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SUMMARY

The recombinant N-methyi-p-aspartate (NMDA) receptor subunit
{1 and the heteromeric subunit combinations ¢1/{1, €2/¢1, and
€3/81 were expressed in Xenopus oocytes and their sensitivities
to ethanol were investigated using the two-electrode voitage-
clamp technique. NMDA-activated currents in oocytes express-
ing subunit combinations ¢1/{1 or 2/{1 were significantly inhib-
ited by 50 mm ethanol, whereas NMDA-activated currents as-
sociated with the homomeric expression of {1 or the heteromeric
€3/1 combination were not significantly affected by 50 mm
ethanol. Ethanol decreased the maximal amplitude (Emax) Of the
concentration-response curve for NMDA-activated current, with-
out significantly affecting the ECso. The values of percentage
inhibition by ethanol were not significantly different, regardiess
of the amplitude of current activated by NMDA concentrations
from 10 to 250 um. Different NMDA receptor subunits and

subunit combinations exhibited differences in the concentration-
response curves for ethanol. NMDA-activated current associated
with the ¢1/{1 subunit combination was increasingly inhibited by
increasing concentrations of ethanol from 25 to 100 mm, whereas
25 mm ethanol elicited maximal inhibition of NMDA-acti-
vated current associated with the ¢2/{1 subunits, i.e., the inhibi-
tion by 50 or 100 mm ethanol was not iﬁcanﬂydlfferent
NMDA-activated current associated with the ¢3/¢{1 subunit com-
bination, on the other hand, wassagrﬂﬁemﬂyﬂibitedmiyby
100 mm ethanol, and NMDA-activated current associated with

the homomeric {1 subunit was not affected by
ethanol concentrations of <100 mm. Because NMDA receptor
subunits are differentially distributed thi the brain, the
observations suggest that the differential sensitivity of NMDA
receptor subunits to ethanol may contribute to the differences in
ethanol sensitivity observed in different types of neurons.

Glutamate is now recognized as the major excitatory neuro-
transmitter in the mammalian central nervous system. Studies
on the neuronal actions of glutamate have revealed that it can
activate at least three types of ligand-gated ion channels, des-
ignated NMDA, kainate, and AMPA receptors on the basis of
agonists that activate them (1-3). There has been considerable
recent interest in the NMDA receptor because of its possible
roles in important physiological and pathophysiological aspects
of nervous system function. NMDA receptors have been impli-
cated in certain types of synaptic plasticity, such as long term
potentiation (4), long term depression (5), neuronal develop-
ment (6), developmental plasticity (7), and learning (8, 9). In
addition, NMDA receptor-mediated neurotoxicity is thought to
play a role in neural damage associated with conditions such
as ischemia, hypoglycemia, and epilepsy (10, 11). The function
of NMDA receptors has also been found to be affected by
several psychoactive drugs, such as ketamine, phencyclidine,
and ethanol, possibly contributing to the behavioral effects of
these drugs (12, 13).
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c¢cDNAs encoding rat (NMDARI1) and mouse ({1) NMDA
receptor subunits have been cloned, and the physiological and
pharmacological properties of the expressed receptors have
been described (14, 15). Further cloning of other subunits from
mice (¢) and rats (NMDAR2) and of splice variants of
NMDARI has revealed a molecular diversity of NMDA recep-
tors (16-22). The {1 (NMDARI1) subunit is widely distributed
throughout the brain and can constitute functional homomeric
NMDA receptor channels (14, 15). The ¢ (NMDAR2) subunits
exhibit differential localization in different parts of the brain
and must be combined in heteromeric configurations with {1
for expression (16-20). These heteromeric configurations show
diversity in the physiological and pharmacological properties
of the expressed NMDA receptors, suggesting that differences
in the molecular structure of the ¢ (NMDAR2) subunit family
contribute to the functional heterogeneity of NMDA receptors.
Ethanol, in concentrations associated with intoxication in hu-
mans (5-50 mM), has been found to inhibit neuronal responses
to NMDA in a variety of preparations; however, the sensitivity
to ethanol appears to vary in different types of neurons (13).
These observations raised the question of whether differences

ABBREVIATIONS: NMDA, N-methyi-p-aspartate; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; ACh, acetyicholine; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; DRG, dorsal root ganglia; ANOVA, analysis of variance.
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in NMDA receptor subunit composition might be responsible
for differences in NMDA receptor sensitivity to ethanol in
different types of neurons. To address this question, we used
electrophysiological techniques to investigate the effect of
ethanol on NMDA-activated current, using recombinant hom-
omeric {1 and heteromeric €1/{1, €2/{1, and ¢3/¢{1 NMDA
receptors, and we report here a differential sensitivity to
ethanol with different subunit combinations.

Materials and Methods

Synthesis of mRNAs. NMDA receptor cDNA clones pBKSA({1,
pBKSAcl, pBKSA¢2, and pBKSAe3 were kindly provided by Dr. Ma-
sayoshi Mishina, Niigata University (Niigata, Japan). Subunit-specific
mRNAs were prepared by in vitro transcription with T3 RNA polym-
erase in the presence of cap dinucleotide 'meGpppG, using Notl-
linearized pPBKSA{1, pBKSAcl, and pBKSA¢2 and Xbal-linearized
pPBKSAe3 as templates. Briefly, 5 ug of plasmid DNA were linearized
by either Notl or Xbal, in a total volume of 50 ul, for 1-2 hr at 37°,
extracted with phenol/chloroform, precipitated with ethanol, dried,
and suspended in an appropriate volume of RNase-free distilled water.
One microgram of template was used for in vitro capping reactions,
which consisted of 40 mM Tris, pH 7.5, 50 mM NaCl, 8 mm MgCl;, 2
mM spermidine, 0.4 mM concentrations of ribonucleoside triphosphates
except rGTP (0.125 mM), 0.3 mM dithiothreitol, 0.3 mM cap analogue
"meGpppG, 1 unit of RNA guard (Pharmacia, Piscataway, NJ), and 10
units of T3 RNA polymerase, in a total volume of 25 ul. The reaction
was allowed to proceed for 1 hr at 37° and DNA template was digested
by addition of 10 units of DNase I for 15 min. The reaction was stopped
by addition of 100 ul of RNase-free distilled water and the phenol/
chloroform extraction procedure was repeated, as described above. In
vitro synthesized capped mRNA transcripts were analyzed on 1.2%
formaldehyde-agarose gels, to check the size and quality of the tran-
cripts.

Oocyte preparation and microinjection. Mature female Xenopus
laevis frogs (Xenopus I, Ann Arbor, MI) were housed in dechlorinated
tap water at 19-21°, with 12/12-hr light/dark lighting, and were fed
with beef liver at least twice each week. A small piece of ovary was
surgically excised from frogs anesthetized with 0.15% tricaine (Sigma
Chemical Co., St. Louis, MO) and was manually dissected into thin
strips in a solution containing 88 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO,, 0.8 mM MgSO,, and 10 mM HEPES, pH 7.5. The follicular
cell layer of the oocytes was removed by treatment for 2 hr with 0.2%
collagenase A (Boehringer Mannheim, Indianopolis, IN), in a solution
containing 83 mM NaCl, 2 mM KCl, 2.1 mM MgCl,, and 5 mM HEPES,
pH 7.5. Stage V and VI oocytes were selected from the denuded oocytes
and transferred to modified Barth’s saline solution, containing 88 mm
NaCl, 1 mM KCl, 2.4 mM NaHCO,, 0.3 mM Ca(NOs);, 0.9 mM CaCl,,
0.8 mM MgSO,, and 10 mM HEPES, pH 7.5, to await mRNA injection.
The prepared oocytes were injected with 16-20 ng of mRNA/oocyte,
using a micropipette with a 10-um tip and a Pneumatic Picopump PV
800 microinjection pump (World Precision Instruments, New Haven,
CT). Subunit-specific mRNAs were injected either homomerically ({1)
or in equimolar combinations, as described in the Results Section. The
oocytes were incubated for 2-3 days at 19-21° in modified Barth’s
saline solution supplemented with 2 mM sodium pyruvate, 10,000 units/
liter penicillin, 10 mg/liter streptomycin, 50 mg/liter gentamycin, and
0.5 mM theophylline.

Electrophysiological recording. After incubation, the oocytes
were placed in a recording chamber (volume, ~100 ul) and superfused
constantly at the rate of ~2.5 ml/min. The bathing solution consisted
of 96 mM NaCl, 2 mM KCl, 2 mM CaCl,; or 2 mMm BaCl,, and § mm
HEPES, pH 7.5. The cells were impaled at the animal pole with two
microelectrodes filled with a 3 M KCl solution (1-10 MQ) and were
voltage-clamped at a holding potential of =70 mV using an Axoclamp
IIA amplifier (Axon Instruments Inc., Burligame, CA). Membrane ion
currents were measured using the standard two-electrode voltage-clamp
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method and were recorded with a Gould 2400s rectilinear pen recorder
(Gould Inc., Cleveland, OH). The experiments were performed at room
temperature. Agonists and other drugs were dissolved in the bathing
solution and applied from a macropipette (external diameter, ~1.0 mm)
placed within 1 mm of the cell under study. These macropipettes were
connected to reservoirs containing appropriate solutions placed above
the preparation, which permitted superfusion of the cells by gravity-
induced flow of solution; the superfusion rate for applying agonist and/
or drugs was ~2.5 ml/min. Usually agonist and/or drugs were super-
fused for 20-30 sec, with a period of 5-10 min between applications,
depending upon the time required for full recovery from the action of
each substance. All solutions containing NMDA also contained 10 uM
glycine.

Results

Fig. 1 illustrates the effects of ethanol on NMDA-activated
currents in Xenopus oocytes expressing recombinant NMDA
receptors. The records in Fig. 1, left, show control currents
activated by the application of 100 uM NMDA. The current
activated by NMDA was considerably larger in oocytes express-
ing heteromeric €1/{1, ¢2/{1, and €3/{1 subunit combinations,
compared with oocytes expressing the homomeric {1 subunit,
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Fig. 1. Ethanol (EtOH) effect on NMDA-activated currents in Xenopus
oocytes expressing different NMDA receptor subunits. Each horizontal
set of traces shows a sequential series of current records, llustrating the
effect of 50 mm ethanol on currents activated by the application of 100
um NMDA in oocytes expressing the NMDA subunits indicated.
Bar above each record, time period of NMDA or NMDA pius ethanol
appiication. The currents were recorded in an extraceliular bathing solu-
tion containing 2 mm Ba?*; similar resuits were obtained in extraceliular
bathing solutions containing 2 mm Ca**. All solutions containing NMDA
also contained 10 um glycine. Calibrations apply to each set of traces.
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as reported previously (16, 17, 20). The records in Fig. 1, middle,
show that 50 mM ethanol reduced the amplitude of NMDA-
activated current to a greater extent in oocytes expressing el/
{1 and €2/¢{1 subunit combinations than in oocytes expressing
{1 and €3/{1 subunit combinations. On average, 50 mM ethanol
reduced the amplitude of current activated by 100 um NMDA
by 31 and 26% for €1/{1 and ¢2/{1 subunit combinations,
respectively; these inhibitions are statistically significant (AN-
OVA, p < 0.001). On the other hand, 50 mM ethanol did not
significantly affect the amplitude of current activated by 100
uM NMDA for the €3/{1 subunit combination or the homomeric
{1 subunit (ANOVA, p > 0.05). In some oocytes, NMDA-
activated current exhibited a slow increase in amplitude; this
phenomenon was not observed in a Ca’*-free extracellular
bathing solution containing 20 mm Ba®*, suggesting that it is a
Ca?*-dependent current (data not shown). The records in
Fig. 1, right, show that, after ethanol was washed out for several
minutes, the ethanol-induced inhibition of NMDA-activated
current recovered fully in Xenopus oocytes, as reported previ-
ously for neurons (23, 24).

Fig. 2 illustrates the relationship between the amplitude of
current activated by NMDA and the inhibition by ethanol for
the €¢1/{1 subunit combination. The graph in Fig. 2 plots
concentration-response curves for NMDA-activated current in
the absence and presence of 100 mM ethanol. With NMDA
concentrations from 10 to 250 uM, NMDA-activated current
amplitude increased in a concentration-dependent manner.
The curves shown are the best fit of the data to the logistic
equation y = E.../[1 + (x/ECs)™"]). The apparent Hill coeff-
cient for the NMDA concentration-response curve was 1.6 and
the ECy, was 57 uM. At NMDA concentrations of =500 uM, the
amplitude of NMDA-activated current was attenuated by the
rapid onset of desensitization (data not shown). In the presence
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Fig. 2. Relationship between the amplitude of current activated by NMDA
and the inhibition by ethanol (EtOH). For the ¢1/{1 subunit combination
the graph plots concentration-response curves for NMDA-activated cur-
rent in the absence (O) and presence (®) of 100 mm ethanol. Data points,
NMDA-activated current amplitude (mean + standard error; n = 6) for
the NMDA concentrations indicated. Ethanol reduced Eme: for the NMDA
concentratk curve (ANOVA, p < 0.001) but did not signifi-
cantly affect the ECso (ANOVA, p > 0.05). The percentage inhibition by
100 mm ethanol of current activated by 10, 25, 50, 100, and 250 um
NMDA was 34, 28, 33, 44, and 41%, respectively; these values are not
significantly different (ANOVA, p > 0.05). The currents were recorded in
an extracellular bathing solution containing 2 mm Ca?*; similar results
were obtained in an extraceliular bathing solution containing 2 mm Ba?*.
All solutions containing NMDA also contained 10 um glycine. Error bars
not visible are smaller than the size of the symbols.

of ethanol, the maximal amplitude of the NMDA concentra-
tion-response curve (En..) was significantly reduced to 63%
(ANOVA, p < 0.001), but there was no significant change in
the ECs, or the apparent Hill coefficient (ANOVA, p > 0.05).
In addition, the values of percentage inhibition by ethanol were
not significantly different for currents activated by NMDA
concentrations from 10 to 250 uM (ANOVA, p > 0.05).

Fig. 3 shows a concentration-response curve for ethanol
inhibition of NMDA-activated current for the ¢2/{1 subunit
combination. Each data point represents the average percent-
age inhibition of NMDA-activated current by different ethanol
concentrations, as indicated. Ethanol concentrations of 5, 10,
25, 50, and 100 mM inhibited the NMDA-activated current by
3,9, 23, 26, and 28%, respectively. The numbers indicate that
increasing concentrations of ethanol produced increasing in-
hibition of NMDA-activated current; however, the effects of 5
and 10 mM ethanol were not statistically significant (ANOVA,
p > 0.05) and the effects of 25, 50, and 100 mM ethanol were
not significantly different (ANOVA, p > 0.05). NMDA-acti-
vated currents in oocytes expressing the ¢2/{1 subunit combi-
nation also exhibited a range of different sensitivities to
ethanol. Thus, although in most oocytes 25 mM ethanol inhib-
ited NMDA-activated current by 20-30%, 25 mM ethanol in-
hibited NMDA-activated current in some oocytes by as much
as 60% and in other oocytes by as little as 10%. Such differences
in ethanol sensitivity have been observed with the same batch
of mRNA and with oocytes from the same frog, suggesting that
they may involve some type of post-translational processing or
perhaps differences in the number of ¢2 and {1 subunits com-
prising the expressed receptor. A wide range of different sen-
sitivities of NMDA-activated current to ethanol was not ob-
served for the other NMDA subunits or subunit combinations
tested.

Fig. 4 compares concentration-response curves for ethanol
effects on NMDA-activated currents in oocytes expressing dif-
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Fig. 3. Concentration-response curve for ethanol effect on NMDA-acti-
vated current in oocytes expressing the «2/{1 combination of NMDA
receptor subunits. Data points, percentage inhibition (mean + standard
error) by 5, 10, 25, 50, and 100 mm ethanol of currents activated by 100
um NMDA; the averages are 3, 9, 23, 26, and 28%, respectively (n = 6
for 5 and 10 mm ethanol and n = 17 for 25, 50, and 100 mm ethanol).
The extraceliular bathing solution contained 2 mm Ba?* The effect of
ethanol is not statistically significant for ethanol concentrations of 5 and
10 mm (ANOVA, p > 0.05). The effect of ethanol is for ethanol
concentrations of 25, 50, and 100 mm (ANOVA, p < 0.001). The
inhibitions by 25, 50, and 100 mm ethanol are not significantly different
(ANOVA, p > 0.05).
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Fig. 4. Comparison of concentration-response curves for ethanol effects
on NMDA-activated currents in oocytes expressing different NMDA
receptor subunits or subunit combinations. Data points, percentage
inhibition (mean + standard error) by 25, 50, and 100 mm ethanol of
currents activated by 100 um NMDA; the numbers of oocytes studied
were as follows: {1,n = 5; ¢1/{1,n = 8; /{1, n = 17, and 3/{1, n =
5. mexmmmmﬁoncomanedZmuBa"fortfwexpef
iments with all heteromeric combinations and 2 mm Ca®* for the experi-
ments with {1, because of the small size of the {1 currents with Ba®*.
Experiments comparing the effects of 50 mm ethanol in extracefiular
bathing solutions containing Ca?* or Ba?* showed that there was no
significant difference in the percentage inhibition of NMDA-activated
currents between extraceliular solutions containing 2 mm Ca?* or 2 mm
Ba?*, for any of the tested NMDA receptor subunits or subunit combi-
nations (data not shown). All solutions containing NMDA also contained
10 um glycine. For both the ¢1/¢1 and €2/$1 subunit combinations, ethanol
inhibition of NMDA-activated current is significant for ethanol concentra-
tions of 25, 50, and 100 mm (ANOVA, p < 0.001). However, for the
homomeric {1 subunit the effect of ethanol on NMDA-activated current
is not significant for any of the ethanol concentrations of <100 mm
(ANOVA, p > 0.05), and for the «3/{1 subunit combination ethanol had
a significant effect on NMDA-activated current only at a con-
centration of 100 mm (ANOVA, p < 0.001).

ferent NMDA receptor subunits or subunit combinations. Each
data point represents the average percentage inhibition of
NMDA-activated current by 25, 50, and 100 mM ethanol for
different NMDA receptor subunits, as indicated. For the ¢1/{1
subunit combination, and as noted above for the €2/{1 subunit
combination, ethanol inhibition of NMDA-activated current
was significant for these three concentrations of ethanol (AN-
OVA, p < 0.001). In addition, although the NMDA-activated
current associated with the ¢2/{1 combination was inhibited
nearly maximally by 25 mM ethanol, i.e., the inhibition by 50
or 100 mM ethanol was not significantly different from the
inhibition by 256 mM ethanol (see above), the NMDA-activated
current associated with the ¢1/{1 combination was increasingly
inhibited by increasing concentrations of ethanol over the
concentration range of 25-100 mM, with 100 mM ethanol ex-
hibiting maximal inhibition of NMDA-activated current (44%
of control). Additionally, ethanol concentrations of 25 and 50
mM ethanol did not significantly affect NMDA-activated cur-
rent associated with the ¢3/{1 subunit combination (ANOVA,
p > 0.05); however, 100 mM ethanol inhibited this current by
19%, which was statistically significant (ANOVA, p < 0.001).
The NMDA-activated current associated with the homomeric
expression of the {1 subunit was not significantly affected by
ethanol concentrations of <100 mM (ANOVA, p > 0.05).
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Discussion

The observations reported here indicate that recombinant
NMDA receptor subtypes expressed in Xenopus oocytes exhibit
differential sensitivity to ethanol. The differences in ethanol
sensitivity are not correlated with the amplitude of NMDA-
activated current, because NMDA activated the largest currents
in oocytes expressing the ¢2/{1 subunit combination but 100
mM ethanol inhibited NMDA -activated current to the greatest
extent in oocytes expressing the ¢1/¢{1 subunit combination. In
addition, the concentration-response curve for NMDA revealed
that the percentage inhibition by ethanol was similar for dif-
ferent amplitudes of NMDA-activated current. A differential
sensitivity to ethanol has also been observed for NMDA-me-
diated responses in different types of neurons. For example,
NMDA -activated current in adult DRG neurons has been found
to be considerably more sensitive to ethanol (23) than NMDA-
activated current in cultured hippocampal neurons (24) or
NMDA-mediated synaptic excitation in hippocampal slices
(25). Similarly, differences in the concentration-response
curves for ethanol inhibition of NMDA-activated current have
also been reported for different types of neurons. In adult DRG
neurons, 25 mM ethanol was found to be nearly maximal for
inhibition of NMDA-activated current, and 50 and 100 mM
ethanol concentrations were not significantly different (23),
whereas there was a more gradual increase in the potency of
25-100 mM ethanol for inhibiting NMDA -activated current in
cultured hippocampal neurons (24). In addition, NMDA-acti-
vated neuronal spike firing has been reported to be inhibited
by ethanol in medial septal nucleus, inferior colliculus, and
hippocampus (26, 27), but NMDA-activated spike firing has
been found to be insensitive to ethanol in lateral septum (27).

It has been suggested that the ¢ subunits are responsible for
the functional heterogeneity of NMDA receptors, because a
diversity of physiological and pharmacological properties were
observed when different ¢ subunits were expressed heteromer-
ically with {1 (16-18, 22). Consistent with this hypothesis, the
¢ subunits appear to contribute to the diversity of responses of
NMDA receptors to ethanol, because we found that NMDA-
activated currents associated with homomeric {1 expression
were not significantly inhibited by ethanol, whereas different ¢
subunits expressed heteromerically with {1 manifested a diver-
sity of ethanol sensitivities. The ethanol sensitivity of NMDA-
activated current associated with the heteromeric expression of
¢/¢1 subunits appears to be qualitatively similar to the ethanol
sensitivity of NMDA-activated current in mammalian neurons;
however, there are quantitative similarities and differences. For
example, the concentration-response curve for ¢1/{1 is quanti-
tatively similar to the concentration-response curves for cul-
tured cortical neurons, observed recently in our laboratory (28).
On the other hand, maximal inhibition of NMDA-activated
current by 50 mM ethanol with heteromeric ¢/{1 subunits was
31% (e1/{1), compared with 83% for adult DRG neurons (23).
The differences between the ethanol sensitivity of the NMDA-
activated current associated with the heteromeric subunits
expressed in the present experiments and that of NMDA-
activated current in certain types of neurons may be due to the
combinations of subunits studied. In the experiments reported
here, only one ¢ subunit, either ¢l, €2, or 3, was expressed with
¢1. The combinations of different NMDA subunits normally
found in different types of neurons are not known. There is,
however, some information on the subunit composition of
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another ligand-gated ion channel, the nicotinic ACh receptor.
For example, the nicotinic ACh receptor in Torpedo electric
organ is a pentameric protein composed of two a, one 3, one v,
and one 4 subunit (29, 30). Because NMDA receptors belong to
the same superfamily of receptors as nicotinic ACh receptors,
it is possible that NMDA receptors may also be composed of
several different subunits, which in combination may confer
different physiological and pharmacological properties. An ¢4
subunit of the NMDA receptor has also been cloned (19), but
its sensitivity to ethanol has not yet been studied. In addition,
a number of splice variants of NMDAR1 ({1) have been re-
ported (21, 22, 31, 32), and these splice variants may also
contribute to differences in the ethanol sensitivity of different
types of neurons (33). It is also possible that there are NMDA
receptor subunits that have not yet been cloned.

NMDA receptor subunits are differentially distributed
throughout the brain. In situ hybridization experiments have
revealed that {1 (NMDAR1) mRNA is widely distributed
throughout the brain (14, 16, 18, 20). The mRNA for the el
(NMDAR2A) subunit is found predominantly in pyramidal
cells of the hippocampal gyrus and granule cells of the dentate
gyrus and cerebellar cortex (16, 18, 20). The €2 (NMDAR2B)
subunit mRNA is localized predominantly in forebrain, with
little hybridzation being detected in cerebellum, whereas the €3
(NMDAR2C) subunit hybridization is predominantly in cere-
bellar granule cells, with little hybridization being detected in
cerebrum and brainstem (16, 18, 20). Despite these studies,
information on the distribution of NMDA receptor subunits in
brain is not yet sufficiently detailed for correlation of the
cellular receptor subtype localization with neuronal NMDA
receptor sensitivity to ethanol. However, the differential sen-
sitivity of different NMDA receptor subunits to ethanol sug-
gests that the diversity of NMDA receptor subunit distribution
in different brain regions may contribute to the diversity of
ethanol sensitivity of NMDA receptors in neurons from differ-
ent brain regions. Moreover, variation in the expression of
different NMDA receptor subunits in different brain regions
may contribute to biological variability in the behavioral effects
of alcohol.

The mechanism by which ethanol inhibits NMDA-activated
current has not been established. Previous whole-cell patch-
clamp experiments on neurons indicated that the effect of
ethanol on NMDA-activated current is not voltage dependent,
it does not result from a change of the ion selectivity of the
channel, and it does not appear to be due to an alteration of
one of the regulatory sites on the NMDA receptor channel (34).
Recent single-channel experiments suggested that ethanol in-
hibits NMDA-activated current by altering gating of the chan-
nel (28). This effect appears to be due to an interaction of
ethanol with a hydrophobic pocket on the NMDA receptor
channel protein (35). The observation of differential sensitivi-
ties of recombinant NMDA receptor subunits may provide a
basis for future studies on the molecular site of ethanol action
on NMDA receptors.
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