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Developmentally Regulated Actions of Alcohol on
Hippocampal Glutamatergic Transmission

Manuel Mameli, Paula A. Zamudio, Mario Carta, and C. Fernando Valenzuela
Department of Neurosciences, University of New Mexico Health Sciences Center, Albuquerque, New Mexico 87131

Ethanol exposure during fetal development is a leading cause of learning disabilities. Studies suggest that it alters learning and memory
by permanently damaging the hippocampus. It is generally assumed that this is mediated, in part, via alterations in glutamatergic
transmission. Although NMDA receptors are presumed to be the most sensitive targets of ethanol in immature neurons, this issue has not
been explored in the developing hippocampus. We performed whole-cell patch-clamp recordings in hippocampal slices from neonatal
rats. Unexpectedly, we found that acute ethanol (10 -50 mm) exposure depresses inward currents elicited by local application of exoge-
nous AMPA, but not NMDA, in CA3 pyramidal neurons. These findings revealed a direct effect of ethanol on postsynaptic AMPA
receptors. Ethanol significantly decreased the amplitude of both AMPA and NMDA receptor-mediated EPSCs evoked by electrical
stimulation. This effect was associated with an increase in the paired-pulse ratio and a decrease in the frequency of miniature EPSCs
driven by depolarization of axonal terminals. These findings demonstrate that ethanol also acts at the presynaptic level. w-Conotoxin-
GVIA occluded the effect of ethanol on NMDA EPSCs, indicating that ethanol decreases glutamate release via inhibition of N-type
voltage-gated Ca>" channels. In more mature rats, ethanol did not affect the probability of glutamate release or postsynaptic AMPA
receptor-mediated currents, but it did inhibit NMDA-mediated currents. We conclude that the mechanism by which ethanol inhibits
glutamatergic transmission is age dependent and challenge the view that postsynaptic NMDA receptors are the primary targets of ethanol

early in development.
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Introduction

Ethanol exposure during development has long-lasting and dev-
astating effects, ranging from full-blown fetal alcohol syndrome
to cognitive deficits in information processing, learning and
memory, and problem-solving skills (Warren and Foudin, 2001).
The term fetal alcohol spectrum disorder (FASD) is now used to
denote this array of conditions (Sokol et al., 2003). Studies sug-
gest that the effects of ethanol in the developing CNS are, to some
extent, the result of alterations in neurotransmission at glutama-
tergic synapses, which are critical for the maturation of neuronal
circuits (Costa et al., 2000b; Ikonomidou et al., 2001; Zhang and
Poo, 2001; Hua and Smith, 2004; Olney, 2004). Therefore, char-
acterizing the mechanism of action of ethanol on excitatory
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transmission in developing neuronal circuits is important to fur-
ther understanding of the pathophysiology of FASD.

Glutamate mediates fast excitatory transmission in the CNS
and interacts with three classes of ionotropic receptors (Dingle-
dineetal., 1999): NMDA receptors (NMDARs), AMPA receptors
(AMPARSs), and kainate receptors (KARs). Most studies have fo-
cused on the effect of ethanol on NMDAR-mediated synaptic
transmission because of the initial demonstration of a high sen-
sitivity of these receptors to ethanol in hippocampal neurons
(Lovinger, 1997). Although it is widely accepted that ethanol
acutely inhibits NMDARs, several studies suggest that their sen-
sitivity varies among different CNS regions and as a function of
development. For instance, the sensitivity to ethanol of NMDARs
in the hippocampus and posterior cingulate cortex is higher in
juvenile than adult rats (Swartzwelder et al., 1995; Li et al., 2002).
However, the sensitivity of NMDARs during earlier developmen-
tal periods remains an open question.

In addition to modulating NMDARs, ethanol regulates the
function of non-NMDARs. For instance, non-NMDAR-
mediated responses are acutely inhibited by ethanol in nucleus
accumbens and central amygdala rat slices (Nie et al., 1994; Rob-
erto etal., 2004). Studies in the rat somatosensory cortex revealed
an age-dependent ethanol-induced modulation of AMPAR re-
sponses (Lu and Yeh, 1999). Moreover, several studies indicate
that hippocampal KARs are potently inhibited by ethanol
(Weiner et al., 1999; Costa et al., 2000a; Crowder et al., 2002;
Carta et al., 2003). In contrast, studies with hippocampal slices
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have shown that AMPARs are relatively insensitive to ethanol
(Lovinger et al., 1989, 1990; Weiner et al., 1999; Carta et al., 2003;
Hendricson et al., 2003). Given that hippocampal AMPAR-
mediated synaptic transmission is acquired during the first 2
postnatal weeks in rats and that it contributes to network forma-
tion and synapse development (Durand et al., 1996; Molnar et al.,
2002), it is important to understand the effects of ethanol on
AMPARSs during this developmental period.

In the present study, we addressed the hypothesis that ethanol
depresses AMPAR-mediated transmission in the hippocampus
of newborn rats by inducing changes at the presynaptic and
postsynaptic levels. To this end, we prepared acute hippocampal
slices from these rats, and, using patch-clamp electrophysiologi-
cal techniques, we tested the effect of pharmacologically relevant
concentrations of ethanol on glutamatergic transmission in the
CA3 hippocampal region.

Materials and Methods

Electrophysiology. Unless indicated, all chemicals were from Sigma (St.
Louis, MO) or Tocris Cookson (Bristol, UK). Sprague Dawley rats (Har-
lan Sprague Dawley, Indianapolis, IN) were used in all cases. Experi-
ments were performed in hippocampal slices prepared from neonatal
rats at postnatal day 3 (P3) to P26. Animals were anesthetized with 250
mg/kg ketamine, and 250- to 350-um-thick slices were prepared with a
vibratome, as described previously (Shuttleworth and Connor, 2001).
Artificial CSF (ACSF) contained the following (in mm): 126 NaCl, 3 KCl,
1.25 NaH,PO,, 1 MgSO,, 26 NaHCOj;, 2 CaCl,, 10 glucose, and 0.02 bicu-
culline methiodide (equilibrated with 95% O, plus 5% CO,). When indi-
cated, 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline  (NBQX)
(Axxorra, San Diego, CA), p,.-APV, GYKI 53655 [1-(4-aminophenyl)-3-
methylcarbamyl-4-methyl7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzo-
diazepine] (custom synthesized by Tocris Cookson), tetrodotoxin (TTX)
(Calbiochem, San Diego, CA), KCl, sucrose, w-conotoxin-GVIA (Alomone
Labs, Jerusalem, Israel), w-agatoxin-IVA (Alomone Labs), or ethanol
(AAPER Chemical, Shelbyville, KY) were added to the ACSF.

After arecovery period of =80 min, slices were transferred to a cham-
ber perfused with ACSF at a rate of 2 ml/min. Whole-cell patch-clamp
electrophysiological recordings from CA3 pyramidal neurons were per-
formed under infrared-differential interference contrast microscopy at
32°C with an Axopatch 200B amplifier (Axon Instruments, Union City,
CA).

A pneumatic picopump (World Precision Instruments, Sarasota, FL)
was used to apply puffs of 5 um AMPA in the presence of TTX (V,, of —65
mV) or 50 um NMDA in the presence of TTX and 10 um NBQX (V}, of
—10 mV). The puffing pipette was placed ~200 um away from the
patched neuron, and this produced a response that was ~20—40% of the
response obtained when the pipette was ~50 wm away from the patched
neuron. Thus, the effect of ethanol was tested on submaximally activated
currents. The pressure was set at 7 psi, and the puff duration was 500 ms.
Patch pipettes had resistances of 3—5 M(). Recording electrodes were
filled with an internal solution containing the following (in mm): 110
Cs-gluconate, 5 NaCl, 10 tetraethylammonium-Cl, 4 Mg-ATP, 0.6
EGTA, 10 HEPES, and 4 QX-314 [2(triethylamino)-N-(2,6-
dimethylphenyl) acetamine], pH 7.25. Access resistances were between
10 and 30 M(); if access resistance changed >20%, the recording was
discarded.

AMPAR-mediated EPSCs were recorded at a holding potential of —65
mV in presence of 4 mm Mg?" and 4 mm Ca?" to avoid polysynaptic
activity (Schmitz et al., 2001). NMDAR-mediated currents were re-
corded in regular ACSF at a holding potential of —10 mV to relieve the
Mg?" blockade from the receptor. Currents were evoked at a frequency
0f 0.05 Hz with a concentric bipolar electrode (Frederick Haer Company,
Bowdoinham, ME) placed ~200 um away from the patched pyramidal
cell. An input/output curve was measured at the start of the recording,
and stimulation intensity was set at 20—30% of maximum for all of these
experiments. AMPA and NMDA EPSCs in slices from juvenile rats were
evoked via stimulation of the stratum lacunosum-moleculare. When in-
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dicated, NMDA EPSCs were evoked by stimulation of the mossy fibers.
Paired-pulse experiments were performed at an interpulse interval of 50
ms. Recordings of AMPAR-mediated miniature EPSCs (mEPSCs) were
performed at a holding potential of —65 mV in the presence of 0.5 um
TTX. When indicated, 30 mm KCl or 100 mm sucrose were added to the
ACSF to increase basal mEPSC frequency. Each slice was exposed once to
a single ethanol concentration, and the duration of ethanol exposure was
limited to 5 min in all cases to avoid the development of rapid tolerance
(Miyakawa et al., 1997). The effect of ethanol reached a stable level 3—4
min after the start of the application (see Figs. 1A,, 2 B,). An average of
the responses obtained during the stable phase of the ethanol effect was
used for data analyses. Effects of ethanol were calculated with respect to
the average of control and washout responses.

Data were acquired and analyzed with pClamp 9 (Axon Instruments);
mEPSCs were analyzed with MINI ANALYSIS program (Synaptosoft,
Decatur, GA), and a Kolmogorov—Smirnov test was used initially to test
for significant differences between treatments in individual cells. The
level of significance was set at p << 0.01. Decay time and relative 7 values
of responses evoked by exogenous application of AMPA and NMDA
were determined with pClamp 9. Analyses of evoked EPSCs were per-
formed after subtraction of the stimulation artifact. Statistical analysis of
pooled data were performed by one-way ANOVA, followed by Bonfer-
roni’s post hoc test, t test, or one-sample 7 test versus a theoretical mean of
0 or 100. Data are presented as mean * SEM, and the level of significance
was set at p < 0.05. Numbers in parentheses define the number of
neurons.

Western immunoblotting. Slices were prepared from animals belonging
to the same litter at the indicated ages and allowed to recover as described
above. This procedure was repeated with three different litters. The CA3
region was microdissected from the slices, homogenized in PBS contain-
ing a protease inhibitor cocktail (catalog #P-8340; Sigma), and stored at
—80°C. Total protein concentrations were determined by the Lowry as-
say. Samples (3—10 ug of total protein per lane) were separated on 7.5%
polyacrylamide minigels and electrotransferred to nitrocellulose mem-
branes. Nonspecific binding of antibodies to nitrocellulose membranes
was prevented by blocking with a solution containing 10% nonfat dry
milk and 0.4% Tween 20. Blots were analyzed using a chemilumines-
cence assay kit following the instructions of the manufacturer (Roche,
Indianapolis, IN). Membranes were probed with rabbit anti-NR2A (1:
500) and anti-NR2B (1:500) (generously provided by Dr. Michael
Browning, Department of Pharmacology, University of Colorado Health
Sciences Center, Denver, CO). Membranes were also probed with rabbit
anti-NR1 (1:100) from Chemicon (Temecula, CA). Densitometric anal-
yses of Western blot chemiluminescence x-ray films were performed
using Quantity-One software (Bio-Rad, Hercules, CA). To control for
differences in protein loading, each membrane was stained with Coo-
massie blue; the optical density of the glutamate receptor (GluR) sub-
units was normalized to the average optical density of two randomly
chosen Coomassie bands (approximate molecular weight of 40 and 85
kDa) within each lane.

Results

Effect of ethanol on currents evoked by exogenous AMPA

or NMDA

We investigated the effect of acute ethanol exposure on AMPAR
function in neonatal (P3-P6) and juvenile (P21-P26) CA3 pyra-
midal neurons in hippocampal slices (Fig. 1). Pressure applica-
tion of AMPA (5 uM) onto a P4 neuron, in the presence of TTX
(500 nm) and bicuculline (20 um), caused an inward current that
was abolished by the non-NMDA antagonist NBQX (n = 12)
(Fig. 1 A,). Bath application of 50 mM ethanol caused a reversible
reduction in the amplitude of the AMPA-evoked current (Fig.
1A,,A,). Figure 1 A; shows the effect of increasing concentrations
of ethanol on currents evoked by exogenous AMPA in neonatal
neurons. We detected a significant even effect at a concentration
as low as 10 mm. One-way ANOVA followed by Bonferroni’s post
hoc test did not reveal statistically significant differences among
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Figure 1.  Ethanol potently depresses postsynaptic AMPA-evoked currents in neurons from
neonatal rats. A,, Effect of ethanol (EtOH) on inward currents evoked at a holding potential of
—65 mV by local application of exogenous AMPA (5 um; represented by the dots) in the
presence of TTX (0.5 wum) and bicuculline (20 rum) in a P4 neuron. NBQX (10 wum) eliminated the
currents. A, Time course of the effect of ethanol (same neuron as above). 4, Effect of increas-
ing concentrations of ethanol on AMPA-evoked currents in slices from neonatal rats. B;, Rep-
resentative traces from a P26 neuron illustrating the lack of an effect of ethanol on AMPA-
evoked currents. NBQX (10 wu) eliminated the currents. B,, Time course of the effect of ethanol
(same neuron as above). B;, Effect of increasing concentrations of ethanol on AMPA-evoked
currents in slices from juvenile rats. *p << 0.05, **p << 0.01, and ***p < 0.001 by one-sample
t test versus a theoretical mean of 0 (for results of ANOVA, see Results). Event amplitude was
normalized with respect to the average amplitude obtained during the first 3 min of recording.

concentrations of ethanol. Application of 50 mm ethanol onto a
neuron from a P26 rat (Fig. 1 B,,B,) did not affect the amplitude
of AMPA-evoked currents. As shown in Figure 1 B3, the AMPAR
inhibitory effect of ethanol was not observed in neurons from
juvenile animals at concentrations =50 mm; however, a signifi-
cant inhibitory effect was detected with 75 mMm (p < 0.05 by
one-way ANOVA followed by Bonferroni’s post hoc test vs 10 mm
ethanol). Ethanol did not affect the decay of AMPA responses in
either neonatal (control, 7 = 2.9 = 0.8 s; ethanol, 7= 3 = 0.8 s;
n = 9) or juvenile (control, 7 = 2.32 * 0.5 s; ethanol, 7 = 2.35 *
0.5 s; 1 = 9) rats.

We next tested the effect of ethanol on currents evoked by
exogenous application of NMDA (50 um) (Fig. 2). The experi-
ments were performed in the presence of TTX, bicuculline, and
NBQX (10 uM). Unexpectedly, ethanol, at concentrations =50
mM, did not affect postsynaptic NMDA currents in neurons from
neonates (Fig. 2A); a small inhibitory effect of ethanol was de-
tected with 75 mm ( p < 0.05 by one-way ANOVA followed by
Bonferroni’s post hoc test vs 10 mM ethanol) (Fig. 2A;). The decay
time of the NMDA responses also remained unchanged after 50
mM ethanol exposure (control, 7 = 1.9 = 0.3 s; ethanol, 7 =
1.88 = 0.3 s; n = 5). However, in agreement with a previous
report (Weiner et al., 1999), ethanol dose dependently depressed
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Figure 2.  Ethanol decreases postsynaptic NMDA-evoked currents in neurons from juvenile
rats. A,, Lack of an effect of 50 mm ethanol (EtOH) on inward currents evoked at a holding
potential of — 10 mV by local application of exogenous NMDA (50 wum; represented by the dots)
inthe presence of TTX (0.5 wum), bicuculline (20 rum), and NBQX (10 wum) ina P5 neuron. o,L-APV
(100 pum) eliminated the currents. A, Time course of the effect of ethanol (same neuron as
above). 4, Effect of increasing concentrations of ethanol on NMDA-evoked currents in slices
from neonatal rats. B;, Sample traces from a P25 neuron illustrating that ethanol exposure
decreases the amplitude of currents elicited by exogenous application of NMDA. p,.-APV (100
um) eliminated the currents. B,, Time course of the effect of ethanol (same neuron as above).
B, Effect of increasing concentrations of ethanol on NMDA-evoked currents in slices from
juvenile rats. *p << 0.05and **p << 0.01 by one-sample t test versus a theoretical mean of 0 (for
results of ANOVA, see Results). Event amplitude was normalized with respect to the average
amplitude obtained during the first 3 min of recording.

the same currents in neurons from juvenile animals ( p < 0.05 by
one-way ANOVA followed by Bonferroni’s post hoc test vs 10 mm
ethanol) (Fig. 2 B) without affecting their decay (control, 7 =
2.3 = 0.4 s; 50 mM ethanol, 7= 2.4 = 0.5 s; n = 5). As shown in
Figure 2, A and B, the selective NMDA antagonist D,L.-APV (100
M) abolished the evoked currents in neurons from neonatal and
juvenile rats (n = 6), confirming the selective activation of
NMDARs under our recording conditions.

We performed a control experiment to eliminate the possibil-
ity that the lack of ethanol coapplication during the pressure
application of NMDA is responsible for the low ethanol sensitiv-
ity of NMDARs in neonatal neurons. We evoked NMDAR cur-
rents by bath applying homoquinolinic acid in the presence of
bicuculline and NBQX and measured the effect of 50 mMm ethanol
on these currents (Fig. 3). Ethanol was both preapplied (~4 min)
and coapplied with homoquinolinic acid. In agreement with the
results described above, we found that ethanol inhibited homo-
quinolinic acid-evoked currents in CA3 pyramidal neurons from
juvenile but not neonatal rats (Fig. 3).

As shown in Figure 4 A, the effect of ethanol on AMPA-evoked
currents gradually decreased with age, whereas the effect on
NMDA-evoked currents gradually increased (interaction, p <
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Figure3. Effect of ethanol (EtOH) on NMDAR currents evoked by bath application of homo-
quinolinicacid (HQA) (3— 6 m). Recordings were performed at a holding potential of —20 to
—40mVin Mg " -containing ACSF in the presence of 0.5 pum tetrodotoxin, 20 um bicuculline,
and 10 um NBQX. Ethanol was preapplied for 4 min and then coapplied with homoquinolinic
acid. A, Ethanol does not reduce homoquinolinic acid-evoked currents in a CA3 pyramidal neu-
ron from a P4 rat. B, Ethanol reduces homogquinolinic acid-evoked currents in a CA3 pyramidal
neuron from a P27 rat. ¢, Summary of the effect of ethanol on the area of homoquinolinic
acid-evoked currents. *p << 0.05 by unpaired ¢ test.

0.0001 by two-way ANOVA). AMPA and NMDA receptors dis-
played relatively similar sensitivities to 50 mM ethanol between P9
and P15. We next investigated whether changes in subunit com-
position could play a role in the age-dependent change in sensi-
tivity to ethanol of NMDARs. In agreement with the results of a
myriad of studies (for review, see van Zundert et al., 2004), we
found that the subunit composition of NMDARs dramatically
changes during development. Figure 4 B shows that expression of
the NR2B subunit predominates during P4-P10, when
NMDARSs are insensitive to ethanol, and that expression of the
NR2A subunit gradually increases in parallel with the increase
in ethanol sensitivity of these receptors. Finally, we assessed ex-
pression of NR2D subunits. We were unable to procure suitable
antibodies from either commercial or academic sources for mea-
suring expression of this subunit via Western immunoblotting.
Therefore, we evaluated expression of this subunit by means of a
functional assay. We measured the effect of (258*, 3R*)-1-
(phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic acid
(PPDA),which has been shown to preferentially antagonize
NMDARs containing NR2D subunits in oocyte and slice ex-
periments (Feng et al., 2004; Lozovaya et al., 2004; Mameli et
al., 2005). We used a low concentration of PPDA (50 nm) to
minimize the possibility of effects at receptors containing
NR2A or NR2B subunits (Feng et al., 2004). This submaxi-
mal concentration of PPDA significantly inhibited NMDA-
evoked currents in CA3 pyramidal neurons from <P10 rats
but not =P15 rats (Fig. 4C). These findings are in agreement
with previous reports indicating that the NR2D subunit is
transiently expressed in the hippocampus during the first
week of postnatal life in rodents (Wenzel et al., 1996, 1997;
Okabe et al., 1998). It is noteworthy that we did not assess
NR2C subunit expression because this subunit has not been
shown to be expressed in the hippocampus (Wenzel et al.,
1995). Moreover, developmentally regulated changes in sub-
unit composition could also modulate sensitivity of AM-
PARs to ethanol. In particular, GluR4 subunit expression
predominates at early postnatal ages (Pickard et al., 2000;
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Figure4. Age dependency of the effect of ethanol and changes in NMDAR subunit compo-

sition. A, The effect of 50 mm ethanol on AMPAR-mediated currents gradually decreases as age
increases, and the opposite is true for NMDAR-mediated currents. Currents were evoked by
pressure agonist application (see Figs. 1, 2). For results of two-way ANOVA, see Results. B,
Expression profiles for NR1, NR2A, and NR2B during postnatal development plotted as the
percentage of maximum (n = 3 litters). Expression was assessed by Western immunoblots
using CA3 region homogenates. Inset, Sample immunoblots for the indicated subunits; each
lane corresponds to the postnatal age indicated in the abscissa. C;, Sample traces illustrating
the effect of 50 nm PPDA (antagonist of NR2D-containing receptors) on currents evoked at a
holding potential of —10 mV by local application of exogenous NMDA (50 pum; represented by
the dots) in the presence of TTX (0.5 pum), bicuculline (20 pm), and NBQX (10 pum) in P3—-P26
neurons. C,, Summary graph illustrating the age dependency of the effect of PPDA. *p << 0.05
by one-way ANOVA followed by Bonferroni's post hoc test (vs effect at P21-P26). In some cases,
error bars are smaller than the symbols.

Zhu et al., 2000; Molnar et al., 2002), and we are planning
on examining its expression in the CA3 region when we are
able to procure a suitable anti-GluR4 antibody; we at-
tempted to use commercially available anti-GluR4 antibod-
ies (Upstate Biotechnology, Charlottesville, VA) in Western
immunoblotting studies and obtained unsatisfactory results.
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Figure5.  Ethanolinhibits synaptic AMPAR-mediated responses in an age-dependent man-
ner. A, Representative traces and time course graph illustrating the effect of 50 mm ethanol
(EtOH) on AMPAR-mediated EPSCs in a CA3 pyramidal neuron from a P4 rat. AMPA EPSCs were
recorded at a holding potential of —65mV in presence of 20 pum bicuculline. B, Same as above
at P23. C, Bar graph illustrating the developmental change in sensitivity of AMPA EPSCs to
ethanol (**p << 0.01 by unpaired t test). One-sample t test analysis versus a theoretical mean of
100 revealed significance only for neonatal neurons ( p << 0.05). Event amplitude was normal-
ized with respect to the average amplitude obtained during the first 3 min of recording.

Effect of ethanol on EPSCs mediated by AMPA or

NMDA receptors

We determined the effect of ethanol on AMPA and NMDA cur-
rents activated by synaptic glutamate release. As described previ-
ously (Schmitz et al., 2001), we included 4 mM Mg>" and 4 mm
Ca** in the ACSF to prevent polysynaptic activity. Events were
elicited with a relatively large stimulating electrode (outer pole,
125 pm; inner pole, 5 wm). Therefore, in neonatal slices, events
were likely elicited by stimulation of the mossy fibers and asso-
ciational- commissural fibers (Buchhalter et al., 1990), as well as
the perforant path. In juvenile slices, events were elicited by stim-
ulation of the perforant path for the majority of the experiments;
we chose to stimulate this pathway because it preferentially tar-
gets synapses abundantly expressing NMDARs (Siegel et al.,
1994; Weisskopf and Nicoll, 1995; Berzhanskaya et al., 1998; Wa-
tanabe et al., 1998). As shown in Figure 5, 50 mM ethanol induced
a significant decrease in the amplitude of AMPA-mediated EP-
SCs (V,, of —65 mV) in neurons from neonatal but not from
juvenile rats. The reduction on AMPA-mediated EPSCs by 50
mM ethanol in neonatal neurons was also detectable at V; of —10
mV (in the presence of ethanol, amplitude was 68.5 * 18.6% of
control; n = 5; data not shown) (compare with Fig. 5C). NMDA-
mediated EPSCs (V}, of —10 mV) (Fig. 6) were inhibited to a
similar extent by 50 mM ethanol in both neonatal and juvenile
rats. In slices from juvenile rats, it was demonstrated previously
that AMPA EPSCs evoked by stimulation of mossy fibers are
insensitive to ethanol concentrations as high as 80 mm (Weiner et
al., 1999). For comparison, we measured the effect of ethanol on
NMDA EPSCs evoked by stimulation of these fibers. In agree-
ment with previous reports, NMDA EPSCs could be evoked in
CA3 neurons by stimulation of the mossy fiber pathway in slices
from juvenile animals (Jonas et al., 1993; Weisskopf and Nicoll,
1995; Watanabe et al., 1998), and the amplitude of these events
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Figure 6.  Ethanolinhibits synaptic NMDAR-mediated responses in both neonatal and juve-

nile rats. A, Representative traces and time course graph illustrating the effect of 50 mm ethanol
(EtOH) on NMDAR-mediated EPSCs in a CA3 pyramidal neuron from a P4 rat. Recordings were
obtained at a holding potential of —10 mV in the presence of 20 m bicuculline and 10 um
NBQX. B, Same as above at P23. , Bar graph illustrating the lack of change in sensitivity of
NMDA EPSCs to ethanol during development (n.s., not significant by unpaired ¢ test). One-
sample t test versus a theoretical mean of 100 revealed significance for both the neonate and
juvenile groups ( p << 0.0001). Event amplitude was normalized with respect to the average
amplitude obtained during the first 3 min of recording.

was 72 £ 9% of control in the presence of 50 mMm ethanol (n = 4;
data not shown) (compare with Fig. 6C).

To further characterize the effects of ethanol on glutamatergic
transmission in the CA3 region of the hippocampus, we at-
tempted to record kainate receptor-mediated synaptic responses.
We stimulated with a train of five stimuli at 50 Hz every 20 s in the
presence of bicuculline, D,L-APV, and GYKI-53655 (30 uMm).
However, in agreement with a recent report (Marchal and Mulle,
2004), we were unable to evoke kainate receptor-mediated re-
sponses in slices from neonatal rats (n = 3; data not shown).

Ethanol depresses excitatory transmission in neonatal slices
by reducing the probability of glutamate release

The effect of ethanol on paired-pulse plasticity of AMPA-
mediated currents was next investigated to assess whether it acts
ata presynaptic site. Paired-pulse plasticity was induced by deliv-
ering two pulses with an interpulse interval of 50 ms every 20 s.
The paired-pulse ratio was higher in slices from juvenile rats than
neonatal rats (Fig. 7A, B). This finding indicates that the proba-
bility of glutamate release at CA3 pyramidal neurons is lower in
juvenile rats, which is in general agreement with some studies of
glutamatergic synaptic transmission at developing CA3-CAl
synapses (Bolshakov and Siegelbaum, 1995; Wasling et al., 2004)
(but see Hsia et al., 1998). Figure 7A; shows the effect of 50 mm
ethanol on paired-pulse plasticity in a P5 neuron. The pooled
data in Figure 7A, indicate that, in all neurons tested (n = 7),
ethanol significantly increased the ratio between EPSC2 and
EPSCI. In addition, ethanol increased the paired-pulse ratio of
NMDA-mediated currents in neonatal rats (control, 0.97 = 0.05;
ethanol, 1.3 = 0.08; n = 5; data not shown). Conversely, in neu-
rons from juvenile rats (Fig. 7B), ethanol application did not
change the paired-pulse ratio of AMPA-mediated currents. The
age dependency of the effect of ethanol on paired-pulse plasticity
is further illustrated in Figure 7C; this effect disappears between
P10 and P15.
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Figure 7.  Acute ethanol (EtOH) exposure increases the paired-pulse ratio (PPR) of AMPA-

mediated EPSCs in neurons from neonate but not juvenile rats. 4, Representative traces illus-
trating the effect of 50 mm ethanol on the paired-pulse ratio of AMPA EPSCs (50 ms interpulse
interval) in neurons from a P5 rat. Holding potential was —65 mV, and bicuculline (20 wm), 4
muMg2*, and 4 mmCa2* were present in the ACSF. These events were blocked by NBQX (10
um; data not shown). A,, Pooled data of paired-pulse ratio changes in neonatal rats after
ethanol application, expressed as the second EPSC over the first (**p << 0.01 by paired ¢ test).
B,, B,, Same as above for juvenile rats (n.s., not significant by paired ¢ test). ¢, Summary graph
illustrating the effect of 50 mu ethanol on the paired-pulse ratio as a function of age. **p <
0.0 by one-way ANOVA followed by Bonferroni’s post hoc test (vs P21-P26). ctrl, Control.

To further assess the effect of ethanol on glutamate release, we
recorded AMPA receptor-mediated mEPSCs in neurons from
neonatal rats. Although the frequency of these events was very
low under basal conditions (0.01 = 0.003 Hz; n = 11) (Fig. 84,
first trace), we were able to record a small number of mEPSCs and
did not detect a significant effect of ethanol on mEPSC frequency
(120.8 = 19% of control; n = 4; data not shown). However,
mEPSC amplitude was significantly decreased (64.5 £ 2% of
control; n = 4; p < 0.001; data not shown). Analysis of the cu-
mulative probability distribution of individual cells by means of
the Kolmogorov—Smirnov test revealed a statistically significant
(p < 0.01) effect of ethanol in one of four neurons on mEPSC
frequency and three of four neurons on mEPSC amplitude. To
further characterize the effect of ethanol, we elected to increase
mEPSC frequency by depolarizing the axon terminal with bath
application of 30 mm KCl (Lei and McBain, 2003). KCI, which
acts by increasing Ca®” influx via voltage-gated Ca®" channel
(VGCC) activation, increased mEPSC frequency to 5.1 £ 1.6 Hz
(n = 5) (Fig. 84, second trace). Acute application of 50 mm
ethanol in the presence of TTX, bicuculline, and KCI, reversibly
decreased both mEPSC frequency (Fig. 8A,B,E) and amplitude
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(Fig. 8A, C,E); however, ethanol had no effect on the decay time
course of these events (half-width: control, 4.56 = 0.48 ms; eth-
anol, 4.61 = 0.51 ms; n = 5) (Fig. 8 D). Analysis of the cumulative
probability distribution of individual cells by means of the Kol-
mogorov—Smirnov test revealed a statistically significant (p <
0.01) effect of ethanol in four of five neurons on both mEPSC
frequency and amplitude.

We next tested the effect of ethanol on mEPSC frequency
under conditions of increased glutamate release via a Ca’*-
independent mechanism. To this end, we used 100 mm sucrose,
which acts independently of Ca** by an osmotic effect (Stevens
and Sullivan, 1998). Application of sucrose increased mEPSC
frequency from 0.01 = 0.003 Hz (n = 11) t0 0.18 = 0.01 Hz (n =
6) (Fig. 9A). Application of ethanol, in the presence of sucrose,
did not affect mEPSC frequency (Fig. 9 A, B,E); however, ethanol
did decrease the amplitude of the events (Fig. 9A, C-E). Analysis
of the cumulative probability distribution of individual cells by
means of the Kolmogorov—Smirnov test revealed a statistically
significant (p < 0.01) effect of ethanol in zero of six cells on
mEPSC frequency and in four of six cells on mEPSC amplitude.
To confirm that a decrease in mEPSC frequency could be de-
tected in the presence of sucrose, we measured the effect of 50 um
adenosine on two of the neurons used in the ethanol experiments.
Adenosine decreased mEPSC frequency by 44 and 70% in these
cells, whereas it minimally affected mEPSC amplitude (i.e., it was
reduced by 6 and 4%, respectively).

Role of VGCCs on the mechanism of action of ethanol
Ethanol inhibition of VGCCs is well documented (for review, see
Walter and Messing, 1999). Therefore, we assessed the involve-
ment of presynaptic VGCCs on the inhibitory effect of ethanol on
glutamate release. We first characterized the VGCC subtypes that
mediate glutamate release early in development in the CA3 hip-
pocampal region (Fig. 10A,B). The effect of selective VGCC
blockers were tested on pharmacologically isolated NMDA EP-
SCs at V}, of —10 mV. We elected to study these events because
NMDARSs are postsynaptically insensitive to ethanol in neonatal
slices (Figs. 2—4). We found that application of the N-type Ca**
channel antagonist w-conotoxin-GVIA (1 uM) reduced the
NMDA EPSC in neonatal slices (Fig. 10A). w-Agatoxin-IVA (100
nM), a P/Q-type Ca®"-channel blocker, was then bath applied,
and it abolished the remainder of the EPSC. In slices from juve-
nile rats, application of w-conotoxin-GVIA reduced the NMDA
EPSC less than in neonatal slices (Fig. 10 B). w-Agatoxin-IVA was
then applied, and it abolished the remainder of the EPSC.

We then tested the effect of ethanol under conditions of
N-type channel blockade in neonatal slices. Application of
w-conotoxin-GVIA occluded the inhibitory effect of 50 mM eth-
anol on NMDA EPSCs (Fig. 10C), and there was no difference
between the reduction induced by w-conotoxin-GVIA alone or
in the presence of ethanol (Fig. 10A,C). The remainder of the
EPSC was blocked by application of w-agatoxin-IVA. As shown
in Figure 10 D, 50 mM ethanol reversibly inhibited NMDA EPSCs
in neurons pretreated with w-agatoxin-IVA, and the reminder of
the EPSC was abolished by application of w-conotoxin-GVIA.

Discussion

We have identified two novel effects of ethanol in CA3 pyramidal
neurons from neonatal rats. First, it inhibits postsynaptic
AMPARs but not NMDARs at subanesthetic concentrations. Sec-
ond, it reduces glutamate release via inhibition of N-type presyn-
aptic VGCCs; this finding adds to growing evidence indicating
that ethanol inhibits glutamate release in the CA1 hippocampal
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Figure 8.  Ethanol depresses glutamatergic transmission onto CA3 pyramidal neurons of neonatal hippocampus. 4, Sample
traces of AMPAR-mediated mEPSCs illustrating that 50 mm ethanol (EtOH) induces a transient decrease in mEPSC frequency and
amplitude. Basal mEPSC frequency was initially increased by application of 30 mm KCl. B, ¢, Cumulative probability frequency and
amplitude plots, respectively, corresponding to the recording shown above. D, Superimposed average mEPSC traces obtained
from the recording shown in 4; the bottom traces were scaled to illustrate that ethanol did not affect mEPSC decay. E, Summary
graph showing the effect of ethanol on mEPSC frequency and amplitude (***p << 0.001 by one-sample  test vs a theoretical mean
of 100). For results of Kolmogorov—Smirnov test, see Results. ctrl, Control.
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region (Hendricson et al., 2004; Maldve et al., 2004), central
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rons, evoked by brief application of kai-
nate, are insensitive to concentrations of
ethanol as high as 80 mm (Weiner et al.,
1999). Here, we replicated this finding
with the exception that brief application of
AMPA rather than kainate was used to ac-
tivate the receptors. Unexpectedly, we
found that AMPA-evoked currents were
potently inhibited by ethanol in CA3 pyra-
midal neurons from P3-P6 rats. The low-
est concentration we tested was 10 mMm
(0.045 g/dl; legal intoxication limit in most
states is 0.08 g/dl), which significantly de-
creased AMPAR-mediated currents. Con-
sequently, AMPARs in CA3 pyramidal
neurons are one of the most ethanol-
sensitive ionotropic glutamatergic recep-
tor subtypes in the neonatal rat hippocam-
pus. These findings are in general
agreement with those of Moykkynen et al.
(2003), who showed that ethanol prefer-
entially inhibits steady-state currents acti-
vated by AMPA and currents activated by
low concentrations of kainate in acutely
isolated hippocampal neurons from P10—
P20 mice. However, we found that ethanol
did not inhibit AMPAR-mediated cur-
rents in neurons from more mature rats.
This may be attributable to developmental
differences in subunit composition (Pick-
ard et al., 2000, 2001) because it is well
established that it changes as a function of
the developmental stage (Burnashev and
Rozov, 2000; Molnar et al., 2002).
Whereas GluR4 subunit expression pre-
dominates at early postnatal ages (Pickard
et al., 2000; Zhu et al., 2000; Molnar et al.,
2002), studies with recombinant receptors
showed that GluR4-containing AMPAR
are insensitive to subanesthetic concentra-
tions of ethanol (Lovinger, 1993). Thus,
the preferential expression of this subunit
could not fully explain the high sensitivity
of neonatal AMPARs to ethanol. Differ-
ences in the phosphorylation state of neo-
natal AMPARs or their association with
other proteins could further contribute to
their higher sensitivity to ethanol.

In agreement with a previous report
(Weiner et al., 1999), we found that
NMDARSs are acutely inhibited by 10-50
mM ethanol in CA3 pyramidal neurons
from juvenile rats but, surprisingly, are in-
sensitive to these concentrations of etha-
nol in neonatal neurons. The subunit

amygdala (Roberto et al., 2004), spinal cord (Ziskind-Conhaim
et al., 2003), and crayfish neuromuscular junction (Strawn and
Cooper, 2002).

Postsynaptic AMPA receptors are inhibited by ethanol in
neonatal CA3 pyramidal neurons

In a previous study with slices from P20—P40 rats, it was demon-
strated that AMPAR-mediated currents in CA3 pyramidal neu-

composition of NMDARs changes significantly during hip-
pocampal development, and this could be responsible for the
age-dependent changes in the sensitivity of these receptors to
ethanol. The results of our immunoblotting and pharmacological
studies suggest that the presence of both NR2A and NR2B sub-
units confers sensitivity to ethanol in CA3 pyramidal neurons
from juvenile animals, whereas expression of receptors contain-
ing NR2B and NR2D subunits confers insensitivity in neurons
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Figure 10.  Glutamate release is regulated by the activity of N- and P/Q-type presynaptic

VGCCs, and ethanol (EtOH) decreases transmitter release through inhibition of the N-type. A,
Time course of the effect of N- and P/Q-type antagonists («-conotoxin-GVIA and w-agatoxin-
IVA, respectively) on synaptically evoked NMDA currents (¥, of —10 mV) in neurons from
neonatal rats (n = 10) recorded in the presence of bicuculline (20 wum) and NBQX (10 m).
Right, Sample traces obtained from a P4 neuron. B, Same as A but for neurons from juvenile rats
(n = 6). Right, Sample traces obtained from a P23 neuron. (, Time course of the effect of 50 mm
ethanol on the P/Q-type-dependent residual NMDA EPSCs after blockade of the N-type-
dependent component in neurons from neonatal rats (1 = 6). Note that ethanol does not
induce additional changes in the amplitude and that the current was abolished by the P/Q-type
channel antagonist w-agatoxin-IVA. Right, Sample traces illustrating the effect of ethanol and
the toxins on a P3 neuron. D, Time course of the effect of ethanol on the N-type-dependent
NMDA residual EPSCs after blockade of the P/Q-type-dependent component in neurons from
neonatal rats (n = 4). Note that ethanol reversibly reduces the amplitude of the residual EPSC
and that, after ethanol washout, the current was abolished by the N-type channel antagonist
w-conotoxin-GVIA. Right, Sample tracesillustrating the effect of ethanol and the toxins on a P4
neuron. In all cases, the bin size for the data shown on the time course graphs is 1 min (stimu-
lation was delivered every 20 s). EPSC amplitude was normalized with respect to the average
amplitude obtained during the first 3 min of recording. *p << 0.05 by one-way ANOVA followed
by Bonferroni’s post hoc test versus responses obtained at 12 min. w-cTx-GVIA, w-Conotoxin-
GVIA; w-AgaTx-IVA, w-agatoxin-IVA.

from neonatal rats. Interestingly, it was discovered recently that
acute ethanol exposure can inhibit NMDAR function by induc-
ing internalization of NR2A (Suvarna et al., 2005). Moreover,
studies with recombinant receptors expressed in Xenopus oocytes
showed that NR1b/NR2D heteromeric channels are significantly
less sensitive to ethanol inhibition than NR1b/NR2A, NR1b/
NR2B, or NR1b/NR2C heteromers (Chu et al., 1995).

It should be noted that, given that intracellular signaling path-
ways are likely to be affected during whole-cell patch-clamp re-
cordings and these modulate sensitivity of NMDARSs to ethanol
(Ron, 2004), it is possible that the sensitivity of these receptors is
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altered under whole-cell patch clamping. This uncertainty must
be kept in mind when interpreting our results.

Ethanol affects glutamatergic synaptic currents in neonatal
neurons via both presynaptic and postsynaptic mechanisms
We show here that ethanol acutely reduces the amplitude of both
AMPAR- and NMDAR-mediated EPSCs in neonatal CA3 pyra-
midal neurons but not in neurons from more mature rats. We
also found that ethanol increases the paired-pulse ratio for both
AMPAR- and NMDAR-mediated currents, suggesting that it de-
creases glutamate release probability (Zucker and Regehr, 2002).
This effect was confirmed in our mEPSC recordings in which we
detected a reversible decrease in event frequency. Importantly,
the decrease in frequency could only be detected under condi-
tions of KCl-induced axonal depolarization and not in the pres-
ence of sucrose, which enhances transmitter release via a Ca>"-
independent mechanism (Stevens and Tsujimoto, 1995; Stevens
and Sullivan, 1998). Together, these findings indicated that eth-
anol acts via an interaction with presynaptic VGCCs.

To the best of our knowledge, this is the first demonstration
of a presynaptic effect of ethanol on glutamate release in the CA3
region. However, there is evidence indicating that ethanol also
affects glutamate release in other hippocampal regions. Maldve et
al. (2004) found that ethanol inhibits KCl-induced vesicular
FM1-43 [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)
styryl) pyridinium dibromide] destaining in the CAl stratum
radiatum of P21-P28 rats, and this effect was occluded by block-
ers of N-type and P/Q-type VGCCs. They also found that ethanol
inhibits AMPA mEPSCs in the presence, but not in the absence,
of KCI, in general agreement with the results of our neonatal slice
experiments. Importantly, the same group of investigators found
that ethanol decreases the frequency of asynchronous NMDA
mEPSCs and increases the paired-pulse ratio of NMDA EPSCs in
CA1 pyramidal neurons (Hendricson et al., 2004). Collectively,
the results of these studies support the notion that ethanol inhib-
its glutamate release from Schaffer collaterals/commissural axons
to CA1 pyramidal neurons. However, their findings are inconsis-
tent with those of other studies indicating that ethanol does not
affect AMPAR-mediated EPSCs evoked by Schaffer collateral/
commissural pathway stimulation in CA1 pyramidal neurons
and interneurons in slices from rats older than P12 (Lovinger et
al., 1990; Morrisett et al., 1991; Morrisett and Swartzwelder,
1993; Nelson et al., 1999; Carta et al., 2003). Future work will be
required to establish the reasons for the discrepancies between
these studies.

Given that ethanol inhibits AMPA receptor function via both
presynaptic and postsynaptic mechanisms in neonatal neurons, it
is surprising that it did not exert a more robust effect on AMPA
EPSCs than NMDA EPSCs (compare Figs. 5C, 6C). A possible
explanation is that ethanol postsynaptically affects a select popu-
lation of AMPARSs that is stimulated only in the experiments with
exogenous agonist and the mEPSC studies.

Ethanol reduces glutamate release by depressing N-type

Ca’* channels

Our data suggest that the reason for the preferential ethanol sen-
sitivity of glutamate release in neonatal slices is that N-type
VGCC contribution to glutamate release is larger at early devel-
opmental stages (Wheeler et al., 1994; Scholz and Miller, 1995;
Reid et al., 2003). However, N-type VGCCs also had a detectable
contribution in slices from more mature rats (Kamiya et al., 1988;
Castillo et al., 1994; Tokunaga et al., 2004) so it is surprising that
ethanol did not produce some inhibition of glutamate release in
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these animals. Thus, there may be other factors, such as differ-
ences in the phosphorylation state of N-type VGCCs between
neonatal and juvenile rats that modulate sensitivity to ethanol.
Indeed, activation of PKA was shown to antagonize ethanol mod-
ulation of N- and P/Q-type VGCCs in PC12 cells (Solem et al.,
1997). N-type channel subunit composition modifications dur-
ing development could be an additional explanation for the dif-
ferent sensitivity to ethanol throughout maturation (Jones et al.,
1997; Vance et al., 1998; Lin et al., 1999; Pan and Lipscombe,
2000)

Our findings are consistent with several reports indicating
that these channels are important targets of ethanol. Through
their modulation, ethanol inhibits dopamine release from rat
striatal synaptosomes (Woodward et al., 1990), vasopressin re-
lease from rat neurohypophysial nerve terminals (Wang et al.,
1991), and depolarization-induced rises in [Ca**]; in PC12 cells
(Solem et al., 1997). Importantly, mice lacking N-type channels
display reduced voluntary ethanol consumption, decreased sen-
sitivity to its hypnotic effects, and a mild increase in ethanol-
induced ataxia (Newton et al., 2004).

Implications for FASD

It has been shown that exposure to ethanol during the third-
trimester equivalent in the rat produces profound functional and
structural alterations in the CA3 region (Livy et al., 2003; Galindo
etal., 2005), and it has been proposed that this may contribute to
the behavioral deficits that are associated with FASD. Blockade of
NMDARs during development was shown to produce apoptotic
neurodegeneration in several regions of the CNS, including the
hippocampus (Ikonomidou et al., 1999, 2001). It has been there-
fore assumed that the neuroteratogentic effects of alcohol are
mediated, in part, via this NMDAR-dependent mechanism.
However, our data demonstrate that, in the CA3 region of the
hippocampus of neonatal rats, postsynaptic NMDARSs are insen-
sitive to subanesthetic concentrations of ethanol. Our findings
suggest that ethanol may actually damage CA3 pyramidal neu-
rons via inhibition of postsynaptic AMPARs and a decrease in
glutamate release, and that this is secondary to inhibition of pre-
synaptic N-type VGCCs. Thus, we have identified a novel mech-
anism that may be involved in the pathophysiology of FASD.
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