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Synaptic GABAergic and glutamatergic mechanisms
underlying alcohol sensitivity in mouse hippocampal
neurons
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This study was designed to examine the neuronal mechanisms of ethanol sensitivity by utilizing

inbred short sleep (ISS) and inbred long sleep (ILS) mouse strains that display large differences in

sensitivity to the behavioural effects of ethanol. Comparisons of whole-cell electrophysiological

recordings from CA1 pyramidal neurons in hippocampal slices of ISS and ILS mice indicate that

ethanol enhances GABAA receptor-mediated inhibitory postsynaptic currents (GABAA IPSCs)

and reduces NMDA receptor-mediated excitatory postsynaptic currents (NMDA EPSCs) in

a concentration- and strain-dependent manner. In ILS neurons, these receptor systems are

significantly more sensitive to ethanol than those in ISS neurons. To further examine the

underlying mechanisms of differential ethanol sensitivities in these mice, GABAB activity and

presynaptic and postsynaptic actions of ethanol were investigated. Inhibition of GABAB receptor

function enhances ethanol-mediated potentiation of distal GABAA IPSCs in ILS but not ISS

mice, and this blockade of GABAB receptor function has no effect on the action of ethanol on

NMDA EPSCs in either mouse strain. Thus, subregional differences in GABAB activity may

contribute to the differential ethanol sensitivity of ISS and ILS mice. Moreover, analysis of the

effects of ethanol on paired-pulse stimulation, spontaneous IPSC events, and brief local GABA or

glutamate application suggest that postsynaptic rather than presynaptic mechanisms underlie

the differential ethanol sensitivity of these mice. Furthermore, these results provide essential

information to focus better on appropriate target sites for more effective drug development for

the treatment of alcohol abuse.
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Individuals show differential sensitivity to central effects
of ethanol, but the mechanisms that mediate these actions
of ethanol in the brain are not well understood. It is
known, however, that γ -aminobutyric acidA (GABAA)
and N-methyl-D-aspartate (NMDA) neurotransmitter
receptors are two major targets for ethanol (Harris, 1999).
Still, the relationships between the actions of ethanol on
these receptors and their effects on behaviour remain
elusive.

Selective breeding of rodents for ethanol sensitivity has
been carried out by numerous researchers to aid in the
investigation of the mechanisms of action of ethanol in
the CNS (Deitrich et al. 1989; Collins et al. 1993; Crabbe,
2002; for review seeDeitrich, 1993). Two of these strains
of animals, long sleep (LS) and short sleep (SS) mice,
were selectively bred based on the relative sensitivity to
the hypnotic effects of systemic ethanol. To fix the genes
that control these phenotypes, inbred strains of SS (ISS)

and LS (ILS) mice were developed, and they retain the
behavioural differences in sensitivity to the hypnotic effects
of ethanol (Bennett & Johnson, 1998; Bennett, 2000;
Bennett et al. 2002). Differences in expression or regulation
of molecular targets of ethanol, such as those involving
neurotransmitter systems, are likely contributors to the
observed phenotypes.

Differential effects of ethanol on GABA function
have been observed in LS and SS mice (Allan &
Harris, 1986; Davies & Alkana, 2001). We also found
that ethanol (80 mm) enhanced GABAA inhibitory
postsynaptic currents (GABAA IPSCs) in hippocampal
CA1 pyramidal neurons of ILS mice, but had little effect
on GABAA IPSCs in ISS mice (Poelchen et al. 2000).
As a result of these and other studies, it has been
postulated that differences in responses of GABAA

receptors to ethanol might be responsible for the
behavioural differences in ethanol sensitivity of ILS and
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ISS mice. However, the precise neuronal mechanisms
that underlie differences in ethanol sensitivity in intact
tissue remained unknown. Therefore, in the present
investigation we focused on identifying neuronal
mechanisms that may underlie ethanol sensitivity.

In intact hippocampal slices, there are distinct
subregional differences in modulation by ethanol of
hippocampal GABAA responses in rats (Weiner et al.
1997). The effects of ethanol on hippocampal GABAA

IPSCs at distal (dendritic) sites were negatively modulated
by GABAB receptor activity (Wu et al. 2005). Thus,
the difference in modulation by GABAB of GABAA

IPSC activity between ISS and ILS mice may potentially
explain the observed difference in ethanol sensitivity of
GABAA function. In addition, NMDA receptor activity
may also contribute to the observed individual phenotypes
in these mice. Wilson & Collins (1996) reported that
the hippocampus and striatum of SS mice have more
NMDA receptors compared with those brain areas of LS
mice, and other studies showed differences in NMDA
receptor activity as well as effects of ethanol on NMDA
receptor activity between these two strains of mice using
receptor-binding studies (Wilson et al. 1990; Daniell &
Phillips, 1994; Musleh et al. 1996; Velardo et al. 1998) and
extracellular recordings (Hanania et al. 2000). However,
it is not known whether ethanol can differentially affect
NMDA receptor function in a manner that correlates with
the behavioural phenotypes of ISS and ILS mice. The
neuronal mechanisms that underlie the ethanol sensitivity
of these receptors are also not known.

In this study we have focused on the mechanism(s)
of action of ethanol on synaptic GABAA and NMDA
neurotransmitter receptor complexes in ILS and ISS mice.
Therefore we examined a number of potential mechanisms
that could underlie ethanol sensitivity of GABAA and
NMDA receptor-mediated activity in CA1 hippocampal
pyramidal neurons in ISS and ILS mice. Our results show
that: (a) ethanol sensitivity of functional GABAA IPSCs
and NMDA excitatory postsynaptic currents (EPSCs)
paralleled behavioural sensitivity in these mice; (b)
ethanol exerts concentration-dependent effects on these
synaptic currents in both strains of mice; (c) synaptic
ethanol sensitivity is subregion-dependent for GABAergic
but not glutamatergic function; (d) differential GABAB

influences may contribute to the subregional differences
in ethanol sensitivity; and (e) the presynaptic action of
ethanol on GABAergic terminals did not differ in the
two strains of mice. Taken together, these data support
the hypothesis that postsynaptic modulation of ethanol
at both GABAergic and glutamatergic neurotransmitter
receptor–channel complexes underlie, at least in part, the
differences in behavioural ethanol sensitivity between ISS
and ILS mice.

Methods

Animals

Male young adult (6–12 weeks old) ISS and ILS mice were
used in this study. The mice were housed five per cage
with light from 07.00 to 19.00 h and with free access
to food and water. The animals were maintained in an
National Institutes of Health (NIH)-accredited facility at
University of Colorado at Denver and Health Sciences
Center (UCDHSC), and the animal procedures were
performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the
Animal Use and Care Committee at UCDHSC.

Slice preparation, storage and recording
bath conditions

Mice were quickly killed by cervical dislocation, and their
brains were rapidly removed and immersed in ice-cold,
sucrose buffer for 40–60 s to cool the interior of the brain.
The sucrose buffer contained (mm): NaCl 87, KCl 2.5,
MgCl2 7, CaCl2 0.5, NaH2PO4 1.25, d-glucose 25, sucrose
75 and NaHCO3 25 (Geiger & Jonas, 2000). After removing
one or both hippocampi from the brain, transverse
slices (400 μm) were made using a tissue chopper/slicer
(TC-2 tissue sectioner, Sorvall) and the slices were
transferred to individual compartments in a storage system
(Proctor & Dunwiddie, 1999; Weiner, 2002), where the
slices were constantly perfused with a 1:1 mixture of
sucrose-containing artificial cerebrospinal fluid (aCSF)
and normal aCSF with 95% O2–5% CO2 at 32–33◦C. The
normal aCSF contained (mm): NaCl 126, KCl 3.0, MgCl2

1.5, CaCl2 2.4, NaH2PO4 1.2, d-glucose 11 and NaHCO3

25.9. This storage procedure seemed to preserve cellular
integrity so that synaptic GABAergic and glutamatergic
NMDA function remained robust throughout the day,
following slice preparation. This method has been in use
in our laboratory for the past few years, and we obtain
consistent effects of ethanol on GABAA IPSCs and NMDA
EPSCs which are comparable effects reported by others.

Electrophysiological recording

Whole-cell recordings were made at 32–33◦C while
constantly superfusing the slice with oxygenated aCSF
at 2 ml min−1. A Flaming/Brown electrode puller (Sutter
Instruments, Novato, CA, USA) was used to make
microelectrodes for whole-cell recording that have
resistances of 6–9 M� when filled with a potassium
gluconate-containing internal solution containing (mm):
K+-gluconate 130, EGTA 1, MgCl2 2, CaCl2 0.5,
disodium ATP 2.54 and Hepes 10; pH adjusted to
7.3 with KOH. In a subset of experiments, CsCl-filled
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electrodes were used; these electrodes contained (mm):
CsCl 140, MgCl2 2, CaCl2 1, EGTA 10, Hepes 10, adenosine
triphosphate (disodium salt) 2 and lidocaine N-ethyl
bromide(QX-314) 5; pH adjusted to 7.3 with CsOH
as described by Sanna et al. (2004). CA1 pyramidal
neurons were recorded within the stratum pyramidale
layer. Electrically evoked synaptic responses were obtained
by stimulation in the stratum pyramidale layer (proximal
stimulation) or stratum radiatum (distal stimulation)
with twisted bipolar stimulating electrodes made from
0.0026-in Formvar-coated nichrome wire (Dunwiddie,
1986; Proctor et al. 2004) to activate presynaptic fibres
on or near the pyramidal cell soma (proximal) or in the
stratum radiatum dendrites (distal), respectively. Drugs
were applied at 100-fold concentration to the bath aCSF
((flow rate: 2 ml min−1) via calibrated syringe pumps
(Razel Scientific Instruments Inc., Stamford, CT, USA) to
achieve the desired concentrations in the bath perfusate.

Measurement of GABAA IPSCs

CA1 pyramidal neurons were voltage clamped to
−55 mV (corrected for the liquid junction potential)
from the normal resting membrane potential of −65
to −70 mV. GABAA receptor-mediated IPSC responses
were evoked (200 μs, 4–10 V) at 60-s intervals with
a bipolar stimulating electrode placed either at distal
and/or proximal sites in Schaffer collateral–commissural
fibres 200–300 μm from the recorded cell. 6-cyano-7-
nitroquinoxaline-2,3-dione disodium salt (CNQX,
20 μm) and d(−)-2-amino-5-phosphonovaleric acid
(D-APV, 50 μm), were added to the superfused aCSF
to block α-amino-3-hydroxy-5-methyl-4-isoxalone
propionic acid (AMPA) and NMDA receptor-mediated
EPSCs, respectively. This stimulation–recording protocol
evokes synaptic responses predominantly from either
proximal inputs (i.e. GABAA responses from interneurons
that synapse on or near the soma of the recorded
pyramidal cell in stratum pyramidale) or from distal
inputs (i.e. GABAA responses from interneurons that
synapse on the distal dendrites of the recorded cell
located in stratum radiatum). To determine whether
GABAB activity modulates the action of ethanol on
the GABAA response, pretreatment with the GABAB

antagonist, 3-[[(3,4-dichlorophenyl)methyl]amino]
propyl] diethoxymethyl) phosphinic acid (CGP-52432,
0.5 μm) was included in a subgroup of experiments.

Measurement of NMDA EPSCs

CA1 pyramidal neurons were voltage clamped at
−55 to −60 mV (corrected for the liquid junction
potential) from the normal resting membrane potential
of −65 to −70 mV. The NMDA receptor-mediated

EPSCs were isolated pharmacologically using CNQX
(20 μm) and bicuculline (BMI, 30 μm) to block AMPA
and GABAA receptor-mediated currents, respectively.
NMDA receptor-mediated EPSC responses were evoked
at proximal and/or distal positions as described for
recording GABAA responses (i.e. NMDA responses from
glutamatergic terminals that synapse on or near the soma
of the recorded pyramidal cell or at dendritic locations).
In an experimental subgroup, as described above for the
GABAA experiments, the possible interaction of GABAB

activity on the NMDA EPSCs was tested in the presence of
the GABAB antagonist, CGP-52432 (0.5 μm).

Paired-pulse stimulation and measurement
of presynaptic actions of ethanol

A paired-pulse stimulation–recording protocol and
measurements of spontaneous activity were used to
determine the effects of ethanol at the GABAergic and
glutamatergic synapses. The paired-pulse stimuli were
delivered through a stimulating electrode which was
located either on the proximal (soma) or distal (dendrites)
subfield of CA1 pyramidal neurons as described above.
The evoked responses were determined at an interpulse
interval of 50 ms. Amplitudes of the evoked responses
were measured using two different internal solutions in
the recording electrodes: potassium gluconate (Wu et al.
2005) or CsCl (Sanna et al. 2004). The spontaneous activity
of GABAergic terminals was measured with CsCl-filled
electrodes and analysed using Mini Analysis software
(SynaptoSoft, Decatur, GA, USA).

Local application of neurotransmitters

Brief, local pressure ejection (3–30 ms, 20 psi) of GABA
(10 mm) or glutamate (0.3 mm plus 3.0 μm glycine) was
applied onto CA1 pyramidal cell dendritic processes in
stratum radiatum to directly activate postsynaptic GABA
and NMDA receptor-mediated responses. The drugs were
delivered via glass capillary tubing, that had been heated
and pulled to produce a tip opening of approximately
2.0 μm. The GABAB antagonist, CGP-52432 (0.5 μm)
was bath perfused during the GABA applications, and
CNQX (20 μm) was added to block AMPA/kainate
receptors during glutamate applications. Glycine (3 μm)
was also added to ensure that the NMDA current was
not compromised by diluting extracellular glycine at
the NMDA receptor site during local application of
glutamate. All recordings were carried out using the
standard potassium gluconate intracellular filling solution,
and the applications were made at 1-min intervals to allow
for complete recovery between successive drug-evoked
responses.
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Figure 1. Acute ethanol superfusion produced differential
increases in proximal (somal) and distal (dendritic) GABAA IPSCs
in ISS and ILS mice
Responses were pharmacologically isolated using the competitive
NMDA receptor antagonist, D-APV (50 μM) and the AMPA receptor
antagonist, CNQX (30 μM) and are shown as insets above time
courses. A, representative time course of the effect of 80 mM ethanol
on the amplitude of proximal and distal GABAA IPSCs recorded from
an ISS mouse. Ethanol (80 mM) did not significantly alter GABAA IPSCs
in either the proximal or distal subregions of hippocampal pyramidal
cells from ISS mice. B, representative time course of the effect of
80 mM ethanol on the amplitude of proximal and distal GABAA IPSCs
recorded from an ILS mouse. Significant increases in proximal GABAA

Statistical analysis

Drug effects were quantified as the percentage change
in amplitude of the GABAA IPSCs and NMDA EPSCs
following drug application relative to the mean of control
and washout values. Statistical analyses were carried out
with the use of SigmaStat (SPSS, Chicago, IL, USA) for
Student’s t test and ANOVA analyses. All pairwise multiple
comparison procedure (Tukey’s test) was used for post
hoc analysis. The minimal significance level was set at
P < 0.05.

Chemicals

All drugs used to make up the aCSF and internal recording
solutions were purchased under the Fluka brand (Sigma
Chemical Company, St Louis, MO, USA). Glutamatergic
receptor antagonists, D-APV and CNQX, and the GABAA

receptor antagonist, bicuculline methiodide (BMI) were
also purchased from Sigma. The GABAB receptor
antagonist, CGP-52432 was purchased from Tocris (Tocris
Cookson Inc., Ellisville, MO, USA). An 8.0-m ethanol
solution (in deionized water) was prepared immediately
before each experiment from a 95% stock solution (Aaper,
Shelbyville, KY, USA) and kept in a glass storage bottle at
4◦C.

Results

Ethanol differentially enhances GABAA IPSCs in ISS
and ILS mice

Proximal and distal stimulation of the CA1 neurons
of the ISS mice produced robust GABAA IPSCs using
potassium gluconate-filled electrodes. Control evoked
responses were set by adjusting the stimulus voltage
to approximately 30% of the maximum response (Wu
et al. 2005). Bath superfusion of 80 mm ethanol had no
significant effect on either the proximal or distal GABAA

IPSCs recorded in neurons from ISS mice (Fig. 1A). In
contrast, ethanol markedly enhanced the proximal GABAA

IPSCs (38.1 ± 2.67%; n = 7) in ILS neurons, but had only
a small effect on the distal GABAA IPSCs (5.96 ± 4.69%,
n = 8; t = 5.724, P < 0.001, Student t test; Fig. 1B).
Ethanol did not affect the holding current and membrane
resistance (ISS, 9.1 ± 2.53 pA, 4 ± 2.46% change; ILS,
4.8 ± 4.22 pA, −0.2 ± 2.18% change). The enhancement
by ethanol of GABAA IPSCs in ILS mice was maximal

IPSCs were seen in ILS mice following ethanol treatment. C, summary
of data showing the effect of ethanol (80 mM) on proximal and distal
GABAA IPSCs from ISS and ILS mice. Number of neurons for each
measurement: ISS proximal, n = 22; ISS distal, n = 15; ILS proximal,
n = 21; ILS distal, n = 16. Scale for insets in A and B, 15 ms, 20 pA.
∗∗∗P < 0.001.
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3–5 min after initiating drug superfusion (Fig. 1B), and the
effect was reversed upon 15–30 min of washout. A two-way
ANOVA comparison of the effects of ethanol on GABAA

IPSCs of both mouse strains (ISS versus ILS) and the
hippocampal subregions (proximal versus distal) showed
that ethanol (80 mm) produces (a) strong differential
effects in these two strains of mice (F1,25 = 34.826,
P < 0.001), as well as (b) differential responses with
respect to hippocampal subregions (proximal versus distal;
F1,25 = 34.332, P < 0.001). Thus, ethanol (80 mm) shows
a greater enhancement of GABAA IPSCs in ILS than in ISS
mice, and it also has a greater effect on GABAA IPSCs in the
proximal (somal) than the distal (dendritic) subregions of
the hippocampal CA1 neurons of ILS mice (Fig. 1C). This
result leads one to question whether the ISS mouse strain
is actually insensitive to ethanol, or is just less-sensitive to
the effects of ethanol. To explore this question we next
examined the effects of various concentrations of ethanol
on proximal GABAA IPSCs in ISS and ILS mice.

High concentrations of ethanol enhance GABAA IPSCs
in ISS mice

Ethanol, at a concentration of 40 mm, produced a small
but significant enhancement of proximal GABAA IPSCs
in ILS mice and no effect, as expected, in ISS mice
(Fig. 2). When a higher concentration of ethanol (120 mm)
was tested in ILS mice, the enhancement of GABAA

IPSCs by ethanol was not significantly different from that
seen with 80 mm ethanol. However, at 120 mm, ethanol
significantly enhanced the GABAA IPSCs in ISS mice.
Two-way ANOVA analysis of the effect of ethanol revealed
that ethanol produced differential effects in these mice
(F1,34 = 9.915, P < 0.005), and this effect of ethanol was
concentration dependent (F2,34 = 11.282, P < 0.001). In
addition, there was no significant strain–concentration
interaction (F2,34 = 2.260, P < 0.1). In the ILS mice, the
estimated EC50 was 40 mm, whereas for ISS mice, an EC50

cannot be obtained because the maximal response was not
achieved. However, this value was estimated to be greater
than 100 mm.

GABAB blockade has differential effects on GABAA

IPSCs in ISS and ILS mice

To evaluate the contribution of GABAB receptors to
ethanol sensitivity of GABAA IPSCs, the selective GABAB

receptor antagonist, CGP-52432 (0.5 μm), was used to
block GABAB receptor activity in a subset of slices.
Pretreatment with CGP-52432 in ILS mice did not alter
the effect of ethanol on proximal GABAA IPSCs, but
it did potentiate the effects of ethanol at distal GABAA

IPSCs (t = 2.313, P < 0.05; Fig. 3). In both ISS and ILS
cells, CGP-52432 alone did not significantly affect GABAA

IPSCs at either proximal (ISS, −0.62 ± 4.1%, n = 5; ILS,
2.42 ± 4.81%, n = 7) or distal (ISS, −4.10 ± 2.9%, n = 5;
ILS, −1.60 ± 3.12%, n = 6) locations. Taken together,
these results show that the proximal GABAA IPSCs of
ILS mice were more sensitive to the effect of ethanol
than distal responses, but that blocking GABAB activity
caused distal GABAA IPSCs from ILS mice to become
more sensitive to ethanol treatment (Fig. 3). Three separate
two-way ANOVA analyses were performed to assess
these effects, including those of the GABAB antagonist,
with respect to the strains and subregions (proximal
and distal). Two-way ANOVA revealed that there were
significant strain differences (F1,93 = 37.821, P < 0.001)
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Figure 2. Acute ethanol administration increases GABAA IPSCs
from ISS and ILS mice in a concentration-dependent manner
A, superfusion of ethanol (40, 80 or 120 mM) for 10 min increased
evoked GABAA IPSC amplitude in both representative ISS and ILS
mice. B, mean percentage increase in GABAA IPSC amplitudes showed
differences in ethanol responses: ILS IPSCs were more sensitive to
ethanol than those from ISS mice. Number of neurons for each
ethanol concentration: 40 mM, n = 5; 80 mM, n = 6; 120 mM, n = 7,
in ISS mice; and 40 mM, n = 5; 80 mM, n = 7; 120 mM, n = 6 in ILS
mice. Scale for A, 50 ms, 25 pA.
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and subregion differences (F1,93 = 20.960, P < 0.001),
but there was no significant strain–subregion interaction
(F1,93 = 1.093, P < 0.1). When the results of drug
treatments were analysed according to strain, two-way
ANOVA revealed that there were significant differential
effects of treatments on the strains (F1,91 = 31.313,
P < 0.001). ILS mice were significantly more affected
by ethanol plus CGP-52432 than ISS mice (P < 0.05).
Determining the effects of drugs on GABAA IPSCs in the
subregions of the hippocampal CA1 area, also showed
that ethanol and ethanol plus CGP-52432 showed greater
enhancement of the proximal GABAA IPSCs than the
distal GABAA IPSCs (F1,91 = 12.790, P < 0.001) and that
there was a significant differential effect of CGP-52432
on enhancement by ethanol of GABAA IPSCs at distal
compared with proximal subregions (P < 0.01).

Effects of ethanol on NMDA EPSCs in ISS and ILS mice

Both proximal and distal stimulation of Schaffer
collateral–commissural fibres produced robust synaptic
NMDA EPSCs which, like GABAA IPSCs, were
differentially affected by 80 mm ethanol in the two strains
of mice (Fig. 4A and B). The maximal inhibition by
ethanol of NMDA EPSCs occurred approximately 3–5 min
after the start of bath superfusion of ethanol, and this
inhibition was completely reversed after washout with

Figure 3. Pretreatment with a GABAB receptor antagonist
enhanced distal GABAA IPSCs from ILS mice but not from ISS
mice
Ethanol (80 mM) did not significantly affect GABAA IPSCs for either
proximal or distal GABAA IPSCs from ISS mice, whereas ethanol
(80 mM) alone enhanced proximal, but not distal GABAA IPSCs from
ILS mice. Pretreatment with CGP-52432 did not significantly alter the
effect of ethanol on these responses from ISS mice. However in ILS
mice, although CGP-52432 pretreatment did not further enhance the
effect of ethanol (80 mM) on proximal responses, it significantly
enhanced distal GABAA IPSCs. Number of cells for these experiments
ranged from 6 to 12 for each individual determination. ∗P < 0.05;
∗∗P < 0.01.

aCSF for 15–30 min. In ISS mice, ethanol (80 mm)
produced a small (∼8%) inhibition in both proximally
and distally stimulated NMDA EPSCs (P < 0.05, Fig. 4C).
In contrast, ethanol produced a large (35%) inhibition
in both proximal and distal NMDA EPSCs in cells
from ILS mice (Fig. 4B). As in the GABAA responses,
80 mm ethanol did not significantly affect the holding
current or membrane resistance while recording NMDA
responses in these cells (ISS, −0.8 ± 4.38 pA, 0.6 ± 1.50%
change; ILS: −1.9 ± 3.53 pA, −0.1 ± 2.50% change). This
concentration of ethanol (80 mm) produced similar levels
of inhibition of both proximal and distal NMDA EPSCs
in the ILS mice (F1,28 = 0.490, P > 0.1, two-way ANOVA
comparing the effect of ethanol on proximal versus distal
NMDA EPSCs), which was greater than that observed
for either site in ISS mice (F1,28 = 12.924, P < 0.001,
two-way ANOVA comparing strain differences). There
also was no significant strain–subregion interaction
(F1,28 = 0.0002, P > 0.1). Therefore, these results indicate
that the proximal and distal NMDA EPSCs of ILS mice
were equally sensitive to the effect of ethanol, whereas these
responses were less sensitive in ISS mice (Fig. 4C).

High concentrations of ethanol inhibited NMDA
EPSCs in ISS mice

Ethanol concentrations of 40, 80 and 120 mm were used
to test inhibition by ethanol of proximal NMDA EPSCs
in hippocampal CA1 pyramidal neurons in ISS and ILS
mouse strains. In ISS mice, ethanol had no significant
effect at 40 mm and only ∼8% inhibition (P < 0.05)
at 80 mm. However, at the highest concentration tested
(120 mm), ethanol produced 23.6 ± 7.6% inhibition of
the NMDA EPSC in these mice (Fig. 5A). Two-way
ANOVA analysis of these data showed that there was
a significant strain difference in the effect of ethanol
(F1,34 = 9.915, P < 0.005) and a significant ethanol-dose
effect (F2,34 = 11.282, P < 0.001). However, there was
not a significant strain–dose interaction (F2,34 = 2.260,
P > 0.1). The approximate EC50 for this effect of ethanol
in ISS mice is likely to be at least 100 mm, but this
is an imprecise estimate because the maximum effect
of ethanol may not have been attained at the highest
concentration (120 mm) tested. In ILS mice, these ethanol
concentrations produced a dose-dependent inhibition of
the proximal NMDA EPSCs with maximal effects at about
80 mm ethanol (Fig. 5A), giving an estimated EC50 of
approximately 50 mm ethanol (Fig. 5B).

Effects of GABAB receptor blockade on inhibition
by ethanol of NMDA EPSCs in ISS and ILS mice

The GABAB receptor antagonist, CGP-52432 (0.5 μm),
alone did not have significant effects on either proximal
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Figure 4. Acute ethanol superfusion produced differential
inhibition in NMDA EPSCs in ISS and ILS mice
Responses were pharmacologically isolated using the competitive
GABAA receptor antagonist, BMI (30 μM) and the AMPA receptor
antagonist, CNQX (30 μM), and representative signals are indicated as
insets above time courses in A and B. A, representative time course of
the effect of 80 mM ethanol on the amplitude of proximally and
distally evoked NMDA EPSCs recorded in pyramidal neurons from ISS
mice. Ethanol produced only a small inhibition of NMDA EPSCs in the
proximal and distal subregions of the hippocampus in ISS mice.
B, representative time course of the effect of 80 mM ethanol on the
amplitude of proximally and distally evoked NMDA EPSCs recorded in
pyramidal neurons from ILS mice. In this mouse strain, 80 mM ethanol
causes marked reductions in proximal and distal NMDA EPSCs.
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Figure 5. Acute ethanol inhibits NMDA EPSCs from ISS and ILS
mice in a concentration-dependent manner
A, superfusion of ethanol (40, 80 or 120 mM) for 10 min decreased
evoked NMDA EPSC amplitudes in both representative ISS and ILS
mice. B, mean percentage inhibition of NMDA EPSC amplitudes shows
differences in ethanol responses: ILS EPSCs are more sensitive to
ethanol than those from ISS mice. Number of neurons for each
ethanol concentration: 40 mM, n = 5; 80 mM, n = 6; 120 mM, n = 7,
in ISS mice; and 40 mM, n = 5; 80 mM, n = 7; 120 mM, n = 6 in ILS
mice. Scale for A: ISS, 50 ms, 20 pA; ILS, 50 ms, 15 pA.

or distal NMDA EPSCs in either ISS or ILS mice, nor
did it alter any of the effects of ethanol on these NMDA
responses from ISS and ILS mice (Fig. 6). Two-way
ANOVA showed that there was a significant difference
in the effects of ethanol and ethanol plus CGP-52432
treatments (F1,82 = 15.746, P < 0.001), but that ethanol
plus CGP-52432 did not further alter the effect of
ethanol (F1,82 = 1.209, P > 0.1). When the effect of
ethanol plus CGP-52432 was compared to that of ethanol

C, composite data for the overall effects of ethanol (80 mM) on
proximal and distal NMDA EPSCs from ISS and ILS mice. Scale for
insets in A and B, 15 ms, 10 pA. ∗P < 0.05; ∗∗P < 0.01.
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alone in the proximal and distal subregions of ISS and
ILS mice, two-way ANOVA revealed that ethanol plus
CGP-52432 did not have differential effects on subregions
(F1,82 = 0.922, P > 0.1), nor did CGP-52432 change the
effect of ethanol on NMDA EPSCs in these two subregions
(F1,82 = 0.0475, P > 0.1). These data demonstrate that
under these recording conditions, inhibition by ethanol
of NMDA EPSCs in the hippocampal CA1 pyramidal
neurons of ISS and ILS mice is not influenced by GABAB

receptor activity.

Effects of ethanol on paired-pulse ratios of GABAA

IPSCs and NMDA EPSCs in the hippocampus of ISS
and ILS mice

The potential presynaptic effects of ethanol on GABAergic
GABAA and glutamatergic NMDA transmissions in
the hippocampal CA1 pyramidal neurons were studied
indirectly using a paired-pulse stimulation protocol.
As 120 mm ethanol produced significant effects on
GABAA IPSCs and NMDA EPSCs in both ISS and
ILS mice, this concentration was used to test the
effect of ethanol on the paired-pulse ratios (PPRs).
Proximal paired-pulse stimulation with an interpulse
interval of 50 ms produced PPRs of 0.62 ± 0.05 and
0.64 ± 0.05 (indicating paired-pulse depression, PPD)
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Figure 6. Pretreatment with a GABAB receptor antagonist failed
to alter the effects of ethanol on either proximal or distal
NMDA EPSCs from ISS or ILS mice
Ethanol (80 mM) produced only a small, but significant decrease in
proximal and distal NMDA EPSCs from ISS mice, whereas ethanol
alone produced large reductions of both proximal and distal NMDA
EPSCs from ILS mice. Pretreatment with CGP-52432 did not
significantly alter the effect of ethanol on these NMDA responses from
either ISS or ILS mice. Therefore, these results indicate that there were
no subregional differences in the effect of ethanol on NMDA EPSCs,
and CGP-52432 treatment did not change the effect of ethanol in
these two hippocampal subregions. Number of cells for these
experiments ranged from 6 to 12 for each individual determination.
∗P < 0.05; ∗∗P < 0.01.

at the GABAergic terminals as calculated by the ratio
of the peak responses from each stimulus) in ISS and
ILS mice, respectively (Fig. 7A). Ethanol (120 mm) did
not significantly affect PPRs at these synapses. The

Figure 7. Ethanol did not significantly alter the PPR recorded
with potassium gluconate-filled electrodes at GABAergic or
glutamatergic terminals from ISS or ILS mice
Representative paired-pulse responses from proximal GABAA IPSCs (A)
and NMDA EPSCs (B) from ISS and ILS mice before and during
application of 120 mM ethanol. The PPR was calculated as the ratio of
the peak amplitude (P2) generated by a second stimulus pulse,
subtracting for any overlapping component due to the first response,
divided by the amplitude of the response (P1) generated from the first
pulse, as shown in A. C, summary data shows that although ethanol
(120 mM) had significant effects on GABAA IPSCs and NMDA EPSCs
from both ISS and ILS mice, as indicated by changes in P1, this
concentration of ethanol did not significantly alter PPR values for
GABAA IPSCs or NMDA EPSCs from either ISS or ILS mice. Number of
cells in these experiments: ISS, GABAA, n = 6; ISS, NMDA, n = 7; ILS,
GABAA, n = 7; ILS, NMDA, n = 6. Scales for A: ISS, 50 ms, 15 pA; ILS,
50 ms, 20 pA. Scales for B: ISS, 50 ms, 25 pA; ILS, 50 ms, 15 pA.
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Table 1. Effects of CGP-52432 and ethanol on GABAA IPSC paired-pulse ratios recorded from
proximal and distal subregions of CA1 pyramidal neurons in ISS and ILS mice

ISS ILS

Proximal Distal Proximal Distal

Control 0.64 ± 0.04 (8) 0.56 ± 0.04 (6) 0.63 ± 0.05 (8) 0.72 ± 0.06 (11)
EtOH 0.61 ± 0.05 (5) 0.51 ± 0.04 (6) 0.68 ± 0.04 (4) 0.63 ± 0.04 (6)
CGP 0.74 ± 0.06 (7) 0.73 ± 0.05 (5) 0.67 ± 0.08 (5) 0.72 ± 0.02 (8)
CGP + EtOH 0.73 ± 0.03 (8) 0.72 ± 0.09 (8) 0.64 ± 0.07 (8) 0.77 ± 0.04 (10)

Paired-pulse GABAA IPSCs were recorded with potassium gluconate-filled electrodes in the
absence or the presence of ethanol (80 mM), CGP-52432 (CGP, 0.5 μM) or ethanol (EtOH) plus
CGP-52432. The GABAA IPSC amplitude evoked by the second pulse was divided by the amplitude
evoked by the first pulse to obtain a paired-pulse ratio. Paired-pulse depression was found in
all GABAergic terminals recorded with these electrodes. The results are means ± S.E.M. of the
number of neurons indicated in parentheses. No significant effect of treatment with respect to
CA1 subregion or strain was indicated.

Table 2. Ethanol enhancement of the proximal GABAA IPSC amplitudes recorded with electrodes
filled with potassium gluconate or CsCl

ISS (120 mM ethanol) ILS (80 mM ethanol)

Potassium gluconate CsCl Potassium gluconate CsCl

28.53 ± 6.03 (6) 59.78 ± 13.38 (4)∗ 38.11 ± 2.67 (7) 65.55 ± 12.43 (6)∗

Synaptically evoked GABAA IPSCs in CA1 pyramidal neurons were recorded from ISS and ILS
mice using potassium gluconate- or CsCl-filled electrodes in the absence or presence of ethanol
(80 or 120 mM, respectively). The results (% enhancement from control) are means ± S.E.M. for
the number of neurons recorded (in parentheses). ∗P < 0.05.

effect of GABAB receptor blockade on GABA release was
also measured by paired-pulse stimulation of proximal
and distal subregions of CA1 neurons using potassium
gluconate-filled recording electrodes. In both subregions
of CA1 neurons, paired-pulse stimulation produced PPD
of GABAA IPSCs with no significant differences in PPRs
between proximal and distal subregions (F1,113 = 0.238,
P > 0.05, two-way ANOVA comparing subregions and
strains) or between ISS and ILS mice (F1,113 = 0.373,
P > 0.05, two-way ANOVA comparing subregions and
strains) (Table 1). Ethanol alone or in combination with
CGP-52432 did not significantly alter the PPR. Thus, these
results indicate no difference in GABAB receptor-mediated
GABA release between ISS and ILS mice.

When PPRs for NMDA EPSCs at proximal
glutamatergic terminals were measured, paired-pulse
stimulation produced PPRs of 2.27 ± 0.08 and 2.38 ± 0.15
in ISS and ILS mice, respectively, indicating paired-pulse
facilitation (PPF) at these glutamatergic terminals
(Fig. 7B). Ethanol (120 mm) also did not significantly
alter the PPRs. As there were no subregional differences
in NMDA EPSCs and no effects of GABAB blockade on
NMDA EPSCs, PPRs were not determined for these EPSC
responses. Therefore, although ethanol (120 mm) had
significant effects on GABAA IPSCs and NMDA EPSCs,
it did not significantly affect the measured PPRs at these

nerve terminals (Fig. 7C). Therefore, ethanol appeared to
affect sensitivity measures via postsynaptic mechanisms.

Modulation by ethanol of PPR determinations at
GABAergic terminals has been reported previously,
therefore we further investigated this result using the CsCl
recording conditions reported by Sanna et al. (2004). In
both mouse strains, recording with CsCl-filled electro-
des produced outward currents and revealed significantly
more robust effects of enhancement by ethanol (80 mm)
of GABAA IPSCs (Table 2). While paired-pulse stimulation
of proximal pathways to CA1 pyramidal neurons recorded
with the standard potassium gluconate-filled electrodes
resulted in inward currents and PPD, recording with
CsCl-filled electrodes produced outward currents and PPF
in 5 of 7 cells recorded from ILS mice and in 5 of 6 cells from
ISS mice. Under these recording conditions, we measured
the effect of ethanol on the PPR at these GABAergic
synapses that showed PPF using CsCl-filled electrodes.
Figure 8A shows that ethanol had significant overall effects
on PPRs (F4,22 = 16.992, P < 0.001, one-way ANOVA).
Under control conditions, PPRs were similar between ISS
and ILS mice (P > 0.1). Ethanol (80 mm) significantly
decreased PPRs in ISS (P < 0.001) and ILS (P < 0.001)
mice. In ISS mice, ethanol (120 mm) also decreased
PPRs compared with those of controls (P < 0.001), but
it did not decrease PPRs further than those seen in the
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Table 3. Effects of ethanol on frequency and amplitude of spontaneous IPSCs

Frequency Amplitude

ISS ILS ISS ILS

52.9 ± 3.85 (5) 53.5 ± 8.86 (5) 7.1 ± 3.98 (5) 2.5 ± 3.35 (5)

Spontaneous GABAA IPSCs in CA1 pyramidal neurons were recorded from ISS and
ILS mice using CsCl-filled electrodes in the absence or presence of ethanol (80 mM).
The results (% change from control) are means ± S.E.M. for the number of neurons
recorded (in parentheses). No significant difference was measured between ISS
and ILS mice.

presence of 80 mm ethanol (P > 0.1). When spontaneous
GABAA IPSCs were measured with CsCl-filled electrodes
in ISS and ILS mice, the data showed no significant
difference in the effect of ethanol on the frequency or

Figure 8. Recording with CsCl-filled electrodes showed
presynaptic effects of ethanol on GABAergic terminals from ISS
and ILS mice
Representative paired-pulse responses from proximal GABAA IPSCs
from ISS and ILS mice (A) before and during application of 80 mM

ethanol recorded using CsCl-filled electrodes. The PPR was determined
as described in Figure 7A. The effect of BMI on ethanol-treated
GABAA IPSCs shows almost complete inhibition for both ISS and ILS
mice. B, summary data showing that ethanol significantly decreased
PPR of GABAA IPSCs from both ISS and ILS mice. Number of cells
recorded: ISS, GABAA, n = 5; ILS, GABAA, n = 5. Scales for A: ISS,
20 ms, 20 pA; ILS, 20 ms, 25 pA.

amplitude of spontaneous events (Table 3). Thus, our
results showed that ethanol (80 mm) decreased PPRs and
increased spontaneous GABAA IPSC frequency by 40–50%
in both ISS and ILS mice, when these responses were
recorded with CsCl-filled electrodes. This is consistent
with an enhanced probability of release of GABA by
ethanol. However, we saw no strain differences in this
effect.

Local application of GABA or glutamate

To further examine the effects of ethanol on postsynaptic
GABAA and NMDA receptor–ion channel complexes,
application of GABA or glutamate was made via a glass
micropipette to the CA1 pyramidal cell dendrites in
the stratum radiatum. Under these conditions, receptor
agonist-evoked GABAA and NMDA receptor-mediated
responses were obtained (Fig. 9). Application of GABA
(10 mm) in the presence of the GABAB antagonist,
CGP-52432 (0.5 μm), evoked GABAA responses that could
be completely blocked by BMI (20 μm). Ethanol (80 mm)
differentially enhanced these GABAA responses from ISS
and ILS neurons (t = 2.389, P < 0.05], indicating that
enhancement by ethanol of the postsynaptic GABAA

receptor-mediated responses could account for the major
differences in the alcohol sensitivity of the GABAergic
interneuronal pathway between ISS and ILS mice.

Pressure ejection of glutamate (0.3 mm) near pyramidal
cell dendrites, in the presence of CNQX (20 μm) in
the superfusion, produced NMDA responses that were
blocked by the NMDA antagonist, D-APV (25 μm). These
glutamate-evoked NMDA responses were attenuated
differentially by ethanol (80 mm) in the two mice strains.
Ethanol inhibited the response by 21.6 ± 3.32% (n = 6)
in ILS neurons, whereas it only decreased the response
by 3.2 ± 2.81% (n = 6) in cells from ISS mice (t = 4.229,
P < 0.005). Therefore, the behaviourally ethanol-sensitive
ILS mice were also more sensitive to the inhibitory effect of
ethanol on postsynaptic and possibly extrasynaptic NMDA
responses.

Discussion

The data presented here significantly increase our
knowledge of the mechanisms of acute alcohol sensitivity
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at the molecular level. We have shown that ISS and ILS
mouse strains that display large differences in sensitivity to
the behavioural effects of ethanol also show very marked
differences in sensitivity to the effects of ethanol on the
NMDA and the GABAA receptor complexes. We have
previously demonstrated that GABAergic neuro-
transmission was a likely molecular target underlying
the differential behavioural sensitivity to ethanol in ILS
and ISS mice (Poelchen et al. 2000; Proctor et al. 2004).
However it was not known whether the differential
effects of ethanol on GABA responses in these mice was
due to effects on GABA release or on the GABAA or
GABAB receptor systems. We now clearly show, using
local application of exogenous GABA, that ethanol
has differential effects on the GABAA receptor itself
in ILS and ISS mice. These data also provide the first
conclusive demonstration in situ that ethanol does in
fact potentiate the GABAA receptor-mediated current.
The data also show that the NMDA receptor–ion channel
complex is differentially sensitivity to ethanol in the
ILS and ISS mice. These new findings could provide
important insights into the molecular basis of the genetic
predisposition to alcoholism, because individuals with
low initial sensitivity to the effects of ethanol on cognition
and motor behaviours have a higher risk for alcoholism
later in life than those with a high initial ethanol sensitivity
(Schuckit, 1994; Schuckit et al. 2004).

As the effects of ethanol on GABAA IPSCs were
inversely related to the extent of GABAB receptor influences
(Wu et al. 2005), strain-related differences in GABAB

receptors may explain the differential ethanol sensitivity
between ISS and ILS mice. However, the fact that GABAB

receptor blockade affected only the GABAA IPSCs in
ILS but not in ISS mice suggests that under control
conditions (in the absence of GABAB receptor blockade)
GABAB receptors most probably do not contribute to
the observed differences in ethanol sensitivity between
these two strains of mice. One of the known functions
of GABAB receptors is the ability to regulate release of
GABA (i.e. autoreceptors: Waldmeier et al. 1988; Raiteri
et al. 1989; Baumann et al. 1990; Dutar & Nicoll, 1993),
and ethanol was shown to affect GABA release by GABAB

receptor-mediated mechanisms (Ariwodola & Weiner,
2004). Our data show that, recording with potassium
gluconate-filled electrodes, GABAB receptor blockade did
not significantly alter the PPRs of GABAA IPSCs in the
proximal or the distal subregions of CA1 neurons from
ISS and ILS mice, suggesting that presynaptic GABAB

receptors may not be responsible for differential ethanol
sensitivity. Therefore, differences in ethanol sensitivity
are most probably due to postsynaptic GABAA receptor
mechanisms. To investigate this possibility, we measured
the effect of ethanol on GABAA receptor responses
which were evoked by brief local application of GABA
in ISS and ILS mice. The results showed that ethanol

potentiated GABA-evoked responses in ILS but not in ISS
mice, suggesting that differences in ethanol sensitivity of
GABAergic responses may be mediated by postsynaptic
GABAA receptor-mediated mechanisms. Detailed analysis
of the differences in GABAA receptor subunit composition
(Wallner et al. 2003), GABAA receptor ethanol binding
sites (Foster et al. 2004) and/or modulation by protein
kinase of this receptor may be required to fully explain the

Figure 9. Ethanol enhances the GABA-evoked GABAA

receptor-mediated response and inhibits the glutamate-evoked
NMDA receptor-mediated response in hippocampal CA1
neurons from ILS but not ISS mice
A, representative current traces from hippocampal CA1 neurons from
ILS and ISS mice. Brief local applications of GABA (10 mM) in the
presence of CGP-52432 (0.5 μM) or glutamate (0.3 mM, plus 3 μM

glycine) in the presence of CNQX (20 μM) produced robust GABAA

receptor-mediated or NMDA receptor-mediated responses,
respectively. Ethanol (80 mM) (20 μM) perfusion enhanced GABAA

responses and inhibited NMDA responses in neurons from ILS mice.
This concentration of ethanol did not significantly alter these
responses in neurons from ISS mice. B, summary data showing that
ethanol significantly affected these agonist-evoked responses in
neurons from ILS but not ISS mice. Number of cells in these
experiments: ISS, GABAA, n = 6; ISS, NMDA, n = 6; ILS, GABAA,
n = 8; ILS, NMDA, n = 6. Scales for GABA-evoked responses: ISS,
50 ms, 20 pA; ILS, 50 ms, 10 pA. Scales for glutamate-
evoked responses: ISS, 50 ms, 15 pA; ILS, 50 ms, 15 pA.
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difference in ethanol sensitivity of GABAA IPSCs between
ISS and ILS mice. As Zahniser et al. (1992) found no
significant differences in GABAA receptor subunit mRNAs
in LS and SS mouse hippocampus, it appears unlikely that
differences in GABAA receptor sequence could explain
the differential sensitivity of GABAA IPSCs to ethanol
in these mice. However, Zahniser et al. (1992) used an
mRNA preparation from mouse whole hippocampus, and
therefore any subtle differences in CA1 pyramidal neuron
expression of GABAA receptor subunits may not be readily
detected. Therefore, strain-related differences in GABAA

receptor subunit composition remain the most likely cause
of differential ethanol sensitivity.

Ethanol is known to inhibit NMDA receptor function
(Lovinger, 1997; Allgaier, 2002), and so differences in
inhibition by ethanol of NMDA receptors may also
contribute to differential behavioural sensitivity in these
mice. Ethanol produced greater inhibition of the binding of
MK-801 (an NMDA receptor channel blocker) in LS than
in SS mice (Musleh et al. 1996). Therefore, ethanol may
differentially affect NMDA EPSCs in these mice. Indeed,
ethanol inhibited NMDA EPSCs more in ILS than in
ISS mice, suggesting that glutamate–NMDA systems in
hippocampal CA1 pyramidal neurons from highly ethanol
sensitive ILS mice are more sensitive to ethanol than
those from poorly ethanol sensitive ISS mice. Evidence
from studies in rats indicates that CA1 pyramidal cells
receive two major excitatory inputs: the perforant path
that terminates primarily in the distal dendrites, and
the Schaffer collaterals that terminate more proximally
(Otmakhova & Lisman, 2004). Also, GABAB receptors
exert more inhibitory influences on the distal NMDA
EPSCs (Morrisett et al. 1991; Otmakhova & Lisman,
2004) and if ethanol sensitivity of NMDA EPSCs was also
regulated by GABAB receptors, one would anticipate that
ethanol sensitivity may be altered during GABAB receptor
blockade. However, CGP-52432 did not significantly alter
the effect of ethanol on NMDA EPSCs in these two
strains of mice, nor did it change the effect of ethanol
on the proximal and distal NMDA EPSCs, suggesting that
GABAB receptor activity is not involved in the differential
inhibition by ethanol of NMDA EPSCs in these mice. As
inhibition by ethanol of NMDA responses evoked by local
application of glutamate during AMPA blockade occurred
in neurons from ILS but not ISS mice, the data suggest
that ethanol exerts its actions mainly via inhibition of the
postsynaptic NMDA responses.

There appears to be a discrepancy between our data and
those of others with respect to the effects of ethanol on
presynaptic release of GABA in the hippocampus
(Ariwodola & Weiner, 2004; Sanna et al. 2004) and
amygdala (Roberto et al. 2003; Siggins et al. 2005) in
rats. Whether this presynaptic effect of ethanol on GABAA

IPSCs is unique to an animal strain or species was
investigated. One notable technical difference between

our experiments and those of other investigators was the
use of CsCl-filled electrodes (Jiang et al. 2000; Sanna
et al. 2004; Ariwodola & Weiner, 2004) or KCl-filled
electrodes (Roberto et al. 2003) to record from pyramidal
or amygdala neurons. Others demonstrated PPF and a
significant effect of ethanol on paired-pulse measurements
at GABAergic terminals (Roberto et al. 2003; Sanna et al.
2004; Ariwodola & Weiner, 2004) in contrast to our results
of showing PPD and lack of an effect of ethanol on
paired-pulse measures. Therefore, we repeated our earlier
experiments, but recording with CsCl-filled electrodes
from ISS and ILS mice. The majority of cells recorded
showed GABAergic PPF, and the effect of ethanol on
GABAA IPSCs was now increased in both strains of
mice. It is important to note that under this recording
condition, ethanol now showed presynaptic enhancement,
consistent with previous reports, yet the presynaptic
effect of 80 mm ethanol on the GABAergic terminals that
show PPF, was not different between ISS and ILS mice
(Fig. 8B), suggesting that, at the majority of the GABAergic
terminals, presynaptic effects of ethanol do not account
for the differential ethanol sensitivity between these two
strains of mice. Interestingly, these results also suggest
that CsCl loading of CA1 pyramidal neurons sensitized
GABAA IPSCs to the effect of ethanol. As this effect of
ethanol was completely blocked by BMI (20 μm; Fig. 8A),
the measured increase in GABAA IPSCs (using CsCl-filled
electrodes) was unlikely to be due to modulation by
ethanol of other non-specific chloride currents. High
intracellular Cl− concentrations have been shown to
depress G-protein-modulated ionic conductances (Lenz
et al. 1997), suppress K+ currents in astrocytes (Bekar
& Walz, 1999; Bekar et al. 2005), and alter various
electrophysiological characteristics of excitable cells (Baker
et al. 1962; Adams & Oxford, 1983; Nakajima et al. 1992),
suggesting that increased intracellular Cl− concentrations
(using CsCl-filled or KCl-filled electrodes) could alter
GABA-mediated cellular responses. It is difficult to
speculate on the mechanisms by which CsCl loading of the
neurons could enhance GABA presynaptic transmission.
However, a GABA self-signalling mechanism has been
described, such that auto-transmission between adjacent
GABAergic hippocampal neurons was dependent on
the chloride gradient, and this mechanism of synaptic
transmission occurred on both sides of the same synaptic
cleft and could function as a form of immediate
presynaptic action (Vautrin et al. 1994). Therefore,
if ethanol enhances this form of self-signalling, CsCl
loading of neurons may increase GABA presynaptic
transmission. Similarly, our paired-pulse study of the effect
of ethanol on NMDA EPSCs, which were recorded with
potassium gluconate-filled electrodes, also did not show
any involvement of presynaptic glutamate mechanisms.
Although Hendricson et al. (2004) showed that ethanol
reduced glutamate release in rat accumbens neurons under
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certain recording conditions (CsF-filled electrodes and in
the presence of 4 mm Sr2+), our present data suggest that
differential ethanol sensitivity of ISS and ILS mice is most
probably mediated by the effect of ethanol on postsynaptic
GABAA and NMDA receptors.

It has been shown previously that differences in GABAA

receptor subunit assembly may underlie differences in
behavioural ethanol sensitivity (Blednov et al. 2003;
Hanchar et al. 2004; Harris & Mihic, 2004). As ethanol
sensitivity of NMDA receptors was also different between
ISS and ILS mice, the question of whether other
ethanol-sensitive ligand-gated ion channels (e.g. 5-HT3

and nicotinic receptor ion channel complexes, de Fiebre
et al. 1987) may also be differentially altered by ethanol
remains to be answered. Alternatively, it is possible that
ISS and ILS mice differ in their effects of ethanol at
common modulatory systems, such as different protein
kinase C (PKC) isozymes, which may underlie the ethanol
modulation at GABAA IPSCs, NMDA EPSCs and perhaps
other ligand-gated ion channels in the brain. The fact
that the PKC isozyme knockout mice showed differential
ethanol sensitivity of GABAA IPSCs (Proctor et al. 2003)
and NMDA EPSCs (PH Wu, AT Moritz, RK Freund,
RO Messing, BJ Bowessi, JM Wehner & WR Proctor
et al. unpublished data) suggests that effects of ethanol
on common modulatory mechanisms may underlie
differential ethanol sensitivity between ISS and ILS mice,
and we are currently investigating this possibility.

In summary, the data presented here offer very striking
examples of differences in molecular sensitivity to ethanol
in strains of mice selected for their behavioural differences
in ethanol sensitivity. Given the crucial role played by
these molecular targets (i.e. the GABAA and NMDA
receptor complexes) in virtually all brain regions, it is likely
that these molecular differences in ethanol sensitivity are
responsible, at least in part, for the behavioural differences
in ethanol sensitivity seen in the ILS and ISS mice. This new
body of data thus provides important new information
about the mechanisms that underlie alcohol sensitivity,
a parameter which has strong predictive value for the
vulnerability to alcoholism in humans (Schuckit, 1994;
Schuckit et al. 2004). Moreover, these results may also
provide clues about the likely mechanism(s) by which
ethanol exerts it effects on these molecular targets. It
is possible that the behaviour-based selection of these
mice leads to alterations in ethanol binding pockets in
both NMDA and GABAA receptors. However, we favour a
more parsimonious explanation that the selection leads to
alterations in a single cellular target of ethanol that in turn
influences both the NMDA and GABAA receptor–channel
complexes. Given that phosphorylation enhances the
NMDA receptor while it often leads to inhibition of
the GABAA receptor, an inhibitory effect of ethanol on
phosphorylation signalling could explain inhibition of the
NMDA receptor and potentiation of the GABAA receptor

systems by ethanol. Whatever, the ultimate explanation
of these effects, these two strains of mice should prove
invaluable for studies designed to probe the mechanism of
action of ethanol on the NMDA and GABAA receptor–ion
channel neurotransmitter systems.
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