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The bed nucleus of the stria terminalis (BNST) is a critical region for
alcohol/drug-induced negative affect and stress-induced reinstate-
ment. NMDA receptor (NMDAR)-dependent plasticity, such as long-
term potentiation (LTP), has been postulated to play key roles in
alcohol and drug addiction; yet, to date, little is understood regard-
ing the mechanisms underlying LTP of the BNST, or its regulation by
ethanol. Acute and chronic exposure to ethanol modulates gluta-
mate transmission via actions on NMDARs. Despite intense investi-
gation, tests of subunit specificity of ethanol actions on NMDARs
using pharmacological approaches have produced mixed results.
Thus, we use a conditional GluN2B KO mouse line to assess both
basal and ethanol-dependent function of this subunit at glutamate
synapses in the BNST. Deletion of GluN2B eliminated LTP, as well as
actions of ethanol on NMDAR function. Further, we show that
chronic ethanol exposure enhances LTP formation in the BNST.
Using KO-validated pharmacological approaches with Ro25-6981
and memantine, we provide evidence suggesting that chronic
ethanol exposure enhances LTP in the BNST via paradoxical extra-
synaptic NMDAR involvement. These findings demonstrate that
GluN2B is a key point of regulation for ethanol’s actions and suggest
a unique role of extrasynaptic GluN2B-containing receptors in
facilitating LTP.
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The bed nucleus of the stria terminalis (BNST) is an area of the
brain that underlies the negative reinforcing properties asso-

ciated with drug/alcohol dependence, and has been shown in nu-
merous studies to be critical for expression of stress-induced
reinstatement of drug-seeking behavior (1–7). Although the mo-
lecular and physiological regulation of drug-related behaviors is
not completely understood, numerous studies suggest a key role
for synaptic plasticity in the long-term actions of alcohol and drugs
of abuse. Thus, understanding how plasticity is regulated by eth-
anol and drugs of abuse in the BNSTwill be vital to the therapeutic
development of treatments for alcohol and drug use disorders.
A primary action of ethanol is inhibition of NMDA receptor

(NMDAR) function (8–10). The NMDAR is a heterotetrameric
complex composed of two obligatory GluN1 (formerly NR1)
subunits and two GluN2 (formerly NR2) and/or GluN3 subunits
(11). Numerous subunit combinations are possible, with eight
different splice variants of GluN1 subunit and four distinct GluN2
subunit isoforms (A, B, C, and D). The predominant GluN2
subunits in adult forebrain are GluN2A and GluN2B, which dic-
tate many channel properties, such as decay time, localization,
intracellular signaling, and conductance (11, 12).
Exact mechanisms by which ethanol inhibits NMDAR function

are not well-defined but fall into two categories: one involving
direct interactions of ethanol with the NMDAR and/or the
NMDAR–membrane interface, and another involving ethanol-
driven posttranslational modifications of the NMDAR (13–17). It
remains unclear whether there is subunit selectivity (GluN2A vs.
GluN2B) for these acute ethanol effects in vivo.Many studies have

pharmacologically addressed this question and yielded mixed
results (18–23). In the BNST, ethanol dose-dependently inhibits
NMDARs, and this effect is attenuated with a GluN2B antagonist
(24, 25). More chronic ethanol treatments have been shown to
alter NMDAR expression, signaling, and plasticity during with-
drawal (26, 27) in portions of the BNST. Indeed, in many brain
regions, withdrawal from chronic ethanol increases GluN2B ex-
pression (28–33). This enhancement could be produced by in-
creased expression in synaptic or extrasynaptic populations of
GluN2B-containing NMDARs (34, 35). A recent report suggests
that ethanol withdrawal produces lateral movement of synaptic
GluN2B populations to extrasynaptic sites in hippocampal neu-
rons, perhaps facilitating future plasticity (35).
Delineation of roles of GluN2A and GluN2B has met with

difficulties because of problems with nonselective drugs (36–39)
and lethality of constitutive KOs (40). The current work set out to
determine the role of GluN2B in actions of acute and chronic
ethanol on glutamate synapses in dorsal lateral (dl) BNST using
a GluN2B conditional KO line. Results from these studies dem-
onstrate a key role for GluN2B in both the acute and chronic
actions of ethanol. Moreover, a combination of genetic and
pharmacological approaches suggests an unanticipated role of
extrasynaptic receptors in positively modulating long-term poten-
tiation (LTP) in the BNST after chronic ethanol exposure.

Results
Validation of GluN2B Deletion. Western blot analysis of punches
from isolated dlBNST showed dramatically reduced GluN2B
levels [21% ± 4% of control; t(14) = 10.62; P < 0.0001; Fig. 1B],
similar to other results obtained with this mouse model (41).
Furthermore, there was a significant decrease in decay time of
evoked NMDAR excitatory postsynaptic currents (EPSCs) in
BNST neurons from KO mice [control: 390.9 ± 70.0 ms vs.
GluN2B KO: 164.9 ± 53.0 ms; t(15) = 2.622; P < 0.05; Fig. 1C],
consistent with previous studies using GluN2B KO mice to ex-
amine hippocampal excitatory transmission (7, 42).

Basal Glutamate Transmission in GluN2B KO Mice. To begin to assess
the impact of GluN2B deletion on glutamatergic synapses, we
probed levels of other NMDAR subunits and associated proteins.
As has been observed in other GluN2B KO mice (7, 41), GluN1
levels were reduced [34 ± 4% of controls; t(14) = 9.42; P <
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0.0001; Fig. 1B], whereas levels of GluN2A remained unchanged
[85.4± 12%of controls; t(13) = 0.8179; P=not significant (N.S.);
Fig. 1B]. There was also a reduction in CaMKIIβ [69.4 ± 8% of
controls; t(14) = 4.411; P < 0.001], a nonsignificant trend for
reduced CaMKIIα [69.3 ± 13% of controls; t(14) = 1.926; P =
0.075], and normal levels of GluA1 [79 ± 13% of controls; t(14) =
1.37; P = N.S.].
We next assessed basal excitatory transmission onto dlBNST

neurons using whole-cell patch-clamp recordings. AMPA receptor
(AMPAR)-mediated spontaneous EPSC (sEPSC) amplitude was
unchanged by GluN2B deletion [t(11) = 1.443; P=N.S.; Fig. 2A];
however, there was a significant increase in sEPSC frequency
[t(11) = 2.334; P < 0.05; Fig. 2A]. Consistent with these data,
paired pulse ratios (PPRs) of evoked AMPAR-mediated EPSCs
were reduced over all interstimulus intervals (20, 40, and 60 ms) in
GluN2B KO mice compared with controls [F(1,36) = 5.95; P <

0.05; Fig. 2B]. Together, these data indicate that glutamate release
probability is increased in dlBNST of GluN2B KO mice.
We also examined the ratios of evoked EPSCs at different

holding potentials to generate an AMPA/NMDA ratio. Consistent
with a previous study using a GluN2B KO to study excitatory
transmission in the hippocampus (42), AMPA/NMDA ratios of
evoked EPSCs recorded fromGluN2BKOmice were substantially
increased relative to controls [t(10) = 4.113; P < 0.005; Fig. 2C].
This could be a function of either enhanced AMPAR function,
reduced functional NMDAR contribution at the synapse, or a
combination of the two. Because GluA1 protein levels and sEPSC
amplitudes are unchanged in GluN2B KO mice, these data are
consistent with reduced function of NMDARs.

GluN2B Is Necessary for LTP in dlBNST. We next assessed the role of
GluN2B in BNST LTP induction using both the GluN2B KO as
well as theGluN2B antagonist Ro25-6981.We previously reported

Fig. 1. Breeding strategy and verification of GluN2B KO mice. (A) Schematic of breeding strategy for production of GluN2B KO mice. Mice are homozygous
for the GluN2Bfl/fl allele and heterozygous for either the CaMKIIα-tTA transgene or tetO-CRE transgene. (B) Western blot analysis of GluN2B, GluN1, and
GluN2A expression levels in dlBNST (representative image of punch locations marked with yellow arrow) of control (single-transgene and WT littermates) and
GluN2B KO mice. (C) (Left) Decay time of evoked NMDAR EPSCs in neurons from control and GluN2B KO mice. (Right) Representative traces of NMDAR EPSCs
from control and GluN2B KO mice. *P < 0.05; **P < 0.01.

Fig. 2. Basal glutamate transmission in GluN2B KO mice. (A) Representative traces of sEPSCs from GluN2B KO mice and controls. Quantification of sEPSC
amplitude and frequency in dlBNST neurons from control (single-transgene and WT littermates) and GluN2B KO mice is shown. (B) Representative traces of
paired EPSCs at the 40-ms interstimulus interval in control and GLuN2B KO mice. PPRs of evoked 100- to 200-pA responses elicited with stimulus intervals of
20, 40, and 60 ms in dlBNST neurons from control (single-transgene and WT littermates) and GluN2B KO mice are plotted. (C) Representative traces at +40 mV
(red) and −70 mV (black) in neurons from control and GluN2B KO mice. Estimated AMPA/NMDA ratios were obtained from evoked EPSCs, comparing peak
current recorded at −70 mV (AMPAR component) with current measured at +40 mV at 50 ms (predominantly NMDAR component). *P < 0.05; **P < 0.01.
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that LTP in the BNST was intact in slices obtained from GluN2A
KO mice (39). In contrast, tetanization failed to produce LTP in
dlBNST from slices obtained from GluN2B KO mice (Fig. 3A).
There was a significant difference during the first 10 min following
tetanus between GluN2B KO mice and controls [t(26) = 2.295;
P < 0.05], with field potentials fromGluN2BKOmice returning to
baseline more quickly than controls. This difference between
groups was maintained at later time points, with GluN2B KO field
potentials returning to pretetanus levels [t(26) = 2.878; P < 0.01;
51–60 min after tetanus]. It is possible that the loss of LTP in these
experiments does not specifically reflect the loss of GluN2B but
rather a generalized reduction of NMDAR function. To address
this issue, we repeated LTP induction experiments in the presence
of picrotoxin (GABAA antagonist) to maximize tetanus-induced
depolarization and NMDAR activation. Similar to the experi-
ments in the absence of picrotoxin, there was a significant differ-
ence between groups, with field potentials returning to baseline at
later time points in slices fromGluN2BKOmice [t(9)= 2.790; P<
0.05; Fig. 3B]. Another potential explanation for the lack of LTP in
GluN2B KO mice is occlusion attributable to enhanced release
probability in these KO mice. Therefore, to add support for the
idea that the GluN2B subunit was required for LTP, we assessed
the impact of pharmacological inhibition of GluN2B-containing
NMDARs on BNST LTP in naive C57BL/6J mice. GluN2B an-
tagonism by application of 10 μM Ro25-6981 before tetanization
prevented significant LTP induction (Fig. 3C). There was no sig-
nificant difference in the field potential during the first 10 min
following tetanus between drug- and non–drug-treated controls
[t(11) = 0.758; P=N.S.]. However, at later time points (51–60min
following tetanus), there was a significant difference between slices
treated with GluN2B antagonist and nondrug controls [t(11) =
4.061; P < 0.005]. Application of the GluN2B antagonist caused
field potentials to return to baseline, whereas nondrug controls
remained potentiated. This 10-μM dose of Ro25-6981 alone (1-h
application) caused no significant change from baseline on field
potentials [t(4) = 0.4346; P = N.S.]. These results demonstrate
that the GluN2B subunit is necessary for LTP in dlBNST.

Lack of Acute Ethanol Sensitivity on NMDAR EPSCs in GluN2B KO Mice.
Ethanol (100 mM) has previously been shown to decrease evoked
NMDAR EPSC peak amplitude in the ventral BNST (vBNST)
(24), as well as inhibiting NMDAR-isolated field potentials in
dlBNST (25). Consistent with these findings, we observed in
control mice that 100 mM ethanol produced a decrease of ∼50%
in NMDAR EPSC peak amplitude in dlBNST [t(7) = 6.823; P <
0.0005; Fig. 4 A and C]. This effect of ethanol was absent in slices
prepared from GluN2B KO mice [t(7) = 0.367; P = N.S.; Fig. 4
A–C]. Importantly DL-2-Amino-5-phosphonopentanoic acid (DL-

APV) (100 μM), an NMDAR antagonist, was still able to cause
a sizable inhibition of the NMDAR EPSC peak amplitude in
GluN2B KO mice [t(2) = 22.74; P < 0.005; Fig. 4 B and C], il-
lustrating that NMDAR current is still present yet ethanol-in-
sensitive. Similarly, we demonstrated that in the presence of
GluN2B pharmacological antagonism using 10 μM Ro25-6981,
there was no effect of 100 mM ethanol on NMDAR EPSC peak
amplitude [t(4) = 0.2607; P = N.S.; Fig. 4D]. Further, we found
that ethanol sensitivity of NMDAR-isolated field potentials in
dlBNST is retained in slices prepared from GluN2A KO mice
[t(12) = 0.413; P=N.S.; Fig. 4E]. These data demonstrate that the
GluN2B subunit plays a critical role in mediating acute inhibitory
effects of ethanol on dlBNST NMDARs.

Chronic Intermittent Ethanol Exposure Produces GluN2B-Dependent
Enhancement of LTP. Initial studies were performed to determine
the effects of chronic intermittent ethanol (CIE; two 4-d cycles of
intermittent ethanol vapor; diagram in Fig. 5A) on LTP in dlBNST
in naive C57BL/6J mice. In these experiments, there was no dif-
ference at early time points [t(15) = 0.085; P = N.S.] but a signif-
icant enhancement in the amount of potentiation at the late time
point [t(15) = 3.909; P < 0.005; Fig. 5B] in ethanol-exposed mice
compared with their air-exposed counterparts.
To investigate the role of GluN2B in these chronic effects of

ethanol, control and GluN2B KO mice were also exposed to CIE,
and LTP in dlBNST was evaluated during withdrawal. During
withdrawal, there was a significant difference in both the early
[t(12) = 5.587; P< 0.001] and late [t(12) = 3.356; P< 0.01; Fig. 5C]
time points following the LTP induction protocol between control
andGluN2BKOmice. Notably, there was no change in the amount
of LTP in slices from GluN2B KO mice with or without chronic
ethanol exposure, demonstrating that the enhanced potentiation
seen in controls and C57BL/6J mice is GluN2B-dependent.

Pharmacological Modulation of Extrasynaptic GluN2B-Containing
NMDARs. The enhancement of GluN2B-dependent glutamate
transmission following chronic ethanol could be a result of sig-
naling through synaptic and/or extrasynaptic GluN2B-containing
NMDARs in dlBNST. To dissociate the contributions of these
different receptor populations, we took advantage of divergent
actions of Ro25-6981 on NMDAR function. Although ifenprodil
derivatives, such as Ro25-6981, are well known for their ability to
inhibit GluN2B-containing synaptic NMDARs noncompetitively,
it has also been shown that a consequence of the binding of ifen-
prodil and its derivatives is an enhancement of glutamate affinity
for the NMDAR (43, 44). Thus, under low-glutamate concen-
trations (as would be found at extrasynaptic receptors), this leads
to an enhanced agonist-induced NMDAR current (43, 45, 46). We

Fig. 3. GluN2B is necessary for LTP in dlBNST. (A) Averaged time course of synaptic field potentials after high-frequency stimulation (at arrow; two 1-s trains
at 100 Hz) in dlBNST from GluN2B KO and control (single-transgene and WT littermates) mice. (Inset) Representative traces of control and GluN2B KO mice
before tetanus (red) and 60 min after tetanus (black). (B) Averaged time course of synaptic field potentials after high-frequency stimulation (at arrow; two 1-s
trains at 100 Hz) in dlBNST from GluN2B KO and control (single-transgene and WT littermates) mice in the presence of picrotoxin (25 μM). (C) Averaged time
course of synaptic field potentials after high-frequency stimulation (at arrow; two 1-s trains at 100 Hz) in dlBNST from naive adult male C57BL/6J mice. RO25-
6981 (10 μM, a GluN2B-selective antagonist) was applied 30 min before tetanus and throughout the remainder of the experiment.
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took advantage of our ability to record synaptically evoked
NMDAR-mediated field potentials in dlBNST to explore this
phenomenon. Because these field potentials are evoked under
zero Mg2+ conditions and use larger stimulus intensities to evoke
measureable responses, it is likely that both synaptic and extra-
synaptic NMDARs are recruited, as was previously demonstrated
with similar techniques in the striatum (47). As would be expected
for an NMDAR-dependent response, evoked NMDAR field
potentials are blocked by the competitive NMDAR antagonist
DL-APV [t(8)= 11.97; P< 0.0001; Fig. 6A], as previously reported
(25). However, the effects of Ro25-6981 were bimodal and dose-

dependent. Ro25-6981 at a dose of 10 μM caused ∼50% inhibition
of NMDAR field potentials [t(6) = 10.92; P < 0.0001; Fig. 6B]
consistent with its GluN2B-selective antagonizing properties and
its actions on LTP in dlBNST (Fig. 3C). In contrast, Ro25-6981 at
a dose of 2 μM (but not 0.2 μM) produced an enhancement of
NMDAR transmission, likely attributable to the enhancement of
glutamate affinity at extrasynaptic sites [t(7) = 5.741; P < 0.001;
Fig. 6B]. This effect was mimicked by ifenprodil [10 μM; t(4) =
3.48; P < 0.05] but not prazosin [10 μM; t(3) = 0.21; P = N.S.],
which antagonizes α1-adrenergic receptors that are also bound by
ifenprodil derivatives (37). The enhancement of NMDAR trans-

Fig. 4. Lack of acute ethanol sensitivity on NMDAR EPSCs in GluN2B KO mice. (A) Time course of peak amplitudes from evoked NMDAR EPSCs during 10-min
treatment of ethanol (100 mM) in dlBNST neurons of GluN2B KO and control (single-transgene and WT littermates) mice. (B) Time course of evoked NMDAR
EPSCs during 10-min treatment of ethanol (100 mM), followed by 10-min application of DL-APV (100 μM) in dlBNST neurons of GluN2B KO mice. (C) Summary
of NMDAR EPSC peak amplitude during ethanol application (10 min) in GLuN2B KO and control mice and during DL-APV in GLuN2B KO mice. **P < 0.01. (D)
Time course of peak amplitudes from evoked NMDAR EPSCs during 20-min pretreatment of Ro25-6981, followed by 10-min application of ethanol (100 mM)
in dlBNST neurons of naive mice. (E) Averaged time courses of NMDAR-isolated synaptic field potentials in dlBNST during 15-min treatment of ethanol (100
mM) from naive C57BL/6J and GluN2A KO mice.

Fig. 5. Chronic ethanol treatment enhances excitatory transmission, and this effect is GluN2B-dependent. (A) Two cycles of CIE exposure; each cycle consists
of 4 d of 16 h in ethanol or air vapor chambers (gray boxes) and 8 h out of vapor chambers (white boxes; withdrawal). Recordings were performed 4–5 h after
the final chamber exposure. (B) Averaged time course of synaptic field potentials after high-frequency stimulation (at arrow; two 1-s trains at 100 Hz) in
dlBNST from naive adult male C57BL/6J mice after chronic ethanol or air treatment. (C) Averaged time course of synaptic field potentials after high-frequency
stimulation (at arrow; two 1-s trains at 100 Hz) in dlBNST from GluN2B KO and control (single-transgene and WT littermates) mice after chronic ethanol or air
treatment.
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mission by 2 μM Ro25-6981 was specific for GluN2B-containing
NMDARs, because the effect was absent in slices from GluN2B
KO mice [t(4) = 0.4768; P = N.S.; Fig. 6C].
To provide additional support for the idea that 2 μMRo25-6981

enhances NMDAR transmission by increasing glutamate affinity
at extrasynaptic NMDARs, we evaluated its actions in the pres-
ence of memantine. A number of studies have provided evidence
that the low-affinity NMDAR antagonist memantine preferen-
tially antagonizes extrasynaptic NMDARs at low doses (48–51). In
isolated NMDAR fields in dlBNST, 30 μM memantine reduced
evoked NMDA field potentials [t(2) = 8.325; P < 0.05; Fig. 6D]. A
lower concentration (5 μM) of memantine did not have a detect-
able effect on the evoked NMDAR field potential [t(3) = 0.3609;
P=N.S.; Fig. 6D]; however, when this low dose of memantine was
applied before and during application of 2 μM Ro25-6981, mem-
antine blocked the enhancement of NMDAR transmission [1 μM:
t(3) = 1.515, P = N.S.; 5 μM: t(6) = 1.367, P = N.S.; Fig. 6E],
returning the antagonistic effects of Ro25-6981 [1 μM: t(3) =
3.458, P < 0.05.; 5 μM: t(6) = 5.05, P < 0.005; Fig. 6E].
As another test that Ro25-6981–induced facilitation ofNMDAR

field potentials reflects recruitment of extrasynaptic NMDARs,
we examined the temperature dependence of this phenomenon.
Glutamate transport is highly temperature-dependent, such that at
higher temperatures, glutamate clearance becomes much more
efficient (52, 53). Thus, under these conditions, it would be pre-
dicted that extrasynaptic receptors would not be occupied by glu-
tamate and that Ro25-6981 would not facilitate NMDAR re-
sponses. As predicted, raising the temperature to ∼36 °C removed
the ability of Ro25-6981 to enhance evoked NMDAR responses
[29 °C: t(5)= 2.858,P< 0.05; 36 °C: t(4)= 1.585, P=N.S.; Fig. 6F].
In total, these results suggest that the enhancing effects of 2 μM
Ro25-6981 are through actions at extrasynaptic NMDARs.

Enhancement of GluN2B-Containing Extrasynaptic NMDARs Following
Chronic Ethanol. Recent data have provided evidence that with-
drawal from chronic ethanol exposure produces a significant

increase in GluN2B-containing extrasynaptic NMDARs (35). To
determine whether these receptors play a role in modulating
synaptic plasticity in the BNST, we assessed the effects of 2 μM
Ro25-6981 on LTP in slices taken from air- and CIE-withdrawn
C57BL/6J mice. Interestingly, we found that Ro25-6981 (2 μM)
significantly enhanced LTP elicited in slices taken from CIE-
withdrawn mice, although it had no effect on LTP in slices taken
from air-treated mice [F(5,39) = 7.32; P < 0.0001; Fig. 7 A, B,
and D] or naive C57BL/6J mice [t(12) = 2.10; P = N.S.]. This
2-μM dose of Ro25-6981 alone caused no significant change in
field potentials from nondrug baseline in slices from ethanol-
treated [t(7) = 1.742; P=N.S.] or naive [t(5) = 0.6256; P=N.S.]
mice. To provide additional support that this enhancement was
caused by actions at extrasynaptic NMDARs, 5 μM memantine
was applied either alone or before and in conjunction with low-
dose Ro25-6981 following chronic ethanol exposure. This mem-
antine pretreatment significantly blocked the Ro25-6981–in-
duced enhancement of LTP (Fig. 7 C and D), whereas
memantine alone produced a nonsignificant trend for reduced
LTP in ethanol-treated mice. Finally, to ascertain if this en-
hanced LTP by Ro25-6981 in ethanol-treated mice was a result of
increased transmission at extrasynaptic GluN2B, we evaluated
the effects of 2 μM Ro25-6981 on isolated NMDAR field po-
tential in slices from naive, air-treated, and ethanol-treated mice.
In these experiments, there was no significant difference in the
peak effect of Ro25-6981 between the treatment conditions
[F(2,18) = 0.2756; P = N.S.]. These results suggest (i) that the
enhancement of LTP in ethanol-treated mice is a result of sig-
naling mechanisms downstream of extrasynaptic NMDARs and/
or (ii) that there could have been a ceiling effect for the mea-
surement of extrasynaptic NMDAR function in these experi-
ments (2 μM Ro25-6981 on isolated NMDAR field potentials),
such that no further enhancement from Ro25-6981 could be
seen in ethanol-treated mice. Collectively, these data indicate
that CIE enhances extrasynaptic GluN2B-containing receptors

Fig. 6. RO25-6981 (2.0 μM) enhances evoked NMDAR responses through extrasynaptic GluN2B-containing NMDARs. Averaged time courses of NMDAR-
isolated synaptic field potentials in dlBNST following 20 min of DL-APV (100 μM) in slices from naive adult male C57BL/6J mice (A), 60 min of Ro25-6981 (0.2,
2.0, or 10 μM) in slices from naive adult male C57BL/6J mice (B), 60 min of 2.0 μM Ro25-6981 in slices from GluN2B KO mice and representative data of 2.0 μM
Ro25-6981 from B (C), 60 min of memantine (5 or 30 μM) in naive adult male C57BL/6J mice (D), memantine (1 or 5 μM) 20 min before and during 60 min of 2.0
μM Ro25-6981 in slices from naive adult male C57BL/6J mice (E), and representative data of 2.0 μM Ro25-6981 alone from B and 30 min of 2.0 μM Ro25-6981 in
slices from naive adult male C57BL/6J mice under normal temperature (temp; ∼29 °C) or high temperature (∼36 °C) (F).
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and that this receptor population functions to facilitate LTP
in dlBNST.

Discussion
These studies indicate a key role for GluN2B in dlBNST, both in
basal regulation of glutamate synapses and plasticity as well as in
acute and chronic ethanol regulation of these synapses. Further,
these data suggest the intriguing possibility that at least a portion
of the glutamatergic enhancement produced by chronic ethanol
in dlBNST may be attributable to unique actions of extrasynaptic
GluN2B-containing receptors positively regulating LTP. Thus,
these data suggest that GluN2B in dlBNST likely plays important
roles in alcohol-related behaviors. Using the identical transgenic
strategy, Badanich et al. (41) found that GluN2B deletion dra-
matically increased behavioral sensitivity to acute alcohol, sug-
gesting these receptors play an important role in modulating
ethanol-related behaviors.

Disrupted Glutamate Transmission in Conditional GluN2B KO Mice.
The current breeding strategy resulted in an almost complete
(∼80%) reduction in GluN2B expression in dlBNST. This resulted
in a selective alteration of glutamate receptors at synapses in
dlBNST, since GluN2A subunits and the AMPAR subunit GluA1
were unchanged. GluN2B KO mice had reduced GluN1 and
CaMKIIβ levels in dlBNST, which is logical considering that
GluN1 requires other NMDAR subunits for heteromeric assembly
and CaMKII is an intracellular protein commonly associated with
GluN2B-containing receptors (54–56). This pattern of subunit
adaptations was similar to previously reported work with GluN2B
knockdown mice (7, 41, 42). Consistent with this deletion of
GluN2B, the decay kinetics of evoked NMDAR-EPSCs were
significantly shortened andAMPA/NMDA ratios in KOmice were
substantially enhanced. Because these ratios were isolated based
on decay times of AMPAR- and NMDAR-mediated responses
rather than pharmacological isolation, they could be affected by

kinetic changes. Synaptic AMPARs appear grossly normal, be-
cause sEPSC amplitude and levels of GluA1 were not altered.
However, an increase in sEPSC frequency and a decrease in
evoked EPSC PPR suggests that basal glutamate release proba-
bility is increased in KO mice. There are a number of potential
causes for this enhanced glutamate release, which may reflect
a compensation for the loss of postsynaptic GluN2B signaling.

GluN2B-Dependent LTP. We previously reported that GluN2A was
dispensable for LTP in dlBNST (39). Using GluN2B KO mice as
well as the GluN2B antagonist Ro25-6981, we find that LTP in
dlBNST requires this NMDAR subunit. These data are consistent
with a large body of evidence suggesting an obligatory role for
GluN2B in LTP in other brain regions (57–60). However, they are
inconsistent with other studies using pharmacological approaches
(61–65) and other GluN2B KO lines (7, 42), where only partial
reductions of LTP were observed. As has been noted in several
reviews, the use of GluN2B- and GluN2A-selective ligands is
fraught with complications because of many complex mechanisms
(36, 38). In regard to the comparison of the present dataset with
other data from GluN2B KO mice in the hippocampus, several
things may account for these differences. First, the reduction of
GluN2B achieved in the studies by Brigman et al. (7) and von
Engelhardt et al. (42) was more modest than that achieved within
dlBNST in the present breeding strategy. Second, previous studies
in the juxtacapsular nucleus of the BNST have emphasized that
LTP observed using field potential recordings of this portion of the
BNST represents cellular, rather than synaptic, plasticity, which
may require fundamentally distinct mechanisms (26). Although
this cannot be ruled out as a possibility, at present, our recordings
are medial to the juxtacapsular nucleus, which is an extremely
narrow nucleus (∼75 μM in width) adjacent to the striatum.
Nonetheless, regionally specific differences in plasticity mecha-
nisms have been noted repeatedly in the literature. Aside from
these regional differences, it could also be argued that lack of LTP

Fig. 7. RO25-6981 (2.0 μM) enhances LTP only after chronic ethanol treatment. Averaged time course of synaptic field potentials after high-frequency
stimulation (at arrow; two 1-s trains at 100 Hz) in dlBNST from either air-treated (A) or ethanol-treated (B and C) adult male C57BL/6J mice. Ethanol- and air-
treated mice were given two cycles of CIE exposure, in which each cycle consists of 4 d of 16 h in ethanol or air vapor chambers and 8 h out of vapor chambers
(withdrawal). Recordings were performed 4–5 h after the final chamber exposure in these groups. Low-dose Ro25-6981 (2 μM, a GluN2B-selective antagonist)
was applied 20 min before tetanus and throughout the remainder of the experiment. (C) Memantine (5 μM, an NMDA antagonist) was applied 20 min prior
either alone or during low-dose Ro25-6981. Tetanus was applied 20 min after Ro25-6981 application. (D) Summary graph of averaged field potentials 51–60
min after tetanus (from time courses in A–C). *P < 0.05 from all groups; #P < 0.05 between air and EtOH.
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in GluN2B KO mice might be a result of reduced NMDAR
transmission and not selective to GluN2B loss. This interpretation
is plausible. However, previous work in dlBNST found that 10-min
APV application was ineffective in reducing LTP even though it
produces ∼75% inhibition of NMDAR transmission (Fig. 6A).
Further, when APV was applied in GluN2BKOmice during acute
ethanol experiments (Fig. 4 B and C), there was still substantial
NMDAR inhibition, demonstrating that considerable NMDAR
transmission remains in GluN2B KO mice. Another possibility is
that because GluN2B KO mice have enhanced glutamate release,
LTP is occluded in slices from these mice. Although the occlusion
of LTP is a valid possibility, unaltered sEPSC amplitude in
GluN2B KOmice and a similar lack of LTP with pharmacological
blockade of the GluN2B subunit make this option less likely. In
sum, our data demonstrate that LTP in dlBNST heavily depends
on GluN2B.

GluN2B-Dependent Effects of Acute and Chronic Ethanol. The second
unique finding in this work is that acute ethanol inhibition in
dlBNST requires the GluN2B subunit. Here, we demonstrate that
100 mM ethanol, a concentration that produces a large inhibition
of NMDAR EPSCs in this region, has no detectable effect in
GluN2B KO mice. These data lend strong support to a growing
body of literature indicating a key role forGluN2B inmany ethanol-
dependent processes (18, 19, 21, 63). They also are consistent with
recent data suggesting that unique Tyr phosphorylation sites on
GluN2B play key roles in the ethanol sensitivity ofNMDARs in vivo
(66). However, they are inconsistent with strong recombinant data
in cell lines indicating that most combinations of NMDARs exhibit
ethanol sensitivity in vitro (67–70). We cannot rule out the possi-
bility that presently unknown compensations in the KO mice pro-
duced adaptations at glutamate synapses that rendered NMDAR
currents ethanol-insensitive. However, in current and previous
studies, we have shown that preapplication of the GluN2B-se-
lective antagonist Ro25-6981 also removes ethanol sensitivity in
a wild-type mouse (24). We also should point out that in brain
slice studies, ethanol is typically bath-applied to assess its actions
on NMDAR function, whereas typical in vitro studies use more
rapid means of alcohol delivery and assess currents induced by
agonist application. Thus, it is possible that these two approaches
target distinct forms of ethanol sensitivity. Further, the di-
vergence in these findings could be attributable to differences
between dendritic and somatic populations, because isolated cell
preparations mainly measure somatic populations. Finally, it is
also possible that the key molecules necessary for determining
NMDAR ethanol sensitivity in the brain are not present in iso-
lated systems. In sum, our present data indicate that GluN2B
plays a critical role in determining acute ethanol sensitivity of
NMDARs in dlBNST.
In the present work, we also found that CIE produced an

enhancement of LTP in dlBNST compared with sham-treated
mice, and that this also was ablated in GluN2B KO mice. This
finding of enhanced LTP was not altogether surprising, given the
known hyperexcitability of glutamate synapses and NMDARs
during withdrawal from chronic ethanol (71, 72). This enhanced
NMDAR activity is thought to arise mainly from increased ex-
pression of NMDAR subunits after chronic ethanol administration
(28–33). Several studies also suggest that this increased NMDAR
function from chronic ethanol could lead to enhancements in
plasticity. For example, in the vBNST, an increase in temporal
summation of NMDAR EPSCs was produced from a modest
chronic ethanol exposure of 4 d (27). Increases in NMDAR EPSC
temporal summation have been shown in the visual cortex to de-
crease the threshold required to produce NMDAR-dependent
plasticity (73). It is also important to note that alcohol effects on
LTP of field potential responses have been explored in the
neighboring juxtacapsular nucleus, where chronic alcohol exposure
more predominantly led to a decrease in LTP with protracted

withdrawal (26). Comparing our data with these studies could
indicate subregional differences in the actions of ethanol, although
substantial differences in ethanol delivery and in species used may
also account for the differences.
It is important to note that although there was a significant

enhancement in ethanol-treated mice compared with air-treated
controls, there was also a somewhat blunted LTP in air-treated
mice (compared with LTP in naive C57BL/6J mice; Fig. 3C). This
effect is likely a consequence of mild stress from vapor procedures
(repeated injections, pyrazole administration, and exposure to
novel inhalation chambers). Previous studies have shown that
LTP in dlBNST can be blunted by different stressors (74). This
effect in air-treated mice implies that enhancement in LTP after
chronic ethanol might be larger if the blunting factor of stress
were removed. A further consequence of this is that the amount
of LTP in ethanol-treated and naive mice is not significantly dif-
ferent. Thus, it could be argued that ethanol is merely blocking
these stress effects and has no pharmacological effects on LTP in
this region. This idea, however, is negated by the data showing that
low-dose Ro25-6981 potentiates LTP following chronic ethanol
but has no effect in slices from naive mice. Given that these data
illustrate an ethanol-specific change compared with naivemice, we
argue that the enhancement of LTP in ethanol-treated groups
compared with air is the consequence of a pharmacological effect
of ethanol. Thus, we postulate that stress reduces the amount of
LTP in both treatment conditions equally. Additionally, although
ethanol clearly has anxiolytic properties, this CIE exposure and
withdrawal have been mainly associated with adaptations in be-
havioral anxiogenesis rather than anxiolysis.
The enhancement of LTP that we observed following CIE

required GluN2B, demonstrated by a lack of potentiation in
dlBNST following CIE in slices prepared from GluN2B KOmice.
As with the acute effects of ethanol, there is also a substantial
amount of literature suggesting the GluN2B is involved in the
chronic effects of ethanol. In the extended amygdala, blockade
with GluN2B antagonist produced more robust effects after
chronic ethanol (27, 75). As mentioned previously, there are
a large number of studies that find increases in mRNA and/or
protein of GluN2B after chronic ethanol (27–33). It is important
to note that NMDAR (specifically GluN2B) expression is up-
regulated during chronic ethanol and acute withdrawal. In con-
trast, during protracted withdrawal (1 wk), GluN1 and GluN2B
levels were actually decreased (76). Future studies investigating
these NMDAR subunits during more protracted periods of
withdrawal will be critical in evaluating potential therapeutic
agents for treating alcohol relapse.

Role of Extrasynaptic GluN2B-Containing Receptors in Plasticity and
Chronic Ethanol Effects. NMDARs are known to exist in both syn-
aptic and extrasynaptic populations. Evidence suggests that these
two populations of NMDARs differentially regulate neuronal
physiology and plasticity. Extrasynaptic NMDAR populations are
thought to be heavily populated byGluN2B-containingNMDARs.
Thus, our data would suggest that these receptors are important
targets of ethanol. Chronic ethanol exposure has been reported to
enhance the clustering of synaptic NMDARs into dendritic spines
(34). However, recent work has also suggested that there is lateral
movement of GluN2B-containing receptors from synaptic to
extrasynaptic populations in hippocampal neurons during with-
drawal (35). These data demonstrate there is a time dependence
(during ethanol exposure vs. withdrawal) to the localization of
GluN2B that likely has important functional consequences.
In the present study, we have used the unique actions of Ro25-

6981 on NMDARs to explore the contributions of extrasynaptic
NMDARs to plasticity in CIE-treated mice. A consequence of
Ro25-6981 interaction with GluN2B-containing NMDARs is that
affinity for glutamate is increased (43), such that under conditions
of low agonist availability, NMDAR currents are enhanced.
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Extrasynaptic NMDARs would be predicted to see much lower
concentrations of glutamate than synaptic NMDARs. Previous
studies have demonstrated that the use of optimized conditions
(lowMg and high stimulus intensities) to explore evokedNMDAR
responses can lead to recruitment of these receptors (47). Several
lines of evidence indicate that the enhanced NMDAR response we
observe with 2 μM Ro25-6981 under our recording conditions is
mediated by extrasynaptic receptors: (i) It is mimicked by ifen-
prodil and is not present in slices from GluN2B KO mice; (ii) it is
blocked by the extrasynaptic NMDAR-preferring memantine at
concentrations that do not alter the basal response; and (iii) it is
not observed at higher temperatures, where glutamate transport is
more efficient.
Our findings using 2 μM Ro25-6981 suggest that extrasynaptic

GluN2B-containing receptors uniquely facilitate LTP after etha-
nol withdrawal, because a submaximal concentration of Ro25-
6981 paradoxically enhances LTP in CIE-treated but not air-
treated or naive mice. This could be attributable to a couple of
possibilities, including altered expression level of extrasynaptic
receptors or changes in the signaling molecules that this pop-
ulation of receptors interacts with. This is distinct from work pri-
marily in the cortex and hippocampus, which has largely found that
extrasynaptic GluN2B receptors contribute more to promote long-
term depression (LTD) vs. LTP (64, 65). Despite these regional
differences in plasticity modulation, a large body of work confirms
that extrasynaptic GluN2B is involved in excitotoxic processes and
implicated in a number of pathological conditions [e.g., Hunting-
ton disease, ischemia, Parkinson disease, Alzheimer’s disease (77,
78)]. The examination of these data in this larger context leads us
to speculate that the term “extrasynaptic” likely does not define
a single population of NMDARs but, instead, a group of func-
tionally and anatomically distinct receptors. It is important to note
that although the Ro25-6981 data suggest that extrasynaptic
NMDARs positively modulate LTP in CIE-withdrawn mice, it is
unclear whether they also participate in the enhancement of LTP
we observe between CIE and sham mice. For example, as Car-
penter-Hyland et al. (34) demonstrated in hippocampal neurons, it
is possible that increased synaptic incorporation of NMDARs is
responsible for increased LTP. Regardless, these data demon-
strate a GluN2B-dependent facilitation of LTP in dlBNST by CIE.
This work has demonstrated a clear role of GluN2B in plasticity

and alcohol-related effects in the BNST, a region critical in
modulating behaviors involved in relapse. Although subunit
specificity of ethanol effects are critical, these data also make it
clear that the localization of these receptors is key in their func-
tionality; thus, the development of therapeutic agents with subunit
and/or localization specificity are likely to be effective in pre-
venting relapse in patients with alcohol use disorders. One such
drug, memantine, seems to display some localization specificity
and is currently under active investigation as a treatment for al-
coholism. Interestingly, it has been shown to reduce reports of
withdrawal severity (79). Our data suggest that effectiveness of this
compound may be greatest in alcohol use disorders in withdrawn-
dependent alcoholics, in whom an extrasynaptic, more mem-
antine-sensitive population of receptors exists.

Materials and Methods
Animals. Male C57BL/6J (6–8 wk of age; Jackson Laboratories), GluN2B KO,
GluN2A KO, or genetic control (described below) mice were housed in
groups of two to five. Food and water were available ad libitum. All pro-
cedures were approved by the Animal Care and Use Committee at Vander-
bilt University. GluN2A KO mice were provided by Integrative Neuroscience
Initiative on Alcoholism (INIA) Stress Consortium (Vanderbilt University,
Nashville, TN).

Generation of GluN2B KO Mice. Homozygous GluN2B-floxed mice were gen-
erated as previously described (7) and crossed with promoter from human
cytomegalovirus (phCMV)-tetO-CRE or CaMKIIα-tTA transgene hemizygous
mice as previously described (41). These mice were mated with mice hemi-

zygous for the complementary transgene to produce KO mice and controls as
previously described (41) (Fig. 1A). The CaMKIIα promoter fragment limits
expression of tTA largely to postnatal forebrain, avoiding lethality associated
with the constitutive GluN2B KO mice previously produced (40).

Western Blots. Punches were sonicated in 2% (wt/vol) SDS, 10mg/mL aprotinin,
and 10 mg/mL leupeptin. Whole homogenate was analyzed. Protein levels
were determinedwith a BCA protein assay kit, diluted to equal concentrations,
mixed with sample buffer [62.5 mM Tris·Cl (pH 6.8), glycerol, 5% (wt/vol) SDS,
0.5% bromophenol blue, and 5% (vol/vol) β-mercaptoethanol], and 20 μg was
run on a 10% (vol/vol) polyacrylamide-resolving gel. Protein was transferred
either to a single nitrocellulose membrane or to two Immobilon PVDF mem-
branes (Pall Corporation) in series. The nitrocellulosemembranewas stained for
total protein with Ponceau S. For the PVDF blots, the first membrane was
probed with specific primary antibodies, whereas the second membrane was
stained for total protein using colloidal gold (Bio-Rad) to verify equal lane
loading grossly. Membranes were either cut at the appropriate molecular
weight and probed for different antibodies or stripped and reprobed with
additional primary antibodies. Antibodies used include mouse GluN2B (no.
610417; BD Biosciences), mouse GluN1 (no. 556308; BD Biosciences), rabbit
GluN2A (no. 07-632; Millipore), mouse CaMKIIα (no. MA1-048; Thermo/Fisher),
CaMKIIβ (no. 139800; Invitrogen), pan-goat CaMKII (80), and GluA1 (no. SC-
55509; Santa Cruz). To combine blocks of experiments from different blots,
samples on eachblotwerenormalized to their experimental timepoint control.

Slice Preparation. Mice were transported from the animal colony to the lab-
oratory and placed in sound-attenuated cubicles for 1 h before slicing. They
were then decapitated under isoflurane. The brains were quickly removed and
placed in ice-cold sucrose artificial cerebrospinal fluid (ACSF): 194 mM sucrose,
20mMNaCl, 4.4mMKCl, 2mMCaCl2, 1mMMgCl2, 1.2mMNaH2PO4, 10.0mM
glucose, and 26.0 mM NaHCO3 saturated with 95% O2/5% CO2 (vol/vol). Slices
300 μm in thickness were prepared using a Tissue Slicer (Leica). Slices con-
taining anterior portions of dlBNST (bregma, 0.26–0.02 mm) were selected
using the internal capsule, anterior commissure, and stria terminalis as
landmarks.

Whole-Cell Recordings. After dissection, slices were transferred to a holding
chamber containing heated (∼29 °C), oxygenated (95% O2/5% CO2, vol/vol)
ACSF [124 mMNaCl, 4.4 mMKCl, 2 mM CaCl2, 1.2 mMMgSO4, 1 mMNaH2PO4,
10.0 mM glucose, and 26.0 mM NaHCO3 (pH 7.2–7.4); 290–310 mOsm]. Re-
cording electrodes (3–6 MΩ) were pulled on a Flaming/Brown Micropipette
Puller (Sutter Instruments) using thin-walled borosilicate glass capillaries.
EPSCs were evoked by local fiber stimulation with bipolar Ni-chrome electro-
des. Stimulating electrodes were placed in the stria terminalis and 100–300 μm
dorsal to the recorded neuron. Electrical stimulation (5–25 Vwith a duration of
100–150 μs) was applied at 0.1 Hz. Recording electrodes were filled with 117
mMCs + gluconate, 20 mMHepes, 0.4 mM EGTA, 5 mM tetraethylammonium,
2mMMgCl2, 4mMATP, and 0.3mMGTP (pH 7); 285–290mOsm.AMPAREPSCs
and sEPSCs were isolated by adding 25 μM picrotoxin and recording at
a holding potential of −70 mV in normal ACSF. For AMPA/NMDA ratio meas-
urements, the peak amplitude of AMPAR-mediated responses measured at
−70mVwas divided by the amplitude of the dual component at +40mV, 40–50
ms after onset of the current. This is a time pointwhen theAMPAR component
is negligible. In PPR experiments, paired evoked 100- to 200-pA responses at
0.05 Hzwere elicited and the stimulus interval was varied from 20 to 140ms by
20-ms steps. Signals were acquired via a Multiclamp 700B amplifier (Axon
Instruments), andwere digitized and analyzed via pClamp10.2 software (Axon
Instruments). Input resistance, holding current, and series resistance were all
monitored continuously throughout theduration of experiments. Experiments
inwhich changes in series resistance were greater than 20%were not included
in the data analysis. Experiments were analyzed bymeasuring peak amplitude
of the synaptic response, which was then normalized to the baseline period.
NMDAR EPSCs were isolated in Mg-free ACSF [124 mM NaCl, 4.4 mM KCl, 3.7
mM CaCl2, 1 mM NaH2PO4, 10 mM glucose, and 26 mM NaHCO3 (pH 7.2–7.4);
290–310 mOsm] with picrotoxin (25 μM) and 2,3-dihydroxy-6-nitro-7-sulfa-
moyl-benzo[f]quinoxaline-2,3-dione (NBQX) (10 μM) and recorded at a holding
potential of −70 mV.

Field Potential Recordings. After dissection, slices were transferred to an in-
terface recording chamber, where they were perfused with heated (∼29 °C)
and oxygenated (95% O2/5% CO2, vol/vol) ACSF at a rate of about 2 mL/min.
Slices were allowed to equilibrate in ACSF for at least 1 h before experiments
began. A bipolar stainless-steel stimulating electrode and a borosilicate glass
recording electrode filled with ACSF were placed in dlBNST to elicit and record
an extracellular field response. Baseline responses to a stimulus (50 μs) at an
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intensity that produced ∼40% of the maximum response were recorded for
20 min at a rate of 0.05 Hz. After acquisition of a stable baseline, LTP was in-
duced with two trains of 100-Hz, 1-s tetanus delivered with a 20-s intertrain
interval at the same intensity as baseline test pulses. The N1 (an index of sodium
channel-dependent firing) was also monitored, and experiments in which it
changed by more than ∼20% were discarded. Analyses were made from the
percent change of the N2 from baseline 0–10 min after tetanus and 51–60 min
after tetanus. In LTP experiments with Ro25-6981 (2 or 10 μM), the compound
was applied after 20 min of stable baseline and remained throughout the du-
ration of the experiment. The tetanus was delivered after 20 min (2-μM
experiments) or 30 min (10-μM experiments) of Ro25-6981 baseline. In mem-
antine and Ro25-6981 experiments, memantine was applied after 20 min of
stable baseline and Ro25-6981 (2 μM) was then coapplied for an additional
20min of drug baseline. Tetanus was then delivered, and both drugs remained
in the bath solution throughout the remainder of the experiment.

In other field experiments, NMDARs were isolated by switching normal ACSF
to a modified zero magnesium ACSF [124 mM NaCl, 4.4 mM KCl, 3.7 mM CaCl2,
1 mM NaH2PO4, 10 mM glucose, and 26 mM NaHCO3 (pH 7.2–7.4); 290–310
mOsm] containing NBQX (10 μM) and picrotoxin (25 μM) midway through the
1.5-h incubation period. Responses were elicited at a rate of 0.0167 Hz, with an
intensity of 10–20 V and a duration of 100–200 μs. Stable baselines of at least
20 min were recorded before drug application: 25 min for ethanol (100 mM),
15 min for DL-APV (100 μM), 60 min for Ro25-9681 (0.2, 2, or 10 μM), 30 min for
Ro25-9681 (2 μM) in high-temperature experiments, 60min formemantine (5 or
30 μM), 20min formemantine (1 or 5 μM)alone and then 60minwith Ro25-6981
(2.0 μM), 30min for ifenprodil (10 μM), and 30min for prazosin (10 μM).Analyses
weremade by calculating the percent change of theN2 frombaseline (averaged
10 min before drug application) to peak drug effect [ethanol: 10–19 min after
drug application, DL-APV: 10–19 min after drug application, Ro25-6981: 30–39
min after drug application, memantine: 40–49min after drug application, Ro25-
6981 and memantine: early 30–39 min and late 50–59 min after drug applica-
tion, Ro25-6981 (temperature): 21–30min after drug application, ifenprodil: 30–
39 min after drug application, and prazosin: 30–39 min after drug application].

Pharmacology. Ro25-6981 hydrochloride, DL-APV, NBQX hydrochloride, and
memantine hydrochloride were all purchased from Ascent Scientific. Picro-

toxin and ifenprodil were obtained from Tocris Bioscience. Pyrazole and
prazosin were purchased from Sigma–Aldrich.

CIE.Micewere given a daily injection of either pyrazole (control group, control,
1mmol/kg) orpyrazole+ ethanol [ethanol group, ethyl alcohol (EtOH), 1mmol/
kg + 0.8 g/kg, respectively] to impair themetabolism of ethanol. Thirtyminutes
after the injection, in their home cages, mice were placed in a chamber filled
with volatilized ethanol (EtOH, 20.3 ± 0.2 mg/L) or volatilized water (control).
Airflow through the chambers was maintained at 5.5 L/min, and volatilization
was maintained at 1.5 L/min. After 16 h of exposure, mice were removed from
the chambers and returned to standard animal housing. Using these param-
eters, we can reliably obtain blood ethanol concentrations in the range of 150–
185mg/dL (80). This corresponds to a blood alcohol level of∼0.21%. For the CIE
exposure paradigm, mice were given two 4-d cycles of vapor chamber expo-
sure (16 h in chambers per day, 8 h outside chambers per day). These two cycles
were separated by 3 d outside of the chambers (diagram in Fig. 5A).

Statistics. Analyses of Western blots; decay kinetics; sEPSCs; AMPA/NMDA
ratios; and GluN2B KO LTP with and without picrotoxin, 10 μM Ro25-6981
LTP, acute ethanol in GluN2B KO, CIE LTP, and CIE with GluN2B KO experi-
ments were conducted with unpaired t tests between groups. Drug appli-
cations on NMDAR fields, acute ethanol with 10 μM Ro25-6981, and Ro25-
6981 effects in nonisolated fields were evaluated with paired t tests be-
tween drug treatments and baseline. Comparisons of PPRs between GluN2B
KO and controls used two-way ANOVA. Analyses of LTP following 2.0 μM
Ro25-6981/memantine and 2.0 μM Ro25-6981 in NMDR-isolated fields in CIE
mice were performed with one-way ANOVA. Differences between individual
groups were determined with Newman–Keuls post hoc tests.
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