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Abstract
To determine how acute ethanol intoxication may alter memory processing, we examined the effects
of stepwise increases in ethanol on long-term potentiation (LTP) in hippocampal slices. LTP was
inhibited by acute administration of 60 mM ethanol, but was readily induced if ethanol was increased
gradually to 60 mM over 75 min. Administration of 2-amino-5 phosphonovalerate (APV), an N-
methyl-D-aspartate receptor antagonist, during the stepwise increase in ethanol inhibited LTP,
suggesting involvement of NMDA receptors in the development of tolerance. However, APV and
nifedipine, an inhibitor of L-type calcium channels, failed to inhibit LTP when administered
following the slow increase in ethanol. Ethanol-tolerant LTP was inhibited by thapsigargin,
suggesting a major role for intracellular calcium release in this form of plasticity. The unique
properties of ethanol-tolerant LTP suggest that memories formed during binge drinking are not
acquired by standard synaptic mechanisms and that acute tolerance may involve the induction of
novel mechanisms to maintain function.
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Acute alcohol intoxication is a significant public health problem. During the intoxicated state,
problems with motor coordination and cognitive processing are common. Some individuals
exhibit profound deficits in memory that may include a complete inability to learn new
information, a condition referred to as a ‘blackout’ (White, 2003). Cognitive and behavioral
manifestations associated with acute intoxication are often determined by how ethanol is
consumed. Thus, it is possible that both the rate of alcohol consumption and the amount of
ethanol consumed are key factors in determining overall effects on the CNS.

In hippocampal slices, numerous studies have shown that ethanol inhibits long-term
potentiation (LTP), a cellular model of memory and learning (Sinclair and Lo, 1986;Morrisett
and Swartzwelder, 1993;Schummers and Browning, 2001). The concentration of ethanol
required for LTP inhibition, however, has varied widely among reports. While many studies
have found that ethanol inhibits LTP induction at concentrations of 50 mM or more (Randall
et al., 1995;Sugiura et al., 1995;Schummers et al., 1997), some reports have shown that
concentrations as low as 5 mM also impair LTP induction (Blitzer et al., 1990). The
inconsistencies in these studies may reflect experimental differences including slice

Correspondence: Yukitoshi Izumi, M.D., Ph.D., Department of Psychiatry, Washington University School of Medicine, 660 South Euclid,
Box 8134, St. Louis, MO 63110, USA, Phone: +1 314 362 8659, Fax: +1 314 747 2983, Email: izumiy@psychiatry.wustl.edu
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2008 April 27.

Published in final edited form as:
Neuroscience. 2007 April 25; 146(1): 340–349.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



preparation, recording and stimulation conditions, and the methods used for ethanol
administration. We previously found that ethanol inhibits LTP induction when administered
acutely at 60 mM for 15 min before and during delivery of a single 100 Hz x 1 sec high
frequency stimulus (HFS). Similar 15 min applications of 60 mM ethanol also inhibit LTP
when ethanol is removed for several hours prior to HFS (Izumi et al., 2005), suggesting that
brief exposures to high concentrations of ethanol can have longer-lived adverse effects on
synaptic function.

Although these observations suggest that the timing of ethanol administration is not critical
for the inhibition of LTP, it remains unclear how the rate of ethanol administration and hence
the rate of rise in ethanol concentration affects LTP induction. For example, 60 mM ethanol
inhibits LTP in hippocampal slices when the perfusion rate of the media is 2 ml/min (Izumi et
al., 2005). At this rate, it only takes ~2 min for the concentration in the slice chamber to reach
50 mM. Even heavy binge drinking does not raise blood ethanol levels to 50 mM in such a
short time (Lange and Voas, 2001;Perkins et al., 2001). To examine the effects of more gradual
increases in ethanol such as might occur during a bout of binge drinking, we used a protocol
in which a final concentration of 60 mM was achieved by stepwise increases of 10 mM every
15 min. Under these conditions, we found that 60 mM ethanol failed to inhibit LTP, suggesting
that an acute form of tolerance develops during slower stepwise increases in ethanol levels.
We also examined whether this ethanol-tolerant LTP shares mechanisms with conventional
LTP.

Materials and methods
Animal statement

All animal procedures were performed in accordance with the guidelines of the Washington
University Animal Study Committee.

Hippocampal slices preparation
Transverse slices of hippocampus were prepared from Sprague-Dawley male rats at postnatal
date (PND) 30 ± 2 using methods described previously (Zorumski et al., 1996). Albino rats
were anesthetized with isoflurane and decapitated. The hippocampi were rapidly dissected and
sliced at a thickness of 500 μm with a vibrating tissue slicer (World Precision Instruments
Vibroslicer, Sarasota, FL, USA). Dissection and tissue slicing was done in a chamber filled
with artificial cerebrospinal fluid (aCSF) maintained at an ice-cold temperature to avoid
neurodegenerative changes. The aCSF contained (in mM): 124 NaCl, 5 KCl, 2 MgSO4, 2
CaCl2, 1.25 NaH2PO4, 22 NaHCO3, and 10 glucose, and was aerated with 95% O2 - 5%
CO2 to ensure a pH of 7.4. The hippocampal slices were placed on stretched nylon in a beaker
containing gassed aCSF for 1 h recovery at 30ºC. At the time of study, individual slices were
transferred to the center of a submersion recording chamber, where they were allowed to
stabilize for 15 min before recording.

Extracellular field potential recording
Extracellular recordings of field population excitatory postsynaptic potentials (EPSPs) and
population spikes (PSs) were obtained from the dendritic layer and the pyramidal cell layer of
CA1 using separate electrodes filled with 2 M NaCl (5-10 MΩ), using a microelectrode
amplifier (Warner Instruments, Hamden, CT, USA). Schaffer collateral-commissural fibers
were electrically stimulated with 0.1-0.2 ms constant current paired pulses at a 21 ms interval
with a bipolar electrode (Rhodes Medical Instruments Inc., Summerland, CA, USA). The
intensities for each recording were adjusted to produce an evoked response that was 50 -60 %
of the maximum EPSP. PS amplitude was measured as the height from the apex of the first
positive wave to the most negative point. The average of field EPSPs during an initial control
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period of the recording was used to determine the initial baseline response (represented as
100% in subsequent figures). A high-frequency stimulation (HFS) with a single 100 Hz × 1 s
tetanus was applied for LTP induction. The degree of LTP was quantified based on analysis
of input-output (IO) curves. After establishing a stable baseline, a control IO curve was
obtained. A second IO curve was obtained 60 min after HFS. LTP was measured as a change
in the EPSP slope at the 50% point on the respective IO curves sixty min after HFS and was
defined as a 20% or greater increase in half maximal EPSP slope. The submersion-recording
chamber (2.0 ml capacity) was continuously perfused with aCSF and regulated at 30ºC by a
feedback circuit. The flow rate for all recordings was 2.0 ml/min with a gravity fed solution
delivery system. In this system, the concentration of a drug is predicted to be C*(1-1/et) where
C is the final concentration and t is perfusion time (min). Signals were digitized and analyzed
using the PCLAMP software (Axon Instruments, Union city, CA, USA).

Chemicals
All chemicals were obtained from Sigma Chemical Company (St. Louis, MO, USA).

Statistical analysis
All quantitative results are expressed as mean ± standard error of the mean (SEM). Statistical
differences between means were evaluated with Student’s t-test using commercial software
(SigmaStat 3.1.1; Systat Software inc., Richmond, CA, USA). If the samples were not drawn
from normally distributed population with the same variances, Mann-Whitney Rank Sum test
was applied. P values of < 0.05 were considered significant.

Results
LTP induction in the presence of stepwise increases in ethanol

In slices from 30-day old rats, delivery of a single 100 Hz x 1 sec HFS consistently induced
LTP (open circles in Fig. 1A; EPSP change: 186.1 ± 6.1% of baseline sixty minutes following
the HFS, n = 5). As we previously reported (Izumi et al., 2005), acute administration of 60 mM
ethanol for 15 min before and during the HFS completely inhibited LTP (closed circles in Fig.
1A; EPSP change: 102.2 ± 2.7% of baseline, n = 5; P < 0.01 vs. control LTP). Similarly, acute
administration of 60 mM ethanol for 25 min before and during the HFS inhibited LTP (data
not shown; 99.3 ± 0.6%, n = 5, P < 0.01 vs. control LTP).

Abrupt elevations of ethanol to 60 mM over a very short time (~ 2 min) are unlikely to occur
during bouts of oral alcohol consumption. This led us to examine the effects of gradual stepwise
increases in ethanol concentrations. Because acute 15-25 min exposure to 60 mM ethanol does
not affect baseline EPSPs (Fig. 1A; Izumi et al., 2005), and we found that gradual increases in
ethanol to 60 mM in 10 mM increments also do not affect basal EPSPs (n = 3, data not shown),
in all subsequent studies, ethanol levels were increased to 60 mM using a stepwise protocol
before we began synaptic stimulation and field potential recording. When ethanol levels were
increased in 10 mM increments every 15 min to achieve a final level of 60 mM for 25 min
prior to HFS (15 min for stabilization and 10 min for baseline recording) and when ethanol
was washed out immediately after HFS, LTP was induced in all slices examined (Fig. 1B;
EPSP change: 127.7 ± 1.6% of baseline, n = 5). In contrast, 60 mM ethanol acutely administered
and maintained for 100 min before and during the HFS blocked LTP (Fig. 1C; EPSP change:
100.3 ± 2.4% of baseline, n = 5, P < 0.01 vs. stepwise increase in ethanol to 60 mM) just as it
did in the 15-25 min exposures. This suggests that LTP induction following slow increases in
ethanol results from changes occurring during the gradual rise in ethanol concentration rather
than the prolonged presence of high levels of ethanol prior to HFS.
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In the experiments in Figure 1, ethanol was abruptly discontinued immediately following
delivery of the HFS. Thus, it is possible that the abrupt withdrawal of ethanol following HFS,
as shown in Fig. 1B, alters LTP induction because this LTP is significantly smaller than
conventional LTP in naïve slices (P < 0.01 vs. control LTP). Interestingly, we found that when
ethanol levels were stepwise increased to 60 mM 25 min before HFS and when 60 mM ethanol
was continuously administered after HFS, even more robust LTP was induced (Fig. 2A; EPSP
change: 192.7 ± 17.3% of baseline, n = 5, P < 0.01 vs. LTP when ethanol is slowly increased
and discontinued after HFS, but P = 0.646 vs. conventional LTP in naïve slices).

The effects of slow increases in ethanol concentration on LTP induction last for more than 90
min. When ethanol levels were stepwise increased to 60 mM in 10 mM increments and 60 mM
ethanol was continuously administered starting 90 min before HFS and throughout the
recording, HFS could still induce LTP though the magnitude was diminished (Fig. 2B; EPSP
change: 142.4 ± 9.5% of baseline, n = 5, P < 0.05 vs. LTP when HFS was delivered 25 min
after reaching 60 mM ethanol).

To examine whether slowly increased ethanol at a concentration above 60 mM inhibited LTP,
ethanol levels were stepwise elevated in 10 mM increments to 100 mM over 100 min. Twenty-
five min after this slow introduction of 100 mM ethanol, HFS could still induce LTP (EPSP
change: 158.6 ± 14.6%, n = 5, data not shown).

If LTP following stepwise increases in ethanol reflects a form of acute tolerance, then
preconditioning with ethanol may also allow LTP induction in the presence of high ethanol
concentrations. However, 15 min preconditioning of slices with 10 mM ethanol 60 min prior
to acute administration of 60 mM ethanol failed to allow LTP (Fig. 2C; EPSP change: 100.1
± 1.2% of baseline, n = 5, P < 0.01 vs. stepwise increase in ethanol to 60 mM). Similarly, 15
min preconditioning with 60 mM ethanol 60 min before acute administration of 60 mM ethanol
also failed to allow LTP (Fig. 2D; EPSP change: 99.5 ± 2.6% of baseline, n = 5). In contrast,
preconditioning slices with 10 mM ethanol continuously for 60 min prior to acute
administration of 60 mM ethanol promoted LTP induction (Fig.2E; EPSP change: 127.3 ±
8.6%, n = 5), although the magnitude was less than that observed in the stepwise protocol of
Fig. 2A (P < 0.01 vs. stepwise increase in ethanol to 60 mM). These results suggest that
persistent rather than brief preconditioning may be important for allowing LTP in the presence
of high ethanol concentrations.

We have previously shown that the inhibition of LTP by acute administration of 60 mM ethanol
is overcome by picrotoxin, a non-competitive gamma-aminobutyric acid A type (GABAA)
receptor antagonist that also reduces paired pulse depression of PSs evoked at an interpulse
interval of 21 ms (Izumi et al., 2005). Thus, it is possible that LTP in the presence of stepwise
increases in ethanol results from similar GABAergic disinhibition. If so, stepwise increases in
ethanol may mimic the effects of picrotoxin in diminishing local network inhibition by also
diminishing PS paired pulse depression. However, we found that paired pulse depression of
PS amplitude (16.6 ± 5.7%; ratio of 2nd / 1st PS at baseline, n = 3) was not reduced, but rather
augmented by stepwise increases in ethanol (2.7 ± 1.5%; ratio of 2nd / 1st after stepwise increase
in ethanol to 60 mM, data not shown, P < 0.05, Paired t-test). This suggests that changes in
GABAA receptor-mediated inhibition, at least as manifest by paired pulse PS depression, are
unlikely to account for LTP induction in the presence of stepwise increases in ethanol.

Effects of APV, nifedipine and MCPG on LTP with stepwise increases in ethanol
The effects we observe on LTP in the presence of stepwise increases in ethanol could result
from either a form of desensitization to ethanol or an alternative biological adaptation of
hippocampal synapses to the effects of ethanol over the period of administration. In the case
of ethanol desensitization, one would expect that the mechanisms contributing to LTP in the
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presence of ethanol would be the same as those observed under baseline conditions. Under
baseline conditions, LTP induced by a single 100 Hz x 1 sec HFS is completely blocked by
100 μM D, L-2-amino-5-phosphonovalerate (D, L-APV), an antagonist of N-methyl-D-
aspartate receptors (NMDARs) (Fig. 3A; EPSP change: 99.2 ± 0.9% of baseline, n = 5) (see
also Bliss and Collingridge, 1993;Malenka, 1994,Lo and Mize, 2002). CA1 synapses are also
known to exhibit another form of LTP that is independent of NMDARs. This form of LTP
requires voltage-dependent Ca2+ channels (VDCCs) for its induction (Grover and Teyler,
1990) and is blocked by the L-type VDCC inhibitor, nifedipine (Cavus and Teyler, 1996;Izumi
et al., 1998). VDCC dependent LTP is typically induced by 200 Hz x 1 sec HFS in the presence
of 100 μM APV (open circles, Fig. 3B; EPSP change: 157.8 ± 5.5%, n = 5), and is blocked by
administration of 20 μM nifedipine during the 200 Hz HFS (filled circles, Fig. 3B; EPSP
change: 99.9 ± 0.9%, n = 5, P < 0.01 vs. APV alone).

Surprisingly, we found that a single HFS administered following stepwise increases in ethanol
still generated LTP in the presence of 100 μM APV administered for 10 min prior to and during
HFS (filled circles, Fig. 3C; EPSP change: 136.0 ± 13.1%, n = 5, P < 0.01 vs. APV alone),
though the magnitude of LTP was smaller than that without APV (P < 0.01 vs. stepwise increase
in ethanol without APV). This suggests that LTP in the presence of gradually increasing ethanol
differs mechanistically from conventional CA1 LTP and likely reflects an alternative synaptic
adaptation and not simply recovery of baseline function.

Next, we tested whether LTP following slow increases in ethanol requires VDCCs. Following
stepwise increases in ethanol, however, a single 100 Hz x 1 sec HFS successfully induced LTP
in the presence of 20 μM nifedipine (open circles in Fig. 3C; changes in EPSPs: 177.8 ± 20.0%,
n= 5). Furthermore, co-administration of 100 μM APV plus 20 μM nifedipine failed to block
LTP induction following slow increases in ethanol (triangles in Fig. 3C; changes in EPSPs:
143.7 ± 14.8%, n = 5) though the magnitude of LTP was statistically smaller than that without
two agents (P < 0.05). These results again suggest that mechanisms contributing to LTP
following stepwise increases in ethanol differ from typical forms of LTP.

Induction of the conventional form of LTP in hippocampal slices can also involve activation
of metabotropic glutamate receptors (mGluRs) (Izumi et al., 1991;Frenguelli et al., 1993). As
previously reported (Izumi et al., 2000), we found that conventional LTP is blocked by 500
μM α-methyl-4-carboxyphenylglycine (MCPG), a broad spectrum mGluR antagonist,
administrated during 100 Hz x 1 sec HFS (Fig. 4A; EPSP change: 101.5 ± 1.5% of baseline,
n = 5). However, administration of 500 μM MCPG during HFS failed to inhibit LTP following
stepwise increases in ethanol (Fig. 4B; changes in EPSPs: 166.9. ± 17.0 %, n = 5, P < 0.01 vs.
MCPG alone). This again supports the idea that the LTP in slowly elevated ethanol has unique
properties.

Involvement of calcium in LTP with stepwise increases in ethanol
Although the LTP following slowly elevated ethanol does not require NMDARs, VDCCs or
mGluRs, CA1 LTP is known to be critically dependent upon calcium. In previous studies, we
found that a reduction of extracellular calcium from 2 mM to 1 mM for 5 min before and during
HFS blocks conventional CA1 LTP (Izumi et al., 1987). Similarly, this change in extracellular
calcium blocked the LTP observed following stepwise increases in ethanol (Fig. 5A; EPSP
change: 86.8 ± 7.3%, n = 5, P < 0.01 vs. stepwise increase in ethanol alone). To determine
whether intracellular calcium stores participate in ethanol-tolerant LTP, we examined 5 μM
thapsigargin, a store-operated Ca2+ channel inhibitor that also blocks conventional LTP (Izumi
et al., 2000). In contrast to APV, nifedipine and MCPG, thapsigargin also blocked LTP in the
presence of slowly increased ethanol (Fig. 5B; EPSP change: 100.7 ± 2.7%, n = 5, P < 0.01
vs. stepwise increase in ethanol alone).
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Involvement of NMDARs in the induction of acute ethanol tolerance
Because other forms of CNS tolerance can involve activation of NMDARs (Kato et al.,
1992;Wong et al., 1996;Grabb and Choi, 1999), we examined whether a broad spectrum
NMDAR antagonist modifies the effects of slow increases in ethanol. When 100 μM APV was
administered during the stepwise increase in ethanol concentration and maintained until just
prior to delivery of HFS, LTP could not be induced (Fig. 6A; EPSP changes: 94.0 ± 3.6%, n
= 5, P < 0.01 vs. stepwise increase in ethanol in the absence of APV). This effect of APV
appears to reflect effects occurring during the period of increase in ethanol concentration and
not simply an effect at the time of the HFS because administration of APV only during the
stepwise increase in ethanol with discontinuation for 15 min before HFS still blocked LTP
induction (Fig. 6B; EPSP change: 97.2 ± 2.3%, n = 5, P < 0.01 vs. stepwise increase in ethanol
in the absence of APV). Because the induction of LTP in slowly elevated ethanol is not blocked
by APV acutely administered for 10 min just before HFS (Fig. 3C), this suggests that the
inhibition of LTP in the presence of APV plus gradually increasing ethanol results from block
of NMDARs during the development of this form of ethanol tolerance.

Discussion
Although acute administration of 60 mM ethanol for 15 min prior to and during HFS inhibits
LTP, it is unclear how such rapid and large increases in ethanol relate to effects occurring
during bouts of binge drinking. To examine synaptic effects of ethanol under conditions that
are more likely to reflect oral ethanol intake, we used a protocol in which ethanol was increased
in a stepwise fashion from 10 mM to 60 mM in 10 mM increments every 15 minutes. Under
these conditions, we observed a form of tolerance that was manifest by an inability of 60 mM
ethanol to block LTP induction. We also found that 60 mM ethanol failed to inhibit LTP when
administered acutely following longer preconditioning with 10 mM ethanol. Interestingly, the
magnitude of LTP following stepwise increases in ethanol was significantly smaller when 60
mM ethanol was abruptly discontinued following HFS than when ethanol was continuously
present before and following HFS, suggesting that abrupt withdrawal may dampen processes
contributing to synaptic plasticity. It is also possible that the continued presence of ethanol is
required during the expression of ethanol-tolerant LTP. The ability to induce LTP in the setting
of acute ethanol tolerance suggests a mechanism by which synaptic plasticity, and perhaps
memory formation, can occur even during severe binge drinking.

The development of this acute ethanol tolerance appears to involve the activation of NMDARs
during the period when ethanol concentrations are increasing. These observations are
consistent with prior studies of other forms of brain tolerance in which NMDARs participate
in the development and/or expression of the tolerance. For example, a form of tolerance to the
neurotoxic effects of ischemia can result from preconditioning with brief bouts of ischemia.
This ischemic tolerance requires NMDAR activation during preconditioning (Kato et al.,
1992;Grabb and Choi, 1999). Similarly, tolerance following chronic exposure to opioids can
be reversed by ketamine, an NMDAR antagonist (Wong et al., 1996), suggesting that NMDARs
play a key role in the expression of this form of tolerance.

In our studies, NMDAR activation appears to play a critical role in the development of acute
ethanol tolerance (Khanna et al., 1991), but not in the expression of the tolerance. That is, APV
administered during stepwise increases in ethanol prevented LTP even when APV was
removed prior to HFS. However, APV administered only after the period of stepwise increase
failed to completely block LTP, the expression of this acute tolerance. Because induction of
conventional LTP requires NMDAR activation, LTP in the presence of APV in the setting of
acute ethanol tolerance suggests the generation of a non-traditional form of LTP. Nonetheless,
because the degree of LTP in the presence of APV is significantly less than the degree of LTP
observed in the absence of APV, it seems likely that NMDARs still contribute to ethanol-
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tolerant LTP even though NMDARs are not absolutely required for its induction. It is also
known that delivery of very high frequency stimulation (200 Hz) or 100 Hz HFS in the presence
of high extracellular calcium also induces LTP in the presence of NMDAR antagonists. This
form of LTP is inhibited by nifedipine, an L-type VDCC blocker (Shankar et al., 1998). In the
presence of stepwise increased ethanol, however, nifedipine also failed to inhibit LTP,
suggesting that this form of LTP does not require VDCCs. A combination of APV and
nifedipine similarly failed to block ethanol-tolerant LTP.

Conventional LTP induction depends upon calcium and a decrease in extracellular calcium at
the time of tetanic stimulation impairs LTP (Dunwiddie and Lynch, 1979;Izumi et al., 1987).
In the present study, low calcium administered during HFS also inhibited LTP in the presence
of stepwise increased ethanol, suggesting that even though NMDARs and L-type VDCCs are
not required for this LTP, calcium still plays an essential role. Because the two major ion
channels through which extracellular calcium enters neurons to induce CA1 LTP are not critical
for ethanol-tolerant LTP, we examined a role for calcium release from intracellular stores.
Thapsigargin, a store-operated calcium channel inhibitor, is known to modulate conventional
LTP (Harvey and Collingridge, 1992), and we found that thapsigargin completely blocked
ethanol-tolerant LTP. Although the effects of thapsigargin are complex (Mengesdorf et al.
2001), this finding suggests that calcium release from intracellular stores is pivotal for inducing
this form of plasticity. The inability of NMDAR and VDCC antagonists to completely block
ethanol-tolerant LTP suggests that stepwise increases in ethanol may alter the properties of
intracellular calcium storage systems such that LTP can be induced without significant calcium
influx from these channels. Prior studies have shown that ethanol alters calcium homeostasis
in cultured hippocampal neurons (Webb et al., 1997), cultured human lymphoblast cells (Nagy,
2000) and myotubes (Nicolas, 1998). It remains possible, however, that entry of extracellular
calcium from an unknown channel participates in the induction of LTP following stepwise
increases in ethanol. Given the importance of extracellular calcium in ethanol-tolerant LTP, it
is also possible that mechanisms involved in calcium-induced intracellular calcium release
(CICR) are upregulated during acute ethanol tolerance. Such a finding would be consistent
with the greater LTP observed in the absence of APV. In the absence of NMDAR or VDCC
input, however, intracellular calcium release, likely supported by extracellular calcium,
appears to be sufficient to generate at least some degree of lasting synaptic enhancement. In
control slices, intracellular calcium release is insufficient to drive LTP induction when
NMDARs are blocked (Fig. 3A).

Stepwise increases in ethanol might also modulate mGluRs because ethanoltolerant LTP was
insensitive to MCPG, an mGluR antagonist that inhibits LTP in control slices (Izumi and
Zorumski, 1994). Whether acute ethanol tolerance alters mGluR function is unclear, although
prenatal ethanol exposure decreases mGluR5 expression in the dentate gyrus (Galindo et al.,
2004) and reduces mGluR-activated phosphoinositide (PI) hydrolysis (Queen et al., 1993). PI
hydrolysis is involved in the formation of inositol triphosphate (IP3), an intracellular messenger
that activates IP3 receptors on calcium stores, leading to calcium release. While changes in
mGluR function could occur during acute ethanol tolerance, the inability of MCPG to inhibit
ethanol-tolerant LTP indicates that mGluRs do not drive this form of plasticity.

In addition to LTP, post-tetanic potentiation (PTP) is also sensitive to acute administration of
60 mM ethanol (Fig. 1A, C and Fig. 2C, D). The partial depression of PTP may result from
inactivation of NMDA receptors because PTP is also partially depressed in the presence of
APV (Fig. 3A). It is also possible that calcium influx through VDCCs is involved in PTP
because PTP induced by 200 Hz × 1 s HFS is attenuated by nifedipine (Fig. 3B). The large
degree of PTP in the presence of stepwise increases in ethanol (Fig. 1B and Fig. 2A, B and E)
suggests that calcium entry through NMDAR channels or VDCCs is altered by slow increases
in ethanol or sustained preconditioning with low levels of ethanol. Supporting this, PTP was
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depressed by APV or nifedipine in the presence of 60 mM ethanol following stepwise increases
in concentration (Fig. 3C). Of note is that LTP in the presence of 60 mM ethanol following
stepwise increases is not blocked by APV and/or nifedipine (Fig. 3C), indicating that the degree
of PTP does not predict success or failure of LTP.

LTP can be induced not only when ethanol is increased in a stepwise fashion but also when a
low concentration is administered prior to delivery of a high concentration. This strongly
suggests that the ability to generate LTP in the presence of 60 mM ethanol represents a form
of acute tolerance. As mentioned above, however, LTP in the presence of ethanol differs from
control LTP based on lack of APV, nifedipine and MCPG sensitivity. Although tolerance
reflects the ability of a biological system to maintain or restore function in the continued
presence of a stimulus that alters its function, how this adaptation occurs varies among systems
and stimuli. In some cases, the system may simply up- or down-regulate its basal function to
accommodate. For example, when receptors are continuously exposed to direct agonists or
antagonists, tolerance is often manifest by changes in receptor expression or receptor function
(Chandler et al., 1998;Kumar et al., 2004;Bailey and Connor, 2005). This form of tolerance
seems unlikely to explain our results. Rather, we observe an adaptation in which the usual
driving forces for LTP (NMDAR, mGluR or VDCC activation) are no longer required to initiate
the process but rather calcium-dependent intracellular calcium release becomes the primary
trigger. It remains unclear how intracellular calcium release is augmented in response to HFS
following ethanol tolerance and whether the changes represent increases in sensitivity to
activating stimuli (e.g. small influxes of extracellular calcium), enhanced ion release
mechanisms, changes in intracellular ion homeostasis and clearance, or a combination of
mechanisms.

If ethanol-tolerant LTP indeed differs from conventional LTP and if LTP serves as a cellular
mechanism for memory formation, then these findings suggest that memory processing during
binge drinking differs from conventional learning. It is unclear whether memories formed
during alcohol intoxication have similar properties to conventional memories and whether they
are similarly persistent. It is also possible that ethanol, even if administered by stepwise
increases, still inhibits conventional LTP because the LTP we observe in the setting of tolerance
differs from conventional LTP in its proximal induction mechanisms. However, induction of
robust LTP in stepwise increased ethanol and its partial depression by APV may hint that two
distinct forms of LTP, conventional and ethanol-tolerant LTP, coexist in the setting of acute
tolerance. This raises the possibility that in other forms of CNS tolerance, novel mechanisms
may coexist with preexisting mechanisms to restore function.

In addition to considering these two forms of LTP, the tolerance seen in stepwise increased
ethanol should also be evaluated as having two components - development and expression.
Development of acute tolerance occurs during the time that ethanol levels are increasing and
the ability of a single HFS to generate LTP represents the expression of the tolerance. While
the expression of acute ethanol tolerance, as manifest by LTP induction in the presence of
ethanol, is not blocked completely by APV, the development of this acute ethanol tolerance is
clearly prevented by APV, indicating that NMDAR activation is crucial for driving the changes
underlying this form of tolerance. Understanding other mechanisms contributing to the LTP-
sparing effects of acute ethanol tolerance may point to ways to preserve and restore function
in a variety of pathological conditions.
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Figure 1. LTP induction in the presence of stepwise increases in ethanol
The graphs show the time course of change in population excitatory postsynaptic potential
(EPSP) slope (mean ± SEM). (A) Acute administration of 60 mM ethanol for 15 min prior to
a single train of high-frequency stimulation (HFS) (100Hz x 1s, designated by the arrow)
blocked long-term potentiation (LTP) (filled circles, n = 5). In control slices, HFS successfully
induced LTP that lasted at least 60 minutes (open circles, n = 5). (B) In contrast to panel A,
LTP was induced when ethanol was increased stepwise by 10 mM every 15 min to a final
concentration of 60 mM for 25 min prior to delivery of HFS (n = 5). (C) Similar to effects of
15 min administration, acute administration of 60 mM ethanol for 100 min prior to HFS blocked
LTP induction (n = 5). Traces to the right of each graph are representative EPSPs obtained 10
min before (dashed) and 60 min after HFS (solid traces). Scale bar: 1 mV, 5 milliseconds.
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Figure 2. LTP in the presence of 60 mM ethanol and effects of preconditioning
In these experiments, 60 mM ethanol was administered throughout the recording and continued
for 60 min after HFS (n = 5). (A) When ethanol was increased stepwise by 10 mM every 15
min and 60 mM ethanol was continuously administered throughout the recording, robust long-
term potentiation (LTP) was induced (n = 5). (B) After a stepwise increase of ethanol, 60 mM
ethanol was continuously administered for 90 min before HFS. This prolonged administration
of 60 mM ethanol administration did not inhibit induction of the LTP (n = 5). (C) Fifteen min
preconditioning with 10 mM ethanol 60 min before continuous administration of 60 mM
ethanol failed to allow LTP (n = 5). (D) Similarly, preconditioning with 60 mM ethanol for 15
min and acute administration of 60 mM ethanol at an interval of 60 min also blocked LTP
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induction (n = 5). (E) Administration of 10 mM ethanol for 75 min prior to a jump to 60 mM
ethanol allowed LTP induction. Traces to the right of each graph are representative EPSPs
obtained 10 min before (dashed) and 60 min after HFS (solid traces). Scale bar: 1 mV, 5
milliseconds.
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Figure 3. Effects of APV and nifedipine on induction of the LTP with stepwise elevated ethanol
(A) In control slices, a 100Hz x 1s HFS in the presence of 100 μM D, L-APV, open bar) failed
to induce LTP (n = 5). (B) In contrast, 200Hz x 1s HFS successfully induced LTP in the
presence of 100 μM APV (open bar) as denoted with open circles (n = 5). However, induction
of this form of LTP was blocked by co-administration of APV plus 20 μM nifedipine (filled
bar) as denoted with filled triangles (n = 5). (C) Slices were treated with ethanol stepwise
increased by 10 mM every 15 min and 60 mM, the final concentration of ethanol was
continuously administrated throughout the recording. When HFS (arrow) was delivered in the
presence of 20 μM nifedipine (filled bar), robust long-term potentiation (LTP) was induced
(filled circles, n = 5). Administration of 100 μM APV (open bar) also failed to block LTP
induction (open circles) (n = 5). Similarly, coadministration of APV and nifedipine did not
block LTP induction (triangles, n = 5). Traces to the right of each graph are representative
EPSPs obtained 10 min before (dashed) and 60 min after HFS (solid traces). Scale bar: 1 mV,
5 milliseconds.
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Figure 4. Effects of MCPG on induction of the LTP with stepwise elevated ethanol
(A) In control slices, administration of 500 μM MCPG (open bar) 15 min before high-frequency
stimulation (HFS) (arrow) blocked LTP (n = 5). (B) In slices treated with ethanol stepwise
increased by 10 mM every 15 min, however, HFS delivered 40 min after reaching 60 mM
induced LTP in the presence of 500 μM MCPG (n = 5). Traces to the right of the graphs show
representative EPSPs obtained 15 min before (dashed lines) and 60 min after (solid) HFS. Scale
bar: 1 mV, 5 milliseconds.
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Figure 5. Involvement of calcium in LTP with stepwise increased ethanol
(A) Reduction of extracellular calcium from 2 mM to 1 mM (open bar) for 5 min before high-
frequency stimulation (HFS) (100Hz x 1s duration, arrow) inhibited long-term potentiation
(LTP) induction in the presence of 60 mM ethanol (n = 5). (B) Similarly, administration of 5
μM thapsigargin (open bar) for 15 min before HFS blocked LTP induction in the presence of
60 mM ethanol (n = 5). In both graphs ethanol levels were stepwise increased by 10 mM every
15 min and HFS was delivered 25 (panel A) or 40 min (panel B) after the concentration of
ethanol reached 60 mM. Traces to the right of the graphs are representative EPSPs. Dashed
traces show EPSP at baseline. Scale bar: 1 mV, 5 milliseconds.
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Figure 6. Involvement of NMDA receptors in the induction of acute ethanol tolerance
Graphs show the time course of change in EPSP slopes when concentrations of ethanol were
stepwise increased by 10 mM every 15 minutes up to 60 mM in the presence of 100 μM D, L-
APV, filled bar). Administration of APV was terminated just prior to delivery of high-
frequency stimulation (HFS) (A) or 15 min before HFS (B) (n = 5 for each). 60 mM ethanol
was continuously administered throughout the recording period. LTP was not induced under
these conditions (filled circles). Traces to the right of each graph show representative EPSPs
recorded 10 min before (dashed line) and 60 min after HFS (solid). Scale bar: 1 mV, 5
milliseconds.
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