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Abstract
Background—The effects of ethanol on brain function are thought to be due in part to
alterations in the activity of ion channels that regulate synaptic activity. Results from previous
studies from this lab and others have shown that ethanol inhibits the function of the N-methyl-D-
aspartate (NMDA) receptors, a calcium-permeable ion channel activated by the neurotransmitter
glutamate. Factors that alter the acute sensitivity of NMDA receptors to ethanol may be critical in
determining how neurons and neuronal networks respond to the presence of ethanol. In this study,
we have examined the effect of physiologically relevant concentrations of magnesium on the
ethanol sensitivity of recombinant NMDA receptors and how ethanol inhibition under these
conditions is influenced by the NR3A subunit.

Methods—Recombinant cDNAs encoding NMDA receptor subunits were expressed in human
embryonic kidney (HEK) 293 cells. Whole-cell patch-clamp electrophysiology was used to
measure currents induced by rapid application of glutamate in the absence and presence of
ethanol.

Results—In magnesium-free recording solution, ethanol inhibited glutamate-mediated currents
in cells transfected with NMDA receptor subunits. The magnitude of ethanol inhibition was
significantly enhanced when recordings were carried out in media containing 1 mM magnesium.
This effect was reversible and required magnesium-sensitive receptors. Magnesium did not
enhance ethanol inhibition of glycine-activated NR1/NR3A/NR3B receptors. However, NR3A co-
expression prevented the enhancement of ethanol's inhibitory effect on receptors composed of
NR2A but not NR2B subunits.

Conclusions—These results suggest that under physiological conditions, NR3A may be an
important regulator of the acute ethanol sensitivity of brain NMDA receptors
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N-methyl-D-aspartate receptors are heteromeric ion channels activated by glutamate and
related excitatory amino acids (reviewed by Dingledine et al., 1999). They are expressed
throughout the brain and are particularly enriched on dendritic spines, specialized neuronal
compartments housing structural and functional elements involved in excitatory
neurotransmission. NMDA receptors are particularly important in regulating neuronal
plasticity, the ability of synapses to undergo reversible changes in signaling efficacy thought
to be important in mediating many forms of learning and memory. While changes in
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synaptic efficacy are likely to be important in the behavioral adaptation during normal
experience-dependent learning, alterations in NMDA receptor activity by drugs or disease
may be counter-productive and could contribute to the persistence of maladaptive behaviors
that characterizes the addictive state (Hyman and Malenka, 2001).

In recent years, a growing body of evidence has suggested that changes in glutamate-
mediated signaling may be especially important in mediating some of the actions of ethanol
(Chandler, 2003). Both native and recombinant NMDA receptors are reversibly inhibited by
acute application of ethanol (Lovinger et al., 1989; Mirshahi and Woodward, 1995) while
long-term exposure to ethanol induces marked changes in the synaptic localization and
function of NMDA receptor subunits (Carpenter-Hyland et al., 2004). These results suggest
the acute ethanol sensitivity of NMDA receptors may be an important factor involved in the
development of alcohol dependence.

The magnitude of ethanol's inhibition of NMDA receptors is influenced by several factors
including subunit composition (Jin and Woodward, 2006), interaction with cytoskeletal
elements (Anders et al., 2000) and the developmental status of the brain (Lovinger, 1995).In
general, NMDA receptors in adolescent brains appear more sensitive to inhibition by ethanol
(Swartzwelder et al., 1995) and in some brain areas this appears to be correlated with the
level of expression of NR2B subunits that are highest during early periods of development
(Lovinger, 1995; but see Popp et al., 1999). One factor that has received only modest
attention in the search for conditions that regulate ethanol sensitivity of NMDA receptors is
the divalent cation magnesium.

Most in vitro studies that measure NMDA receptor function routinely use magnesium-free
solutions to avoid the well-known voltage-dependent block of receptor current by this ion.
However, in some studies, the ethanol inhibition of NMDA-mediated responses was
reported to be significantly enhanced when experiments were conducted with physiological
(~1 mM) levels of magnesium (Chandler et al., 1994; Martin et al., 1991; Morrisett et al.,
1991). In those studies, the subunit makeup of the neuronal NMDA receptors was not
known. Both NR2A and NR2B containing receptors show a high sensitivity to magnesium
block while those containing NR2C or NR2D are less affected (Monyer et al., 1994; Stern et
al., 1994). Magnesium block of NMDA receptors is also influenced by the presence of the
modulatory NR3 subunit that shows both regional and developmentally regulated profiles of
expression. In this study, we tested whether the ethanol inhibition of recombinant NMDA
receptors is also enhanced by extracellular magnesium and whether this effect is regulated
by the NR3A subunit.

Materials and Methods
Molecular Biology, Cell Culture and Transfection

The NMDA receptor cDNAs used in these experiments were kindly provided by the
following individuals: NR1-1a and NR2A (Drs. S. Nakanishi, Kyoto, Japan), NR2B and
NR2D (Dr. P. Seeburg, Max Planck Institute for Medical Research, Heidelberg, Germany),
NR3A (Dr. S. Lipton, Burnham Institute for Medical Research, La Jolla, CA) and
NR2A(H128S) (J. Neyton, Paris, France). To identify cells that expressed the NR3 subunit,
the coding region for NR3A was subcloned into the green fluorescent protein expression
vector, pGFP-N3 as previously described (Smothers and Woodward, 2003). Human
embryonic kidney (HEK) 293 cells were obtained from ATCC (Manassas, VA). Cells were
maintained in feeder flasks containing serum-supplemented DMEM in a humidified
incubator supplied with 5% CO2 and were split weekly. For recordings, cells were plated
onto poly-ornithine coated 35 mm dishes and transfected with plasmids encoding various
NMDA receptor subunits using Lipofectamine 2000 (Invitrogen, Inc.) according to the
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manufacturer's recommendation. A cDNA encoding enhanced green fluorescent protein
(eGFP) was included in the transfection mixture Plasmids were used at a ratio of 1:1:1
unless otherwise indicated. In some experiments, a cDNA plasmid encoding an NR3A-GFP
fusion protein was used instead of eGFP. Following transfection, the NMDA antagonist AP5
(200 µM) was added to the media to prevent glutamate-mediated excitotoxicity (Cik et al.,
1994). AP5 was removed by extensive washing prior to recording.

Electrophysiology
Dishes containing transfected cells were mounted on the stage of an Olympus IX50 inverted
microscope and perfused with extracellular recording solution at 1–2 ml/min. The recording
solution contained (in mM); NaCl (135), KCl (5.4), CaCl2 (1.8), HEPES (5), glucose (10),
(pH adjusted to 7.4 and osmolarity adjusted to 310–325 mOsm with sucrose. Patch pipettes
(2–5 mOhms) were pulled from borosilicate glass (1.5 × 0.86 mm) and filled with internal
solution containing (in mM); CsCl (140), HEPES (10), MgCl2 2, K2ATP (4), EGTA 2.5,
and TEA 2.0 (pH adjusted to 7.2 with KOH). Transfected cells were identified by eGFP
fluorescence and whole-cell voltage clamp recordings were carried out at room temperature
using an Axon 200B microamplifier (Molecular Devices, Union City, CA). Cells were
initially held at −60 mV to monitor seal breakthrough and then stepped to −30 mV for
recording. Whole-cell capacitance and series resistance were compensated for and access
resistance was monitored over the course of the experiment. Cells with unstable holding
currents were not used for analysis. NMDA receptor currents were evoked using a Warner
FastStep multi-barrel perfusion system to switch between normal extracellular solution to
one containing agonist (glutamate (10 µM) plus glycine (10 µM)) or agonist plus ethanol
(25–100 mM). Each cell tested was exposed to duplicate solutions containing agonist (− and
+ ethanol) with or without added magnesium. The order of solutions was alternated between
cells. Data were filtered at 1–2 kHz and acquired at 5 kHz using an Instrutech ITC-16 digital
interface (Instrutech Corp., Port Washington, NY) controlled by IgorPro software
(Wavemetrics, Lake Oswego, OR) running the Pulse control acquisition module. Data were
analyzed offline using Axograph software (Axograph, Sydney, New South Wales,
Australia). Agonist-evoked currents were baseline subtracted and amplitudes were measured
during the last 0.5 seconds of agonist application when currents had reached steady-state
levels. Ethanol inhibition was calculated using the formula (1-(IGiutamate+Etoh/Icontroi)) ×
100, where IGlutamate+Eioh represents the response to co-application of agonist + ethanol, and
Icontrol represents the mean of two responses to agonist, one before and one after the co-
application of ethanol. Ethanol was purchased from Aaper Alcohol and Chemical Company
(Shelbyville, KY) while all other chemicals were purchased from Sigma Chemical Company
(St. Louis, MO).

Data Analysis
Data are expressed as mean ± SEM and were analyzed by paired t-test using Prism 4.0
software (Graphpad Software, San Diego, CA).

Results
NMDA receptor subunits were expressed in HEK293 cells and whole-cell patch-clamp
electrophysiology was used to monitor currents evoked during application of glutamate and
glycine. In each cell tested, the effects of ethanol on NMDA receptor currents were
determined in the absence and presence of extracellular magnesium. During these
recordings, cells were held at −30 mV, a membrane potential at which inward currents are
near maximal in the presence of 1 mM magnesium (Monyer et al., 1992).
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In the absence of Mg++, ethanol (100 mM), inhibited glutamate-activated currents in cells
expressing NR1-1a/2A subunits by approximately 28% (Figure 1A). The inhibition
increased to approximately 35% in the presence of 1 mM magnesium. Since NR1/2A
receptors display a voltage-independent block by low nanomolar concentrations of zinc, we
performed several experiments to test whether the enhanced ethanol inhibition of NR1/2A
receptors may have been due to contaminating levels of zinc. First, the NR1-1b splice
variant was substituted for NR1-1a. NR1-1b subunits contain an alternatively spliced N-
terminal cassette that markedly attenuates inhibition by zinc and other modulators (Low et
al., 2003). In these experiments, ethanol inhibited NR1-1b/2A receptors by approximately
29% in the absence of magnesium (Figure 1B). Inhibition increased to 42% in the presence
of magnesium. A similar increase in ethanol inhibition was observed in cells expressing
NR1-1a and a zinc-insensitive NR2A(H128S) mutant (data not shown). We then tested the
effects of magnesium on the ethanol sensitivity of NR2B containing receptors. NR1/NR2B
receptors also show a high sensitivity to magnesium block but are insensitive to nanomolar
concentrations of zinc found in most extracellular solutions. In the absence of magnesium,
ethanol inhibited NR1-1a/2B receptors by approximately 40%. Inhibition increased to nearly
60% in the presence of 1 mM magnesium (Figure 1C). The effect of magnesium on ethanol
inhibition also was observed at lower concentrations of ethanol. For example, in NR1-1a/
NR2B receptors, magnesium increased the degree of ethanol inhibition (mean ± SEM) at
both 25 mM (zero magnesium, 4.7% ± 2.1; in 1 mM magnesium, 11.1% ± 2.6; N=5) and 50
mM ethanol (zero magnesium, 11.9% ± 1.9; in 1 mM magnesium, 38.9% ± 7.4; N=6).
Together, these results suggest that physiologically relevant levels of magnesium enhance
the magnitude of ethanol inhibition of recombinant NMDA receptors.

One question that arises from these observations is whether they reflect a magnesium-
dependent increase in ethanol inhibition or an ethanol-induced increase in magnesium
inhibition. Several experiments were conducted to try and address this issue. First we tested
whether ethanol alters the voltage-dependence of magnesium inhibition of the receptor. In
these experiments, a current-voltage (IV) relationship was generated by ramping the
membrane potential of NR1/2A transfected cells between −80 mV and +40 mV during
continuous application of glutamate and glycine. Figure 2A shows the well-known J-shaped
current-voltage relationship for NMDA receptors recorded in 1 mM magnesium. Under
these conditions, peak inward currents occurred at approximately −30 mV. When co-applied
with glutamate and glycine, ethanol (100 mM) reduced whole-cell currents but had no
significant effect on the overall characteristics of the IV curve. This is most clearly seen in
Fig 2B that shows IV curves in the absence and presence of ethanol after normalizing
currents in each cell to the peak current measured at +40 mV. The resulting superimposed
curves suggest that ethanol does not significantly affect the voltage-dependence of
magnesium block of NMDA receptors. We next tested the effects of ethanol on receptors
with diminished sensitivity to magnesium block. If intrinsic sensitivity to magnesium is
required for enhanced ethanol inhibition, eliminating this sensitivity should reduce or
abolish the effect. To test this hypothesis, we measured the ethanol inhibition of NR1/2D
receptors that are naturally much less sensitive to magnesium block (Monyer et al., 1994).
As shown in Figure 3A, under magnesium-free conditions, ethanol inhibited NR1-1a/2D
receptors by approximately 34%. In the presence of 1 mM magnesium, ethanol inhibition of
NR1/2D receptors was not significantly enhanced. To further test whether a magnesium
sensitive NMDA receptor is required to demonstrate enhanced ethanol inhibition, a mutant
NR1 subunit that is insensitive to magnesium was used. Magnesium block of NMDA
receptor current is eliminated when asparagine (N) 616 in the TM2 domain of the NR1
subunit is replaced with arginine (Sakurada et al., 1993). Cells transfected with
NR1(N616R) and the NR2A subunits were inhibited by approximately 40% by 100 mM
ethanol in the absence of magnesium (Figure 3B). When 1 mM magnesium was present, the
degree of ethanol inhibition was unchanged. Taken together with the data obtained with
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NR2D receptors, these results suggest that enhanced ethanol inhibition requires a
magnesium-sensitive NMDA receptor.

In addition to NR1 and NR2 subunits, the NMDA receptor family also contains the NR3A
and NR3B subunits. These subunits co-assemble with and influence the function of
heteromeric NR1/NR2 receptors and can also form novel glycine-activated channels when
combined with the NR1 subunit (Smothers and Woodward, 2007; Sucher et al., 1995). NR1/
NR3 channels show a linear IV curve in the presence and absence of magnesium suggesting
that they are magnesium-insensitive. In previous studies from this laboratory, we reported
that the ethanol inhibition of heteromeric NR1/NR2 receptors was not significantly altered
by the NR3A subunit and that glycine-activated NR1/NR3 receptors were modestly
inhibited by ethanol (Smothers and Woodward, 2003; Smothers and Woodward, 2007).
However, those studies were conducted in a magnesium-free recording solution. Thus, in the
present study, we re-examined whether the ethanol inhibition of heteromeric NR1/NR2 and
NR1/NR3 receptors is altered by magnesium.

Consistent with previous findings (Smothers and Woodward, 2007), HEK 293 cells
transfected with NR1/NR3A/NR3B subunits showed robust inward currents during
application of glycine (Figure 4A). These currents were inhibited by approximately 20%
during co-application of glycine and 100 mM ethanol. Unlike NR1/NR2 receptors, the
degree of ethanol inhibition of NR1/NR3A/NR3B receptors was not further enhanced by 1
mM magnesium (Figure 4B). We then determined ethanol inhibition in cells transfected with
NR1, NR2 and NR3A subunits. In these experiments, an NR3A-GFP fusion protein was
used to verify expression. In cells transfected with NR3A-GFP and either NR1-1a/2A or
NR1-1a/2B subunits, ethanol (100 mM) inhibited currents by approximately 20–22% in
magnesium-free buffer (Figure 5); values similar to that previously reported (Smothers and
Woodward, 2006). The ethanol inhibition of NR1/2B/NR3A-GFP receptors was
significantly increased to 35% in the presence of 1 mM magnesium. In contrast, there was a
slight reduction in the degree of ethanol inhibition of NR1-1a/2A/NR3A-GFP receptors
when recordings were carried out in magnesium-containing buffer (Figure 5).

Discussion
The major findings of the present study demonstrate that ethanol inhibition of NR1/NR2A
and NR1/NR2B recombinant NMDA receptors is enhanced when physiological levels of
extracellular magnesium are included in the recording buffer. This effect is regulated by the
NR3A subunit in an NR2 subunit dependent fashion. These findings add to our
understanding of the acute ethanol sensitivity of NMDA receptors and suggest a previously
unknown role for NR3A receptors.

Previous studies examining ethanol's inhibition of NMDA receptors have generally recorded
under conditions of reduced or zero magnesium (Lovinger et al., 1989; Mirshahi and
Woodward, 1995). This is because at the holding potentials used in these experiments (eg.,
−60 to −70 mV), NMDA receptor current is largely blocked by physiologically relevant
concentrations (1–2 mM) of magnesium. Removing magnesium from these solutions allows
neurons or transfected cells to be held at their normal resting membrane potential and
maintains a large electrical driving force and maximal NMDA current amplitudes. However,
early studies by Morrisset and colleagues suggested that the magnitude of ethanol inhibition
of NMDA responses from neurons was significantly enhanced by magnesium. For example,
Martin et al. (1991) showed that ethanol was approximately two-fold more potent at
inhibiting NMDA-induced depolarization of CA1 pyramidal neurons when recordings were
performed in the presence of 1 mM magnesium. This effect was specific for NMDA
responses as ethanol inhibition of AMPA or kainate-mediated depolarizations were
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unaffected by magnesium. In a follow-up study, Morrisett et al. (1991) demonstrated that the
ethanol inhibition of extracellular field potentials in CA1 hippocampus was also enhanced
when physiologically relevant levels of magnesium were present. Results from additional
experiments carried out in both of these studies suggested that ethanol and magnesium were
likely acting at distinct sites to inhibit channel function. In addition to these findings, a
similar enhancement of ethanol inhibition of NMDA responses by magnesium was reported
for neurons isolated from the basolateral amygdala (Calton et al., 1999). In that study,
ethanol inhibition of electrically evoked NMDA-mediated currents was attenuated when
magnesium levels in the bathing solution were reduced from 1 mM to 0.3 mM. Despite these
findings, not all studies have reported that magnesium has a significant effect on the ethanol
inhibition of neuronal NMDA responses (Lovinger et al., 1989; Peoples et al., 1997;
Woodward and Gonzales, 1990). This suggests that additional factors are likely to be
important in determining the magnitude and/or reproducibility of this effect.

In the present study, the magnesium-dependent increase in ethanol inhibition of recombinant
NMDA receptors was observed with NR1/NR2A and NR1/NR2B receptors that both show a
high sensitivity to magnesium. No additional increase in ethanol inhibition was observed in
receptors with low sensitivity to magnesium such as those containing the NR2D subunit or a
magnesium-insensitive NR1 subunit. The ability of magnesium to potentiate ethanol
inhibition of recombinant NR2A or NR2B containing receptors is in contrast with a previous
study conducted using Xenopus oocytes (Chu et al., 1995). In that study, magnesium had no
effect on the ethanol inhibition of either magnesium-sensitive (NR1/NR2A or NR1/NR2B)
or insensitive (NR1/NR2C) NMDA receptors. While the reason for this apparent
discrepancy is not known, differences in the experimental conditions between the two
studies may underlie these results. For example, in the Chu et al. (1995) study, the
concentrations of magnesium used to test for changes in ethanol inhibition were relatively
low ranging from 3 to 12.5 µM. These values are well below the concentration used in the
present study (1 mM) and the 0.5–3 mM concentrations used by Morrisett et al. (1991) and
Martin et al. (1991). As levels of magnesium in cerebrospinal fluid are near 1 mM and are
fairly tightly regulated, these results suggest under normal conditions, ethanol inhibition of
NMDA responses in vivo may be greater than that estimated under standard magnesium-free
recording conditions.

Although magnesium enhanced the ethanol inhibition of recombinant NMDA receptors in
the present study, this effect was most noticeable with NR2B receptors. During the first two
weeks of post-natal development in rodents, most neurons in the forebrain show greater
expression of NR2B versus NR2A subunits (Williams et al., 1993). NR2A subunit
expression rises dramatically following this time and most neurons in the adult brain show
robust expression of both NR2 subtypes. To date, there have been no studies that have
systematically investigated the relationship between NR2B expression and ethanol
sensitivity using physiologically relevant concentrations of magnesium. However, using
zero magnesium recording conditions, several studies have examined ethanol inhibition of
NMDA receptor currents during development. Results from these studies show that in some
brain regions (CA1 of the hippocampus), NMDA receptor ethanol sensitivity declines along
with an age-dependent decrease in the antagonist efficacy of NR2B selective antagonists
(Lovinger, 1995). However, in cerebellar granule neurons, NMDA responses do not show
changes in ethanol sensitivity despite a similar reduction in the effects of NR2B antagonists
(Popp et al., 1998). These results suggest that factors other than differences in NR2 subunit
expression are likely to be involved in determining the overall ethanol sensitivity of NMDA
receptors. Results from the present study suggest that the NR3A subunit may be one such
factor.
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NR3 subunits are a novel class of NMDA receptor proteins and are widely expressed
throughout the central and somatic nervous systems (Ciabarra et al., 1995; Sucher et al.,
1995). They share some sequence identity with NR1 subunits and bind glycine, but not
glutamate, with high affinity. NR3 subunits associate with NR1/NR2 receptors to reduce the
magnesium sensitivity and calcium permeability of these receptors. In the absence of NR2
subunits, NR1/NR3 receptors form functional receptors and generate glycine-dependent
currents (Chatterton et al., 2002; Madry et al., 2007; Smothers and Woodward, 2007).
Consistent with our previous findings (Smothers and Woodward, 2003), ethanol inhibited
glycine-activated currents in cells expressing NR1/NR3A/NR3B subunits. As expected for
these magnesium-insensitive receptors, this effect was not altered in the presence of 1 mM
magnesium. However, when NR3A was co-expressed with NR1/NR2A receptors, the
magnesium-dependent increase in ethanol inhibition was prevented. This effect was more
pronounced for NR2A containing receptors as magnesium still enhanced ethanol inhibition
of cells transfected with NR1/NR2B/NR3A subunits. These results suggest that in vivo,
NR3A subunits may differentially regulate the overall ethanol sensitivity of neuronal
NMDA receptors. This effect would be expected to be most noticeable in areas that show
high expression of both NR2A and NR3A subunits. Initial studies using in situ hybridization
showed that while NR3A mRNA was highly expressed during development, expression was
virtually absent in adult animals except for the nucleus of the olfactory tract (Sucher et al.,
1995). NR2A shows an opposite pattern of expression with low levels during development
and widespread expression in the adult brain (Monyer et al., 1994; Petralia et al., 1994).
However, subsequent studies using a monoclonal antibody to detect NR3A protein showed
that in rodents, NR3A subunits, while highly expressed during development continued to be
expressed in discrete brain areas during adulthood (Wong et al., 2002). In primates, NR3A
also shows a robust expression in the adult brain suggesting an important role for this
subunit in neuronal function (Mueller and Meador-Woodruff, 2005). Regions that show high
levels of NR3A in both adult rodents and primates include layer V of the prefrontal cortex
and specific nuclei of the thalamus, hypothalamus, hippocampus, amygdala, midbrain and
cerebellum (Mueller and Meador-Woodruff, 2005; Wong et al., 2002). Interestingly, areas
of the dorsal and ventral striatum show little NR3A expression in adult animals. As all of
these areas also express high levels of NR1 and NR2 subunits, these results suggest that in
vivo, the ethanol inhibition of NR1/NR2A receptors may be significantly affected by the
presence of the NR3A subunit.

In conclusion, the results of the present study suggest that the ethanol sensitivity of NMDA
receptors in the intact brain may be greater than previously thought. They also suggest that
the magnitude of inhibition may be influenced by brain regional differences the expression
of NR2 and NR3 subunits.
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Figure 1.
Magnesium enhances the ethanol inhibition of recombinant NMDA receptors expressed in
HEK 293 cells. A) Representative traces from cells expressing NR1-1a/2A, NR1-1b/2A or
NR1-1a/2B receptors during exposure to 10 µM glutamate (with 10 µM glycine, solid line)
in the absence or presence of ethanol (100 mM). Pairs of traces for each subunit
combination were collected from the same cell in the absence (left) and presence (right) of 1
mM MgCl2. B) Summary of ethanol inhibition of NMDA receptors in the absence and
presence of magnesium. Bars indicate percent inhibition of steady-state currents by ethanol
and are mean (±SEM) from 7–8 cells for each subunit combination. Symbol (*); value
significantly different from corresponding control, p < 0.05, paired t-test.
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Figure 2.
Effects of ethanol on the current-voltage relationship of NMDA receptors. A) HEK 293 cells
expressing NR1-1a/2A were stimulated with 10 µM glutamate (with 10 µM glycine) and
membrane potential was ramped between −80 mV and +40 mV. Lines represents the
average (N=6) leak-subtracted current in the presence of 1 mM magnesium obtained in the
absence and presence of ethanol (100 mM). B) For each cell tested in panel A, currents were
normalized to the peak current obtained at +40 mV. Each line represents the average
normalized IV curve from 6 different cells.
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Figure 3.
Ethanol inhibition of magnesium-insensitive NMDA receptors is not altered by magnesium.
A) Summary figure showing percent inhibition of NR1-1a/2D receptors by 100 mM ethanol
in the absence or presence of 1 mM MgCl2. B) Summary figure showing percent inhibition
of NR1(N616R)/2A receptors by 100 mM ethanol in the absence or presence of 1 mM
MgCl2. Values are mean (± SEM) from 6–9 cells.
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Figure 4.
Ethanol inhibition of NR1/NR3A/NR3B receptors is not altered by magnesium. A) Traces
show the response of a single HEK 293 cell transfected with NR1/NR3A/NR3B subunits
during exposure to 100 µM glycine (± 100 mM ethanol) in the absence and presence of 1
mM MgCl2. B) Summary figure showing percent inhibition by 100 mM ethanol of NR1/
NR3A/NR3B receptors in the absence and presence of magnesium. Values are mean (±
SEM) from 13–16 cells.
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Figure 5.
Effect of the NR3A subunit on ethanol inhibition of NMDA receptors. A) Representative
traces from cells expressing NR1-1a/NR2A/NR3A-GFP or NR1-1a/NR2B/NR3A-GFP
during exposure to 10 µM glutamate (with 10 µM glycine, solid line) in the absence or
presence of ethanol (100 mM). Pairs of traces for each subunit combination were collected
from the same cell in the absence (left) and presence (right) of 1 mM MgCl2. B) Summary
of ethanol inhibition of NMDA receptors in the absence and presence of magnesium. Bars
indicate percent inhibition of steady-state currents by ethanol and are mean (±SEM) from 8–
10 cells for each subunit combination. Symbol (*); value significantly different from
corresponding control, p < 0.05, paired t-test.
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