettes and were fire polished. Whole-cell current was recorded with a Multi-
clamp 700B amplifier and headstage (Molecular Devices, Union City, California)
with low-pass filtering at 10 kHz before digitization (Digidata 1200 data acquisition
system; Molecular Devices). Compensation for series resistance, pipette capaci-
tance and whole-cell capacitance was achieved electronically. A hyperpolarizing
voltage step of +10 mV was applied periodically throughout each experiment to
monitor series resistance. Only cells that demonstrated a stable series resistance
(<20% change) were used for data analysis. Cells were perfused with a solution
containing the following (in mM): 140 NaCl, 2.0 KCl, 1.3 CaCl2, 25 HEPES, and
28 glucose, pH 7.4. The sodium channel blocker tetrodotoxin (0.3 	M) and the
ionotropic glutamate antagonists 6-cyano-7-nitro-quinoxaline-2,3-dione (10 	M)
and 2-amino-4-phosphonovaleric acid (40 	M) were added to the extracellular
solution. During all the experiments, potassium currents were suppressed by using
a CsCl-based internal solution that contained the following (in mM): 120 CsCl, 2.0
MgCl2, 1.0 CaCl2, 11 EGTA, 30 HEPES, 2.0 MgATP, and 2.0 tetraethylammonium at
pH 7.3. The amplitude of the tonic current, under control conditions, was measured
as the difference in the holding current measured before and during the applica-
tion of bicuculline methiodide (100 	M). Ethanol was applied at concentrations
of 30, 100, 300 and 1000 mM, which correspond to blood-alcohol levels of 0.14%
(sobriety-impairing), 0.46% (anesthetic, potentially lethal), 1.38% (lethal) and 4.60%,
respectively. The highest concentration (1000 mM) was selected as a positive con-
trol, although this concentration is cytotoxic. All drugs were acutely applied to the
neurons using a multi-barrel fast perfusion system.

2.5. Statistical analysis

For all data analysis, Statistical Package for the Social Sciences software, version
11.0 (SPSS Inc., Chicago, Illinois) and GraphPad Prism software, version 4.0 (Graph-
Pad Software, San Diego, California) were used. The fear conditioning results were
subjected to a three-way analysis of variance (genotype × ethanol dose × time). The
open-field data were analyzed using a two-way ANOVA (genotype × ethanol dose).
Post hoc analysis for any main effects and interactions consisted of Tukey Honestly
Significant Difference test for fear conditioning and the Bonferroni post-test for
the open-field experiments. The amplitudes of the tonic current were analyzed by
one-way ANOVA with the Dunnet post-test. The significance level was set at p < 0.05.

3. Results

3.1. Contextual and delay fear conditioning

To determine whether the activity of �5GABAARs influenced
ethanol-induced memory impairment, the performance of WT and
Gabra5−/− mice in contextual and delay fear conditioning was
assessed. Fear conditioning was selected because low doses of
ethanol have been shown to disrupt the consolidation of fear mem-
ories [35]. Also, neurodepressive drugs, such as etomidate, that
inhibit memory performance in this paradigm, are thought to do
so in part through actions on �5GABAARs [23].

3.2. Day 1: baseline freezing performance

The extent of baseline freezing on the conditioning day was
examined to determine whether ethanol impaired the acquisi-

tion of fear conditioning in an �5GABAAR-dependent manner. This
initial analysis is important for distinguishing whether ethanol
impairs the learning of an event or the memory of the event. For
all mice, freezing increased as a function of the number of shock
trials, which indicated the occurrence of learning (effect of time,
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Fig. 1. Ethanol does not impair the acquisition of fear conditioning. Ethanol did not
affect the percentage of time spent freezing during the baseline period (3 min) and
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Fig. 2. Ethanol impairs contextual fear conditioning in WT and Gabra5−/− mice.
The freezing scores of WT and Gabra5−/− mice are shown for each minute (1–8)
during the contextual monitoring session. (A) The moderate dose of ethanol (1 g/kg)
impaired performance of WT mice as the monitoring session progressed, as shown
by a high freezing score during the first min and a low score during the last
min (p < 0.05). The high dose of ethanol (1.5 g/kg) impaired the overall freezing
performance of WT mice for the entire monitoring session. (B) Similar trends
were observed for Gabra5−/− mice, with the moderate and high doses of ethanol
impairing memory performance. (C) Contextual freezing data were pooled and are
reezing in response to the first, second and third foot shock (1 min time bins) in WT
A) and Gabra5−/− mice (B). (C) Post-shock data for the different doses of ethanol
ere further pooled and are represented as a bar chart for a direct comparison

etween the genotypes. Data are represented as mean ± SEM.

2,112 = 39.5, p < 0.001; Fig. 1a and b). There were no interactions
etween genotype and the number of shock trials (F2,112 = 0.188,
> 0.05), the dose of ethanol and the number of shock-trials

F6,112 = 0.501, p > 0.05) or among the genotype, the dose of ethanol
nd the number of shock-trials (F6,112 = 0.826, p > 0.05). Together,
hese data indicate that the genotype and the dose of ethanol did
ot influence memory acquisition during the fear conditioning task.
verall baseline freezing performance did not differ between the
enotypes (effect of genotype, F1,56 = 0.175, p > 0.05; Fig. 1) and
as not influenced by the dose of ethanol (effect of ethanol dose,

3,56 = 1.51, p > 0.05; Fig. 1c). Furthermore, the interaction between
enotype and ethanol was not significant, which indicates that
thanol did not affect baseline freezing irrespective of genotype
effect of genotype and dose interaction, F3,56 = 2.02, p > 0.05).

.3. Day 2: contextual fear conditioning

The extent of freezing to contextual surroundings was examined

o determine whether ethanol impaired hippocampus-dependent
earning and memory processes via an �5GABAAR-dependent

echanism. Over time, there was a general decrease in the level
f contextual freezing in all groups (effect of time, F7,392 = 6.19,
< 0.001; Fig. 2a and b), which plateaued between 4 and 5 min.
represented as a bar chart for a direct comparison between the genotypes. * denotes
significantly different from saline-injected control mice (p < 0.05). Data are repre-
sented as mean ± SEM.

There were no differences in freezing scores between WT (Fig. 2a)
and Gabra5−/− mice (effect of genotype, F1,56 = 0.11, p > 0.05;
Fig. 2b). There was a significant effect of the ethanol dose on the
overall percentage of time spent freezing (effect of ethanol dose,
F3,56 = 45.4, p < 0.0001). The moderate (1.0 g/kg) and high (1.5 g/kg)
doses of ethanol impaired contextual freezing to the same extent
in both genotypes (Fig. 2c).

3.4. Day 3: delay (cued) fear conditioning

The conditioned fear response to an auditory stimulus (delay
or cued fear conditioning) is highly dependent upon the amygdala

[36]. We examined whether ethanol caused a differential sensitiv-
ity between genotypes for a memory behavior that depends on the
amygdala, a brain region with a sparse distribution of �5GABAARs
[17].
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Fig. 3. Ethanol impairs delay/cued fear conditioning in WT and Gabra5−/− mice.
The freezing scores of WT and Gabra5−/− mice are shown for each minute (1–8)
during the monitoring session. Baseline freezing to the modified context was mon-
itored for minutes 1–3 and the tone was subsequently presented continuously for
minutes 4–8. (A) In WT mice, low baseline freezing scores were observed during
the first 3 min. A dramatic increase in the freezing scores coincided with the onset
of the auditory tone. The high dose of ethanol (1.5 g/kg) impaired the overall freez-
ing performance of WT mice when the tone was presented. (B) A similar trend was
observed for Gabra5−/− mice, with the high dose of ethanol impairing memory
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Fig. 4. Gabra5−/− mice are resistant to the sedative properties of ethanol. (A) Low
(0.5 g/kg) and moderate (1.0 g/kg) doses of ethanol impaired spontaneous walking
of WT mice in the open-field task. Ethanol, at the doses tested, had no significant
effect on Gabra5−/− mice. In contrast, ethanol (1.5 g/kg dose) significantly impaired
spontaneous walking in both genotypes. (B) All ethanol doses decreased the amount
erformance. (C) Cued freezing data were pooled and are represented as a bar chart
or a direct comparison between the genotypes at the different doses of ethanol. *
enotes significantly different from saline-injected control mice (p < 0.05). Data are
epresented as mean ± SEM.

During the baseline assessment of freezing to the uncondi-
ioned, novel context, there were no differences between WT
Fig. 3a) and Gabra5−/− mice (effect of genotype, F1,56 = 2.48,
> 0.05) and no effect of the dose of ethanol (effect of ethanol dose,

3,56 = 0.826, p > 0.05; Fig. 3b). Freezing was greatest in all groups
uring the 5-min period coinciding with the onset of the condition-

ng stimulus tone (effect of time, F7,392 = 164, p < 0.0001). During
he presentation of the conditioning stimulus (tone), there were
o differences in freezing behavior between genotypes (effect of
enotype, F1,56 = 0.095, p > 0.05). However, ethanol had a signifi-
ant effect (effect of dose of ethanol, F3,56 = 43.1, p < 0.0001) but

nly at the high dose (1.5 g/kg) which reduced freezing in both
enotypes (Tukey’s HSD, p < 0.001; Fig. 3c). There was a decrease in
reezing scores over the course of the 5-min exposure to the tone
effect of time, F4,224 = 9.95, p < 0.0001). There also was an inter-
ction between time and dose of ethanol (F12,224 = 2.24, p < 0.01)
of time that WT and Gabra5−/− mice spent grooming in the open field. (C) All doses
of ethanol decreased the amount of time that the WT and Gabra5−/− mice spent
rearing. * denotes significantly different from saline-injected control mice (p > 0.05).
Data are represented as mean ± SEM.

resulting from a sharper decline in the freezing response over time
in mice injected with 1.5 g/kg of ethanol (Tukey’s HSD, p < 0.001).
Fig. 3c summarizes the overall delay fear conditioning scores for
the 5 min of testing with the tone presented.

3.5. Ethanol decreased locomotion in the open field test in an
˛5GABAAR-dependent manner

To determine whether the impairment of fear conditioning
by ethanol was confounded by immobility or sedation, the effect
of ethanol on sedation was assessed in the open-field task.

Ethanol decreased overall spontaneous locomotion and activity in
both genotypes (two-way ANOVA, effect of genotype, F3,56 = 61.2,
p < 0.0001; Fig. 4). Further analysis revealed an interaction between
the genotype and the dose of ethanol (F3,56 = 2.97, p < 0.05), indicat-
ing that the two genotypes responded differently to the ethanol.
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Fig. 5. Low clinically-relevant concentrations of ethanol do not potentiate a tonic
inhibitory conductance in CA1 pyramidal neurons. (A) Current traces illustrate that
low, moderate and high sobriety-impairing concentrations of ethanol do not poten-
tiate a tonic conductance recorded in cultured hippocampal pyramidal neurons. (B)
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uated the memory-impairing effect of ethanol on a word-learning
he change in holding current is presented for each concentration of ethanol. Only
lethal concentration of ethanol potentiated the tonic current (1 M). The number of
ells for each concentration is represented above each bar and data are presented
s mean ± SEM.

nterestingly, Gabra5−/− mice displayed a lower sensitivity than
T mice to ethanol at 0.5 g/kg (p < 0.05) and 1 g/kg (p < 0.01). Low

0.5 g/kg) and moderate (1.0 g/kg) doses of ethanol decreased the
ime spent walking in the open field in WT but not Gabra5−/−

ice. In WT mice that received the low dose of ethanol, the dura-
ion of walking was 9 s (28%) less than the duration of walking for
abra5−/− mice; with the higher dose, the duration of walking was
4 s (50%) less for WT mice. There were no differences between the
enotypes when mice were injected with 1.5 g/kg (p > 0.05) ethanol
Fig. 4a).

Ethanol also reduced grooming (F3,56 = 26.8, p < 0.001) and rear-
ng scores (F3,56 = 20.1, p < 0.01) in a similar, dose-dependent

anner in the 2 genotypes (Fig. 4b and c).

.6. Ethanol does not potentiate a GABAergic tonic conductance
n cultured hippocampal pyramidal neurons

The effect of ethanol on a tonic inhibitory conductance
as examined in cultured hippocampal pyramidal neurons. In

hese neurons, the tonic current is generated predominantly by
5GABAARs [21]. The amplitude of the tonic current was deter-
ined by blocking GABAAR activity with the GABAAR antagonist,

icuculline methiodide (100 	M). This agent produced a reduction
n the holding current as indicated by the outward shift in base-
ine. This change in holding current resulted from the inhibition
f a large, persistent, inward GABA R current (88.1 pA ± 12.5 pA,
A
= 7, p < 0.001 versus baseline control holding current by Stu-
ent’s t test; Fig. 5). Ethanol applied to the neurons at 30, 100,
00 and 1000 mM produced an inward current which increased
ignificantly only at the highest concentration tested (1000 mM)
Research 217 (2011) 379–385 383

(Dunnett’s post-test, p < 0.001) (one-way ANOVA, effect of ethanol,
F4,16 = 48.4, p < 0.0001; Fig. 5). Notably, ethanol at 30 mM (n = 5),
100 mM (n = 5) and 300 mM (n = 4) ethanol did not significantly
enhance the tonic current. Given that physiologically-relevant con-
centrations of ethanol did not enhance the tonic current in WT
neurons and given that the amplitude of the tonic current is greatly
reduced in Gabra5−/− neurons than in WT neurons [21], we did
not examine the effect of ethanol on Gabra5−/− neurons. Together
these data show that the tonic current in hippocampal pyramidal
neurons is insensitive to low, sobriety-impairing concentrations of
ethanol.

4. Discussion

Ethanol impaired contextual and delay fear conditioning in
WT and Gabra5−/− mice to the same extent, suggesting that
the memory-impairing properties of this agent are not mediated
via the enhanced activity of �5GABAARs. Interestingly, the total
time spent walking in the open field was reduced by ethanol in
WT but not Gabra5−/− mice. Additionally, at sobriety-impairing
concentrations, ethanol did not enhance the tonic conductance
in hippocampal pyramidal neurons. Together, the results of the
current study suggest that �5GABAARs do not contribute to the
memory-impairment but may partially mediate the sedative prop-
erties of ethanol.

The fear-conditioning paradigm was chosen to study the role of
�5GABAARs in ethanol-induced memory impairment because the
dorsal hippocampus has a high expression of �5GABAARs [17] and
is involved in contextual fear conditioning. In contrast, the expres-
sion of �5GABAARs is low in the amygdala [17]. Therefore, as a
control, we used delay fear conditioning, which requires the basal
lateral nucleus of the amygdala [32]. The doses of ethanol used in
the current study were carefully selected based on previous studies.
The 0.5 g/kg dose of ethanol produced a blood alcohol concentra-
tion of 0.05%, which is considered non-impairing [37]; the 1.0 g/kg
dose produced a blood alcohol concentration of 0.11%, which causes
moderate impairment; and the 1.5 g/kg dose produced a blood alco-
hol concentration of 0.16%, which is twice the legal driving limit in
the United States and is above the minimum concentration that has
been shown to induce anterograde amnesia [33,34].

The acute injection of ethanol at moderate (1 g/kg) and high
(1.5 g/kg) doses, but not at the low dose (0.5 g/kg) reduced con-
textual fear memory in both genotypes. This reduction in freezing
scores was not the result of impaired acquisition during training
by ethanol as all mice exhibited a progressive increase in freez-
ing scores as the number of tone-shock pairings increased (Fig. 1a
and b). The dose-dependent decrease in fear conditioning that we
observed was similar to that described in previous studies, in which
fear conditioning in rats and mice was impaired after administra-
tion of 1.0 or 1.5 g/kg of ethanol but not after administration of
0.5 g/kg [37,38]. In our study, moderate and high doses of ethanol
reduced contextual fear conditioning whereas only the high dose
impaired delay fear conditioning. Contextual fear conditioning,
which relies on hippocampal function, appears to be more sensi-
tive to the memory-blocking effects of ethanol than is delay fear
conditioning.

We were surprised that the impairment of hippocampus-
dependent contextual fear memory by ethanol did not depend on
the expression of �5GABAARs. Others have shown that in human
subjects the �5GABAAR-selective negative modulator �5IA, atten-
task [28]. The results of our study suggest that in the study by Nutt
et al. [28], �5IA did not directly reverse the effects of ethanol on
�5GABAARs, but rather improved memory performance through
an indirect mechanism. Additionally, the discrepancy between our
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ndings and the study in humans by Nutt et al. [28] may be
ttributable to differences in the effects of ethanol between human
nd rodent models or the types of memory that were studied. Fur-
hermore, �5IA may have improved memory performance through
on-selective actions since the concentration at which �5IA is
elective for �5GABAARs in humans is unknown.

Our results, along with those of others [29] suggest that
5GABAARs are important for ethanol-induced sedation. We found

hat low and moderate doses of ethanol reduced spontaneous walk-
ng in the open-field assay in WT mice but not Gabra5−/− mice.
imilarly, McKay et al. [29] previously demonstrated that RY 024,
�5GABAAR-selective negative modulator, reversed the motor-

mpairing and sedative effects of ethanol in the absence of any
aseline effect on behavior studied in the absence of ethanol.

The contribution of �5GABAARs to sedation but not memory
irectly contrasts the properties of the anesthetic etomidate, which
auses memory loss but not sedation via �5GABAAR-dependent
echanisms [23]. A possibility is that ethanol reduces sponta-

eous movement in the open field by acting at the spinal cord as
5GABAARs are highly expressed in the ventral horn [39].

Other populations of GABAARs have also been shown to con-
ribute to ethanol-induced sedation. For example, null mutant mice
hat lack the �1 subunit are resistant to the hypnotic actions of
thanol as compared to wild-type controls, these mice demon-
trated increased locomotion in their home cage after receiving
oderate to high doses of ethanol [40]. The �2 subunit has also

een implicated in the sedative properties of ethanol as �2 null
utant mice showed resistance to ethanol-induced loss of the

ighting reflex [7]. Mice expressing a naturally occurring single-
ucleotide polymorphism in the �6 subunit of the GABAAR were
lso more sensitive to ethanol and exhibited a greater impairment
n motor coordination on the rotarod test [41].

Our in vitro studies showed that low, moderate and high
oncentrations of ethanol did not enhance the tonic current in hip-
ocampal pyramidal neurons (Fig. 5). In the hippocampus, a large
roportion of the tonic conductance in CA1 and CA3 pyramidal
eurons is generated by �5GABAARs [18,21], whereas a smaller
mplitude current has been attributed to �GABAARs [19]. Others
ave reported that the function of �GABAARs is up-regulated by low
oncentrations of ethanol [42]. The application of ethanol within
he 10 mM to 30 mM range was shown to enhance the �GABAAR
onic inhibitory conductance in cerebellar granule cells [41], den-
ate gyrus granule cells [24], hippocampal interneurons [19], and
halamic relay neurons [26]. Although the specific behavioral
ffects of ethanol that are mediated by �GABAARs are unknown, �4
ull mutant mice, which exhibit a reduced expression of �GABAARs

n the dentate gyrus, have normal behavioral responses to ethanol
43].

We observed that ethanol did not potentiate the tonic inhibitory
urrent in hippocampal pyramidal neurons, suggesting appears
hat ethanol does not enhance either the �5GABAAR- or the
GABAAR-generated tonic conductance in cultured hippocampal
yramidal neurons. Given that the expression of �GABAAR in pyra-
idal neurons is low, the lack of ethanol-induced enhancement

f �GABAAR-mediated tonic current was not surprising. However,
he results of this study clearly demonstrate that the �5GABAAR-

ediated tonic inhibition in pyramidal neurons is not enhanced by
thanol.

The results reported here do not exclude the possibility that
thanol enhances an �5GABAAR conductance in different neuronal
opulations in other regions of the brain. The differential effects of

thanol on �5GABAAR activity in various brain regions may account
or the absence of sedation after the administration of a low dose
f ethanol observed in Gabra5−/− mice. The ability of ethanol to
nhance an �5GABAAR conductance in neuronal populations out-
ide the hippocampus may depend on the expression of different

[
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cytosolic factors in different cell types, such as protein kinase C
[44].

In summary, the current data show that ethanol does not impair
fear conditioning by enhancing a tonic conductance in hippocam-
pal pyramidal neurons and suggest that the role of �5GABAARs in
ethanol pharmacology relates mostly to ethanol-induced sedation,
as evidenced by a reduction in locomotion.
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