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1 The e�ects of n-alcohols (methanol to 1-decanol) on kainate-activated AMPA receptor subunit
GluR1 and GluR3 ion currents were studied in Xenopus oocytes using the two-electrode voltage-
clamp recording technique.

2 For short-chain alcohols from methanol to 1-hexanol, potency for inhibition of GluR1 and
GluR3 receptor-mediated current increased in proportion to the chain length or hydrophobicity of
the alcohol.

3 The IC50 values of these alcohols for GluR1 were: methanol, 702 mM; ethanol, 170 mM; 1-
propanol, 69 mM; 1-butanol, 20 mM; 1-pentanol, 17 mM; and 1-hexanol, 10 mM. For GluR3, IC50

values were: methanol, 712 mM; ethanol, 238 mM; 1-propanol, 50 mM; 1-butanol, 32 mM; 1-
pentanol, 13 mM; and 1-hexanol, 7 mM.

4 For long-chain alcohols, 1-heptanol was less potent than 1-hexanol (estimated IC50: 19 mM for
GluR1 and 18 mM for GluR3), 1-octanol had little e�ect only on GluR3, and 1-nonanol and 1-
decanol did not signi®cantly inhibit both GluR1 and GluR3 responses.

5 The observations indicate that straight-chain n-alcohols exhibit a cuto� in their potency for
inhibition of the function of non-NMDA glutamate receptor subunits, GluR1 and GluR3. The
cuto� in potency of n-alcohols for inhibition of non-NMDA glutamate receptor function is
consistent with the interpretation that alcohols a�ect the function of these receptor-channels by
interacting with an alcohol binding site of speci®c dimensions on the receptor protein.
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Introduction

The molecular mechanism of alcohol action in the nervous
system has not been established. Traditionally, alcohols have

been thought to act primarily on membrane lipids, perturbing
their function, which secondarily a�ects the function of
membrane proteins such as receptors and ion channels
(Jano� & Miller, 1981; Goldstein, 1984; Deitrich et al.,

1989). Some recent observations, however, have suggested
that alcohols may interact directly with certain neuronal
membrane proteins. For example, straight-chain and haloge-

nated alcohols with molecular volume 442.2 ml mol71 were
found to inhibit the function of ATP-gated ion channels with
potency proportional to their hydrophobicity, whereas

alcohols with a molecular volume 546.1 ml mol71 do not
a�ect the function of these receptors (Li et al., 1994). It has
also been reported that straight-chain alcohols from

methanol to 1-heptanol inhibit the function of NMDA
receptors with increasing potency in proportion to their
hydrophobicity; however, 1-nonanol and 1-decanol do not
inhibit NMDA receptor-mediated responses (Peoples &

Weight, 1995a). The authors suggested that these cuto�s
result from an interaction of the alcohols with a hydrophobic

pocket of circumscribed dimensions on the receptor protein
(Li et al., 1994; Peoples & Weight, 1995a). It has not been

established however, whether alcohol e�ects on the function
of other types of neuronal membrane receptors are due to a
direct interaction with the receptor protein or are secondary
to a perturbation of the membrane lipids.

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system (CNS). The NMDA-type
of glutamate receptor-ion channels are thought to be involved

in a number of important physiologic and pathophysiologic
phenomena, such as synaptic plasticity (Collingridge & Bliss,
1987; 1990), neural development (Collingridge et al., 1991)

and neurotoxicity (Choi & Rothman, 1990). The non-
NMDA-type of glutamate receptor-ion channels mediates
fast excitatory postsynaptic potentials (EPSPs) at the

majority of excitatory synapses in the mammalian CNS
(Jonas & Sakmann, 1992; Seeburg, 1993). Ethanol has been
found to inhibit the function of both NMDA and non-
NMDA glutamate receptors (Lovinger et al., 1989; Dildy-

May®eld & Harris, 1992; Lovinger, 1993).
In neurons, NMDA receptors are usually more sensitive to

the inhibitory actions of ethanol than are non-NMDA

glutamate receptors (Weight et al., 1993). As noted above,
it has been found that the inhibition of NMDA receptors by
a series of straight-chain alcohols of increasing chain length
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exhibits a cuto� (Peoples & Weight, 1995a). In order to
determine whether non-NMDA receptors exhibit a similar
cuto� in potency, we studied the e�ect of a series of straight-

chain alcohols on the function of GluR1 and GluR3 receptor
subunits expressed in Xenopus oocytes. The GluR1 and
GluR3 homomeric receptor subunits belong to a family of
AMPA receptors (including GluR2 and GluR4) that are of

similar size, but share a maximum sequence identity of just
68 ± 73% (Boulter et al., 1990; KeinaÈ nen et al., 1990). The
results from these studies have been reported previously in

preliminary form (Akinshola & Weight, 1995; Akinshola et
al., 1996).

Methods

Recombinant receptor: synthesis of cRNAs

cDNAs coding for the FLOP form of the GluR1 and GluR3
receptor subunits subcloned into pBluescript vector were

kindly provided by Drs Stephen Heinemann and Jim Boulter,
(Salk Institute, San Diego, CA, USA) The GluR1 and GluR3
subunit cRNAs were prepared by in vitro transcription with

T3 RNA polymerase in the presence of cap dinucleotide
7meGpppG, using XhoI-linearized pBS SKGluR3 as a
template. Concisely, 10 mg of plasmid DNA was linearized

by XhoI, in a total volume of 50 ml, for 2 h at 378C, extracted
with phenol/chloroform, precipitated with ethanol, dried, and
suspended in 5 ml RNAse-free distilled water. One mg of

linearized DNA was used as a template for in vitro capping
reactions (cDNA synthesis), using the mCAP capping kit
from Stratagene (La Jolla, CA, USA). In vitro synthesized
capped cRNA transcripts were analysed on 1.2% formalde-

hyde-agarose gels for size and length.

Oocyte preparation and microinjection

Mature female Xenopus laevis frogs (Xenopus I, Ann Arbor,
MI, USA) were kept in dechlorinated water tanks at 19 ±

218C, with a 12 h light/dark cycle, and fed beef liver at least
twice a week. Ovarian lobes were surgically excised from
frogs anaesthetized with 0.2% 3-aminobenzoic acid ethyl
ester (Sigma Chemical Co., St. Louis, MO, USA), and

manually separated into clusters of 5 ± 10 oocytes, then
placed in a calcium free modi®ed Barth's Solution (MBS)
containing (in mM): NaCl 88, KCl 1, NaHCO3 2.4, MgSO4

0.8 and HEPES 10 pH 7.5. The follicular cell layer was
removed by incubating the oocytes in 2 mg ml71 collagenase
A (Boehringer Mannheim, Indianapolis, IN, USA) with

shaking for 2 h. Oocytes were washed, ®rst in the calcium
free MBS and then transferred into MBS containing 0.3 mM

Ca(NO3)2 and 0.9 mM CaCl2 prior to the selection of

healthy stage V and VI denuded oocytes for cRNA
injection. The prepared oocytes were injected with 16 ±
20 ng of cRNA/oocyte, using a micropipette with a 10 mm
tip diameter, and a PV 800 Pneumatic picopump (World

Precision Instruments, Sarasota, FL, USA). The oocytes
were incubated at 19 ± 218C, in MBS supplemented with
2 mM Na pyruvate, 10,000 u l71 penicillin, 10 mg l71

streptomycin, 50 mg l71 gentamycin and 0.5 mM theophyl-
line, and used for electrophysiological recording for 3 ± 7
days after receptor expression.

Electrophysiological recording

Oocytes were placed in a recording chamber (*100 ml
volume) and superfused with MBS constantly at a rate of
*2.5 ml min71. The oocytes were impaled with two micro-
electrodes (1 ± 10 MO) ®lled with a 3 M KCl solution and
voltage-clamped at a holding potential of 770 mV using a

Gene-Clamp 500 ampli®er (Axon Instruments Inc., Foster
City, CA, USA). Oocyte membrane ion currents were
measured using the standard two-electrode voltage-clamp

method and were recorded on a Gould RS 3400 pen recorder
(Gould Inc., Cleveland, OH, USA). All experiments were
performed at room temperature.

Solutions

Solutions of agonists and alcohols were prepared in MBS,
and applied by gravity ¯ow through macropipets (external
diameter, *1.0 mm) placed *1 mm from the oocyte.
Agonists were usually applied for 30 ± 50 s, with at least

2 min between applications to allow for full recovery from
each treatment. The alcohols were purchased from Aldrich
Chemical (Milwaukee, WI, USA). To minimize loss of the

higher n-alcohols (heptanol ± decanol) from experimental
solutions, these solutions were prepared and stored in sealed
te¯on bags and applied through te¯on tubing. Higher

alcohols were pre-applied for 30 s to ensure adequate
equilibration in the recording chamber. There was no
di�erence in the e�ect of higher alcohols dissolved in MBS

or DMSO.

Statistical analysis

Statistical analysis of concentration-response data was
performed using the nonlinear curve-®tting program ALLFIT
(DeLean et al., 1978). Values reported for slope factors (n)

and alcohol concentrations producing half-maximal inhibi-
tion (IC50) are those obtained by ®tting the data to the
equation

y � f�Emax�=�1� �x=IC50�n�g
Where x is ethanol concentration, y is response, and Emax is
maximal response. In these studies, Emax was constrained to
100% inhibition. Data were also statistically compared using
the paired t-test, or InStat program, where appropriate.

Average values are expressed as mean+standard error (s.e.).

Results

Effect of n-alcohols on AMPA GluR1 subunit receptor
currents

Figure 1 illustrates the inhibition of kainate-activated
currents in oocytes expressing GluR1 receptor subunit by a

series of straight-chain aliphatic n-alcohols from methanol to
1-decanol. In Figure 1a, the e�ects of three representative
alcohol (ethanol, 1-hexanol and 1-nonanol) are shown, with
100 mM ethanol and 10 mM 1-hexanol inhibiting receptor

current by 35.8+1.4% and 46.1+2.0% respectively. How-
ever, saturating concentrations (1 mM) of 1-nonanol did not
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inhibit receptor current. All the alcohols at concentrations

used in this study failed to generate currents in oocytes in the
absence of agonist. The concentration-response curves for the
inhibition of kainate-activated GluR1 receptor currents in

oocytes by n-alcohols from methanol to 1-decanol shown in
Figure 1b, demonstrate the alcohol cuto� e�ect. The curves
from methanol to 1-hexanol were successively shifted to the
left with increasing carbon chain length whereas there was a

cuto� in inhibitory potency with 1-heptanol. A reversal of
alcohol inhibitory potency on GluR1 currents begins with 1-
heptanol, where 10 mM 1-heptanol with 27.6+2.7% inhibi-

tion is less potent than 10 mM 1-hexanol with 46.1+2%
inhibition. The curves for 1-heptanol could only be ®tted by
linear regression because maximal concentrations (10 mM) of

the alcohol did not inhibit receptor current by 50%. Curves
for 1-octanol, 1-nonanol and 1-decanol could not be
adequately ®tted because saturating concentrations of 1-

octanol (3 mM) only inhibited receptor current by 6+2.6%
whereas 1 mM 1-nonanol and 0.3 mM 1-decanol did not
inhibit GluR1 receptor subunit current.

Effect of n-alcohols on AMPA GluR3 subunit receptor
currents

Figure 2 similarly shows the inhibition of kainate-activated
currents in oocytes expressing GluR3 receptor subunit by a
series of straight-chain aliphatic n-alcohols from methanol to

1-decanol. In Figure 2a, 100 mM ethanol and 10 mM 1-

hexanol likewise inhibited receptor current by 29+1.3% and
60.8+2.5% respectively whereas 1 mM 1-nonanol did not
inhibit receptor current. From the concentration-response

graph of alcohol inhibition of GluR3 subunit current in
Figure 2b, the curves depicting methanol to 1-hexanol
inhibitions were successively shifted to the left as alcohol
carbon chains increase. A cuto� in alcohol inhibitory potency

for GluR3 occurred with 1-heptanol, similar to the e�ect seen
with the GluR1 subunit. Consequently, 10 mM 1-heptanol
with 41.8+2.8% inhibition is less potent than the same

concentration of 1-hexanol with 60.8+2.5% inhibition and
the 1-heptanol curve is shifted to the right of the 1-hexanol
curve. The 1-heptanol curve was also ®tted by linear

regression due to the inability to achieve 50% current
inhibition with a saturating concentration of 1-heptanol.
The curves for 1-octanol, 1-nonanol and 1-decanol could not

be adequately ®tted because saturating concentrations of the
alcohols did not inhibit GluR3 receptor subunit current.
All the longer-chain alcohols were preapplied for 30 s

before agonist application to allow for maximum equilibra-

tion in solutions bathing the oocytes. See Methods for
detailed explanation. In order to ensure that the e�ects of the
higher alcohols were not limited by their sparing solubility,

we compared MBS solutions of alcohols to DMSO (0.05%)
solutions of alcohols on kainate current inhibition. There
were no di�erences in MBS or DMSO (0.05%) solubilized

Figure 1 Inhibition of kainate-activated ion-currents in oocytes expressing recombinant AMPA GluR1 receptor subunit by
aliphatic n-alcohols. (a) Record of currents activated by 200 mM KA in oocytes voltage-clamped at 770 mV and the inhibition of
these currents by 100 mM ethanol and 10 mM 1-hexanol. 1 mM 1-decanol did not inhibit receptor current. Current and time
calibration applies to all records. (b) Concentration-response curves for inhibition of kainate-activated current by aliphatic n-
alcohols from methanol to 1-decanol in oocytes expressing recombinant AMPA GluR1 receptor subunit. Values are mean
(+s.e.mean) percentage inhibition of 5 ± 8 oocytes; error bars not visible are smaller than the symbol size. Each curve was plotted by
®tting the values to the logistic equation in the methods section, except for the 1-octanol, 1-nonanol and 1-decanol curves, which
were ®tted by linear regression.
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alcohol e�ect. However, DMSO (0.05%) in the absence of
alcohol, inhibited kainate-activated current in oocytes by 6%.

Influence of the partition coefficient of alcohols on
their relative inhibitory potency of GluR1 and GluR3
receptor subunit

Figure 3 is a plot of the relative potency of n-alcohols
(ethanol IC50/alcohol IC50) for inhibiting GluR1 (a) and
GluR3 (b) subunit currents as a function of their

membrane/bu�er partition coe�cient P(m:b). The P(m:b)
was accomplished by using the partition coe�cient of 1-
octanol in water (P(octanol/water)) to determine the value

for each primary alcohol and then dividing by ®ve
(according to the method of Roth & Seeman, 1972) to
obtain each P(m:b). There was an exponential increase in

the relative potency of GluR1 and GluR3 receptor
inhibition up to 1-pentanol and maximum receptor
inhibition at 1-hexanol. A least squares plot of maximum

receptor inhibitory potency data yields a slope value of
0.9437 (r=0.9952) for both receptor subunits. Similarly, a
least squares plot of the membrane disordering potency
data (depicted by the dashed lines) yields a slope value of

0.9609 (r=0.9982). A signi®cant correlation (with a
correlation coe�cient approximating 1.0) therefore exists
between membrane disordering potency and inhibitory

potency of GluR1 and GluR3 receptor subunits by the n-
alcohols. In contrast, inhibitory potency for the subunits
declined with 1-heptanol, and 1-octanol, 1-nonanol and 1-

decanol were not e�ective in inhibiting GluR1 and GluR3
receptor currents, despite increased lipid solubility e�ects.

Sensitivity of GluR1 and GluR3 receptor subunits to
n-alcohol inhibition

Table 1 shows the values for concentrations of n-alcohols
(methanol ± 1-heptanol) producing 50% inhibition (IC50) of
GluR1 and GluR3 receptor-mediated currents. The IC50

values were determined by ®tting the data to the logistic

equation described in the Methods. From methanol through
1-hexanol, IC50 values decreased correspondingly with
increasing carbon number. At seven carbons (1-heptanol),

IC50 values increased when compared with 1-hexanol, and
could only be obtained by extrapolation. The IC50 values for
1-octanol, 1-nonanol and 1-decanol could not be determined,

because the maximally achievable concentrations of the
alcohols produced little or no inhibition. With the exception
of methanol, ethanol and 1-butanol, the IC50 values for

GluR3 are lower than the IC50 values for GluR1. This is an
indication of increased potency of n-alcohol inhibition of
GluR3 subunit current in comparison to GluR1 current
inhibition.

Discussion

Our observations show that the increase in n-alcohol potency
for inhibition of AMPA receptor current in oocytes cuts o�

Figure 2 Inhibition of kainate-activated ion-currents in oocytes expressing recombinant AMPA GluR3 receptor subunit by
aliphatic n-alcohols. (a) Record of currents activated by 200 mM KA in oocytes voltage-clamped at 770 mV and the inhibition of
these currents by 100 mM ethanol and 10 mM 1-hexanol. One mM 1-decanol did not inhibit receptor current. Current and time
calibration applies to all records. (b) Concentration-response curves for inhibition of kainate-activated current by aliphatic n-
alcohols from methanol to 1-decanol in oocytes expressing recombinant AMPA GluR3 receptor subunit. Values are mean
(+s.e.mean) percentage inhibition of 5 ± 8 oocytes; error bars not visible are smaller than the symbol size. Each curve was plotted by
®tting the values to the logistic equation in the Methods section, except for the 1-octanol, 1-nonanol and 1-decanol curves.
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at 1-heptanol for GluR1 and GluR3 subunits. Inhibitory
potency of kainate-activated receptor current increased up to
1-hexanol and decreased with 1-heptanol for both GluR1 and

GluR3 subunits. 1-octanol, 1-nonanol and 1-decanol did not
inhibit the GluR1 subunit current. For the GluR3 subunit
current however, inhibition by 1-octanol was less than the
inhibition by 1-heptanol, whereas 1-nonanol and 1-decanol

did not inhibit receptor current.
The cuto� in inhibitory e�ect of alcohol on GluR1 and

GluR3 subunits in this study is consistent with a direct

interaction of these alcohols with a hydrophobic binding site
(or pocket) of ®xed dimensions on the ion-channel receptor
protein. The alcohols failing to inhibit the receptor subunits

therefore are unable to ®t the binding pockets within the
receptor because their molecular size prevented binding. The
estimated volume of the alcohol-binding pocket on the
receptor subunits will be less than (91.24 cm3, Bondi, 1964)

the molecular volume for 1-octanol on GluR1 and
(103.5 cm3, Bondi, 1964), the molecular volume for 1-
nonanol on GluR3. The di�erences in molecular volume of

the hydrophobic pockets for the GluR1 and GluR3 subunits
may be attributed to the di�erences in the sequence of amino
acids constituting the hydrophobic pocket. Ethanol is known

to bind non-competitively in its inhibition of GluR receptors
(Dildy-May®eld & Harris, 1992; 1995), suggesting a site of
interaction, di�erent from the receptor agonist site. The two-

agonist binding domains reported for the GluR receptor are
both located extracellularly (Stern-Bach et al., 1994).
The cuto� e�ect from this study is well illustrated in Figure

3a, b where the linear relationship between relative potency

of alcohols and their partition coe�cient for the receptor
subunits change with 1-heptanol. In order to compare and
contrast between a protein e�ect and a lipid e�ect in the

binding of alcohol to the GluR receptor, the data in Figure
3a, b were plotted against the dashed line, representing
alcohol e�ect on the disordering of mouse brain membranes

(Lyon et al., 1981). In the study by Lyon et al. (1981), the
increase in potency of the alcohols (methanol to 1-octanol) in
e�ecting mouse brain synaptic membrane perturbation was

found to increase with increasing hydrophobicity as shown by
the dashed lines. This result was used to interpret the lipid
theory of alcohol e�ect on ion-channel proteins, as being
dependent on membrane lipid perturbation (McCreery &

Hunt, 1978; Lyon et al., 1981). However, the intoxicating
potency of the alcohols could not be explained by this theory,
because its measurement by the loss of righting re¯ex in mice,

decreased with 1-heptanol, despite increasing membrane lipid
disordering potency and increasing lipid solubility. In
contrast, our result showing maximum relative potency of

Figure 3 Cuto� in the potency of aliphatic n-alcohols for inhibition of GluR1 (a) and GluR3 (b) receptor subunits. Relative
potency of aliphatic n-alcohols for inhibiting receptor-mediated current in oocytes (ethanol IC50/alcohol IC50), expressed as a
function of their membrane : bu�er partition coe�cients. Dashed line represents membrane disordering potency data for aliphatic n-
alcohols from ethanol to 1-octanol, (Lyon et al., 1981). The symbols for 1-octanol, 1-nonanol, and 1-decanol are shown on the x-
axis because IC50 values for these alcohols could not be determined.

Table 1 IC50 values for n-alcohol inhibition of GluR1 and
GluR3 receptor-mediated current

GluR1 IC50 GluR3 IC50

Alcohol (mM) (mM)

Methanol 702 712
Ethanol 170 238
1-Propanol 69 50
1-Butanol 20 32
1-Pentanol 17 13
1-Hexanol 10 7
1-Heptanol 19* 18*
1-Octanol Could not be determined
1-Nonanol Could not be determined
1-Decanol Could not be determined

Concentrations of n-alcohols producing 50% inhibition
(IC50) of kainate-activated current in oocytes expressing
recombinant GluR1 and GluR3 receptor subunits. IC50

values for 1-heptanol (*) were extrapolated. However, IC50

values for 1-octanol, 1-nonanol and 1-decanol could not be
determined because the maximally achievable concentrations
for the alcohols produced less than 50% inhibition.
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alcohol inhibition of receptor current at 1-hexanol correlates
well with potency of alcohol intoxication in mice, as
measured by their loss of righting re¯ex (Lyon et al., 1981).

The n-alcohol potency decrease at 1-heptanol for AMPA
GluR1, GluR3 receptor subunits in this study is very
comparable to the decrease in intoxicating potencies of these
alcohols as measured by the e�ective doses (ED3) producing

ataxia in rats (McCreery & Hunt, 1978). A decrease in
alcohol intoxicating potency from 1.7 mmol kg71 for 1-
hexanol to 2.2 mmol kg71 for 1-heptanol in rats (McCreery

& Hunt, 1978) also relate well with a decrease in alcohol
inhibitory potency (measured as IC50) from 10 mM for 1-
hexanol, to 19 mM for 1-heptanol in GluR1 (Table 1). A

similar decrease in alcohol potency from 7 mM for 1-hexanol
to 18 mM for 1-heptanol is also seen in the GluR3 receptor
inhibition (Table 1).

The cuto� in alcohol e�ect from our studies is di�cult to
explain by the lipid hypothesis. This is because the membrane
lipid disordering e�ect of alcohol continue to increase with
potency, whereas, receptor current inhibition by alcohol

drops o� with 1-heptanol as shown in Figure 3. Alcohol
cuto� e�ect from this study, could however be explained by
the binding to a hydrophobic pocket of ®xed dimensions, as

proposed for the anaesthetic inhibition of ®re¯y luciferase
protein (Franks & Lieb, 1985).
Cuto�s in alcohol potentiation and inhibition of membrane

receptor function have been reported for ligand-gated ion-
channels. Alcohol inhibition of ATP-gated ion channel cuts
o� at 1-propanol, thereby excluding alcohols with a

molecular volume 542.2 ml mol71 (e.g. 1-butanol) from
binding or inhibiting the receptor (Li et al., 1994). Cuto�
in alcohol inhibition of NMDA ion-channel occurred at 1-
octanol, with a size exclusion of 1-nonanol binding (Peoples

& Weight, 1995a). A putative hydrophobic binding pocket
with a molecular volume less than that of 1-nonanol, which is
103.5 cm3 mol71 was proposed. A cuto� in alcohol inhibition

of neuronal nicotinic acetylcholine ion-channel receptor
(AChR) after dodecanol (C12) was reported in Lymnaea
stagnalis neurones (McKenzie et al., 1995). The AChR

alcohol cuto� occured at the same position (just after
dodecanol) as found for the induction of general anaesthesia
in tadpoles (Ali®mo� et al., 1989).
The observation of an alcohol cuto� e�ect after dodecanol

in tadpoles (Ali®mo� et al., 1989) and Lymnaea stagnalis
neurones (McKenzie et al., 1995) deals with the anaesthetic
e�ects of alcohol, in contrast to the alcohol potency cuto�

e�ect observed at 1-heptanol in rats (McCreery & Hunt,
1978), mice (Lyon et al., 1981) and AMPA receptors in this
study, which is a measurement of alcohol intoxication.

Cuto�s in alcohol potentiation of ion-channel receptor
currents have been studied. Alcohols exhibit a cuto� above
®ve carbon atoms (1-pentanol) for the potentiation of

serotonin (5-HT3) receptor current in rat nodose ganglion
neurons (Fan & Weight, 1994). Potentiation of GABAA

receptor currents by alcohols produced cuto� e�ects after C12

(Peoples & Weight, 1995b), showing a resemblance to alcohol

cuto� e�ect in anaesthesia. Studies have also been performed
using the N-terminal domain of a recombinant nACha7
receptor (known to be inhibited by ethanol), to form a

chimera with the transmembrane and C-terminal domains of
a recombinant 5-HT3 receptor (known to be potentiated by
ethanol). The resulting chimeric receptor was inhibited by

ethanol, just like the nACha7 receptor, suggesting an n-
terminal mediation of alcohol's action (Yu et al., 1996).

Furthermore, cuto� in alcohol inhibition of kainate-

activated AMPA currents in cultured hippocampal neurons
has also been observed at 1-nonanol (unpublished observa-
tion). Studies by Wick et al. (1998) provide con®rmatory
evidence that the size of the alcohol binding pocket

responsible for the cuto� e�ect can be changed. They showed
that the glycine receptor (Gly-R-a1) alcohol cuto� can be
changed from 1-decanol to 1-propanol and the GABAA-R-r1
cuto� alcohol can be also be changed from 1-heptanol to 1-
decanol by amino acid mutations on the wild-type receptor.
We believe that alcohols interact directly with speci®c protein

sites (that vary in size with the constituent amino acids) on
glutamate receptors and other membrane-bound channel
receptors to produce their e�ects.

Contrasting arguments explaining a combined lipid and
protein interaction for alcohol cuto� in synaptic membrane
perturbation, after dodecanol, has been proposed (Miller et
al., 1989). However, this evidence is di�cult to reconcile with

the di�erence in chain length and pharmacologic concentra-
tions of alcohols resulting in ion-channel protein cuto�s versus
lipid cuto�s. Furthermore, a potentiating, or inert e�ect may

be suggested for 1-nonanol and 1-decanol since they failed to
inhibit GluR1 and GluR3 receptor in our study. However, it
should be noted that these two alcohols have been shown to

potentiate GABAA receptor-ion channel proteins (Nakahiro et
al., 1991).

The intoxicating and anaesthetic e�ects of alcohol have

been partly attributed to its stimulatory and inhibitory
actions on ligand-gated ion-channels respectively. To this
e�ect, ethanol concentrations that a�ect AMPA type
glutamate receptors range from that found in moderate-

severe intoxication (Lovinger, 1993), to that found during
general anaesthesia (Weight et al., 1993). The concentrations
of alcohols inhibiting, coupled with the alcohol cuto� for the

AMPA receptor inhibition in this study, is consistent with
severe intoxicating and early anaesthetic concentrations of
alcohol. A recent study (Dildy-May®eld et al., 1996) linked

the relative insensitivity of AMPA glutamate receptors to
longer chain alcohols, but missed the alcohol cuto� e�ect. On
closer examination of their results, a kainate agonist
concentration of 400 mM (a high dose, near the plateau phase

of a binding/displacement curve for the receptor) may have
interfered with the non-competitive binding e�ect of the
alcohol for the receptor. In contrast, our kainate concentra-

tions of 200 mM for kainate-activated currents in oocytes, are
closer to the EC50 for GluR3 receptor (Egebjerg et al., 1991).
A plot of agonist concentration-response curve in this study

and other reports (Akinshola & Weight, 1995; Akinshola et
al., 1999) show that AMPA receptor desensitization occurs at
kainate concentration of 400 mM and higher. An NMDA

concentration of 500 mM and higher has also been previously
reported (Masood et al., 1994) to produce a desensitizing
e�ect in the NMDA receptor. Studies of the cuto� e�ect of
alcohol in receptor mutants will be helpful in determining the

mechanism of alcohol inhibition of AMPA receptors.
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