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Abstract
Prenatal exposure to alcohol affects the expression and function of glutamatergic neuro-

transmitter receptors in diverse brain regions. The present study was undertaken to fill a

current gap in knowledge regarding the regional specificity of ethanol-related alterations in

glutamatergic receptors in the frontal cortex. We quantified subregional expression and

function of glutamatergic neurotransmitter receptors (AMPARs, NMDARs, GluN2B-contain-

ing NMDARs, mGluR1s, and mGluR5s) by radioligand binding in the agranular insular cor-

tex (AID), lateral orbital area (LO), prelimbic cortex (PrL) and primary motor cortex (M1) of

adult rats exposed to moderate levels of ethanol during prenatal development. Increased

expression of GluN2B-containing NMDARs was observed in AID of ethanol-exposed rats

compared to modest reductions in other regions. We subsequently performed slice electro-

physiology measurements in a whole-cell patch-clamp preparation to quantify the sensitivity

of evoked NMDAR-mediated excitatory postsynaptic currents (EPSCs) in layer II/III pyrami-

dal neurons of AID to the GluN2B negative allosteric modulator ifenprodil. Consistent with

increased GluN2B expression, ifenprodil caused a greater reduction in NMDAR-mediated

EPSCs from prenatal alcohol-exposed rats than saccharin-exposed control animals. No al-

terations in AMPAR-mediated EPSCs or the ratio of AMPARs/NMDARs were observed. To-

gether, these data indicate that moderate prenatal alcohol exposure has a significant and

lasting impact on GluN2B-containing receptors in AID, which could help to explain ethanol-

related alterations in learning and behaviors that depend on this region.

Introduction
Exposure to alcohol during nervous system development results in deficits in behavior and cog-
nition [1–10]. Recent studies estimate that between 2% and 5% of children in the United States
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could be diagnosed with fetal alcohol spectrum disorders (FASDs) [11], which include Fetal Al-
cohol Syndrome (FAS), partial FAS (pFAS), and alcohol-related neurodevelopmental disorders
(ARNDs) [12]. While exposure to high levels of alcohol can cause the facial dysmorphias char-
acteristic of FAS, more moderate prenatal ethanol exposure can cause persistent cognitive defi-
cits and other adverse neurobehavioral consequences in the absence of birth defects in humans
with FASDs [13–15] as well as in model organisms exposed to ethanol during development
[16]. A relatively high percentage (5% to>30%) of women in the United States report consum-
ing some alcohol while pregnant [17–22], and nearly 50% of women report drinking prior to
recognition of pregnancy [23–25], which may increase the general incidence of FASDs despite
efforts to increase awareness of the risks of drinking to the developing fetus. Maternal drinking
rates in countries outside North America are even higher, with 38–40% of Brazilian women
[26, 27], 43% of South African women [28], 45% of Spanish women [29], 59% of Western Aus-
tralian women [30], 60% of Russian women [31], and 63% of Uruguayan women [32] reporting
consumption of alcohol at some point during pregnancy, demonstrating that prenatal alcohol
exposure is endemic around the world. Understanding the behavioral and underlying neurobi-
ological effects of moderate alcohol exposure is important given that most FASD cases encom-
pass the less severe forms [33].

Prior work from our laboratory on the neurobiological consequences of moderate prenatal
alcohol exposure (PAE) revealed reductions in experience-dependent immediate early gene
(IEG) expression in cortical layers II/III in ventrolateral frontal cortex, specifically the agranu-
lar insular cortex (AID) and lateral orbital (LO) regions, as well as pre-limbic cortex (PrL) [34,
35] following social interaction. Expression of c-fos was reduced in the AID, LO, and PrL,
whereas reductions in activity regulated cytoskeleton-associated protein (Arc) mRNA were lim-
ited to AID. Further, decreases in spine density were limited to the apical dendritic fields of
layer II/III pyramidal neurons in AID. Dendritic spine density and levels of IEG expression are
modulated by excitatory glutamatergic neurotransmission mediated through α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA), and
metabotropic glutamate receptors [36–40]. PAE affects the expression and physiology of these
glutamate receptors, as well as GABA [41, 42], dopamine [43, 44], serotonin [45], and opioid
[46] receptors in a number of brain regions. Regionally specific glutamate receptor expression
in the superficial layers of ventrolateral (AID and LO) and medial (PrL) frontal cortex has not
been examined following moderate PAE. Alterations in glutamatergic receptor expression and
function may help inform the neurobiological bases of frontal-cortex dependent behavioral
deficits in animals following moderate PAE, which have the potential to provide insight into
behavioral alterations observed in humans diagnosed with FASDs.

To address this gap in knowledge, the present study was designed to examine expression of
ionotropic and metabotropic glutamate receptors following moderate PAE through autoradio-
graphic quantification of tritiated radioligand binding in several fronto-cortical regions includ-
ing AID, LO, PrL and M1 (primary motor cortex). Interestingly, we did not find differences in
AMPA, total NMDA, or metabotropic glutamate receptor (mGluR2/3 and mGluR5) expres-
sion anywhere in the frontal cortex in animals exposed to alcohol in utero. However, radioli-
gand binding to GluN2B-containing NMDA receptors (NMDARs) was elevated in layer II/III
of AID relative to other regions (LO, PrL, and M1) in PAE animals. Based on the radioligand
binding information we sought to characterize AMPA and NMDA receptor function, AMPA/
NMDA ratios, and multiplicity ratios (a measure of neuronal connectivity) in AID using
whole-cell patch-clamp electrophysiology, as PAE-induced alterations in excitatory neuro-
transmitter receptor activity may be independent of overall receptor expression. We also exam-
ined the effects of ifenprodil, a GluN2B specific NMDA receptor negative allosteric modulator,
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on evoked currents in layer II/III pyramidal neurons in AID based on the elevated GluN2B ex-
pression detected in the autoradiography studies.

Methods
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. All
procedures included in the manuscript adhered to the Public Health Service policy on humane
care and use of laboratory animals and were approved by the Institutional Animal Care and
Use Committee of the University of New Mexico (IACUC protocol number MCC-101106).

Rats
Adult (> 90 days old) male and female Long-Evans rats bred at the University of New Mexico
Health Sciences Center animal research facility were used. A total of 28 rats (7 males and 7 fe-
males from each prenatal treatment condition) were used for quantitative autoradiography
measurements and 40 rats (10 males and 10 females from each prenatal treatment condition)
were used for acute slice electrophysiology experiments. All rats were pair-housed with a part-
ner of the same sex and prenatal treatment condition on a 12-hr light/dark cycle with food and
water available ad libitum. No more than one offspring from each litter and dam were used in
these experiments.

Voluntary Drinking Paradigm
The voluntary drinking paradigm used in this study was previously described by Savage et al.
[47]. Three- to four-month-old Long-Evans rat breeders (Harlan Industries, Indianapolis, IN)
were single-housed in plastic cages at 22°C and kept on a “reverse” 12-hour dark/12-hour light
schedule (lights on from 2100 to 0900 hours) with Harlan Teklad rat chow and tap water ad li-
bitum. After acclimating to the animal facility for 1 week, all female rats were provided 0.066%
(w/v) saccharin in tap water for 4 hours each day from 1000 to 1400 hours. On Days 1 & 2, the
saccharin water contained 0% ethanol and on Days 3 & 4 it contained 2.5% ethanol (v/v). On
Day 5 and thereafter, the saccharin water contained 5% ethanol (v/v). Daily ethanol consump-
tion was monitored for at least 2 weeks and mean daily ethanol consumption was determined
for each female breeder. Breeders that drank 1 standard deviation above or below the group
mean were excluded from the study. Remaining females were randomly assigned to either a
saccharin control or 5% ethanol drinking group and matched such that the mean pre-pregnan-
cy ethanol consumption by each group was similar. Tap water was available during all phases
of the drinking paradigm.

Subsequently, females were housed with proven male breeders until pregnant as evidenced
by the presence of a vaginal plug. Female rats did not consume ethanol during the breeding
procedure. Beginning on gestational Day 1 (GD1), rat dams were provided saccharin water
containing either 0% or 5% ethanol for 4 hours a day. The volume of 0% ethanol saccharin
water provided to the controls was matched to the mean volume of saccharin water consumed
by the 5% ethanol drinking group. Daily 4-hour ethanol consumption was recorded for each
dam. To minimize handling-induced stress, rat dams were weighed once a week during preg-
nancy and daily weight gains extrapolated to determine daily ethanol consumption. At birth,
access to ethanol was discontinued and all litters were weighed and culled to 10 pups. Offspring
were weaned at 24 days of age and maintained and pair housed with a same-sex cage mate. In
all experiments only 1 animal per litter was used to avoid potential litter effects.
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Maternal Serum Ethanol Levels
A separate set of twelve rat dams was used to determine serum ethanol concentrations. These
dams completed the same voluntary drinking paradigm as described above, except that at the
end of the 4-hour ethanol consumption period on each of 3 alternate days during the third
week of gestation, each rat dam was briefly anesthetized with isoflurane. 100 μl of whole blood
was collected from the tail vein and immediately mixed with 0.2 ml of 6.6% perchloric acid, fro-
zen and stored at -2°C until assayed. Serum ethanol standards were created by mixing whole
blood from untreated rats with known amounts of ethanol ranging from 0 to 240 mg ethanol/
dl and then mixing 100 μl aliquots of each standard with perchloric acid and storing the stan-
dards frozen with the samples. Serum ethanol samples were assayed using a modified method
of Lundquist and colleagues [48].

In Vitro Autoradiography Assays
Adult rats (� 3 months old) were sacrificed by rapid decapitation, brains were dissected, frozen
in a dry-ice methanol bath, and stored at -80°C until histological sectioning. Coronal sections
(12μm) were collected on a microtome cryostat starting at a point where the anterior aspect of
the corpus callosum (forceps minor) is first visible, around Bregma 4.20 mm, corresponding to
Plates #8–9 in the stereotaxic atlas of Paxinos and Watson [49]. Nissl-stained sections were
used to confirm the appropriate level of sectioning. The sections were thaw-mounted onto pre-
cleaned Superfrost-plus microscope slides (Fisher Scientific, Hampton, NH) and stored at -80°C
until assay. At the beginning of each assay sections were pre-incubated twice for 15 min each at
4°C in incubation buffer to remove endogenous glutamate and rinsed twice for 5 minutes in
incubation buffer.

For AMPA receptor (AMPAR) binding, sections were incubated in buffer (50 mM Tris-
HCl, 100 mM KCl, pH 7.4) for 1 hour at 4°C with 20 nM [3H]-fluorowillardiine (FW) (Ameri-
can Radiolabeled Chemicals, Saint Louis, MO), in the absence or presence 10 μM quisqualate
(non-specific binding). Sections were rinsed twice for 5 sec each at 4°C. For total NMDA recep-
tor binding, sections were incubated in buffer (30 mM Tris-HEPES, pH 7.4) for two hours at
25°C with 5 nM [3H]-MK-801 (NEN Life Sciences/Perkin Elmer, Boston, MA), 100 μM l-gluta-
mate and 100 μM l-glycine, in the presence or absence of 100 μM unlabeled MK-801 (non-spe-
cific binding). Sections were rinsed twice for 20 min each at 4°C. For quantification of
GluN2B-containing receptors (GluN2BRs), sections were incubated in buffer (50 mM Tris-
HCL, 100 mMKSCN, pH 7.4) for one hour at 4°C with 6.25 nM [3H]-ifenprodil (NEN Life Sci-
ences/Perkin Elmer), 3 μMR(+)-3-(3-hydroxyphenyl)-N-propylpiperidine HCl and 10 μM
GBR 12909 (to prevent ifenprodil binding to sigma receptors [50]), in the absence or presence
of 3 mM spermine (non-specific binding). Sections were rinsed twice for 5 min each at 4°C.
For mGluR5 receptor binding, sections were incubated in buffer (30 mMHEPES, 110 mM
NaCl, 1.2 mMMgCl2, 5 mM KCl, 2.5 mM CaCl2, pH 7.4) for 60 minutes at 25°C with 20 nM
[3H]-MPEPy (gift fromMerck & Co., Inc., Whitehouse Station, NJ), in the absence or presence
of 100 μM SIB 1893 (non-specific binding). Sections were rinsed twice for one min each at 4°C.
For group II/II mGluR binding, sections were incubated in buffer (10 mM KH2PO4, 100 mM
KBr, pH 7.6) for 90 minutes at 4°C with 5 nM [3H]-LY 341,495 (American Radiolabeled
Chemicals), in the absence or presence of unlabeled 100 μM LY 341,495 (non-specific binding).
Sections were rinsed twice for one min each at 4°C. After sections were rinsed, they were quick-
ly dipped in ice-cold distilled water, air-dried under a stream of cool air, and vacuum desiccat-
ed overnight. Sections were loaded into X-ray cassettes along with standards containing known
amounts of tritium embedded in plastic. Kodak Biomax MR film was apposed to the sections
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and tritium standards then exposed, developed, fixed, rinsed and dried. Film exposure times
were 9 weeks for FW and 8 weeks for MK-801, ifenprodil, LY 341,495 and MPEPy binding.

Densitometric analysis was performed using Media Cybernetics Image Pro Plus on an
Olympus BH-2 microscope at a total magnification of 3.25X. For each measurement of a triti-
um standard or sample autoradiogram, a background image was subtracted from the primary
image. The background image consists of a sheet of plastic with the same optical density as un-
exposed film mounted onto a clean glass microscope slide that compensates for uneven field il-
lumination. After background correction, the area of interest was drawn and the average grey
level value within the region was determined. The four regions of interest were the AID, LO,
PrL and M1 and sampling was limited to the superficial layers (I-III) (Fig. 1). The amount of
receptor binding in sections, expressed as femtomoles/105 mm2, was determined by obtaining
grey level measurements over the regions of interest, performing regression analysis of these
values on the tritium standard curve and then dividing the resulting value by the specific activi-
ty of the radioligand. Grey level measurements of binding on the right and left side of four sec-
tions incubated in the absence of excess unlabeled ligand were used to obtain a measure of total
receptor binding in each brain region of interest. The right and left side of two sections incubat-
ed with excess unlabeled ligand were used to obtain a measure of nonspecific receptor binding.
Specific receptor binding is defined as the difference between total and nonspecific receptor
binding.

Electrophysiology
Adult rats (� 3 months old) were deeply anaesthetized with ketamine (250 mg/kg body weight)
and decapitated. Brains were rapidly removed and placed in ice-cold N-methyl-D-glucamine
(NMDG)-based cutting solution composed of (in mM): 92 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 3 sodium pyruvate, 5 ascorbic acid, 10 MgSO4,
and 0.5 CaCl2, equilibrated with 95%O2/5%CO2. Coronal sections (300 μm) were cut with a
Vibratome (Technical Products, St Louis, MO, USA). After cutting, slices were transferred to
32°C NMDG cutting solution equilibrated with 95%O2/5%CO2 for 15 minutes, then trans-
ferred to a room-temperature holding solution composed of (in mM): 92 NaCl, 2.5 KCl, 1.2
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 3 sodium pyruvate, 5 ascorbic acid,
1 MgSO4, and 2 CaCl2, equilibrated with 95%O2/5%CO2 for 50 minutes before recording. Dur-
ing recording, slices were superfused with aCSF composed of (in mM): 125 NaCl, 2 KCl, 1.131
NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgSO4, and 0.4 ascorbic acid, continuously bubbled with
95%O2/5%CO2 at a rate of 2 ml/min and maintained at 32°C. Neurons were visualized with
infrared differential interference contrast microscopy. Recordings were made using an A-M
systems model 2400 amplifier (Sequim, WA) and digitized at a rate of 10 kHz and filtered at
2 kHz (4 pole Bessel low-pass filter). Patch pipettes (tip resistance 3–5 MO) were filled with an
internal solution composed of (in mM): 140 potassium D-gluconic acid, 10 HEPES, 1 EGTA,
6 KCl, 0.1 CaCl2, 5 MgCl2, 4 NaATP, 0.4 NaGTP, and 0.5% biocytin, osmolarity 280–290
mOsm. The holding potential was -70 mV, which was corrected for liquid junction potential
(15.2 mV). Recordings were rejected if the access resistance changed by�20% during the
course of the experiment.

20 rats (5 males and 5 females from each prenatal diet condition) were used to measure
spontaneous post-synaptic currents. Spontaneous excitatory post-synaptic currents (sEPSCs)
were recorded in the presence of picrotoxin (PTX) (50 μM) to eliminate GABAA receptor-me-
diated inhibitory neurotransmission. EPSCs were analyzed using the Mini Analysis Program
(Synaptosoft, Fort Lee, NJ) to measure amplitude and frequency of spontaneous synaptic
activity.
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Multiplicity ratio calculations were performed as described in Hsia et al. [51]. Multiplicity
refers to the ratio of action potential driven events (sEPSCs) to action potential independent
events (mini EPSCs, or mEPSCs). If there is at most one synaptic contact with the recorded
cell, then the multiplicity ratio will be 1. However, if there is more than one synaptic connec-
tion with the recorded cell the multiplicity will be increased, because the sEPSCs will have a
larger amplitude than the mEPSCs, thus, the multiplicity ratio provides a measure of neuronal
connectivity [52]. For multiplicity ratio measurements sEPSCs were recorded in the presence
of aCSF with an elevated Ca2+/Mg2+ ratio to increase probability of release (aCSF composition
(in mM): 125 NaCl, 2 KCl, 1.131 NaH2PO4, 26 NaHCO3, 4 CaCl2, 0.5 MgSO4 and 0.4 ascorbic

Fig 1. Sampled brain areas for autoradiography densitometry analysis and% change in [3H]-
ifenprodil binding. A) [3H]-Ifenprodil binding in a coronal section of rat brain corresponding to Plate #8
(Bregma + 4.2 mm) in the stereotaxic atlas of Paxinos andWatson [49]. Densitometry of [3H]-ifenprodil
binding was measured in cortical layers I-III in prelimbic cortex (PrL), primary motor cortex (M1), lateral orbital
cortex (LO), and agranular insular cortex (AID). The image is overlaid with boundaries of sampled regions.B)
Image of non-specific [3H]-ifenprodil binding.C) Plate #8 from the stereotaxic atlas of Paxinos andWatson
[49] (Reprinted with permission from Elsevier).D)Mean (+SEM) percent change in [3H]-ifenprodil binding in
AID, LO, PrL, and M1 are shown. Asterisk (*) indicates a significant (p< 0.05) prenatal treatment X region
interaction for [3H]-ifenprodil binding.

doi:10.1371/journal.pone.0118721.g001
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acid), while in the presence of PTX. mEPSCs were recorded in the presence of PTX and tetro-
dotoxin (TTX) (0.5 μM)

Evoked EPSCs
20 rats (5 males and 5 females from each prenatal treatment condition) were used to measure
evoked glutamatergic EPSCs. Layer II/III pyramidal neurons were patched in the whole-cell
configuration, superfused with Mg2+ free aCSF (CaCl2 concentration increased to 3mM), and
cells allowed to equilibrate for 5 minutes in the presence of PTX (50 μM) before currents were
evoked with a concentric bipolar stimulating electrode (FHC, Bowdoin ME) placed 100–200 μm
away from the recording electrode in the apical dendritic field of the patched cell. Stimulation
intensity was adjusted so that evoked currents had an average amplitude of ~500 pA. Initially,
8–10 ionontropic glutamate receptor-mediated EPSCs were recorded at 30 s intervals. To
pharmacologically isolate NMDAR-mediated currents, PTX (50 μM) and NBQX (10 μM) were
applied for 5 minutes before recording 8–10 evoked currents at 30 s intervals. GluN2B contri-
bution to NMDA currents was then measured by blocking GluN2B containing NMDARs by
applying ifenprodil (3 μM) for 5 minutes, after which 8–10 evoked currents were recorded at
30 s intervals. After ifenprodil treatment, residual NMDAR-mediated EPSCs were blocked by
applying AP5 (50 μM) for 5 minutes before 8–10 evoked currents were recorded. Data were an-
alyzed with Clampfit-10 (Molecular Devices, Sunnyvale, CA). Evoked current responses for
each treatment were averaged and the peak evoked current amplitude measured. To measure
AMPA contribution to total ionotropic glutamate receptor-mediated EPSCs, NMDA current
traces were subtracted from traces of EPSCs recorded in the presence of PTX, and peak ampli-
tudes calculated for both AMPA and NMDAmediated EPSCs. This information was then used
to calculate AMPA/NMDA ratios.

Biocytin Labeling
During electrophysiological recordings patched neurons were passively filled with 0.5% biocy-
tin. After recordings were concluded brain slices were incubated in 4% paraformaldehyde for
24 hours at 4°C, then incubated in Tris-buffered saline (TBS) (500 mM Tris-HCl, 1.5 M NaCl)
for 24 hours at 4°C. Brain slices were then placed in a TBS solution containing 0.5% Triton X-
100 and 0.1% streptavidin-Cy3 for 1 hour in the dark at room temperature. The sections were
then rinsed for 15 minutes with TBS before being mounted on slides and coverslipped with
VECTASHIELD hard-set mounting media (Vector Laboratories, Burlingame, CA). Biocytin-
labeled neurons were visualized on an Olympus BX51 microscope and imaged with an Olym-
pus DP70 camera (Olympus, Center Valley, PA). Neurons that were confirmed to be layer II/
III pyramidal neurons based on distinctive morphological characteristics (single apical field
with a major branch point> 100 μm from the soma) were retained for analysis, and all other
neuronal subtypes were excluded. It is also noted that selection of neurons from deeper layers
did not occur as these are situated far from the area where neurons were selected for patching.

Statistical Analyses
Statistical analyses were performed using SPSS ver. 21 for Macintosh (IBM, Armonk, NY). An
alpha of p< 0.05 was adopted for all omnibus analyses. Effect sizes (partial eta squared,Z2p) are

provided for all significant effects. All data are presented as mean + 1 S.E.M. Autoradiography
binding data for each radiolagand were analyzed separately using the multivariate analysis of
variance (MANOVA) approach to repeated measures, with region (AID, LO, PrL, M1) as a
within-subject factor and prenatal treatment (Saccharin, Ethanol) and sex as between-subject
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factors. For characterization of EPSC waveforms we conducted separate univariate analyses of
variance (ANOVAs) for each measure of waveform characteristics (amplitude, rise time, area,
half-width, tau1, tau2, frequency, multiplicity ratio) as dependent variables and prenatal treat-
ment and sex as fixed factors. Ifenprodil sensitivity was analyzed with a univariate ANOVA,
with prenatal treatment condition and sex as fixed factors.

Results

Voluntary drinking paradigm
Maternal serum ethanol levels, as well as other effects of the voluntary drinking paradigm’s ef-
fects on rat dams and their offspring are presented in Table 1. There was no significant effect
of prenatal treatment condition on maternal weight gain during pregnancy, litter size, or pup
birth weight.

Autoradiography analysis of ligand binding to glutamatergic receptors
Binding data in AID, LO, PrL, and M1 for each combination of prenatal treatment and sex are
represented in Table 2. An example image of ifenprodil binding as well as non-specific binding
is shown in Fig. 1. There were no significant main effects of prenatal treatment for any ligands
[all ps> 0.44], however, there was a significant Region X Prenatal Treatment interaction for
specific [3H]-ifenprodil binding [Wilks’ Λ = 0.638, F(3, 22) = 4.16, p = 0.018, Z2p = 0.362]. To

characterize this interaction we first evaluated the pattern of prenatal treatment effects within
each region. Inspection of the mean specific [3H]-ifenprodil binding in Table 2 indicates an ap-
proximately 12% increase in specific [3H]-ifenprodil binding within the AID region of PAE
rats relative to saccharin controls which approached significance [F(1, 26) = 3.82, p = 0.057, Z2

p =

0.133] compared to slight numerical reductions in specific [3H]-ifenprodil binding relative to
saccharin controls in LO, PrL and M1 [all ps> 0.75]. This pattern suggests that the interaction
was attributable to PAE-related increases in specific [3H]-ifenprodil binding in AID, compared
to modest PAE-related decreases in other regions. Evaluation of regional variation in PAE effects
is, however, complicated by large regional variation in specific [3H]-ifenprodil binding

Table 1. Effects of daily four-hour consumption of 5% ethanol on rat dams and their offspring.

Saccharin Control 5% Ethanol

Daily four-hour ethanol consumption NA 2.04(0.08) n = 32

(grams EtOH consumed/kg body weight/day)

Daily four-hour ethanol consumption: Week 1 NA 1.73(0.09) n = 32

Daily four-hour ethanol consumption: Week 2 NA 2.07(0.09) n = 32

Daily four-hour ethanol consumption: Week 3 NA 2.04(0.08) n = 32

Maternal serum EtOH concentration NA 60.8(5.8) n = 62

(mg EtOH/dL serum, 45 minutes into drinking)

Maternal weight gain during pregnancy 107(4) n = 32 104(5) n = 32

(grams increase in body weight through GD20)

Litter size 12.5(0.15) n = 32 12.2(0.29) n = 32

(number of live fetal pups/litter)

Pup birth weight 6.17(0.13) n = 41 6.13(0.11) n = 42

(grams)

Data are mean (SEM) with group sample size.

doi:10.1371/journal.pone.0118721.t001
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independent of prenatal treatment. Therefore, to more clearly characterize the nature of this in-
teraction, specific [3H]-ifenprodil binding values for PAE rats relative to control values were cal-
culated (PAE value / saccharin control value) within each region (see Fig. 1D). Because the sex
factor was not involved in this interaction the data were collapsed across levels of sex, however,
we note that the outcome of the contrast was comparable for both sexes and exclusion of the sex
factor did not alter the result of this analysis. The resulting values were analyzed using repeated
measures ANOVA with region as a single factor, and a contrast to compare the ethanol-related
change in specific [3H]-ifenprodil binding for AID to the other three regions. This contrast was
significant [F(1, 13) = 13.79, p< 0.003, Z2p = 0.515] and accounted for>99% of regional variation

in the effects of PAE on specific [3H]-ifenprodil binding among a set of orthogonal contrasts, fur-
ther suggesting that the Prenatal Treatment X Region interaction was attributable to a pattern of
increased specific [3H]-ifenprodil binding in AID compared to decreases observed in the other
regions. No significant Region X Prenatal Treatment interactions were observed for the specific
binding of the other radioligands [all ps> 0.45] and no other two- or three-way interactions
were significant for any radioligands [all ps> 0.056]. There was a significant effect of sex for
MK801 binding [female>male; F(1, 24) = 27.40, p< 0.001, Z2p = 0.133]. No other sex main

Table 2. Effect of prenatal ethanol exposure on the density of various glutamate receptor subtypes in frontal cortex.

Tritiated Radioligand AID LO PrL M1

SAC ETOH SAC ETOH SAC ETOH SAC ETOH

AMPA Receptor 3.11(0.08) 3.09(0.07) 2.30(0.07) 2.22(0.06) 3.50(0.07) 3.41(0.07) 2.02(0.05) 2.00(0.07)

Fluorowillardiine *[R]

Male 3.12(0.13) 3.09(0.11) 2.26(0.13) 2.16(0.07) 3.53(0.11) 3.47(0.09) 1.91(0.05) 2.07(0.09)

Female 3.10(0.12) 3.08(0.10) 2.34(0.07) 2.28(0.10) 3.48(0.10) 3.36(0.12) 2.13(0.07) 1.94(0.11)

NMDA Receptor 0.61(0.04) 0.60(0.03) 0.47(0.03) 0.48(0.02) 0.50(0.03) 0.45(0.03) 0.55(0.03) 0.54(0.03)

MK-801 *[R, S]

Male 0.52(0.04) 0.54(0.03) 0.41(0.02) 0.43(0.02) 0.42(0.03) 0.38(0.03) 0.51(0.02) 0.46(0.03)

Female 0.69(0.05) 0.67(0.04) 0.54(0.03) 0.52(0.03) 0.57(0.03) 0.52(0.02) 0.58(0.06) 0.61(0.03)

GluN2B 0.45(0.02) 0.51(0.02) 0.42(0.02) 0.41(0.02) 0.49(0.03) 0.48(0.03) 0.34(0.02) 0.33(0.02)

Ifenprodil *[R, PTxR]

Male 0.44(0.04) 0.49(0.02) 0.43(0.04) 0.40(0.03) 0.51(0.05) 0.51(0.05) 0.32(0.03) 0.33(0.02)

Female 0.46(0.02) 0.52(0.03) 0.41(0.01) 0.43(0.03) 0.47(0.05) 0.44(0.04) 0.36(0.01) 0.34(0.03)

mGluR2,3 6.35(0.25) 6.09(0.25) 6.12(0.26) 5.88(0.24) 5.84(0.25) 5.52(0.26) 6.93(0.26) 6.66(0.27)

LY-341495 *[R]

Male 6.54(0.38) 6.47(0.39) 6.27(0.42) 6.22(0.33) 6.07(0.37) 5.93(0.39) 7.21(0.38) 7.11(0.37)

Female 6.15(0.34) 5.71(0.28) 5.98(0.33) 5.53(0.32) 5.61(0.35) 5.11(0.29) 6.66(0.35) 6.21(0.33)

MGluR5 0.55(0.02) 0.55(0.01) 0.45(0.01) 0.44(0.01) 0.69(0.01) 0.68(0.02) 0.45(0.01) 0.43(0.01)

MPEPy *[R]

Male 0.55(0.02) 0.53(0.01) 0.45(0.02) 0.43(0.01) 0.68(0.01) 0.66(0.03) 0.43(0.01) 0.41(0.01)

Female 0.55(0.03) 0.57(0.02) 0.44(0.01) 0.46(0.01) 0.70(0.02) 0.69(0.02) 0.47(0.01) 0.44(0.01)

Data are the mean (SEM) specific binding, expressed as femtomoles bound / 105 μm2, for each radioligand for the total sample (in bold, N = 14) and

separately for males (n = 7 per prenatal treatment) and females (n = 7 per prenatal treatment). R = Region, PT = Prenatal Treatment, S = Sex.

* indicates a significant effect at p < 0.05; See Fig. 1D for additional data relevant to characterization of the PTxR interaction for specific [3H]-

ifenprodil binding.

doi:10.1371/journal.pone.0118721.t002
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effects were significant [all ps> 0.09]. There were also significant main effects of region for each
ligand (all ps< 0.001; see Table 2) that are not further characterized here.

Characterization of sEPSCs and mEPSCs from AID layer II/III pyramidal
neurons
sEPSC and mEPSC waveform characteristics were collected from layer II/III pyramidal neu-
rons within AID. The internal solution used for whole-cell patch-clamp electrophysiology con-
tained biocytin to confirm that measurements were taken from pyramidal neurons. An
example of a biocytin-stained pyramidal neuron from AID is presented in Fig. 2A. Average
waveform characteristics for both sEPSCs and mEPSCs fit with a dual exponent function, as
well as multiplicity ratio data are presented in Table 3. Sample traces and average waveforms
for both sEPSCs and mEPSCs are shown in Fig. 2B-E. There were no significant effects of pre-
natal treatment on any of the waveform characteristics or multiplicity ratios. However, there
were significant main effects of sex for several waveform characteristics: amplitude for both
sEPSCs [male> female; F(1, 18) = 64.66, p< 0.001, Z2p = 0.802] and mEPSCs [male> female;

F(1,16) = 44.702, p<0.001, Z2p = 0.736], half-width for sEPSCs [female>male; F(1,16) = 4.935,

p = 0.041, Z2p = 0.236, tau1 for both sEPSCs [female>male; F(1,16) = 4.626, p = 0.047, Z2p =

0.224] and mEPSCs [female>male; F(1,16) = 8.949, p = 0.009, Z2p = 0.359], and tau2 for

mEPSCs [female>male; F(1,16) = 9.044, p = 0.008, Z2
p = 0.361].

Analysis of evoked glutamatergic EPSCs
A representative ionotropic glutamatergic EPSC, as well as an AMPA-mediated and NMDA-
mediated EPSC are shown in Fig. 3A. No effect of prenatal treatment condition on evoked
AMPA/NMDA current amplitude ratios was detected [F(1,16) = 0.07, p = .795] (Table 4).

Fig 2. Sample layer II/III pyramidal neuron and spontaneous current recordings. A) Example of biocytin-
filled pyramidal neuron from cortical layer II/III. The internal solution for whole-cell patch-clamp
electrophysiology contained biocytin to visualize patched neurons in paraformaldehyde fixed slices using
fluorescence microscopy with streptavidin conjugated Cy3. A low magnification (40X) image is shown
delineating agranular insular cortex, along with a higher magnification image (100X) to show neuronal
morphology. The arrow in the 40X image points to the rhinal fissure. Scale bar 40X = 200 μm, scale bar 100X
= 100 μm. B-E) Sample traces and average waveforms of sEPSCs and mEPSCs from AID layer II/III
pyramidal neurons. Sample traces from saccharin exposed (B) and PAE (C) animals with sEPSC traces (no
TTX) and mEPSC (TTX) traces are shown. Average waveforms for both sEPSCs and mEPSCs from
saccharin exposed (D) or PAE (E) animals are also displayed. There were no significant effects of prenatal
treatment condition on EPSCs.

doi:10.1371/journal.pone.0118721.g002
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There was no effect of sex or Sex X Prenatal treatment on AMPA/NMDA ratios (both
ps> 0.56).

Representative evoked responses obtained at baseline (PTX+NBQX), in the presence of
ifenprodil and in the presence of AP5 are shown in Fig. 3B. Mean percent reductions in evoked
responses with 3μM ifenprodil for each prenatal treatment condition are shown in Fig. 3C.
There was a significant effect of prenatal treatment on percent reduction in evoked response
amplitude [PAE> SAC; F(1, 16) = 14.28, p = 0.002 Z2

p = 0.47]. The main effect of sex and the

Sex X Prenatal Treatment interaction were not significant [both ps> 0.38]. We note that the
effects of prenatal treatment on ifenprodil sensitivity were comparable for males and females
(both ps< 0.032). Mean (SEM) % reduction to evoked NMDA EPSCs following ifenprodil ap-
plication broken down by sex are as follows: SACmale = -16.50(3.16), PAEmale = -32.60(5.33);
SACfemale = -15.00(3.42), PAEfemale = -27.34(2.55).

Table 3. Characteristics of average sEPSC and mEPSC waveforms fit with a dual exponent function (A) and multiplicity ratio data (B).

A) sEPSC mEPSC

SAC PAE SAC PAE

Amplitude (pA) ***[s,m] −38.53(1.31) −38.15(1.55) −37.64(1.38) −36.93(1.65)

Male −42.27(0.44) −42.11(1.60) −40.79(0.94) −41.50(1.10)

Female −34.79(0.75) −34.18(0.61) −34.48(1.64) −32.35(0.75)

Rise time (ms) 1.80(0.13) 1.76(0.11) 2.38(0.32) 2.01(0.17)

Male 1.73(0.11) 1.64(0.16) 1.92(0.26) 1.79(0.10)

Female 1.87(0.25) 1.87(0.15) 2.84(0.53) 2.24(0.31)

Area (pa/ms) −705.46(61.62) −620.63(78.15) −707.85(64.57) −608.58(58.08)

Male −695.90(64.67) −683.63(96.01) −728.79(67.45) 684.44(104.20)

Female 715.03(113.39) 557.62(127.59) 686.92(118.29) −532.72(37.99)

Half-width (ms) *[s] 8.08(0.66) 7.52(0.80) 8.52(0.78) 7.43(0.56)

Male 7.27(0.56) 6.20(0.57) 7.15(0.80) 7.05(0.50)

Female 8.88(1.14) 8.84(1.31) 9.88(1.08) 7.80(1.05)

Tau1 (ms) * [s], ** [m] 6.42(0.76) 6.89(0.97) 7.57(0.91) 6.43(0.68)

Male 5.43(0.60) 5.42(0.85) 5.58(0.69) 5.64(0.75)

Female 7.40(1.31) 8.37(1.57) 9.57(1.12) 7.22(1.09)

Tau2 (ms) **[m] 15.06(2.08) 14.91(3.17) 15.95(1.55) 13.30(1.18)

Male 13.59(1.99) 9.30(1.26) 13.15(1.65) 11.14(1.12)

Female 16.54(3.80) 20.53(5.28) 18.76(2.05) 15.46(1.64)

Frequency (Hz) 0.22(0.04) 0.18(0.04) 0.13(0.03) 0.16(0.04)

Male 0.18(0.04) 0.15(0.03) 0.15(0.05) 0.22(0.05)

Female 0.25(0.07) 0.22(0.08) 0.10(0.02) 0.10(0.05)

B) SAC PAE

Multiplicity 1.04(0.07) 1.06(0.04)

Male 0.99(0.12) 1.02(0.06)

Female 1.09(0.06) 1.11(0.05)

Data are mean (SEM) for each characteristic for the total sample (N = 10 animals per prenatal treatment) and separately for males (n = 5 animals per

prenatal treatment) and females (n = 5 per prenatal treatment). There were no significant main effects of prenatal treatment or prenatal treatment X sex

interactions at p < 0.05.

*indicates a significant effect at p<0.05 for sex main effects for either the sEPSC[s] or mEPSC[m].

** p<0.01

***p<0.001

doi:10.1371/journal.pone.0118721.t003
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Discussion
In order to better understand the impacts of PAE on excitatory neurotransmission in the fron-
tal cortex, initial experiments in this study focused on autoradiography analysis of radioligand
binding to glutamatergic neurotransmitter receptors in layer II/III pyramidal neurons in the
frontal cortex. PAE did not have a significant effect on ligand binding to total NMDA, AMPA,
mGluR2/3, or mGluR5 receptors in the regions examined (AID, LO, PrL, M1). [3H]-Ifenprodil
binding to GluN2B-containing NMDARs was affected by PAE with increased [3H]-ifenprodil
binding in cortical layers II/III of AID compared to modest decreases in binding in PrL, LO
and M1. Motivated by this observation subsequent examination of AMPA and NMDA recep-
tor physiology in layer II/III pyramidal neurons of AID yielded evidence of enhanced sensitivi-
ty to the GluN2B antagonist ifenprodil following PAE, whereas no effects of PAE on AMPA
receptor sEPSCs and mEPSCs, multiplicity ratios (as a measure of neuronal connectivity [51]),
or AMPAR/NMDAR ratios were observed. Collectively these observations suggest that
AMPAR expression and function in frontal cortex are spared following PAE, whereas expres-
sion and function of GluN2B-containing subunits are enhanced selectively in the AID region
of frontal cortex.

Altered NMDAR composition in AID caused by PAE could help to explain observations of
PAE-related alterations in AID function and AID-dependent behavioral and cognitive

Fig 3. Evoked currents and ifenprodil sensitivity. A) Representative glutamatergic EPSCs.
Representative traces from a combined AMPA/NMDA EPSC, an NMDA-mediated EPSC, and an AMPA-
mediated EPSC calculated by subtracting the NMDA EPSC from the combined EPSC are shown. B)
Representative evoked NMDA EPSCs. Sample traces of evoked NMDA EPSCs from both prenatal treatment
conditions with amplitudes of total NMDA currents normalized between treatment conditions. C) Sensitivity of
evoked NMDA EPSCs to ifenprodil. Mean percent (+SEM) reduction in evoked NMDA current following
application of 3μM ifenprodil (n = 10 per prenatal treatment). Asterisk (*) indicates a significant effect (p =
0.002) of prenatal treatment condition on ifenprodil sensitivity.

doi:10.1371/journal.pone.0118721.g003

Table 4. AMPA/NMDA ratios.

SAC PAE

AMPA/NMDA 1.84(0.26) 1.75(0.21)

Male 1.91(0.22) 1.88(0.41)

Female 1.77(0.51) 1.61(0.14)

Data presented are mean (SEM) AMPA/NMDA ratios for the total sample (N = 10 animals per prenatal

treatment) and separately for males (n = 5 per prenatal treatment) and females (n = 5 per prenatal

treatment).

doi:10.1371/journal.pone.0118721.t004
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processes previously reported by our laboratory [34, 35, 53]. Among these are changes in social
behaviors frequently observed following PAE, which prior work from our laboratory has linked
to AID and adjacent ventrolateral frontal cortex. Hamilton et al. [53] recently demonstrated
that PAE significantly increased the frequency and duration of wrestling in adult rats, suggest-
ing increased aggression, while simultaneously decreasing social investigation (e.g., anogenital
sniffing). These results replicated data from a previous study within our laboratory [35]. Modi-
fications in social behavior following PAE have also been reported by other laboratories using a
variety of experimental conditions including: dosage, timing and duration of exposure, age at
time of measurement, and exposure methods [54–59]. In addition to PAE-induced alterations
in social behavior, Hamilton et al. [53] showed PAE also impairs tongue protrusion, which crit-
ically depends upon ventrolateral frontal cortex regions including AID [60, 61] as well as re-
sponse perseveration errors during spatial reversal learning [62]. Given these observations it is
interesting to speculate that altered NMDAR subunit composition in AID may contribute to
PAE-induced alterations in AID-dependent behaviors. Increased association of PSD-95 with
GluN2B in both cortex and hippocampus correlates with age-related declines in reversal learn-
ing [63]. Genetic manipulations that increase GluN2B and reduce GluN2A expression in the
forebrain enhance and impair social recognition memory, respectively [64, 65], while other
manipulations of NMDAR function impact other measures of social behavior [66–68]. Based
on these observations, it is possible that the altered NMDAR subunit expression and function
seen in this study underlie some aspects of social behavior alterations caused by PAE previously
observed by our laboratory, however, the relationship between the present observations and be-
havioral consequences of PAE require examination in future studies. Considering that orbito-
frontal cortex, of which AID is a component, has been linked to reward processing in a number
of different contexts and species[69–71], it is also tempting to speculate that enhanced
GluN2BRs in AID could contribute to increased voluntary ethanol consumption following
PAE, which has been reported following a variety of PAE paradigms [46, 72–74], including the
one utilized in the current study [75]. Evaluation of this possibility awaits further study.

The present findings join a growing body of data demonstrating that ethanol exposure dur-
ing development influences NMDAR expression and subunit composition. Several studies
have reported reductions in NMDAR binding in cortex and hippocampus [76–78] following
PAE. Characterization of specific NMDAR subunit expression following PAE has, however,
yielded more varied results. Several independent laboratories have reported reduced GluN2B
expression in whole brain [79, 80], cortex [81–83], and hippocampus [82], as well as reduced
PSD-95 associated GluN2B [84] or synaptosomal GluN2B [85] in hippocampus following
PAE. In contrast, some studies have failed to detect effects of PAE on GluN2B expression in
cortex [86–88] or hippocampus [89, 90]. Consistent with the findings of the present study, one
study reported a significant increase in cortical GluN2B mRNA expression [91], and another
yielded non-significant trends for increases in cortical GluN2B protein in response to PAE
[90]. These conflicting characterizations of GluN2B expression following PAE may be partially
attributed to differences in the dose, duration, timing, age at time of exposure, age at time of
measurement, species examined, brain region examined, and other variables. It is worth noting
that to our knowledge, this study represents the first report of glutamatergic receptor expres-
sion in individual fronto-cortical subregions following PAE.

The effects of ethanol exposure during development are not limited to ventrolateral frontal
cortex, as other fronto-cortical subregions are affected by a prenatal ethanol insult. Studies ex-
amining medial prefrontal cortex (mPFC) have found PAE induced alterations in gene expres-
sion [34, 35, 72, 92, 93], dendritic morphology [94] and mPFC-dependent behaviors [93, 95].
AID has reciprocal connections to mPFC [96], so circuit-level effects of PAE are likely. Further,
previous work from our laboratory has observed PAE-dependent changes in dendritic
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morphology in the nucleus accumbens [97], a region that receives efferent projections from
AID [98]. Understanding how PAE impacts neuronal activity in interconnected brain regions
will provide insight into how this teratogen affects brain development at a circuit-level, and
could lead to beneficial treatments by enhancing or inhibiting neuronal activity in a particular
region to rescue deficits in activity in associated areas.

Several limitations of the present study and findings warrant discussion. That total
NMDAR measures were not affected by PAE, but measures of GluN2BR expression and func-
tion were enhanced by PAE, suggests decreases in other subunits such as GluN2ARs. We ex-
amined binding and evoked currents for total NMDARs and GluN2BRs, but did not examine
other subunits based on currently available pharmacological agents to target these receptors.
For example, NVP-AAM077 has been utilized in a number of studies as a GluN2A specific an-
tagonist, but recent examinations of binding specificity have demonstrated that it has mixed af-
finity for GluN1/GluN2A and GluN1/GluN2B NMDA receptors [99], therefore it could not be
utilized to generate unambiguous radioligand binding or electrophysiological data. It is also
important to note that the electrophysiological data on GluN2B function were more robust
than the autoradiography data, which in part may reflect the specificity of the measures. Fol-
lowing observations of increased GluN2B binding in AID we also analyzed brain punches from
AID and observed no overall differences in GluN2A and GluN2B protein expression following
PAE, which was likely due to the diversity of cell types included in the brain punch. Analyses
targeting superficial layers revealed increased binding (autoradiography) and selective analysis
of layer II/III pyramidal neurons in AID yielded evidence of increased ifenprodil sensitivity.
Collectively, these observations suggest that PAE-related enhancements of GluN2B expression
and function in AID are likely most robust in superficial pyramidal neurons. Another limita-
tion in the present study concerns potential stressors in dams during the alcohol exposure par-
adigm. Dams are housed in isolation during the pre-pregnancy and pregnancy drinking
phases. This could increase stress, however, it is noted that dams from both prenatal exposure
conditions are isolated in the same manner. This procedure was utilized to allow accurate mea-
surement of maternal alcohol consumption, to match procedures utilized in our prior studies.
Finally, the use of the non-competitive NMDA antagonist ketamine as an anesthetic prior to
decapitation for acute slice recordings of NMDA currents warrants discussion. Ketamine was
utilized to reduce the potential for excitotoxic damage during and following decapitation.
Healthy, viable slices can be obtained using this approach [100], although there is potential for
residual ketamine to remain bound to the NMDA receptors after slice preparation. This could
result in underestimation of evoked NMDA current amplitudes, however, this is unlikely as
slices were extensively washed in ketamine-free aCSF during both recovery and perfusion in
the recording chamber. Accordingly, we have not encountered problems with ketamine in pre-
vious studies examining NMDA receptor currents in brain slices (see [101]), and evoked
NMDA responses in our studies are comparable to those reported in the literature examining
neighboring cortical areas [102].

In this study, [3H]-Ifenprodil binding in AID and sensitivity of layer II/III AID pyramidal
neurons to ifenprodil was similar in both sexes, indicating that GluN2B expression in response
to PAE is independent of sex. We also note that all four stages of estrous are represented equal-
ly in both prenatal treatment conditions for these data. While the sample sizes are too small to
support a formal analysis of the contribution of stage of estrous to the observed results, the uni-
form representation of estrous stages in each treatment condition and the lack of a sex effect
suggest that effects of PAE on GluN2BR currents are not critically related to variation with es-
trous. There are, however, a number of studies demonstrating sexually dimorphic effects of
prenatal ethanol exposure [35, 54, 103–110], so it is possible that other aspects of glutamatergic
receptor expression or channel physiology may be affected by PAE differentially in the two
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sexes. A particularly interesting observation in this study concerns fundamental differences in
AMPAR electrophysiology between males and females. AMPAR-mediated EPSCs from male
animals displayed larger amplitudes, shorter half-widths, and faster decay times than EPSCs
from female animals (Table 2), characteristics that were not altered by prenatal treatment con-
dition. Sex differences in AMPAR expression and physiology are not without precedent, as sex
differences in AMPAR subunit expression [111] and EPSP amplitude [112] have been observed
in the hippocampus. Sex-dependent divergences in AMPAR channel physiology may underlie
differences in AID-dependent social behaviors between males and females previously observed
[35], and are worth investigating further.

Several avenues for future research are motivated by the findings of the present study. In-
creased GluN2B expression in AID could have a number of functional consequences, as
NMDAR subunit composition determines the NMDA receptor’s electrophysiological proper-
ties. Antagonism, knock-out, or siRNA knock-down of GluN2BRs impairs LTP in anterior cin-
gulate cortex [113] and hippocampus [114–116], although some data suggest an important
role of GluN2BRs in long-term depression (LTD) [117–119]. At present little information ex-
ists about the role of GluN2B in synaptic plasticity in frontal cortex, however, the available data
from other circuits suggest that the increased GluN2B expression observed in this study follow-
ing PAE should facilitate LTP. This prediction stands in contrast to the LTP deficits observed
in perforant path-dentate gyrus synapses following moderate PAE [120, 121]. This potential
double dissociation, between the effects of PAE exposure on AID and hippocampal synaptic
circuits with regard to GluN2B subunit expression, requires evaluation in future studies.
NMDARs are heterotetrameric assemblies typically comprised of two obligatory channel-
forming GluN1 subunits and any combination of regulatory GluN2 and GluN3 subunits (for
review see [122]). In the forebrain GluN2A and GluN2B subunit expression dominates, with
GluN2B expression peaking during early postnatal development [123]. During later postnatal
development GluN2B expression decreases with a concurrent increase in GluN2A expression
[124]. Thus, it will be important to extend the observations reported here in adult animals to
receptor expression changes during development. Future studies are also needed to determine
if the PAE-related enhancements of GluN2BRs in AID reported here represent a possible
mechanism of PAE-related deficits in AID-dependent social behavior, motor behavior, and re-
versal learning[53]. In addition to examining relationships between behavior and GluN2BR
currents in the slice preparation, analysis of AID-dependent behaviors and GluN2BR currents
in non-exposed animals with viral overexpression of GluN2B in AID, similar to the approach
utilized in ref. [125] for medial frontal cortex-dependent behaviors, would help further estab-
lish the links between behavior, physiology, and GluN2BRs in AID.

In summary, the combined data from this study demonstrate a region-specific enhancement
of GluN2B containing NMDA receptor binding and GluN2B-dependent NMDAR activity in
AID following developmental ethanol exposure using a voluntary exposure paradigm. These
GluN2B expression changes following PAE may have consequences on AID-dependent
behaviors.

Acknowledgments
The authors would like to thank David A. Bizzozero, M.S., for programming assistance in auto-
mating densitometry analyses, and Merck & Co., Inc. for the gift of [3H]-MPEPy.

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 15 / 22



Author Contributions
Conceived and designed the experiments: CWB CFV DDS DAH. Performed the experiments:
CWB FTC CMM. Analyzed the data: CWB FTC CMM CFV DAH. Contributed reagents/ma-
terials/analysis tools: SD DDS DAH. Wrote the paper: CWB DDS DAH.

References
1. Autti-Rämö I, Granström ML. The psychomotor development during the first year of life of infants ex-

posed to intrauterine alcohol of various duration. Fetal alcohol exposure and development. Neurope-
diatrics. 1991; 22: 59–64. PMID: 1713311

2. Hamilton DA, Kodituwakku P, Sutherland RJ, Savage DD. Children with Fetal Alcohol Syndrome are
impaired at place learning but not cued-navigation in a virtual Morris water task. Behav Brain Res.
2003; 143: 85–94. PMID: 12842299

3. Kodituwakku PW. Defining the behavioral phenotype in children with fetal alcohol spectrum disorders:
a review. Neurosci Biobehav Rev. 2007; 31: 192–201. PMID: 16930704

4. Mattson SN, Riley EP. Implicit and explicit memory functioning in children with heavy prenatal alcohol
exposure. J Int Neuropsychol Soc. 1999; 5: 462–471. PMID: 10439591

5. Mattson SN, Roesch SC, Glass L, Deweese BN, Coles CD, Kable JA, et al. Further development of a
neurobehavioral profile of fetal alcohol spectrum disorders. Alcohol Clin Exp Res. 2013; 37: 517–528.
doi: 10.1111/j.1530-0277.2012.01952.x PMID: 22974253

6. Nguyen TT, Ashrafi A, Thomas JD, Riley EP, Simmons RW. Children with heavy prenatal alcohol ex-
posure have different frequency domain signal characteristics when producing isometric force. Neuro-
toxicol Teratol. 2013; 35: 14–20. doi: 10.1016/j.ntt.2012.11.003 PMID: 23238099

7. Riley EP, Infante MA, Warren KR. Fetal alcohol spectrum disorders: an overview. Neuropsychol Rev.
2011; 21: 73–80. doi: 10.1007/s11065-011-9166-x PMID: 21499711

8. Roebuck-Spencer TM, Mattson SN, Marion SD, BrownWS, Riley EP. Bimanual coordination in alco-
hol-exposed children: role of the corpus callosum. J Int Neuropsychol Soc. 2004; 10: 536–548. PMID:
15327732

9. Simmons RW, Thomas JD, Levy SS, Riley EP. Motor response programming and movement time in
children with heavy prenatal alcohol exposure. Alcohol. 2010; 44: 371–378. doi: 10.1016/j.alcohol.
2010.02.013 PMID: 20598488

10. Williams L, Jackson CP, Choe N, Pelland L, Scott SH, Reynolds JN. Sensory-motor deficits in children
with fetal alcohol spectrum disorder assessed using a robotic virtual reality platform. Alcohol Clin Exp
Res. 2014; 38: 116–125. doi: 10.1111/acer.12225 PMID: 23915298

11. May PA, Baete A, Russo J, Elliott AJ, Blankenship J, Kalberg WO, et al. Prevalence and characteris-
tics of fetal alcohol spectrum disorders. Pediatrics. 2014; 134: 855–866. doi: 10.1542/peds.2013-
3319 PMID: 25349310

12. Chasnoff IJ, Wells AM, Telford E, Schmidt C, Messer G. Neurodevelopmental functioning in children
with FAS, pFAS, and ARND. J Dev Behav Pediatr. 2010; 31: 192–201. doi: 10.1097/DBP.
0b013e3181d5a4e2 PMID: 20375733

13. Conry J. Neuropsychological deficits in Fetal Alcohol Syndrome and fetal alcohol effects. Alcohol Clin
Exp Res. 1990; 14: 650–655. PMID: 2264592

14. Streissguth AP, Aase JM, Clarren SK, Randels SP, LaDue RA, Smith DF. Fetal Alcohol Syndrome in
adolescents and adults. JAMA. 1991; 265: 1961–1967. PMID: 2008025

15. Streissguth AP, Barr HM, Sampson PD. Moderate prenatal alcohol exposure: effects on child IQ and
learning problems at age 7 1/2 years. Alcohol Clin Exp Res. 1990; 14: 662–669. PMID: 2264594

16. Valenzuela CF, Morton RA, Diaz MR, Topper L. Does moderate drinking harm the fetal brain? Insights
from animal models. Trends Neurosci. 2012; 35: 284–292. doi: 10.1016/j.tins.2012.01.006 PMID:
22402065

17. Centers for Disease Control. Alcohol use among women of childbearing age: United States, 1994–
1999. Morb Mortal Weekly Rep. 2002; 51: 273–276. PMID: 11952279

18. Day NL, Cottreau CM, Richardson GA. The epidemiology of alcohol, marijuana, and cocaine use
among women of childbearing age and pregnant-women. Clin Obstet Gynecol. 1993; 36: 232–245.
PMID: 8513621

19. Peadon E, Payne J, Henley N, D'Antoine H, Bartu A, O'Leary C, et al. Attitudes and behaviour predict
women's intention to drink alcohol during pregnancy: the challenge for health professionals. BMC
Public Health. 2011; 11: 584. doi: 10.1186/1471-2458-11-584 PMID: 21781309

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 16 / 22

http://www.ncbi.nlm.nih.gov/pubmed/1713311
http://www.ncbi.nlm.nih.gov/pubmed/12842299
http://www.ncbi.nlm.nih.gov/pubmed/16930704
http://www.ncbi.nlm.nih.gov/pubmed/10439591
http://dx.doi.org/10.1111/j.1530-0277.2012.01952.x
http://www.ncbi.nlm.nih.gov/pubmed/22974253
http://dx.doi.org/10.1016/j.ntt.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23238099
http://dx.doi.org/10.1007/s11065-011-9166-x
http://www.ncbi.nlm.nih.gov/pubmed/21499711
http://www.ncbi.nlm.nih.gov/pubmed/15327732
http://dx.doi.org/10.1016/j.alcohol.2010.02.013
http://dx.doi.org/10.1016/j.alcohol.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20598488
http://dx.doi.org/10.1111/acer.12225
http://www.ncbi.nlm.nih.gov/pubmed/23915298
http://dx.doi.org/10.1542/peds.2013-3319
http://dx.doi.org/10.1542/peds.2013-3319
http://www.ncbi.nlm.nih.gov/pubmed/25349310
http://dx.doi.org/10.1097/DBP.0b013e3181d5a4e2
http://dx.doi.org/10.1097/DBP.0b013e3181d5a4e2
http://www.ncbi.nlm.nih.gov/pubmed/20375733
http://www.ncbi.nlm.nih.gov/pubmed/2264592
http://www.ncbi.nlm.nih.gov/pubmed/2008025
http://www.ncbi.nlm.nih.gov/pubmed/2264594
http://dx.doi.org/10.1016/j.tins.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22402065
http://www.ncbi.nlm.nih.gov/pubmed/11952279
http://www.ncbi.nlm.nih.gov/pubmed/8513621
http://dx.doi.org/10.1186/1471-2458-11-584
http://www.ncbi.nlm.nih.gov/pubmed/21781309


20. Walker MJ, Al-Sahab B, Islam F, Tamim H. The epidemiology of alcohol utilization during pregnancy:
an analysis of the Canadian Maternity Experiences Survey (MES). BMC Pregnancy Childbirth. 2011;
11: 52. doi: 10.1186/1471-2393-11-52 PMID: 21745414

21. (CDC) CfDCaP. Alcohol use and binge drinking among women of childbearing age—United States,
2006–2010. MMWRMorb Mortal Wkly Rep. 2012; 61: 534–538. PMID: 22810267

22. (CDC) CfDCaP. Alcohol use among pregnant and nonpregnant women of childbearing age—United
States, 1991–2005. MMWRMorb Mortal Wkly Rep. 2009; 58: 529–532. PMID: 19478721

23. Floyd RL, Decoufle P, Hungerford DW. Alcohol use prior to pregnancy recognition. Am J Prev Med.
1999; 17: 101–107. PMID: 10490051

24. Centers for Disease Control. Alcohol use among pregnant and nonpregnant women of childbearing
age-United States, 1991–2005. MMWRMorb Mortal Wkly Rep. 2009; 58: 529–532. PMID: 19478721

25. Grant TM, Huggins JE, Sampson PD, Ernst CC, Barr HM, Streissguth AP. Alcohol use before and dur-
ing pregnancy in western Washington, 1989–2004: implications for the prevention of Fetal Alcohol
Spectrum Disorders. Am J Obstet Gynecol. 2009; 200: 278.e1–278.e8. doi: 10.1016/j.ajog.2008.09.
871 PMID: 19027093

26. Moraes CL, Reichenheim ME. [Screening for alcohol use by pregnant women of public health care in
Rio de Janeiro, Brazil]. Rev Saude Publica. 2007; 41: 695–703. PMID: 17923889

27. Pinheiro SN, Laprega MR, Furtado EF. [Psychiatric morbidity and alcohol use by pregnant women in
a public obstetric service]. Rev Saude Publica. 2005; 39: 593–598. PMID: 16113909

28. Croxford J, Viljoen D. Alcohol consumption by pregnant women in the Western Cape. S Afr Med J.
1999; 89: 962–965. PMID: 10554632

29. Garcia-Algar O, Kulaga V, Gareri J, Koren G, Vall O, Zuccaro P, et al. Alarming prevalence of fetal al-
cohol exposure in a Mediterranean city. Ther Drug Monit. 2008; 30: 249–254. doi: 10.1097/FTD.
0b013e31816a8657 PMID: 18367990

30. Colvin L, Payne J, Parsons D, Kurinczuk JJ, Bower C. Alcohol consumption during pregnancy in non-
indigenous west Australian women. Alcohol Clin Exp Res. 2007; 31: 276–284. PMID: 17250620

31. Kristjanson AF, Wilsnack SC, Zvartau E, Tsoy M, Novikov B. Alcohol use in pregnant and nonpreg-
nant Russian women. Alcohol Clin Exp Res. 2007; 31: 299–307. PMID: 17250623

32. Miguez HA, Magri R, Suarez M. Consumo de tabaco y bebidas alcohólicas durante el embarazo. Acta
Psiquiatr Psicol Am Lat. 2009; 55: 76–83.

33. May PA, Fiorentino D, Coriale G, Kalberg WO, Hoyme HE, Aragon AS, et al. Prevalence of children
with severe Fetal Alcohol Spectrum Disorders in communities near Rome, Italy: New estimated rates
are higher than previous estimates. Int J Env Res Public Health. 2011; 8: 2331–2351.

34. Hamilton DA, Candelaria-Cook FT, Akers KG, Rice JP, Maes LI, Rosenberg M, et al. Patterns of so-
cial-experience-related c-fos and Arc expression in the frontal cortices of rats exposed to saccharin or
moderate levels of ethanol during prenatal brain development. Behav Brain Res. 2010; 214: 66–74.
doi: 10.1016/j.bbr.2010.05.048 PMID: 20570698

35. Hamilton DA, Akers KG, Rice JP, Johnson TE, Candelaria-Cook FT, Maes LI, et al. Prenatal exposure
to moderate levels of ethanol alters social behavior in adult rats: relationship to structural plasticity
and immediate early gene expression in frontal cortex. Behav Brain Res. 2010; 207: 290–304. doi: 10.
1016/j.bbr.2009.10.012 PMID: 19852984

36. Vaccarino FM, Hayward MD, Nestler EJ, Duman RS, Tallman JF. Differential induction of immediate
early genes by excitatory amino acid receptor types in primary cultures of cortical and striatal neurons.
Brain Res Mol Brain Res. 1992; 12: 233–241. PMID: 1347632

37. Waung MW, Pfeiffer BE, Nosyreva ED, Ronesi JA, Huber KM. Rapid translation of Arc/Arg3.1 selec-
tively mediates mGluR-dependent LTD through persistent increases in AMPAR endocytosis rate.
Neuron. 2008; 59: 84–97. doi: 10.1016/j.neuron.2008.05.014 PMID: 18614031

38. Passafaro M, Nakagawa T, Sala C, Sheng M. Induction of dendritic spines by an extracellular domain
of AMPA receptor subunit GluR2. Nature. 2003; 424: 677–681. PMID: 12904794

39. Shi SH, Hayashi Y, Petralia RS, Zaman SH, Wenthold RJ, Svoboda K, et al. Rapid spine delivery and
redistribution of AMPA receptors after synaptic NMDA receptor activation. Science. 1999; 284: 1811–
1816. PMID: 10364548

40. Vanderklish PW, Edelman GM. Dendritic spines elongate after stimulation of group 1 metabotropic
glutamate receptors in cultured hippocampal neurons. Proc Natl Acad Sci U S A. 2002; 99: 1639–
1644. PMID: 11818568

41. Zhou R, Wang S, Zhu X. Prenatal ethanol exposure attenuates GABAergic inhibition in basolateral
amygdala leading to neuronal hyperexcitability and anxiety-like behavior of adult rat offspring. Neuro-
science. 2010; 170: 749–757. doi: 10.1016/j.neuroscience.2010.07.055 PMID: 20688136

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 17 / 22

http://dx.doi.org/10.1186/1471-2393-11-52
http://www.ncbi.nlm.nih.gov/pubmed/21745414
http://www.ncbi.nlm.nih.gov/pubmed/22810267
http://www.ncbi.nlm.nih.gov/pubmed/19478721
http://www.ncbi.nlm.nih.gov/pubmed/10490051
http://www.ncbi.nlm.nih.gov/pubmed/19478721
http://dx.doi.org/10.1016/j.ajog.2008.09.871
http://dx.doi.org/10.1016/j.ajog.2008.09.871
http://www.ncbi.nlm.nih.gov/pubmed/19027093
http://www.ncbi.nlm.nih.gov/pubmed/17923889
http://www.ncbi.nlm.nih.gov/pubmed/16113909
http://www.ncbi.nlm.nih.gov/pubmed/10554632
http://dx.doi.org/10.1097/FTD.0b013e31816a8657
http://dx.doi.org/10.1097/FTD.0b013e31816a8657
http://www.ncbi.nlm.nih.gov/pubmed/18367990
http://www.ncbi.nlm.nih.gov/pubmed/17250620
http://www.ncbi.nlm.nih.gov/pubmed/17250623
http://dx.doi.org/10.1016/j.bbr.2010.05.048
http://www.ncbi.nlm.nih.gov/pubmed/20570698
http://dx.doi.org/10.1016/j.bbr.2009.10.012
http://dx.doi.org/10.1016/j.bbr.2009.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19852984
http://www.ncbi.nlm.nih.gov/pubmed/1347632
http://dx.doi.org/10.1016/j.neuron.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18614031
http://www.ncbi.nlm.nih.gov/pubmed/12904794
http://www.ncbi.nlm.nih.gov/pubmed/10364548
http://www.ncbi.nlm.nih.gov/pubmed/11818568
http://dx.doi.org/10.1016/j.neuroscience.2010.07.055
http://www.ncbi.nlm.nih.gov/pubmed/20688136


42. Wang H, DuBois DW, Tobery AN, Griffith WH, Brandt P, Frye GD. Long-lasting distortion of GABA sig-
naling in MS/DB neurons after binge-like ethanol exposure during initial synaptogenesis. Brain Res.
2013; 1520: 36–50. doi: 10.1016/j.brainres.2013.04.054 PMID: 23685190

43. Diaz MR, Jotty K, Locke JL, Jones SR, Valenzuela CF. Moderate Alcohol Exposure during the Rat
Equivalent to the Third Trimester of Human Pregnancy Alters Regulation of GABAA Receptor-Mediat-
ed Synaptic Transmission by Dopamine in the Basolateral Amygdala. Front Pediatr. 2014; 2: 46. doi:
10.3389/fped.2014.00046 PMID: 24904907

44. Naseer MI, Ullah I, Rasool M, Ansari SA, Sheikh IA, Bibi F, et al. Downregulation of dopamine D1 re-
ceptors and increased neuronal apoptosis upon ethanol and PTZ exposure in prenatal rat cortical and
hippocampal neurons. Neurol Sci. 2014; 35: 1681–1688. doi: 10.1007/s10072-014-1812-7 PMID:
24810836

45. Sliwowska JH, Song HJ, Bodnar T, Weinberg J. Prenatal alcohol exposure results in long-term seroto-
nin neuron deficits in female rats: modulatory role of ovarian steroids. Alcohol Clin Exp Res. 2014; 38:
152–160. doi: 10.1111/acer.12224 PMID: 23915273

46. Nizhnikov ME, Pautassi RM, Carter JM, Landin JD, Varlinskaya EI, Bordner KA, et al. Brief prenatal
ethanol exposure alters behavioral sensitivity to the kappa opioid receptor agonist (U62,066E) and an-
tagonist (Nor-BNI) and reduces kappa opioid receptor expression. Alcohol Clin Exp Res. 2014; 38:
1630–1638. doi: 10.1111/acer.12416 PMID: 24796820

47. Savage DD, Rosenberg MJ, Wolff CR, Akers KG, El-Emawy A, Staples MC, et al. Effects of a novel
cognition-enhancing agent on fetal ethanol-induced learning deficits. Alcohol Clin Exp Res. 2010; 34:
1793–1802. doi: 10.1111/j.1530-0277.2010.01266.x PMID: 20626729

48. Lundquist F, Fugmann U, Klaning E, Rasmussen H. The metabolism of acetaldehyde in mammalian
tissues: reactions in rat-liver suspensions under anaerobic conditions. Biochem J. 1959; 72: 409–419.
PMID: 14418937

49. Paxinos G, Watson C. The Rat Brain In Stereotaxic Coordinates. 5th ed: Elsevier Academic Press;
2005.

50. Hashimoto K, Mantione CR, Spada MR, Neumeyer JL, London ED. Further characterization of [3H]
ifenprodil binding in rat brain. Eur J Pharmacol. 1994; 266: 67–77. PMID: 7907988

51. Hsia AY, Malenka RC, Nicoll RA. Development of excitatory circuitry in the hippocampus. J Neurophy-
siol. 1998; 79: 2013–2024. PMID: 9535965

52. Riebe I, Hanse E. Development of synaptic connectivity onto interneurons in stratum radiatum in the
CA1 region of the rat hippocampus. BMC Neurosci. 2012; 13: 14. doi: 10.1186/1471-2202-13-14
PMID: 22276909

53. Hamilton DA, Barto D, Rodriguez CI, Magcalas CM, Fink BC, Rice JP, et al. Effects of moderate pre-
natal ethanol exposure and age on social behavior, spatial response perseveration errors and motor
behavior. Behav Brain Res. 2014; 269: 44–54. doi: 10.1016/j.bbr.2014.04.029 PMID: 24769174

54. Kelly SJ, Dillingham RR. Sexually dimorphic effects of perinatal alcohol exposure on social interac-
tions and amygdala DNA and DOPAC concentrations. Neurotoxicol Teratol. 1994; 16: 377–384.
PMID: 7526147

55. Kelly SJ, Tran TD. Alcohol exposure during development alters social recognition and social commu-
nication in rats. Neurotoxicol Teratol. 1997; 19: 383–389. PMID: 9380005

56. Kelly SJ, Day N, Streissguth AP. Effects of prenatal alcohol exposure on social behavior in humans
and other species. Neurotoxicol Teratol. 2000; 22: 143–149. PMID: 10758343

57. Middleton FA, Varlinskaya EI, Mooney SM. Molecular substrates of social avoidance seen following
prenatal ethanol exposure and its reversal by social enrichment. Dev Neurosci. 2012; 34: 115–128.
PMID: 22572756

58. Mooney SM, Varlinskaya EI. Acute prenatal exposure to ethanol and social behavior: effects of age,
sex, and timing of exposure. Behav Brain Res. 2011; 216: 358–364. doi: 10.1016/j.bbr.2010.08.014
PMID: 20728475

59. Tunc-Ozcan E, Ullmann TM, Shukla PK, Redei EE. Low-dose thyroxine attenuates autism-associated
adverse effects of fetal alcohol in male offspring's social behavior and hippocampal gene expression.
Alcohol Clin Exp Res. 2013; 37: 1986–1995. doi: 10.1111/acer.12183 PMID: 23763370

60. Whishaw IQ, Kolb B. "Stick out your tongue": tongue protrusion in neocortex and hypothalamic dam-
aged rats. Physiol Behav. 1983; 30: 471–480. PMID: 6867143

61. Whishaw IQ, Kolb B. Tongue protrusion mediated by spared anterior ventrolateral neocortex in neo-
natally decorticate rats: behavioral support for the neurogenetic hypothesis. Behav Brain Res. 1989;
32: 101–113. PMID: 2923655

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 18 / 22

http://dx.doi.org/10.1016/j.brainres.2013.04.054
http://www.ncbi.nlm.nih.gov/pubmed/23685190
http://dx.doi.org/10.3389/fped.2014.00046
http://www.ncbi.nlm.nih.gov/pubmed/24904907
http://dx.doi.org/10.1007/s10072-014-1812-7
http://www.ncbi.nlm.nih.gov/pubmed/24810836
http://dx.doi.org/10.1111/acer.12224
http://www.ncbi.nlm.nih.gov/pubmed/23915273
http://dx.doi.org/10.1111/acer.12416
http://www.ncbi.nlm.nih.gov/pubmed/24796820
http://dx.doi.org/10.1111/j.1530-0277.2010.01266.x
http://www.ncbi.nlm.nih.gov/pubmed/20626729
http://www.ncbi.nlm.nih.gov/pubmed/14418937
http://www.ncbi.nlm.nih.gov/pubmed/7907988
http://www.ncbi.nlm.nih.gov/pubmed/9535965
http://dx.doi.org/10.1186/1471-2202-13-14
http://www.ncbi.nlm.nih.gov/pubmed/22276909
http://dx.doi.org/10.1016/j.bbr.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24769174
http://www.ncbi.nlm.nih.gov/pubmed/7526147
http://www.ncbi.nlm.nih.gov/pubmed/9380005
http://www.ncbi.nlm.nih.gov/pubmed/10758343
http://www.ncbi.nlm.nih.gov/pubmed/22572756
http://dx.doi.org/10.1016/j.bbr.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20728475
http://dx.doi.org/10.1111/acer.12183
http://www.ncbi.nlm.nih.gov/pubmed/23763370
http://www.ncbi.nlm.nih.gov/pubmed/6867143
http://www.ncbi.nlm.nih.gov/pubmed/2923655


62. Boulougouris V, Dalley JW, Robbins TW. Effects of orbitofrontal, infralimbic and prelimbic cortical le-
sions on serial spatial reversal learning in the rat. Behav Brain Res. 2007; 179: 219–228. PMID:
17337305

63. Zamzow DR, Elias V, Shumaker M, Larson C, Magnusson KR. An increase in the association of
GluN2B containing NMDA receptors with membrane scaffolding proteins was related to memory de-
clines during aging. J Neurosci. 2013; 33: 12300–12305. doi: 10.1523/JNEUROSCI.0312-13.2013
PMID: 23884936

64. Jacobs SA, Tsien JZ. Genetic overexpression of NR2B subunit enhances social recognition memory
for different strains and species. PLoS One. 2012; 7: e36387. doi: 10.1371/journal.pone.0036387
PMID: 22558458

65. Jacobs SA, Tsien JZ. Overexpression of the NR2A subunit in the forebrain impairs long-term social
recognition and non-social olfactory memory. Genes Brain Behav. 2014; 13: 376–384. PMID:
24834524

66. Sinai L, Mathew R, Roder JC. Impaired social memories in 129P2 inbredmice are rescued by reduced
Csk expression. Genes Brain Behav. 2012; 11: 559–567. doi: 10.1111/j.1601-183X.2012.00775.x
PMID: 22348736

67. Duncan GE, Moy SS, Perez A, Eddy DM, ZinzowWM, Lieberman JA, et al. Deficits in sensorimotor
gating and tests of social behavior in a genetic model of reduced NMDA receptor function. Behav
Brain Res. 2004; 153: 507–519. PMID: 15265649

68. Duncan GE, Inada K, Farrington JS, Koller BH, Moy SS. Neural activation deficits in a mouse genetic
model of NMDA receptor hypofunction in tests of social aggression and swim stress. Brain Res. 2009;
1265: 186–195. doi: 10.1016/j.brainres.2009.02.002 PMID: 19232330

69. Kim SM, Han DH, Min KJ, Kim BN, Cheong JH. Brain activation in response to craving- and aversion-
inducing cues related to alcohol in patients with alcohol dependence. Drug Alcohol Depend. 2014;
141: 124–131. doi: 10.1016/j.drugalcdep.2014.05.017 PMID: 24939441

70. DeCoteauWE, Kesner RP, Williams JM. Short-termmemory for food reward magnitude: the role of
the prefrontal cortex. Behav Brain Res. 1997; 88: 239–249. PMID: 9404633

71. Kesner RP, Gilbert PE. The role of the agranular insular cortex in anticipation of reward contrast. Neu-
robiol Learn Mem. 2007; 88: 82–86. PMID: 17400484

72. Fabio MC, March SM, Molina JC, Nizhnikov ME, Spear NE, Pautassi RM. Prenatal ethanol exposure
increases ethanol intake and reduces c-Fos expression in infralimbic cortex of adolescent rats. Phar-
macol Biochem Behav. 2013; 103: 842–852. doi: 10.1016/j.pbb.2012.12.009 PMID: 23266368

73. Shea KM, Hewitt AJ, Olmstead MC, Brien JF, Reynolds JN. Maternal ethanol consumption by preg-
nant guinea pigs causes neurobehavioral deficits and increases ethanol preference in offspring.
Behav Pharmacol. 2012; 23: 105–112. doi: 10.1097/FBP.0b013e32834ed866 PMID: 22157142

74. Molina JC, Hoffmann H, Spear LP, Spear NE. Sensorimotor maturation and alcohol responsiveness
in rats prenatally exposed to alcohol during gestational day 8. Neurotoxicol Teratol. 1987; 9: 121–128.
PMID: 3657747

75. Rice J, Bird C, Davies S, Savage D, Steffensen S, Hamilton D. Moderate fetal alcohol exposure leads
to alterations in the nucleus accumbens and increased ethanol consumption in adulthood. Alcohol
Clin Exp Res. 2014; 38: 112A.

76. Diaz-Granados JL, Spuhler-Phillips K, Lilliquist MW, Amsel A, Leslie SW. Effects of prenatal and early
postnatal ethanol exposure on [3H]MK-801 binding in rat cortex and hippocampus. Alcohol Clin Exp
Res. 1997; 21: 874–881. PMID: 9267538

77. Honse Y, Randall PK, Leslie SW. Prenatal ethanol exposure modifies [3H]MK-801 binding to NMDA
receptors: spermidine and ifenprodil. Alcohol Clin Exp Res. 2003; 27: 1993–2001. PMID: 14691388

78. Savage DD, Montano CY, Otero MA, Paxton LL. Prenatal ethanol exposure decreases hippocampal
NMDA-sensitive [3H]-glutamate binding site density in 45-day-old rats. Alcohol. 1991; 8: 193–201.
PMID: 1648928

79. Toso L, Poggi SH, Abebe D, Roberson R, Dunlap V, Park J, et al. N-methyl-D-aspartate subunit ex-
pression during mouse development altered by in utero alcohol exposure. Am J Obstet Gynecol.
2005; 193: 1534–1539. PMID: 16202752

80. Toso L, Poggi SH, Roberson R, Woodard J, Park J, Abebe D, et al. Prevention of alcohol-induced
learning deficits in fetal alcohol syndrome mediated through NMDA and GABA receptors. Am J Obstet
Gynecol. 2006; 194: 681–686. PMID: 16522397

81. Dettmer TS, Barnes A, Iqbal U, Bailey CD, Reynolds JN, Brien JF, et al. Chronic prenatal ethanol ex-
posure alters ionotropic glutamate receptor subunit protein levels in the adult guinea pig cerebral cor-
tex. Alcohol Clin Exp Res. 2003; 27: 677–681. PMID: 12711930

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17337305
http://dx.doi.org/10.1523/JNEUROSCI.0312-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23884936
http://dx.doi.org/10.1371/journal.pone.0036387
http://www.ncbi.nlm.nih.gov/pubmed/22558458
http://www.ncbi.nlm.nih.gov/pubmed/24834524
http://dx.doi.org/10.1111/j.1601-183X.2012.00775.x
http://www.ncbi.nlm.nih.gov/pubmed/22348736
http://www.ncbi.nlm.nih.gov/pubmed/15265649
http://dx.doi.org/10.1016/j.brainres.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19232330
http://dx.doi.org/10.1016/j.drugalcdep.2014.05.017
http://www.ncbi.nlm.nih.gov/pubmed/24939441
http://www.ncbi.nlm.nih.gov/pubmed/9404633
http://www.ncbi.nlm.nih.gov/pubmed/17400484
http://dx.doi.org/10.1016/j.pbb.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23266368
http://dx.doi.org/10.1097/FBP.0b013e32834ed866
http://www.ncbi.nlm.nih.gov/pubmed/22157142
http://www.ncbi.nlm.nih.gov/pubmed/3657747
http://www.ncbi.nlm.nih.gov/pubmed/9267538
http://www.ncbi.nlm.nih.gov/pubmed/14691388
http://www.ncbi.nlm.nih.gov/pubmed/1648928
http://www.ncbi.nlm.nih.gov/pubmed/16202752
http://www.ncbi.nlm.nih.gov/pubmed/16522397
http://www.ncbi.nlm.nih.gov/pubmed/12711930


82. Hughes PD, Kim YN, Randall PK, Leslie SW. Effect of prenatal ethanol exposure on the developmen-
tal profile of the NMDA receptor subunits in rat forebrain and hippocampus. Alcohol Clin Exp Res.
1998; 22: 1255–1261. PMID: 9756040

83. Rema V, Ebner FF. Effect of enriched environment rearing on impairments in cortical excitability and
plasticity after prenatal alcohol exposure. J Neurosci. 1999; 19: 10993–11006. PMID: 10594080

84. Samudio-Ruiz SL, Allan AM, Sheema S, Caldwell KK. Hippocampal N-methyl-D-aspartate receptor
subunit expression profiles in a mouse model of prenatal alcohol exposure. Alcohol Clin Exp Res.
2010; 34: 342–353. doi: 10.1111/j.1530-0277.2009.01096.x PMID: 19951292

85. Brady ML, Diaz MR, Iuso A, Everett JC, Valenzuela CF, Caldwell KK. Moderate prenatal alcohol expo-
sure reduces plasticity and alters NMDA receptor subunit composition in the dentate gyrus. J Neu-
rosci. 2013; 33: 1062–1067. doi: 10.1523/JNEUROSCI.1217-12.2013 PMID: 23325244

86. Honse Y, Nixon KM, Browning MD, Leslie SW. Cell surface expression of NR1 splice variants and
NR2 subunits is modified by prenatal ethanol exposure. Neuroscience. 2003; 122: 689–698. PMID:
14622912

87. Hughes PD, WilsonWR, Leslie SW. Effect of gestational ethanol exposure on the NMDA receptor
complex in rat forebrain: from gene transcription to cell surface. Brain Res Dev Brain Res. 2001; 129:
135–145. PMID: 11506858

88. Bellinger FP, Davidson MS, Bedi KS, Wilce PA. Neonatal ethanol exposure reduces AMPA but not
NMDA receptor levels in the rat neocortex. Brain Res Dev Brain Res. 2002; 136: 77–84. PMID:
12036520

89. Costa ET, Olivera DS, Meyer DA, Ferreira VM, Soto EE, Frausto S, et al. Fetal alcohol exposure alters
neurosteroid modulation of hippocampal N-methyl-D-aspartate receptors. J Biol Chem. 2000; 275:
38268–38274. PMID: 10988286

90. Nixon K, Hughes PD, Amsel A, Leslie SW. NMDA receptor subunit expression after combined prena-
tal and postnatal exposure to ethanol. Alcohol Clin Exp Res. 2004; 28: 105–112. PMID: 14745308

91. Incerti M, Vink J, Roberson R, Wood L, Abebe D, Spong CY. Reversal of alcohol-induced learning def-
icits in the young adult in a model of fetal alcohol syndrome. Obstet Gynecol. 2010; 115: 350–356.
doi: 10.1097/AOG.0b013e3181cb59da PMID: 20093910

92. Allan AM, Weeber EJ, Savage DD, Caldwell KK. Effects of prenatal ethanol exposure on phospholi-
pase C-beta 1 and phospholipase A2 in hippocampus and medial frontal cortex of adult rat offspring.
Alcohol Clin Exp Res. 1997; 21: 1534–1541. PMID: 9394128

93. Allan AM, Goggin SL, Caldwell KK. Prenatal alcohol exposure modifies glucocorticoid receptor sub-
cellular distribution in the medial prefrontal cortex and impairs frontal cortex-dependent learning.
PLoS One. 2014; 9: e96200. doi: 10.1371/journal.pone.0096200 PMID: 24755652

94. Lawrence RC, Otero NK, Kelly SJ. Selective effects of perinatal ethanol exposure in medial prefrontal
cortex and nucleus accumbens. Neurotoxicol Teratol. 2012; 34: 128–135. doi: 10.1016/j.ntt.2011.08.
002 PMID: 21871563

95. Mihalick SM, Crandall JE, Langlois JC, Krienke JD, DubeWV. Prenatal ethanol exposure, general-
ized learning impairment, and medial prefrontal cortical deficits in rats. Neurotoxicol Teratol. 2001; 23:
453–462. PMID: 11711248

96. Gabbott PL, Warner TA, Jays PR, Bacon SJ. Areal and synaptic interconnectivity of prelimbic (area
32), infralimbic (area 25) and insular cortices in the rat. Brain Res. 2003; 993: 59–71. PMID:
14642831

97. Rice JP, Suggs LE, Lusk AV, Parker MO, Candelaria-Cook FT, Akers KG, et al. Effects of exposure to
moderate levels of ethanol during prenatal brain development on dendritic length, branching, and
spine density in the nucleus accumbens and dorsal striatum of adult rats. Alcohol. 2012; 46: 577–584.
doi: 10.1016/j.alcohol.2011.11.008 PMID: 22749340

98. Montaron MF, Deniau JM, Menetrey A, Glowinski J, Thierry AM. Prefrontal cortex inputs of the nucle-
us accumbens-nigro-thalamic circuit. Neuroscience. 1996; 71: 371–382. PMID: 9053793

99. Frizelle PA, Chen PE, Wyllie DJ. Equilibrium constants for (R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-
(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-methyl]-phosphonic acid (NVP-AAM077) acting at re-
combinant NR1/NR2A and NR1/NR2B N-methyl-D-aspartate receptors: Implications for studies of
synaptic transmission. Mol Pharmacol. 2006; 70: 1022–1032. PMID: 16778008

100. Aitken PG, Breese GR, Dudek FF, Edwards F, Espanol MT, Larkman PM, et al. Preparative methods
for brain slices: a discussion. J Neurosci Methods. 1995; 59: 139–149. PMID: 7475244

101. Mameli M, Zamudio PA, Carta M, Valenzuela CF. Developmentally regulated actions of alcohol on
hippocampal glutamatergic transmission. J Neurosci. 2005; 25: 8027–8036. PMID: 16135760

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/9756040
http://www.ncbi.nlm.nih.gov/pubmed/10594080
http://dx.doi.org/10.1111/j.1530-0277.2009.01096.x
http://www.ncbi.nlm.nih.gov/pubmed/19951292
http://dx.doi.org/10.1523/JNEUROSCI.1217-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23325244
http://www.ncbi.nlm.nih.gov/pubmed/14622912
http://www.ncbi.nlm.nih.gov/pubmed/11506858
http://www.ncbi.nlm.nih.gov/pubmed/12036520
http://www.ncbi.nlm.nih.gov/pubmed/10988286
http://www.ncbi.nlm.nih.gov/pubmed/14745308
http://dx.doi.org/10.1097/AOG.0b013e3181cb59da
http://www.ncbi.nlm.nih.gov/pubmed/20093910
http://www.ncbi.nlm.nih.gov/pubmed/9394128
http://dx.doi.org/10.1371/journal.pone.0096200
http://www.ncbi.nlm.nih.gov/pubmed/24755652
http://dx.doi.org/10.1016/j.ntt.2011.08.002
http://dx.doi.org/10.1016/j.ntt.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21871563
http://www.ncbi.nlm.nih.gov/pubmed/11711248
http://www.ncbi.nlm.nih.gov/pubmed/14642831
http://dx.doi.org/10.1016/j.alcohol.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22749340
http://www.ncbi.nlm.nih.gov/pubmed/9053793
http://www.ncbi.nlm.nih.gov/pubmed/16778008
http://www.ncbi.nlm.nih.gov/pubmed/7475244
http://www.ncbi.nlm.nih.gov/pubmed/16135760


102. Badanich KA, Mulholland PJ, Beckley JT, Trantham-Davidson H, Woodward JJ. Ethanol reduces
neuronal excitability of lateral orbitofrontal cortex neurons via a glycine receptor dependent mecha-
nism. Neuropsychopharmacology. 2013; 38: 1176–1188. doi: 10.1038/npp.2013.12 PMID: 23314219

103. Goodlett CR, Peterson SD. Sex differences in vulnerability to developmental spatial learning deficits
induced by limited binge alcohol exposure in neonatal rats. Neurobiol Learn Mem. 1995; 64: 265–275.
PMID: 8564380

104. Hannigan JH, Pilati ML. The effects of chronic postweaning amphetamine on rats exposed to alcohol
in utero: weight gain and behavior. Neurotoxicol Teratol. 1991; 13: 649–656. PMID: 1779953

105. McGivern RF, Ervin MG, McGeary J, Somes C, Handa RJ. Prenatal ethanol exposure induces a sexu-
ally dimorphic effect on daily water consumption in prepubertal and adult rats. Alcohol Clin Exp Res.
1998; 22: 868–875. PMID: 9660314

106. Osborn JA, Kim CK, Steiger J, Weinberg J. Prenatal ethanol exposure differentially alters behavior in
males and females on the elevated plus maze. Alcohol Clin Exp Res. 1998; 22: 685–696. PMID:
9622451

107. Weinberg J. Prenatal ethanol effects: sex differences in offspring stress responsiveness. Alcohol.
1992; 9: 219–223. PMID: 1605890

108. Zimmerberg B, Mickus LA. Sex differences in corpus callosum: influence of prenatal alcohol exposure
and maternal undernutrition. Brain Res. 1990; 537: 115–122. PMID: 2085766

109. Patten AR, Sickmann HM, Dyer RA, Innis SM, Christie BR. Omega-3 fatty acids can reverse the long-
term deficits in hippocampal synaptic plasticity caused by prenatal ethanol exposure. Neurosci Lett.
2013; 551: 7–11. doi: 10.1016/j.neulet.2013.05.051 PMID: 23872044

110. Sickmann HM, Patten AR, Morch K, Sawchuk S, Zhang C, Parton R, et al. Prenatal ethanol exposure
has sex-specific effects on hippocampal long-term potentiation. Hippocampus. 2014; 24: 54–64. doi:
10.1002/hipo.22203 PMID: 23996604

111. Xiang X, HuangW, Haile CN, Kosten TA. Hippocampal GluR1 associates with behavior in the elevat-
ed plus maze and shows sex differences. Behav Brain Res. 2011; 222: 326–331. doi: 10.1016/j.bbr.
2011.03.068 PMID: 21497621

112. Smith MD, Jones LS, Wilson MA. Sex differences in hippocampal slice excitability: role of testoster-
one. Neuroscience. 2002; 109: 517–530. PMID: 11823063

113. Zhao MG, Toyoda H, Lee YS, Wu LJ, Ko SW, Zhang XH, et al. Roles of NMDA NR2B subtype recep-
tor in prefrontal long-term potentiation and contextual fear memory. Neuron. 2005; 47: 859–872.
PMID: 16157280

114. Barria A, Malinow R. NMDA receptor subunit composition controls synaptic plasticity by regulating
binding to CaMKII. Neuron. 2005; 48: 289–301. PMID: 16242409

115. Akashi K, Kakizaki T, Kamiya H, Fukaya M, Yamasaki M, Abe M, et al. NMDA receptor GluN2B (GluR
epsilon 2/NR2B) subunit is crucial for channel function, postsynaptic macromolecular organization,
and actin cytoskeleton at hippocampal CA3 synapses. J Neurosci. 2009; 29: 10869–10882. doi: 10.
1523/JNEUROSCI.5531-08.2009 PMID: 19726645

116. Clayton DA, Mesches MH, Alvarez E, Bickford PC, Browning MD. A hippocampal NR2B deficit can
mimic age-related changes in long-term potentiation and spatial learning in the Fischer 344 rat. J Neu-
rosci. 2002; 22: 3628–3637. PMID: 11978838

117. Brigman JL, Wright T, Talani G, Prasad-Mulcare S, Jinde S, Seabold GK, et al. Loss of GluN2B-con-
taining NMDA receptors in CA1 hippocampus and cortex impairs long-term depression, reduces den-
dritic spine density, and disrupts learning. J Neurosci. 2010; 30: 4590–4600. doi: 10.1523/
JNEUROSCI.0640-10.2010 PMID: 20357110

118. Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, et al. Role of NMDA receptor subtypes
in governing the direction of hippocampal synaptic plasticity. Science. 2004; 304: 1021–1024. PMID:
15143284

119. Fox CJ, Russell KI, Wang YT, Christie BR. Contribution of NR2A and NR2B NMDA subunits to bidi-
rectional synaptic plasticity in the hippocampus in vivo. Hippocampus. 2006; 16: 907–915. PMID:
17024679

120. Varaschin RK, Akers KG, Rosenberg MJ, Hamilton DA, Savage DD. Effects of the cognition-enhanc-
ing agent ABT-239 on fetal ethanol-induced deficits in dentate gyrus synaptic plasticity. J Pharmacol
Exp Ther. 2010; 334: 191–198. doi: 10.1124/jpet.109.165027 PMID: 20308329

121. Varaschin RK, Rosenberg MJ, Hamilton DA, Savage DD. Differential effects of the histamine h3 re-
ceptor agonist methimepip on dentate granule cell excitability, paired-pulse plasticity and long-term
potentiation in prenatal alcohol-exposed rats. Alcohol Clin Exp Res. 2014; 38: 1902–1911. doi: 10.
1111/acer.12430 PMID: 24818819

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 21 / 22

http://dx.doi.org/10.1038/npp.2013.12
http://www.ncbi.nlm.nih.gov/pubmed/23314219
http://www.ncbi.nlm.nih.gov/pubmed/8564380
http://www.ncbi.nlm.nih.gov/pubmed/1779953
http://www.ncbi.nlm.nih.gov/pubmed/9660314
http://www.ncbi.nlm.nih.gov/pubmed/9622451
http://www.ncbi.nlm.nih.gov/pubmed/1605890
http://www.ncbi.nlm.nih.gov/pubmed/2085766
http://dx.doi.org/10.1016/j.neulet.2013.05.051
http://www.ncbi.nlm.nih.gov/pubmed/23872044
http://dx.doi.org/10.1002/hipo.22203
http://www.ncbi.nlm.nih.gov/pubmed/23996604
http://dx.doi.org/10.1016/j.bbr.2011.03.068
http://dx.doi.org/10.1016/j.bbr.2011.03.068
http://www.ncbi.nlm.nih.gov/pubmed/21497621
http://www.ncbi.nlm.nih.gov/pubmed/11823063
http://www.ncbi.nlm.nih.gov/pubmed/16157280
http://www.ncbi.nlm.nih.gov/pubmed/16242409
http://dx.doi.org/10.1523/JNEUROSCI.5531-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5531-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19726645
http://www.ncbi.nlm.nih.gov/pubmed/11978838
http://dx.doi.org/10.1523/JNEUROSCI.0640-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0640-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20357110
http://www.ncbi.nlm.nih.gov/pubmed/15143284
http://www.ncbi.nlm.nih.gov/pubmed/17024679
http://dx.doi.org/10.1124/jpet.109.165027
http://www.ncbi.nlm.nih.gov/pubmed/20308329
http://dx.doi.org/10.1111/acer.12430
http://dx.doi.org/10.1111/acer.12430
http://www.ncbi.nlm.nih.gov/pubmed/24818819


122. Paoletti P, Bellone C, Zhou Q. NMDA receptor subunit diversity: impact on receptor properties, synap-
tic plasticity and disease. Nat Rev Neurosci. 2013; 14: 383–400. doi: 10.1038/nrn3504 PMID:
23686171

123. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH. Developmental and regional expres-
sion in the rat brain and functional properties of four NMDA receptors. Neuron. 1994; 12: 529–540.
PMID: 7512349

124. Wenzel A, Fritschy JM, Mohler H, Benke D. NMDA receptor heterogeneity during postnatal develop-
ment of the rat brain: differential expression of the NR2A, NR2B, and NR2C subunit proteins. J Neuro-
chem. 1997; 68: 469–478. PMID: 9003031

125. Wang F, Zhu J, Zhu H, Zhang Q, Lin Z, Hu H. Bidirectional control of social hierarchy by synaptic effi-
cacy in medial prefrontal cortex. Science. 2011; 334: 693–697. doi: 10.1126/science.1209951 PMID:
21960531

Prenatal Alcohol Enhances GluN2B Expression and Function in Rat AID

PLOSONE | DOI:10.1371/journal.pone.0118721 March 6, 2015 22 / 22

http://dx.doi.org/10.1038/nrn3504
http://www.ncbi.nlm.nih.gov/pubmed/23686171
http://www.ncbi.nlm.nih.gov/pubmed/7512349
http://www.ncbi.nlm.nih.gov/pubmed/9003031
http://dx.doi.org/10.1126/science.1209951
http://www.ncbi.nlm.nih.gov/pubmed/21960531


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


