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Abstract
Background—Developmental ethanol (EtOH) exposure damages the hippocampus, causing
long-lasting alterations in learning and memory. Alterations in glutamatergic synaptic
transmission and plasticity may play a role in the mechanism of action of EtOH. This signaling is
fundamental for synaptogenesis, which occurs during the third-trimester of human pregnancy (first
12 days of life in rats).

Methods—Acute coronal brain slices were prepared from 7–9 day-old rats. Extracellular and
patch-clamp electrophysiological recording techniques were used to characterize the acute effects
of EtOH on α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor (AMPAR)- and N-
methyl-D-aspartate receptor (NMDAR)-mediated responses and long-term potentiation (LTP) in
the CA1 hippocampal region.

Results—EtOH (40 and 80 mM) inhibited AMPAR- and NMDAR-mediated field excitatory
postsynaptic potentials (fEPSPs). EtOH (80 mM) also reduced AMPAR-mediated fEPSPs in
presence of an inhibitor of Ca2+ permeable AMPARs. The effect of 80 mM EtOH on NMDAR-
mediated fEPSPs was significantly greater in presence of Mg2+. EtOH (80 mM) neither affected
the paired-pulse ratio of AMPAR-mediated fEPSPs nor the presynaptic volley. The paired-pulse
ratio of AMPAR-mediated excitatory postsynaptic currents was not affected either, and the
amplitude of these currents was inhibited to a lesser extent than that of fEPSPs. EtOH (80 mM)
inhibited LTP of AMPAR-mediated fEPSPs.

Conclusions—Acute EtOH exposure during the third-trimester equivalent of human pregnancy
inhibits hippocampal glutamatergic transmission and LTP induction, which could alter synapse
refinement and ultimately contribute to the pathophysiology of fetal alcohol spectrum disorder.
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Introduction
Ethanol (EtOH) exposure during development can produce severe and long-lasting deficits
in many organs, including the brain (Sokol et al., 2003; Warren and Foudin, 2001). Among
the consequences of EtOH-induced brain damage are behavioral disorders, mental
retardation, and learning and memory deficits (Warren and Foudin, 2001).

Corresponding Author: C. Fernando Valenzuela, M.D., Ph.D., Department of Neurosciences, MSC08 4740, 1 University of New
Mexico, Albuquerque, NM 87131-0001, Phone (505) 272-3128, Fax (505) 272-8082, fvalenzuela@salud.unm.edu.

NIH Public Access
Author Manuscript
Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
Alcohol Clin Exp Res. 2010 April ; 34(4): 594–606. doi:10.1111/j.1530-0277.2009.01128.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Electrophysiological, structural, and behavioral studies performed with human and animal
subjects suggest that learning and memory deficits are, in part, a consequence of damage to
the hippocampal formation (Berman and Hannigan, 2000; Costa et al., 2000b). Spatial
memory tests have demonstrated abnormalities in hippocampal function in children with
fetal alcohol syndrome and in animal models of this condition (Hamilton et al., 2003;
Johnson and Goodlett, 2002). However, the mechanisms by which EtOH exerts its
deleterious effects on the hippocampal formation are not well understood.

Studies from several laboratories suggest that the mechanism of action of EtOH on
hippocampal development involves alterations in glutamatergic synaptic transmission
(Reviewed in Berman and Hannigan, 2000; Costa et al., 2000b). One study suggested that
inhibition of NMDA receptors (NMDARs) induced by acute EtOH administration during the
human third trimester-equivalent period of development (i.e., neonatal period in the rat)
triggers widespread apoptotic neurodegeneration in many brain regions, including the CA1
hippocampal region (Ikonomidou et al., 2000). However, whether EtOH inhibits NMDAR
function in CA1 neurons during this developmental period has not been tested. Studies from
our laboratory indicate that NMDARs in CA3 pyramidal neurons in acute brain slices from
neonatal rats are relatively insensitive to EtOH; in contrast, AMPA receptor (AMPAR)
function and glutamate release were unexpectedly found to be particularly sensitive to EtOH
in these neurons (Mameli et al., 2005). In light of these findings with CA3 pyramidal
neurons, we hypothesized that acute EtOH exposure inhibits AMPAR function and
glutamate release in CA1 pyramidal neurons, without affecting NMDARs.

Since glutamatergic neurotransmission is essential for certain forms of synaptic plasticity, a
corollary of this hypothesis is that EtOH exposure should also affect plasticity in developing
hippocampal neurons, where this process is thought to play a central role in synaptogenesis
(Constantine-Paton and Cline, 1998). Many developing hippocampal Schaffer collateral-
CA1 synapses are silent at resting membrane potentials; i.e., they exhibit currents mediated
by NMDARs but not AMPARs (Kerchner and Nicoll, 2008; but see Groc et al., 2002). It has
been suggested that expression of AMPARs is limited in these immature structures (Fiala et
al., 1998; Matsuzaki et al., 2001). Recent evidence indicates that basal activation of
NMDARs inhibits AMPAR-mediated responses during the synaptic maturation period
(Adesnik et al., 2008; Hall et al., 2007). When NMDARs are activated by strong
synchronous activity, they stimulate AMPAR recruitment to the postsynaptic density,
contributing to synapse formation (Constantine-Paton and Cline, 1998; Leinekugel, 2003;
Citri and Malenka, 2008; Durand et al., 1996; Maletic-Savatic et al., 1999; but see Zito et
al., 2009). Excessive spontaneous excitatory activity in cultured cortical neurons was shown
to cause premature synaptic stabilization via AMPAR insertion into silent synapses and it
was postulated that this could limit the range of connections in the neuronal network (Voigt
et al., 2005). Chronic NMDAR blockade during early development in hippocampal
organotypic slice cultures demonstrated a decreased threshold for LTP induction and a shift
in baseline synaptic efficacy (Savic et al., 2003). Collectively, these studies suggest that if
EtOH produced alterations in activity-dependent synaptic plasticity mechanisms, these could
have a negative impact on the maturation of developing neuronal networks.

In this study, we used acute brain slices from postnatal day (P) 7–9 rats and
electrophysiological techniques to characterize the acute effects of EtOH on AMPAR- and
NMDAR-mediated responses in the CA1 region. We then investigated whether EtOH had
any presynaptic effects by measuring the paired-pulse ratios of AMPAR-mediated responses
and the presynaptic volley. Lastly, we tested the effects of acute EtOH on LTP induced via
high-frequency tetanic stimulation.
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Experimental Procedures
Tissue preparation and solutions

EtOH (99.8%) molecular biology grade from Sigma (cat #E7023) was used. Unless
indicated, all other chemicals were from Sigma (St. Louis, MO) or Tocris Cookson (Bristol,
UK). Timed-pregnant Sprague-Dawley rats were provided by Harlan (Indianapolis, IN).
Both male and female rat pups (postnatal day (P) 7–9) were anesthetized with 250 mg/kg
ketamine and coronal brain slices (300 μm) were prepared using a vibratome, as previously
described (Mameli et al., 2005). After a recovery period of 45 min at 35–36 ºC, slices were
stored in artificial cerebrospinal fluid (ACSF) for 1–8 hr at room temperature. ACSF
contained the following (in mM): 126 NaCl, 2 KCl, 1.25 NaH2PO4, 1 MgSO4, 26 NaHCO3,
2 CaCl2, 10 glucose, and 0.01 gabazine (also known as SR-95531) equilibrated with 95%
O2/5% CO2. When indicated, the ACSF contained no MgSO4 and 3 mM CaCl2 (or 0.5 mM
MgSO4 and 2.5 mM CaCl2), 50 μM DL-2-amino-5-phosphonovaleric acid (AP5), 10 μM
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), 100 μM 1-
naphthylacetyl spermine trihydrochloride (NASPM), 50 μM GYKI-53655, 0.5 μM
tetrodotoxin (TTX; Calbiochem, La Jolla, CA) and/or EtOH (20, 40, or 80 mM). Unless
indicated, EtOH was bath-applied for 10 min. Animal procedures were approved by the
Institutional Animal Care and Use Committee of the University of New Mexico Health
Sciences Center and conformed to National Institutes of Health guidelines.

Electrophysiological recordings
Recordings using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) were
performed in the CA1 stratum radiatum at 32 ºC perfused at 2 ml/min. Recording
micropipette glass electrodes had resistances of 2–5 MΩ and were filled with ACSF.
AMPAR and NMDAR-mediated fEPSPs were evoked using a concentric bipolar electrode
(inner pole 25 μm; outer pole 125 μm; Frederick Haer Company, Bowdoinham, ME) placed
in the vicinity of the Schaffer collateral fibers, approximately 200 μm from the recording
electrode. Input-output curves were measured at the start of all recordings, and the
stimulation intensity was set to produce 40–50% of maximal responses for subsequent
experiments. Stimulus duration was 75 μs and stimuli were delivered at 0.033 Hz. For
paired-pulse studies, the interpulse interval was 50 ms. LTP was induced via tetanic
stimulation (100 Hz train for 1 s; this train was repeated a total of 3 times at 5 s intervals).

Whole-cell patch-clamp recordings were performed as previously described (Mameli et al.
2005). Recording micropipette glass electrodes had resistances of 4–7 MΩ, and were filled
with an internal solution containing (in mM): 95 K-gluconate, 40 KCl, 10 HEPES, 2 MgCl2,
3 Na2ATP, 0.4 NaGTP, and 5 QX-314. The pH was 7.2 and the osmolarity was 270 mOsm.
Access resistances were between 20–30 MΩ, and recordings were discarded if the access
resistance changed more than 20%. The membrane potential was clamped at −65 mV (the
liquid junction potential was 11.3; therefore, the corrected voltage was −76.3 mV). For
evoked excitatory postsynaptic current recordings (eEPSCs), stimulus duration, intensity,
and frequency were the same as for fEPSP recordings. For perforated-patch recordings, we
used the same internal solution (without QX-314) containing amphotericin-B (5–10 μg/ml).
A stock solution of amphotericin-B (1 mg/mL in dimethylsulfoxide) was prepared every
day, sonicated for 10–20 min and maintained under constant vortexing. Amphotericin-B
from this stock solution was freshly added to aliquots of internal solution every 1–2 hours.
The tips of the glass electrodes were pre-filled with amphotericin-B-free ACSF, and then
filled with the amphotericin-B-containing internal solution. A 1–10 GΩ seal was obtained,
then the voltage was clamped at −65 mV (the liquid junction potential corrected voltage was
−76.3 mV), and the access resistance was monitored for perforation. When access
resistances were between 60–80 MΩ, recordings were started and these were discarded if
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there were sudden changes in access resistance, indicating conversion to the whole-cell
configuration. The ACSF contained 10 μM gabazine and 50 μM AP5 for whole-cell and
perforated-patch recordings.

Data Analysis
Data were acquired and analyzed with pClamp 9 (Molecular Devices) and GraphPad Prizm
4.0 (San Diego, CA). The short time interval between the presynaptic volley and fEPSP
prevented accurate measurement of the slope in some experiments. Therefore, fEPSP
amplitude and area were measured. Recordings with greater inter-electrode separation
distance (~400 μm) were attempted to eliminate volley contamination of the fEPSP;
however, the amplitude of the fEPSP was substantially reduced, making it difficult to assess
the inhibitory effect of EtOH. For each experiment, baseline and washout were defined as
the average of 10–20 fEPSPs recorded immediately before EtOH application and the last 5–
10 min of washout, respectively. For experimental conditions, 10 fEPSPs immediately
preceding the start of the washout or further experimental procedures were averaged for
analysis. For LTP studies, the percent change from baseline was measured after ≥30 min
from induction and was the average of 20 fEPSPs. Except for the plasticity studies, the
effect of acute EtOH exposure was quantified with respect to the average of baseline and
washout responses. The paired-pulse ratio was calculated as the ratio of AMPAR-mediated
fEPSP2/fEPSP1 (or eEPSC2/eEPSC1). Statistical analyses were performed by unpaired t-
test, one sample t-test vs. a theoretical mean of zero or 100%, or one-way ANOVA followed
by Bonferroni post hoc test; a p ≤0.05 was considered to be statistically significant. Data are
presented as mean ± SEM.

Results
Characterization of input-output relationships for AMPAR- and NMDAR-mediated fEPSPs

To initially characterize AMPAR- and NMDAR-mediated fEPSPs, input-output curves were
measured. AMPAR-mediated fEPSPs were recorded in the presence of gabazine (10 μM;
GABAA receptor blocker) and AP5 (50 μM; NMDAR blocker) with increasing stimulus
intensities (Fig. 1A). NMDAR-mediated fEPSPs were recorded in the presence of gabazine
(10 μM), NBQX (10 μM; AMPA/kainate receptor blocker) and in Mg2+-free ACSF (Fig.
1B). The average stimulus intensities that elicited a 50% of maximal stimulation response
were 0.67 ± 0.08 mA and 0.41 ± 0.05 mA for AMPAR- and NMDAR-mediated fEPSPs,
respectively (Figs. 1C–D). GYKI-53655 (50 μM) blocked AMPAR fEPSPs leaving only the
presynaptic volley spike (n=4; 1E), confirming that these were mediated by AMPARs. The
non-NMDA antagonist, NBQX (10 μM) produced a similar inhibitory effect (n=6; data not
shown). NMDAR-mediated fEPSP responses were inhibited by 50 μM AP5 (n=8; 1F).

Acute exposure to EtOH inhibited AMPAR- and NMDAR-mediated fEPSPs
To address the effects of acute bath application of EtOH on ionotropic glutamatergic
signaling, we first characterized effects on pharmacologically isolated AMPAR-mediated
responses. EtOH (80 mM) reversibly inhibited AMPAR-mediated fEPSPs (Fig. 2A). On
average, inhibition was 15.88 ± 1.04% (n= 6; p<0.01 by one-sample t-test vs. zero; Fig 2B
and 5A). To determine if Mg2+ concentration affects EtOH mediated inhibition, AMPAR-
mediated fEPSPs were recorded in the absence of Mg2+. EtOH (80 mM) reduced AMPAR-
mediated fEPSP amplitude by 9.76 ± 3.60% (n= 6; p<0.05 by one-sample t-test vs. zero;
Fig. 5A), and this was not different from the inhibition observed in the presence of Mg2+

(not significant (N.S.) by one-way ANOVA followed by Bonferroni post hoc test). We
further tested the effects of EtOH (80 mM) in adult rats (P 40) and found that it did not
significantly affect AMPAR-mediated fEPSP amplitude or area (n=5; N.S. by one-sample t-
test vs. zero; p<0.01 by Bonferroni post hoc test vs P7–9; Fig. 5A and Table 1).

Puglia and Valenzuela Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To determine if Ca2+ influx through Ca2+-permeable AMPARs alters EtOH sensitivity, we
blocked these receptors with the synthetic polyamine NASPM (100 μM) and tested the
effects of EtOH on the remaining responses (i.e. mediated by Ca2+ impermeable AMPARs).
NASPM inhibited the fEPSP amplitude by 18.46 ± 2.85% (n=11; p<0.01 by one-sample t-
test vs. zero; Fig. 3). In presence of NASPM, EtOH rapidly and reversibly inhibited fEPSP
amplitude by 19.32 ± 1.66% (n=11; p<0.01 by one-sample t-test vs. zero; Fig. 3 and 5A).

NMDAR-mediated fEPSPs were recorded in Mg2+-free ACSF, as described above. Acute
EtOH (80 mM) application reversibly inhibited NMDAR-mediated fEPSPs (Fig. 4A). The
percent inhibition from the average of baseline and washout was 16.81 ± 2.91% (n=9;
p<0.01 by one sample t-test vs. zero; Fig. 4C and 5B). Because Mg2+ has been shown to
modulate NMDAR sensitivity to EtOH, we measured its effect on NMDAR-mediated
fEPSPs in ACSF containing 0.5 mM Mg2+ and 2.5 mM Ca2+ (Fig. 4B) Under these
conditions, we found that 80 mM EtOH inhibited the NMDAR-mediated fEPSPs by 29.18 ±
3.16% (n=7; p<0.01 by one-sample t-test vs. zero; Fig. 4D and 5B). This effect was
significantly larger when compared to NMDAR-mediated fEPSPs recorded in Mg2+-free
ACSF (p<0.05 by one-way ANOVA followed by Bonferroni post hoc test; Fig. 5B).

Fig. 5 summarizes these effects of 80 mM EtOH on fEPSP amplitude, and also shows the
effects of lower EtOH concentrations. Small but significant effects on AMPAR- and
NMDAR-mediated fEPSP amplitudes were detected with 40 mM EtOH; however, no
significant effects were observed with 20 mM EtOH. Dose dependent effects of EtOH
revealed significant differences between 80 mM vs. 20 mM and 40 mM EtOH for both
AMPAR- and NMDAR-mediated fEPSPs (p<0.05; by one-way ANOVA followed by
Bonferroni post hoc test).

Table 1 summarizes the effects of EtOH on field, whole-cell and perforated patch fEPSP or
eEPSC recordings analyzed for event area. In virtually all cases, these results were similar to
those obtained with amplitude analysis, with the exception that NMDAR-mediated fEPSP
area was significantly inhibited by 20 mM EtOH (n=4; p<0.05 by one-sample t-test vs. zero)
but not by 40 mM EtOH exposure (n=5; N.S. by one-sample t-test vs. zero; Table 1) in
ACSF lacking Mg2+.

Acute EtOH does not affect glutamate release or the presynaptic volley
To assess the effects of EtOH on glutamate release, paired-pulse plasticity of AMPAR-
mediated fEPSPs was assessed (Fig. 6). Recordings were performed in the presence of
gabazine (10 μM) and AP5 (50 μM). The percent change in the paired-pulse ratio of control
recordings (−2.9 ± 11.6%; relative to the average of the baseline and washout periods in the
same slice) was not significantly different from the percent change in the paired-pulse ratio
(4.33 ± 1.71%) recordings obtained in presence of 80 mM EtOH (n=7–10; N.S. by unpaired
t-test). Paired-pulse ratios of AMPAR-mediated eEPSCs were also recorded under whole-
cell patch-clamp and perforated-patch conditions. EtOH (80 mM) did not significantly affect
the paired-pulse ratios of AMPAR-mediated eEPSCs (whole cell = 0.1 ± 5.2 % data not
shown; perforated-patch = −3.28 ± 2.3%; Fig 6E; N.S. by one sample t-test v. zero; n=4 for
each configuration).

In the whole-cell configuration, 80 mM EtOH did not significantly inhibit eEPSC1
amplitude (−11.97 ± 7.90% from the average of baseline and washout by one sample t-test
v. zero; n=4, data not shown). In the perforated-patch configuration, 80 mM EtOH had a
small but significant inhibitory effect on eEPSC1 amplitude (−4.84 ± 1.3% from the average
of baseline and washout by one sample t-test v. zero; n=4, Fig. 6D–E) and area (Table 1).
The percent inhibition of eEPSC1 amplitude (but not area) was significantly smaller than
that observed in the AMPAR-mediated fEPSP recordings (p<0.01 by unpaired t-test). In
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perforated-patch experiments, EtOH did not significantly affect the holding current (4.96 ±
6.45% of control), membrane time constant (13.2 ± 8.57% of control) and membrane
resistance (4.9 ± 2.95% of control) from the average of baseline and washout (n=4; N.S. by
one sample t-test v. zero; membrane time constant and membrane resistance were measured
from responses to a 10 mV hyperpolarizing step of 10 ms duration). Similar results were
found for the holding current (6.7 ± 8.9 % of control), membrane time constant (13.57 ±
6.69% of control) and membrane resistance (4.38 ± 2.36% of control) in whole-cell
recordings (n=4; N.S. by one sample t-test v. zero).

To assess the effect of EtOH on presynaptic excitability, measurements of the presynaptic
volley were performed (Fig. 7). Recordings were performed in the presence of gabazine (10
μM), NBQX (10 μM), and AP5 (50 μM). EtOH (80 mM) did not significantly affect the
presynaptic volley (21.9 ± 10.10%; n=7; N.S. by one-sample t-test vs. zero). As expected,
the presynaptic volley was blocked by the Na+ channel antagonist, TTX (0.5 μM). After
TTX application, a residual stimulus artifact could be observed, which was subtracted to
obtain the isolated presynaptic volley response.

EtOH acutely inhibited LTP induction
To determine the effect of acute EtOH exposure on the induction of LTP, a high-frequency
stimulation protocol was used. Experiments were performed in the presence of gabazine (10
μM) in standard ACSF. LTP induction was blocked by AP5 (50 μM) plus MK-801 (50 μM),
demonstrating that it was NMDAR-dependent (10.2 ± 14.92% change in fEPSP amplitude;
n=9; N.S. by one-sample t-test vs. zero; data not shown). In the absence of EtOH, high-
frequency stimulation increased the amplitude of the AMPAR-mediated fEPSP by 25.3 ±
7.33% from baseline (n=6; p<0.05; by one-sample t-test vs. zero; Fig. 8A). For EtOH
studies, the LTP induction protocol was delivered in the middle of a 10 min EtOH
application. EtOH 40 mM (Fig. 8B) did not significantly inhibit the induction of LTP; the
fEPSP amplitude increase in the presence of EtOH (40 mM) was 22.5 ± 4.18% (p<0.01; n=7
by one-sample t-test vs. zero). The LTP induction protocol was repeated in the same slice in
the absence of EtOH, and it induced an increase of 29.7 ± 8.11% from baseline, which was
not significantly different than the increase in the presence of 40 mM EtOH (N.S. by paired
t-test).

For 80 mM EtOH (Fig. 8C), the percent change in AMPAR-mediated fEPSP amplitude was
6.0 ± 5.39% (n=8; N.S. by one-sample t-test vs. zero); the LTP induction protocol was then
repeated in the same slice in the absence of EtOH, resulting in a 24.8 ± 8.43% increase in
the amplitude of the fEPSP from baseline (p<0.05 by one-sample t-test vs. zero).

We also measured the effect of longer exposure to 80 mM EtOH on LTP. A stable baseline
of AMPAR-mediated fEPSPs was recorded and EtOH was bath–applied (Fig. 8D), causing a
14.01 ± 3.94% reduction (at t = 13–15 min) in the fEPSP amplitude (n=6; p<0.05 by one
sample t-test from baseline). This effect was followed by gradual run-down of the responses,
which was observed independently of whether or not high-frequency stimulation was
delivered (Fig. 8D). High-frequency stimulation failed to potentiate the fEPSP under these
conditions (Fig. 8D).

Table 1 summarizes the effects of EtOH on LTP of fEPSP area. In all cases, the effects of
EtOH were similar to its effects on fEPSP amplitude.

Discussion
To the best of our knowledge, this is the first characterization of the acute effects of EtOH
on glutamatergic transmission and plasticity in the rat CA1 hippocampal region during the
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third trimester-equivalent period of development. Two effects of EtOH were demonstrated:
1) inhibition of both AMPAR- and NMDAR-mediated responses and 2) inhibition of
NMDAR-dependent LTP. These findings add to growing evidence indicating that alterations
in excitatory amino acid-mediated neurotransmission play a role in the pathophysiology of
fetal alcohol spectrum disorder (Berman and Hannigan, 2000; Costa et al., 2000b; Kimura et
al., 2000; Olney, 2004; Thomas and Riley, 1998; Valenzuela et al., 2007).

Acute EtOH exposure inhibits AMPAR-mediated fEPSPs
Acute inhibitory effects of EtOH have been observed on AMPAR-mediated responses
evoked by exogenous agonist application in developing and mature neurons in different
brain regions (Carta, et al, 2003; Costa, et al, 2000; Hsiao, and Frye, 2003; Lovinger, et al,
1989; Lu, and Yeh, 1999; Martin, et al, 1995; Moykkynen, et al, 2003; Nie, et al, 1994;
Valenzuela, et al, 1998). EtOH has also been shown to acutely inhibit the function of non-
NMDA glutamate receptors in central amygdala synapses from adult rats (Zhu et al., 2007;
Roberto et al., 2004). In contrast to these studies, AMPAR function has been shown to be
relatively insensitive to acute EtOH exposure in CA3 pyramidal and dentate granule neurons
from juvenile or adult rats (Weiner et al., 1999; Ariwodola et al., 2003). Similar findings
have been obtained in the CA1 hippocampal subfield, where Lovinger et al. (1990) were the
first to study the effect of EtOH on synaptic AMPAR function using the acute slice
preparation; these investigators reported that 50 mM EtOH exposure did not significantly
affect non-NMDAR-mediated fEPSPs and that 100 mM EtOH reduced the amplitude of
these events by only ~10%. Similarly, Randall et al. (1995) found that non-NMDAR-
mediated synaptic responses were not affected by 22 mM EtOH at Schaffer collateral-to-
CA1 synapses from 130–160 g rats, and Carta et al. (2003) demonstrated that 80 mM EtOH
did not inhibit AMPAR-mediated EPSCs in CA1 pyramidal neurons from P21–40 rats.
Durand et al. (1981) also demonstrated that EtOH (100 mM) had little effect on the
amplitude of fEPSPs that were, in part, mediated by AMPARs in the CA1 hippocampal
region of adult rats. A 30 min application of 100 mM EtOH inhibited non-NMDAR-
mediated fEPSPs by ~20% in the CA1 hippocampus of C56Bl/6 mice (Gordey et al., 2001).
In addition, EtOH (25–75 mM) did not affect the amplitude of AMPAR-mediated miniature
EPSCs in CA1 pyramidal neurons of the rat hippocampus from P12–20 rats (Hendricson et
al., 2003).

In contrast to the findings of the studies described above, we found that acute EtOH
exposure inhibits non-NMDAR-mediated fEPSPs in the CA1 region of neonatal (but not
adult) rats, where EtOH had a small but significant effect at a concentration as low as 40
mM. Under our recording conditions, non-NMDAR-mediated fEPSPs were abolished by the
selective AMPAR antagonist, GYKI-53655, indicating that kainate receptors do not
contribute to the generation of these events. It should be noted, however, that the effects of
EtOH on AMPAR function were either undetectable or less robust under somatic voltage-
clamp conditions. In the whole-cell configuration, 80 mM EtOH had no significant effect on
eEPSC amplitude, and, in the perforated-patch configuration, it had a smaller action than in
dendritic field recordings. These findings suggest that: 1) intracellular signal transduction
pathways that are disrupted during whole-cell recording are required for EtOH’s action, 2)
EtOH may preferentially act on dendritic AMPARs that are not sampled under somatic
patch-clamp recordings (Williams, and Mitchell, 2008), and/or 3) EtOH may affect non-
AMPAR-mediated components of the fEPSP–for instance, those mediated by leak channels
or capacitive currents. This possibility is unlikely given that EtOH did not affect the holding
current, membrane time constant or membrane resistance.

Previous studies have suggested that AMPAR subunit composition and postsynaptic
proteins involved in AMPAR function are developmentally regulated in the hippocampus
(CA1), which may explain the increased EtOH sensitivity of AMPARs at P7–9 (Elias et al.,
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2008; Zhu et al., 2000; Fukaya et al., 2006; Rouach et al., 2005; Morimoto-Tomita et al.,
2009; Sager et al., 2009). In addition, other factors, such as neurosteroids, play a role in the
effects of EtOH in developing CA1 pyramidal neurons. Studies from our laboratory
previously showed that EtOH strengthens AMPAR-mediated synaptic transmission in CA1
pyramidal neurons from P3–4 (but not P6–10 rats) under conditions of minimal stimulation;
this effect was mediated by an endogenous pregnenolone sulfate-like neurosteroid that acts
at the presynaptic level (Mameli et al., 2005; Mameli and Valenzuela, 2006; reviewed in
Valenzuela et al., 2007). Thus, EtOH can either potentiate or inhibit CA1 AMPAR-mediated
synaptic transmission during the early or late portions of the third trimester-equivalent
period of rat development. We previously detected relatively potent inhibitory effects of
EtOH on AMPAR-mediated synaptic transmission in CA3 pyramidal neurons of the
developing hippocampus (Mameli et al., 2005), suggesting that immature CA1 and CA3
AMPARs may share some of the properties that confer EtOH sensitivity and this should be
explored in the future. However, synaptic AMPARs are not sensitive to EtOH in all
developing brain regions and under all experimental conditions, as shown by the voltage-
clamp studies presented here and our recently reported results with neocortical layer II and
III pyramidal neurons from P7–9 rats (Sanderson et al., 2009).

Ca2+ influx through AMPARs is not required for modulation by EtOH
A previous study with recombinant AMPARs expressed in Xenopus oocytes found that
EtOH inhibited Ca2+-permeable (i.e. containing GluR1 + GluR3 subunits) and Ca2+-
impermeable (containing GluR2 + GluR3 subunits) receptors to a similar extent. However,
for GluR1 + GluR3 receptors, greater EtOH inhibition was observed when the only
permeant ion was Ca2+ (Dildy-Mayfield and Harris, 1995). These findings suggest that
increased intracellular Ca2+ levels modulate AMPAR sensitivity to EtOH. Consequently, we
tested the effect of EtOH on synaptic AMPARs in the presence of an antagonist of Ca2+-
permeable AMPARs. The functional expression ratio of Ca2+-permeable to -impermeable
AMPARs was approximately 1/5, consistent with a previous report (Pickard et al., 2000). In
the presence of NASPM, an inhibitor of Ca2+-permeable AMPARs, EtOH reduced the
fEPSP amplitude to a similar extent as controls. These results suggest that EtOH does not
preferentially inhibit Ca2+-permeable AMPARs in developing CA1 hippocampal synapses,
and Ca2+ influx through Ca2+ -permeable AMPARs does not affect the sensitivity to EtOH.
However, we were unable to directly test the effects of EtOH on Ca2+-permeable AMPARs
due to the lack of availability of pharmacological agents to isolate these receptors. Studies
using molecular biological approaches and/or genetically modified mice could be used to
further address this issue.

Acute EtOH exposure inhibits NMDAR-mediated fEPSPs
We found that acute EtOH inhibits NMDAR-mediated fEPSPs in the CA1 region of
neonatal rats; small but significant effects were detected at EtOH concentrations of 40 mM
(~5%) and 80 mM (~15%). Our findings are in general agreement with those of Gordey et
al. (2001) who showed that 100 mM EtOH inhibits NMDAR-mediated fEPSPs by ~20% in
the CA1 region of slices from P4–7 C56Bl/6 mice. Other slice electrophysiological studies
performed in our laboratory have investigated the modulation of NMDARs by EtOH in
pyramidal neurons from another hippocampal subfield; i.e., the CA3 region. In CA3
pyramidal neurons from P5 rats, currents evoked by exogenous application of NMDA were
significantly inhibited (~10%) by 75 mM EtOH, but were unaffected by lower EtOH
concentrations (Mameli et al., 2005). In slices from older rats (P9–10), 50 mM EtOH
significantly inhibited (~8%) exogenous NMDA-evoked currents in these neurons (Mameli
et al., 2005). Although these results are in general agreement with the findings of the present
study, it must be kept in mind that currents evoked by exogenous NMDA are likely
mediated by synaptic and extrasynaptic NMDARs. We examined the effect of EtOH on
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NMDAR currents triggered by synaptic glutamate release in CA3 pyramidal neurons and
found that these are inhibited (up to 40%) by 50 mM EtOH in slices from P3–10 rats;
however, this effect is likely a consequence of an EtOH-induced decrease of glutamate
release as discussed in more detail below (Mameli et al., 2005). In the present study, we did
not detect an effect of EtOH on glutamate release in the CA1 region, but did find an effect
on NMDAR-mediated fEPSPs. These findings indicate that the mechanism by which EtOH
modulates NMDARs in the neonatal hippocampus is regionally specific; i.e., it
predominantly inhibits NMDAR-mediated responses in the CA1 and CA3 region via
postsynaptic and presynaptic mechanisms, respectively.

The magnitude of inhibition of synaptic NMDAR-mediated responses in neonatal CA1
pyramidal neurons reported here is slightly lower than that observed in some studies with
acute slices from juvenile or adult animals. For instance, Lovinger et al. (1990)
demonstrated that 25–100 mM EtOH inhibits NMDAR-mediated fEPSPs by ~20–50% in
slices from adult rats. Swartzwelder et al. (1995) reported that CA1 NMDAR-mediated
fEPSPs were inhibited by ~30% and 40% in P20–25 rat slices acutely exposed to 30 and 100
mM EtOH, respectively. Similarly, 80–100 mM EtOH was shown to inhibit CA1 NMDAR-
mediated fEPSPs by ~50% in slices from P21–26 C57BL/6J mice (Suvarna et al., 2005;
Yaka et al., 2003) and by ~20–30% in slices from adult +/fynZ mice (Miyakawa et al.,
1997). The relative insensitivity to EtOH of NMDARs in neonatal CA1 pyramidal neurons
could be attributed to expression of NR2D-containing NMDARs, which have been shown be
less sensitive to EtOH inhibition (Chu et al., 1995). However, NMDARs containing the
NR2D subunit may not be present in the CA1 hippocampus from rats older than P6 (Mameli
et al., 2005). Therefore, differences in the subunit composition, phosphorylation state or
association with other proteins between NMDARs in neurons from neonatal vs. more mature
animals could be responsible for age-dependent differences in EtOH sensitivity in the CA1
region (Elias et al., 2008; Yasuda et al., 2003). Another reason could be related to Mg2+

concentration in the ACSF. Morrisett et al. (1991) reported that EtOH inhibits NMDAR-
mediated fEPSPs in slices from adult rats with an EC50 of ~50 mM in the presence of 1 mM
Mg2+ and an EC50 of 100 mM in its absence. Jin et al. (2008) also observed enhanced
inhibition of recombinant NMDARs in the presence of Mg2+. In agreement with these
findings, we found that 80 mM EtOH had a significantly greater inhibitory effect on
NMDAR-mediated fEPSPs when recorded in the presence of 0.5 mM Mg2+ than under 0
mM Mg2+ conditions.

Lack of Presynaptic Effects of EtOH
We show here that EtOH acutely reduces the amplitude of both AMPAR- and NMDAR-
mediated fEPSPs in neonatal CA1 pyramidal neurons. However, it did not affect the paired-
pulse ratio of AMPAR-mediated fEPSPs or eEPSCs under whole-cell patch-clamp and
perforated-patch clamp conditions. Since alterations in paired-pulse plasticity are an
indicator of changes in transmitter release (Zucker and Regehr, 2002), these findings
suggests that EtOH does not affect glutamate release at Schaffer collateral-to-CA1
pyramidal neuron synapses from P7–9 rats. As mentioned above, EtOH induced a
neurosteroid-dependent increase in glutamate release at these synapses in slices from
younger rats (P3–4) (Mameli et al., 2005; Mameli and Valenzuela, 2006; Reviewed in
Valenzuela et al., 2007). Therefore, acute EtOH exposure exerts developmentally-regulated
actions on glutamate release in this hippocampal region. A similar observation was made in
the CA3 hippocampal region where EtOH acutely inhibits glutamate release in slices from
rats younger than P10; this effect is mediated by inhibition of presynaptic N-type Ca2+

channels (Mameli et al., 2005). Previous studies have shown that EtOH affects glutamate
release in several brain regions, including the CA1 hippocampal region from more mature
rats (reviewed in Siggins et al., 2005). In cultured hippocampal CA1 neurons, EtOH
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decreased mEPSC frequency without affecting amplitude, suggesting that it inhibits
glutamate release; this effect was shown to be mediated by endocannabinoid release
triggered by an elevation in postsynaptic Ca2+ levels (Basavarajappa et al., 2008). EtOH
inhibited KCl-induced vesicular FM1–43 destaining in the CA1 stratum radiatum of P21–28
rats, and this effect was occluded by antagonists of N-type and P/Q-type Ca2+ channels;
EtOH also reduced frequency of AMPAR-mediated mEPSCs in the presence, but not in the
absence of KCl (Maldve et al., 2004). Moreover, EtOH decreased both the frequency of
asynchronous NMDAR-mediated mEPSCs and the paired-pulse ratio of NMDAR-mediated
EPSCs in CA1 pyramidal neurons (Hendricson et al., 2004). Future experiments should
determine whether the lack of a presynaptic effect of EtOH in the neonatal CA1 region is, in
part, a consequence of a unique pattern of voltage-gated Ca2+ channel expression in
glutamatergic axonal terminals.

Acute EtOH Exposure Inhibits NMDAR-dependent LTP
We found that the induction of LTP was suppressed by application of 80 mM EtOH. This
was not observed at a concentration of 40 mM. These findings are in agreement with the
literature and indicate that exposure to relatively high EtOH concentrations is required to
inhibit LTP in the CA1 hippocampal region (Izumi et al., 2007; Schummers et al., 1997;
Sinclair and Lo, 1986; Sugiura et al., 1995; Tokuda et al., 2007; Zhang and Morrisett, 1993;
Zhang et al., 2005). One paper showed that LTP was virtually abolished by 60 mM EtOH in
slices from P15–25 rats, but not P70–100 rats (Swartzwelder et al., 1995). However, other
studies have reported more potent effects of EtOH on LTP in the rat CA1 hippocampal
region than those reported here. This could be a consequence of differences in experimental
conditions (i.e., slice preparation protocol, recording temperature, LTP induction paradigm,
and age of rats) (Randall et al., 1995; Blitzer et al., 1990; Pyapali et al., 1999; Fujii et al.,
2008). For instance, in some but not all cases, LTP was induced by theta burst stimulation,
and in other studies there were variances in the number of pulses in the LTP induction train
(Pyapali et al., 1999; Fujii et al., 2008). Future studies should address the effect of EtOH on
neonatal LTP evoked by different patterns of stimulation.

The mechanism by which EtOH blocks LTP in the developing CA1 hippocampus may
involve inhibition of NMDARs (Blitzer et al., 1990) because the dose-dependency of
EtOH’s effect on NMDAR-mediated fEPSPs matches that of its effect on LTP. Since our
studies were performed in presence of gabazine, we did not investigate the contribution of
an EtOH-induced increase in GABAA receptor-mediated transmission. However, future
studies should examine a potential participation of GABAA receptors in the mechanism of
action of EtOH. Studies suggest that EtOH could indirectly inhibit NMDAR-mediated
responses and LTP by increasing GABAergic transmission (Schummers et al., 1997;
Schummers and Browning, 2001). GABAergic neurosteroids were recently shown to
mediate the effects of EtOH on LTP (Izumi et al., 2007). During the third-trimester
equivalent, GABAA receptors will likely have a dual excitatory and inhibitory action and
may actually facilitate LTP induction under some conditions (Caillard et al., 1999). In
addition, the inhibitory actions of EtOH on LTP were occluded by an angiotensin 1 receptor
blocker, and this receptor may also be involved in the mechanism by which EtOH affects
LTP during the neonatal period of rat development (Wayner et al., 1993). Inhibition of
AMPARs could also contribute to LTP blockade because these receptors are needed for
removal of Mg2+ block from NMDARs (reviewed in Kerchner and Nicoll, 2008). LTP
during this neonatal period is not dependent on CaMKII as in more mature animals, but
requires protein kinase A (Yasuda et al., 2003). EtOH may also interfere with these
pathways uniquely involved in developmental LTP (Newton and Messing, 2006).

A limitation of our study is that the EtOH concentration increased in the recording chamber
over a short period of time (2–3 min). Human consumption of alcoholic beverages does not
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cause such a sudden increase in brain EtOH levels, even during binge drinking. Tokuda et
al., (2007) showed that a gradual increase in EtOH concentration induces the emergence of
an NMDAR- and Ca2+ channel-independent form of synaptic plasticity that depends on
Ca2+ release from internal stores. Future studies should examine if EtOH produces a similar
effect in developing neurons. Moreover, to further assess the effects of gradual increases in
EtOH concentrations, the effects of EtOH exposure on developmental LTP in vivo should
also be explored in the future.

Implications of Findings
Plasticity of glutamatergic transmission may contribute to the maturation of developing
neuronal networks, for example, by stabilizing newly formed synapses (Constantine-Paton
and Cline, 1998; Leinekugel, 2003; Zhu et al., 2000; Molnar et al., 2002). Alterations in
these processes likely contribute to the long-lasting effects of EtOH on the CA1
hippocampus of rodents exposed to EtOH during the third trimester-equivalent of human
pregnancy. For instance, abnormal circuit formation secondary to LTP blockade in the CA1
region could explain the deficits in input/output curves detected in this hippocampal subfield
in P45–60 rats that were exposed to EtOH vapor at P4–6 (Bellinger et al., 1999). EtOH
inhibition of NMDAR-mediated responses could trigger apoptosis in the hippocampal CA1
region (Ikonomidou et al., 2000), although this mechanism may not apply to other regions
such as layer II/III of neocortex or CA3 pyramidal neurons (Mameli et al., 2005; Sanderson
et al., 2009). Alternatively, EtOH-induced alterations in glutamatergic transmission could
contribute to the neurogenesis or neuronal proliferation deficits that may be responsible for
decreased pyramidal neuronal numbers in the CA1 hippocampal region of rats exposed to
EtOH during the neonatal period (Livy et al., 2003; Miller, 1995; Martel et al., 2009). In
addition, EtOH-induced NMDAR inhibition during the neonatal period could contribute to
the compensatory upregulation of these receptors that has been detected during EtOH
withdrawal (Thomas et al., 2004). It can be concluded that therapeutic interventions that
prevent the EtOH-induced inhibition of glutamatergic transmission and plasticity in the CA1
region during the third trimester of pregnancy could mitigate the learning and memory
alterations associated with fetal alcohol spectrum disorder.
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Figure 1.
AMPAR- and NMDAR-mediated fEPSP input-output curves in the CA1 hippocampus.
Sample traces of (A) AMPAR- and (B) NMDAR-mediated fEPSPs evoked at increasing
stimulus intensities via stimulation of the Schaffer collateral fibers. Events were recorded in
the stratum radiatum in the presence of gabazine (10 μM) and AP5 (50 μM) for AMPARs,
and in the presence of gabazine (10 μM), NBQX (10 μM), and absence of Mg2+ for
NMDARs. Pooled data for (C) AMPAR- and (D) NMDAR-mediated fEPSP input-output
curves. (E) AMPAR- and (F) NMDAR-mediated fEPSPs were blocked with GYKI-53655
(50 μM) and AP5 (50 μM), respectively.
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Figure 2.
EtOH (80 mM) inhibits AMPAR-mediated fEPSPs. (A) Sample traces of inhibitory effects
of EtOH on AMPAR-mediated fEPSP amplitudes recorded in the presence of gabazine (10
μM) and AP5 (50 μM). (B) Time course of the effect of EtOH.
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Figure 3.
EtOH sensitivity of AMPAR-mediated fEPSPs is not affected by inhibition of Ca2+

permeable AMPARs. (A) Sample traces demonstrating the effects of NASPM (100 μM) on
AMPAR-mediated fEPSPs (10 μM gabazine and 50 μM AP5). Also shown is the EtOH (80
mM)-induced reversibly inhibition of fEPSPs in the presence of NASPM. (B) Time course
of the effect of NASPM and EtOH.
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Figure 4.
EtOH inhibits NMDAR-mediated fEPSPs. Sample traces of inhibitory effects of 80 mM
EtOH on the amplitude of NMDAR-mediated fEPSPs recorded in the presence of gabazine
(10 μM), NBQX (10μM), in Mg2+-free ACSF (A) and 0.5 mM Mg2+ ACSF (B). Time
courses of the effects of EtOH in Mg2+-free ACSF (C) and 0.5 mM Mg2+ ACSF (D).
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Figure 5.
EtOH dose dependently inhibits AMPAR- and NMDAR-mediated fEPSPs. (A) The effects
of 20, 40, and 80 mM EtOH are shown as percent inhibition from the average of baseline
and washout. AMPAR-mediated fEPSPs were recorded in the presence of gabazine (10 μM)
and AP5 (50 μM) in standard ACSF. In addition, AMPAR-mediated fEPSPs were recorded
in Mg2+-free ACSF. Also illustrated is the effect of EtOH on AMPAR-mediated fEPSPs in
presence of NASPM, as well as the effect of EtOH on AMPAR-mediated fEPSPs in slices
from adult rats. (B) Effect of EtOH on NMDAR-mediated fEPSPs recorded in Mg2+-free
ACSF, and NMDAR fEPSPs recorded in 0.5 mM Mg2+ ACSF. *p<0.05, and **p<0.01 by
one-sample t-test vs. zero. See text for ANOVA results.
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Figure 6.
Paired-pulse ratios of AMPAR-mediated fEPSPs and eEPSCs were not affected by acute
EtOH (80 mM) exposure. Recordings were performed in the presence of gabazine (10 μM)
and AP5 (50 μM). The interpulse interval was 50 ms. (A) Sample fEPSP traces from control
(i.e. no EtOH) and (B) EtOH groups. (C) Time course of the fEPSP paired-pulse ratio for
these groups. (D) Sample traces of perforated-patch eEPSC paired-pulse recordings. (E)
Summary of the EtOH-induced percent change of eEPSC1 amplitude and paired-pulse ratio.
*p<0.01 by one sample t-test vs. 100%.
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Figure 7.
Acute EtOH (80 mM) application did not affect the presynaptic volley amplitude.
Recordings were performed in the presence of gabazine (10 μM), NBQX (10 μM), and AP5
(50 μM). (A) Sample traces and time course (B) are shown. Presynaptic volleys were
blocked by TTX (0.5 μM). The residual signal corresponds to a portion of the stimulus
artifact.
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Figure 8.
Acute EtOH (80 mM, but not 40 mM) inhibited the induction of LTP in the CA1
hippocampus of P7–9 animals. (A) LTP induction in control slices. The LTP induction
protocol (represented by the dashed lines) consisted of 3 one second 100 Hz trains (trains
were separated by 5s). Recordings were obtained in the presence of gabazine (10 μM).
Effect of 40 mM (B) and 80 mM (C) EtOH on LTP. The first LTP induction protocol was
delivered in the presence of EtOH, and repeated in its absence. (D) Effects of continuous 80
mM EtOH exposure on LTP induction; also shown are control recordings obtained from
slices in which LTP was not induced. Note different time scales in x-axis (A–D).
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