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Brief Communications

Moderate Prenatal Alcohol Exposure Reduces Plasticity and
Alters NMDA Receptor Subunit Composition in the Dentate
Gyrus
Megan L. Brady, Marvin R. Diaz, Anthony Iuso, Julie C. Everett, C. Fernando Valenzuela, and Kevin K. Caldwell
Department of Neurosciences, School of Medicine, University of New Mexico Health Sciences Center, Albuquerque, New Mexico 87131

Although it is well documented that heavy consumption of alcohol during pregnancy impairs brain development, it remains controversial
whether moderate consumption causes significant damage. Using a limited access, voluntary consumption paradigm, we recently demonstrated that moderate prenatal alcohol exposure (MPAE) is associated with dentate gyrus-dependent learning and memory deficits
that are manifested in adulthood. Here, we identified a novel mechanism that may underlie this effect of MPAE. We found that MPAE mice
exhibit deficits in NMDA receptor (NMDAR)-dependent long-term potentiation (LTP) in the dentate gyrus. Further, using semiquantitative immunoblotting techniques, we found that the levels of GluN2B subunits were decreased in the synaptic membrane, while levels of
C2⬘-containing GluN1 and GluN3A subunits were increased, in the dentate gyrus of MPAE mice. These data suggest that MPAE alters the
subunit composition of synaptic NMDARs, leading to impaired NMDAR-dependent LTP in the dentate gyrus.

Introduction
The range of dysfunctions associated with prenatal alcohol exposure (PAE) is collectively termed fetal alcohol spectrum disorders, which have an estimated prevalence of 1–5% (Streissguth
and O’Malley, 2000; May et al., 2009). Contributing to this high
prevalence is the perception that it is safe to drink in moderation
during pregnancy, even though a large body of experimental evidence suggests that the developing brain can be significantly
altered by moderate PAE (MPAE) (Valenzuela et al., 2012).
Notably, studies suggest that MPAE significantly impairs
hippocampal-dependent learning and memory (Brady et al.,
2012). Because our understanding of the mechanisms underlying
these effects of MPAE is limited, there are no effective treatments
for MPAE-induced learning and memory deficits.
The dentate gyrus (DG) has been shown to be an important
target of MPAE (for review, see Valenzuela et al., 2012). MPAE
produces deficits in adult offspring in a delayed non-match to
place task and a trace conditioning task (Brady et al., 2012), both
of which depend on DG functioning (Shors et al., 2001; Clelland
et al., 2009). We hypothesized that these deficits could be a consequence of alterations in synaptic plasticity in the DG secondary
to impairments in the function of NMDA receptors (NMDARs),
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which play a central role in DG synaptic plasticity and have been
shown to be affected by MPAE (Costa et al., 2000; Malenka and
Bear, 2004).

Materials and Methods
Animals. All procedures were approved by the University of New Mexico
Health Sciences Center Institutional Animal Care and Use Committee.
In all studies, mice were anesthetized with ketamine (250 mg/kg body
weight). For electrophysiological recordings, male offspring were used,
with only one animal used from each litter to eliminate litter effects. For
subcellular fractionation and subsequent immunoblotting experiments,
tissue from two males and two females from each litter were pooled, with
the reported number of determination (n) designating one litter; no
significant gender differences were noted. For cross-linking studies, one
animal per litter with approximately equal numbers of females and males
were used.
Prenatal alcohol exposure paradigm. C57BL/6J mice (Jackson Laboratory) were maintained on a reverse 12 h dark/light schedule (lights on at
8:00 P.M.) in either singly housed (dams) or group-housed (offspring
used in all studies) cages. The MPAE paradigm has been previously described (Brady et al., 2012). All measurements were conducted on adult
(2- to 5-month-old) offspring.
Electrophysiological recordings. Coronal brain slices (400 m) were
prepared as previously described (Samudio-Ruiz et al., 2009). Except
where indicated, slices were allowed to recover in artificial CSF as previously described (Malleret et al., 2010). Extracellular recordings were
made from the middle third of the molecular layer after medial perforant
path (MPP) stimulation in slices maintained at 28 –30°C and perfused at
3.6 ml/min using an Axopatch 200B amplifier (Molecular Devices). MPP
recordings were confirmed by the observation of paired-pulse depression
in ionotropic receptor-dependent field EPSP (fEPSP) recordings. For the
high-frequency stimulation (HFS) long-term potentiation (LTP) recordings and whole-cell patch-clamp recordings, slices were prepared as previously described (Everett et al., 2012). Stimulation intensity was set to
elicit 40 – 60% of the maximal response based on input/output (I/O)
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Figure 1. MPAE impaired NMDAR-dependent LTP and reduced GluN2B-containing NMDAR contribution to fEPSPs in the dentate gyrus. A, Ionotropic glutamate receptor-mediated I/O curves
from SAC and MPAE slices. B, TBS-induced LTP in DG was blocked by ifenprodil (10 M) and by MPAE. C, HFS-induced LTP was not significantly affected by MPAE or by ifenprodil. D1, D2,
Ifenprodil-induced inhibition of NMDAR-dependent fEPSP area was significantly decreased in MPAE mice compared with SAC. D3, NMDAR-mediated I/O curves from SAC and MPAE slices. E1, E2,
Ifenprodil-induced inhibition of NMDAR-EPSCs did not differ between the SAC and MPAE groups. F1, F2, AMPA/NMDA was not different between the SAC and MPAE groups.

curves. Stimulation duration was 75 s and test stimuli were delivered at
0.033 Hz in the presence of 50 M picrotoxin (Tocris Bioscience).
NMDAR-mediated fEPSPs were recorded in the presence of low Mg 2⫹
(0.1 M), 10 M 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline7-sulfonamide (NBQX) (Tocris Bioscience), and 10 M glycine (Bio-Rad).
To determine GluN2B contribution to NMDAR-mediated fEPSPs, we used
ifenprodil (10 M; Tocris Bioscience). Theta burst stimulation (TBS; nine
bursts of four pulses at 100 Hz, 200 ms interburst interval, 5 min intertrain
interval) LTP was induced as described previously (Malleret et al., 2010).
HFS consisted of 3 trains (1 s at 100 Hz each) with an intertrain
interval of 15 s.
For whole-cell patch-clamp recordings, we used the Cs2SO4-based
internal solution that was previously described (D’Angelo et al., 1999). A
concentric bipolar stimulating electrode was placed in the molecular
layer, 200 –300 m from the patched cell. Stable EPSCs were evoked with
an average stimulation intensity of 0.09 mA (75 s pulse duration every
20 s) in the presence of 50 M picrotoxin. After recording composite
EPSCs at ⫺70 mV, the membrane potential was slowly changed to ⫹40
mV. NBQX (10 M) was applied for 5 min and NMDAR-mediated EPSCs were recorded. Ifenprodil (10 M) was applied for 10 min, followed
by NMDAR blockade with APV (20 M).
Synaptic and nonsynaptic fraction preparation and immunoblotting of
NMDAR subunits. The DG was microdissected and sonicated in homogenization buffer (Samudio-Ruiz et al., 2010) before storage at ⫺80°C.
Subcellular fractionation was performed as described by Samudio-Ruiz
et al. (2010) with the subsequent isolation of synaptic (Triton-insoluble
particulate, TxP) and nonsynaptic (Triton-soluble, TxS) fractions, as
described by Goebel-Goody et al. (2009). Protein concentrations of the
fractions were determined using the Bio-Rad DC Protein Assay Kit. Approximately 80% of the homogenate protein was accounted for in the
various subcellular fractions (data not shown).
Immunoblotting was performed as described by Samudio-Ruiz et al.
(2010) using the following antibodies: anti-NR2A rabbit polyclonal antibody (1:1000 synaptic, 1:500 nonsynaptic, PhosphoSolutions); antiNR2B rabbit polyclonal antibody (1:1000 synaptic, 1:250 nonsynaptic,

PhosphoSolutions); anti-GluN1 C1, C2, or C2⬘ rabbit polyclonal antibodies (1:500, a generous gift from Dr. Michael Browning, University of
Colorado, Denver, CO); anti-NR3A rabbit polyclonal antibody (1:500,
Santa Cruz Biotechnology Inc.), anti-PSD-95 rabbit polyclonal antibody
(1:1000, Cell Signaling Technology), anti-␤-actin rabbit polyclonal antibody (1:2000, Cell Signaling Technology) or anti-GABAAR ␣4 rabbit
polyclonal antibody (1:500, Santa Cruz Biotechnology). For each sample,
the anti-NMDAR subunit immunoreactivity was normalized to either
anti-PSD-95 (TxP fractions) or anti-␤-actin immunoreactivity (TxS
fractions and dentate gyrus slices); levels of these two proteins were not
different between saccharin control (SAC) and MPAE animals. Optical
density values were obtained using ImageJ (NIH) or LI-COR image
software.
Crosslinking of surface receptors. Surface expression of NMDAR subunits present in DG tissue slices microdissected from coronal brain slices
(see above) was determined using BS 3 (bis[sulfosuccinimidyl]suberate)
crosslinking, as described by Grosshans et al. (2002). DG microslices
from an animal were pooled, and then one-half of the slices was treated
with BS 3, while the other half was not. Sonicated tissue lysates were
analyzed by immunoblotting, as described above, with the exception that
detection was performed with fluorescent dye-labeled secondary antibodies using an Odyssey imaging system (LI-COR).

Results
We used a limited access paradigm that we have shown to yield
relatively moderate alcohol levels in dams (Brady et al., 2012). In
the present study, offspring were derived from litters born to
dams having an average consumption of 5.99 ⫾ 0.23 g of
EtOH/kg of body weight/d (n ⫽ 28); blood ethanol concentrations measured at the end of the 4 hr drinking period from dams
whose litters were not used for experiments were 90.5 ⫾ 11.61
mg/dl (n ⫽ 11).
We found no effect of MPAE on I/O curves for ionotropic
glutamatergic receptor-mediated fEPSPs (Fig. 1A; two-way
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Figure 2. MPAE altered NMDAR subunit levels in the synaptic fraction of the dentate gyrus. A, Characterization of synaptic and nonsynaptic fractions. Data were normalized to the amount present
in total homogenate (TH). In control tissue, PSD-95 was enriched approximately threefold in the synaptic (TxP) fraction compared with the nonsynaptic (TxS) fraction (n ⫽ 4; A1) and GABAAR ␣4
subunit was enriched approximately twofold in the TxS fraction compared with the TxP fraction (n ⫽ 4; A2). B, GluN1 (B1) subunit levels, specifically C2⬘-containing GluN1 subunit levels (B4 ), were
significantly increased in MPAE mice compared with SAC (GluN1: n ⫽ 7, *p ⬍ 0.05; C2⬘: n ⫽ 9, **p ⬍ 0.01), with no changes in C1-containing (B2) or C2-containing (B3) GluN1 subunits. C, GluN2A
subunit levels were unchanged by MPAE. D, GluN2B subunit levels were significantly decreased by MPAE mice (n ⫽ 7, *p ⬍ 0.05). E, GluN3A subunit levels were significantly increased in MPAE mice
compared with SAC (n ⫽ 8, *p ⬍ 0.05). F, Levels of GluN1 (F1), GluN2A (F2), and GluN2B (F3) did not differ in the nonsynaptic fraction of SAC and MPAE mice.

ANOVA, effect of treatment F(1,60) ⫽ 0.10, n.s., effect of input
F(7,60) ⫽ 16.53, p ⬍ 0.0001, interaction F(7,60) ⫽ 0.32, n.s.) or the
paired-pulse ratio of these fEPSPs (SAC 0.95 ⫾ 0.03, MPAE
0.90 ⫾ 0.05, n.s., n ⫽ 6).
We examined whether MPAE altered NMDAR-dependent
LTP in the DG. TBS elicited LTP in slices from the SAC group
(Fig. 1B). We confirmed that this LTP was NMDAR-dependent
by blocking it with 10 M MK-801 and 25 M AP-5 (n ⫽ 5, data
not shown). Ifenprodil (10 M) impaired LTP induction
(repeated-measures two-way ANOVA, effect of time F(36,360) ⫽
2.88, p ⫽ 0.001, effect of treatment F(1,10) ⫽ 5.78, p ⬍ 0.05,
interaction F(36,360) ⫽ 2.99, p ⫽ 0.0001), indicating that the TBSelicited LTP was GluN2B subunit-dependent (Fig. 1B). We compared the effects of TBS in SAC and MPAE animals; repeated
measures two-way ANOVA found a significant effect of time
(F(36,432) ⫽ 4.66, p ⫽ 0.0001), treatment (F(1,12) ⫽ 5.37, p ⬍ 0.05),
and an interaction (F(36,432) ⫽ 2.75, p ⫽ 0.0001; Fig. 1B), suggesting that MPAE animals have GluN2B NMDAR-dependent LTP
deficits. As a control, we examined the effect of MPAE on
LTP induced by a HFS paradigm. In slices from SAC mice, HFS
LTP was not significantly different from TBS LTP (Fig. 1C vs B;

n.s. by two-way ANOVA). However, neither MPAE nor ifenprodil significantly inhibited HFS LTP (Fig. 1C).
Having observed a deficit in GluN2B-dependent LTP, we assessed the contribution of GluN2B-containing NMDARs to basal
synaptic transmission in SAC and MPAE mice by measuring
NMDAR-mediated fEPSPs in the absence and presence of ifenprodil. fEPSPs were blocked by 10 M AP-5, confirming that they
were NMDAR-dependent (Fig. 1D1). The ifenprodil-induced
suppression of the first fEPSP (determined by measuring area
under the curve) was significantly decreased by MPAE (t(12) ⫽
2.33, p ⬍ 0.05; Fig. 1D1,D2). No change in paired-pulse ratio,
either between SAC and MPAE or before and after ifenprodil, was
observed (SAC without ifenprodil 2.54 ⫾ 0.36, SAC with ifenprodil 2.62 ⫾ 0.28, MPAE without ifenprodil 2.34 ⫾ 0.21, MPAE
with ifenprodil 2.53 ⫾ 0.30). I/O curves for NMDAR-dependent
fEPSPs were not significantly different (Fig. 1D3). Figure 1, E and
F, shows that there were no differences either in the ifenprodilinduced suppression of NMDAR-mediated EPSCs or the AMPA/
NMDA ratios between SAC and MPAE mice (n.s. by unpaired t
test) using whole-cell recordings.
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Figure 3. Surface expression of GluN1 C2⬘-containing, GluN2B and GluN3A subunits, measured indirectly using the membrane-impermeable cross-linker BS 3, did not differ in SAC and MPAE
dentate gyrus tissue slices. Tissue slices were treated with (⫹) or without (⫺) BS 3 membrane impermeable cross-linker and then analyzed for NMDAR subunit levels, as described in Materials and
Methods.

We next determined whether the observed deficit in
NMDAR-dependent synaptic plasticity was associated with alterations in NMDAR levels and/or synaptic localization in the DG.
Subcellular fractions enriched in synaptic (TxP) and nonsynaptic
(TxS) protein markers, postsynaptic density-protein 95 (PSD95) and GABAAR ␣4 subunit (Chandra et al., 2006), respectively,
were prepared from control DG tissue. PSD-95 was detected only
in the synaptic fraction (Fig. 2A1) and GABAAR ␣4 (Fig. 2A2) was
enriched in the nonsynaptic fraction, indicating appropriate subcellular fractionation. Importantly, PSD-95 and GABAAR ␣4
were distributed similarly in SAC and MPAE tissue (data not
shown), demonstrating that MPAE does not alter the subcellular
fractionation of the tissue.
We assessed NMDAR GluN1, GluN2A, GluN2B, and GluN3A
subunit protein levels in synaptic and nonsynaptic fractions isolated from DG tissue using semiquantitative immunoblotting.
We found a significant increase in synaptic GluN1 subunit levels
in MPAE DG (t(11) ⫽ 3.057, n ⫽ 7; p ⬍ 0.05, Fig. 2B1), leading us
to examine the expression of GluN1 C-terminal splice variants.
Eight splice variants of the GluN1 subunit exist, four of which
arise from alternate splice sites in the C terminus (GluN1–1: C1
and C2 cassettes, GluN1–2: C2 cassette, GluN1–3: C1 and C2⬘
cassettes, GluN1– 4: C2⬘ cassette); these C-terminal variants influence NMDAR trafficking (Horak and Wenthold, 2009). We
found an increase in C2⬘-containing GluN1 subunits (t(16) ⫽
3.102, n ⫽ 7, p ⬍ 0.01, Fig. 2B4 ), with no change in C1- or
C2-containing GluN1 subunits (n ⫽ 9, n.s., Fig. 2B2,B3).
GluN2 subunits consist of four subtypes (A–D), which determine receptor kinetics and coupling to downstream signaling
systems, while GluN3 subunits consist of two subtypes (A and B),
which can convert the NMDAR into an excitatory glycine receptor (Smothers and Woodward, 2009). We found that DG
GluN2B subunit levels were decreased by MPAE (t(11) ⫽ 2.317,
n ⫽ 7, p ⬍ 0.05; Fig. 2D) and GluN2A subunit levels were unchanged (Fig. 2C) in MPAE relative to SAC DG.
Given that there was an increase in C2⬘-containing GluN1
subunit expression without a matching increase in one of the
GluN2 subunits, we investigated whether there was a corresponding increase in the level of one of the GluN3 subunits,

specifically GluN3A. In MPAE animals, GluN3A levels were
found to be increased compared with SAC (t(14) ⫽ 2.162, n ⫽ 8;
p ⬍ 0.05; Fig. 2E).
We also examined NMDAR subunit levels in the nonsynaptic
fraction, since studies have determined that extrasynaptic
NMDAR subunit activation is associated with ERK 1/2 and CREB
deactivation (Ivanov et al., 2006), which may affect LTP expression. We found no significant differences in the levels of GluN1,
GluN2A, or GluN2B in the nonsynaptic fraction in MPAE animals compared with SAC (Fig. 2F1–F3). Attempts to measure the
expression of GluN3A expression in the nonsynaptic fraction
were unsuccessful, presumably due to the very low expression or
absence of expression of the subunit in this compartment.
Finally, we assessed surface expression of GluN1 C2⬘containing, GluN2B and GluN3A subunits in DG microdissected
slices using the membrane-impermeable cross-linker BS 3 (Fig.
3). Cross-linking of cell surface receptors results in their migrating as high molecular weight bands on the gel/immunoblot, while
intracellular receptors migrate at the expected apparent molecular weight. By measuring the level of this latter pool of receptors,
an indirect measure of surface expression is obtained. Two-way
ANOVA revealed that, for each subunit, while there was a significant effect of the cross-linker, there was not a significant effect of
prenatal exposure, indicating that total surface expression of
these subunits was not affected by MPAE.

Discussion
We have shown that MPAE produces neurophysiological and
neurochemical alterations in the adult mouse DG. While MPAE
did not affect basal transmission mediated by either NMDARs or
AMPARs, it was associated with impaired NMDAR-dependent
LTP evoked by TBS and decreased contribution of GluN2Bcontaining NMDARs to fEPSPs recorded in the molecular layer
where granule cell dendrites are located. To our knowledge, although other studies have examined the effect of MPAE on LTP
in the DG (Sutherland et al., 1997; Varaschin et al., 2010), none
determined whether observed deficits were NMDAR-dependent.
Using immunoblotting techniques, we found that GluN2B levels
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were decreased, while C2⬘-containing GluN1 and GluN3A levels
were increased, in an enriched synaptic fraction.
The decrease in synaptic GluN2B levels and function recorded
in the immunoblotting and electrophysiological studies, respectively, may be a significant contributing factor to the LTP deficit
seen in MPAE mice, as previous research has implicated GluN2B
in LTP expression in the DG (Ge et al., 2007; Vasuta et al., 2007).
GluN2B-specific antagonist application during acquisition of a
trace conditioning paradigm blocks both potentiation of evoked
fEPSPs in the dentate gyrus in vivo and learning in the task
(Valenzuela-Harrington et al., 2007). A recent study found that,
early in development, switching the GluN2B subunit with the
GluN2A subunit to restore NMDAR-mediated currents did not
rescue GluN2B loss of function, primarily due to loss of signaling
downstream of GluN2B (Wang et al., 2011). Thus, a decrease in
GluN2B receptor levels in MPAE animals may alter downstream
signaling, leading to the observed LTP deficits. In support of this,
we previously demonstrated reduced NMDAR-dependent activation of extracellular signal-regulated kinase 1/2 in the DG of
MPAE mice (Samudio-Ruiz et al., 2009).
An interesting finding of our study is that MPAE affected
ifenprodil sensitivity of extracellularly recorded fEPSPs but not
EPSCs recorded in the whole-cell patch-clamp configuration. A
possible explanation is that the signals obtained in fEPSP recording are generated by NMDARs expressed in proximal and distal
segments of the dendrites located in the molecular layer, whereas
signals recorded in the patch-clamp configuration are generated
by more proximally expressed NMDARs. Intriguingly, LTP extracellularly recorded in the DG of mice was shown to be blocked
by ifenprodil (Vasuta et al., 2007) but not LTP recorded in the
whole-cell configuration from mature DG neurons (Ge et al.,
2007). Moreover, the small effect of ifenprodil on NMDAR fEPSPs may not explain the complete blockade of LTP that we observed; Ge et al. (2007) reported that 75% blockade of NMDAR
EPSCs is required to observe LTP inhibition in adult-born DG
cells. Therefore, an alternative explanation is that additional actions may contribute to the effects of ifenprodil, as Delaney et al.
(2012) recently reported that 10 M ifenprodil can partially block
P/Q-type calcium channels.
Increases in synaptic GluN1 and GluN3A subunits may also
affect LTP expression in MPAE animals. The increase in synaptic
C2⬘-containing GluN1 subunit levels, with no associated change
in C1-containing subunits, suggests that the GluN1– 4 splice variant, predominant variant in the hippocampus (Laurie and Seeburg, 1994), is elevated in MPAE mouse DG. The GluN1– 4 splice
variant lacks the C1 cassette, which contains two endoplasmic
reticulum retention signals that impede forward trafficking, and
contains the C2⬘ cassette, which has an enhancing effect on forward trafficking (Horak and Wenthold, 2009). Thus, an increase
in C2⬘-containing GluN1 subunits may account for the observed
increase in synaptic, total GluN1subunit levels. GluN3A subunits
have been shown to preferentially traffic to the surface with
GluN1– 4 (Smothers and Woodward, 2009), potentially leading
to the increase in synaptic GluN3A levels in the MPAE mice.
Diheterotetrameric GluN1/GluN3A NMDARs are excitatory
glycine receptors, generally considered to be impermeable to
Ca 2⫹. Thus, an increase in the levels of GluN1/GluN3Acontaining NMDARs may modify Ca 2⫹ influx after glutamatergic stimulation, having effects on signaling downstream of
NMDARs. However, although GluN1/GluN3A receptors have
been found to traffic to the surface in transfected Xenopus
oocytes, GluN3A requires the presence of either GluN3B or
GluN2 to traffic to the surface in HEK293 cells (Low and Wee,

2010), indicating that GluN1/GluN3A diheterotetrameric receptors may not be present at the surface in mammalian cells. Unfortunately, we were unable to immunoblot for GluN3B using
commercially available antibodies in our system, and could not
determine whether GluN3B levels were increased. GluN3A incorporation into GluN1/GluN2-containing receptors would alter the function of the receptor by decreasing Ca 2⫹ permeability
and Mg 2⫹ blockade (Perez-Otano et al., 2001). GluN3A levels are
high soon after birth, and quickly decrease during the first 21 d,
corresponding to the time of synaptic maturation (Perez-Otano
et al., 2001). Although the role of GluN3A in synaptic maturation
and plasticity has not been fully examined, overexpression of
GluN3A in the CA1 of the hippocampus during adulthood has
been reported to limit synapse potentiation (Roberts et al., 2009),
which may explain MPAE-induced LTP impairment.
Although other factors may be involved in the LTP deficits
seen in adult MPAE animals, our study implicates alterations in
NMDAR subunit composition, presumably at dendritic synaptic
membranes, as significant contributors. Given the critical role
that NMDARs play in LTP, it is likely that the GluN2B deficit
and/or the C2⬘-containing GluN1 and GluN3A increases contribute to the LTP deficits seen in MPAE animals, and may be
targets for therapeutic intervention.
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