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Abstract
Consistent with the ability of severe alcohol intoxication to impair memory, high concentrations of
ethanol (60 mM) acutely inhibit long-term potentiation (LTP) in the CA1 region of rat
hippocampal slices. To account for this, we hypothesized that local metabolism to acetaldehyde
may contribute to the effects of high ethanol on synaptic function. However, sodium azide, a
catalase inhibitor, and allyl sulfide, an inhibitor of cytochrome P450 2E1 (CYP2E1), failed to
overcome LTP inhibition by 60 mM ethanol. In contrast, LTP was successfully induced in the
presence of ethanol plus 4-methylpyrazole (4MP), an inhibitor of alcohol dehydrogenase,
suggesting that local metabolism via alcohol dehydrogenase contributes to synaptic effects.
Furthermore, exogenously administered acetaldehyde overcame the effects of 4MP on LTP
inhibition mediated by ethanol. These observations indicate that acetaldehyde generated by local
metabolism within the hippocampus participates in the synaptic dysfunction associated with
severe alcohol intoxication.
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Alcohol ingestion produces a variety of neuropsychiatric symptoms. One of these is called a
memory “blackout” and refers to a state in which individuals perform complex acts for
which they have no recollection [24]. Ethanol is thought to induce this amnesia by inhibiting
long-term potentiation (LTP), a form of synaptic plasticity associated with memory
processing [3]. In hippocampal slices, LTP inhibition by acute ethanol requires high
concentrations [14,22]. To account for these latter observations, we hypothesized that
accumulation of ethanol metabolites may contribute to effects on LTP and represent an
effect of ethanol that requires high concentrations. Among ethanol metabolites, acetaldehyde
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is not only the most prominent but also the most toxic. Because acetaldehyde dehydrogenase
(ALDH) is present in the blood brain barrier [25], systemic acetaldehyde is unlikely to reach
the brain in significant concentrations [20]. Acetaldehyde accumulation in brain can occur,
however, under conditions in which ALDH is impaired or when the capacity to metabolize
acetaldehyde is exceeded [11]. Acetaldehyde may be generated de novo in the CNS, and, in
cultured astrocytes and rat brain homogenates, accumulates in the presence of ethanol
[2,6,8]. Although alcohol dehydrogenase (ADH) converts ethanol to acetaldehyde in the
liver, it is thought that brain ethanol is oxidized to acetaldehyde mainly by catalase and
cytochrome P450, with ADH playing a minor role if any [27]. In this study, we examined
the possible role of acetaldehyde in mediating the effects of ethanol on LTP in CA1
pyramidal neurons.

Male albino rats (postnatal age 28-32 days) were used for all studies. Protocols for animal
use were approved by the Washington University Animal Studies Committee in accordance
with the NIH guidelines for care and use of laboratory animals.

For electrophysiology, hippocampal slices were transferred to a submerged recording
chamber with continuous bath perfusion of artificial cerebrospinal fluid at 2 ml/min at 30°C.
Extracellular recordings were obtained from the apical dendritic layer of the CA1 region
elicited with 0.1 ms constant current pulses through a bipolar stimulating electrode placed in
stratum radiatum. During an experiment, EPSPs were monitored using a half-maximal
stimulus based on a baseline input-output curve. After establishing a stable baseline, LTP
was induced by applying a single 100 Hz × 1 s high frequency stimulus (HFS) using the
same intensity stimulus as used for monitoring. An input-output curve was repeated 60 min
following HFS for statistical comparisons of changes in EPSP slopes at half-maximal
intensity. Signals were digitized and analyzed using PCLAMP software (Axon Instruments,
Union City, CA). All chemicals were used at concentrations that did not significantly
suppress baseline EPSPs. Because 30 min administration of 0.3 mM sodium azide
suppressed EPSPs (49.8 ± 3.8%, n = 3), we used sodium azide at 0.1 mM.

All data are expressed as mean ± s.e.m. For comparisons between two groups Student's t-test
was used. P-values of less than 0.05 were considered statistically significant.

As previously reported [14,15,22], LTP in the CA1 region of hippocampal slices was
blocked acutely by 60 mM ethanol (EPSP change; 151.8 ± 3.0% in control slices 60 min
following HFS, and 103.6 ± 2.5% of baseline in the presence of ethanol, n = 5 each, p < 0.01
by t-test, Fig 1A.). Because alcohol metabolizing enzymes are expressed in the hippocampus
[7], we subsequently examined the effects of inhibitors of ethanol metabolism on the ability
of ethanol to inhibit LTP.

Based on the proposed role of catalase in local brain metabolism of ethanol, we initially
examined whether catalase inhibitors would overcome the inhibitory effects of 60 mM
ethanol on LTP induction. However, in the presence of 100 μM sodium azide, a catalase
inhibitor [27], 60 mM ethanol still inhibited LTP (EPSP slope; 109.1 ± 2.8% of baseline, n =
5, p = 0.181 vs. ethanol alone by t-test, Fig. 1B). Administration of sodium azide alone did
not affect LTP induction (EPSP slope; 149.3 ± 4.0 % of baseline, n = 3, data not shown).
Similarly, administration of 150 μM sodium azide also failed to overcome ethanol-mediated
LTP inhibition (EPSP slope; 102.5 ± 8.3% of baseline, n = 4, p = 0.889 vs. ethanol alone by
t-test, data not shown).

Ethanol can also be metabolized in brain by the cytochrome P450 enzyme, CYP2E1 [21].
Similar to sodium azide, we found that 3 mM allyl sulfide, an inhibitor of CYP2E1, failed to
overcome the effects of 60 mM ethanol on LTP (EPSP slope; 100.8 ± 1.8% of baseline, n =
5, p = 0.385 vs. ethanol alone by t-test, Fig. 1C). Administration of allyl sulfide alone did
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not affect LTP induction (EPSP slope; 150.2 ± 8.7% of baseline, n = 3, data not shown). A
combination of allyl sulfide and sodium azide also failed to overcome the effects of 60 mM
ethanol on LTP (EPSP slope: 99.8 ± 1.8% of baseline, n = 5, p = 0.240 vs. ethanol alone by
t-test, data not shown).

In contrast to the catalase and CYP2E1 inhibitors, LTP was successfully induced when
1mM 4-methylpyrazole (4MP), an inhibitor of ADH [4], was administered with 60 mM
ethanol (EPSP slope; 134.5 ± 7.3% of baseline, n = 6, p < 0.01 vs. ethanol alone by t-test
Fig. 2A), suggesting that acetaldehyde generation via ADH contributes to the effects of high
ethanol. Administration of 1mM 4MP alone did not affect LTP induction (EPSP slope;
141.9 ± 2.0 % of baseline, n = 3, data not shown). The effects of 4MP on LTP inhibition
were concentration dependent, with lower concentrations (0.1 mM and 0.3 mM) failing to
alter the effects of 60 mM ethanol on LTP (EPSP slope; 91.7 ± 7.0% and 116.1 ± 6.4% of
baseline n = 5 each, p = 0.115 and 0.103 vs. ethanol alone by t-test, respectively, data not
shown).

Consistent with a possible role of endogenous acetaldehyde in the inhibitory effects of
ethanol on LTP, we found that exogenously administered acetaldehyde (60 μM) overcame
the effects of 1 mM 4MP on LTP inhibition mediated by 60 mM ethanol (EPSP slope; 101.9
± 2.2 % of baseline, n = 5, p < 0.01 vs. 4MP alone with ethanol by t-test, Fig. 2B). However,
administration of 60 μM acetaldehyde alone did not affect LTP induction (EPSP slope;
151.3 ± 4.3% of baseline, n = 5, p = 0.925 vs. control LTP by t-test, Fig. 2B).

In the present study, we examined whether the acute effects of ethanol on LTP involve
synthesis of acetaldehyde locally in the hippocampus. A role for acetaldehyde in ethanol's
effects has been suspected but remains controversial [5,17]. Despite significant elevation of
systemic acetaldehyde following ethanol loading (over 50 μM in men with ALDH2*1/*2
after 0.75g/kg ethanol loading) [16], it is unclear whether systemic acetaldehyde affects
CNS function. For instance, a moderate systemic dose of ethanol does not inhibit LTP
induction in vivo [1], and systemic acetaldehyde does not mimic ethanol's effects on brain
neurosteroid levels [4]. Other evidence, however, suggests the importance of brain ethanol
metabolism [2,8, 27], raising the possibility that locally-generated acetaldehyde contributes
to ethanol-mediated neuronal changes.

Moderate levels of ethanol may impair cognitive function if acetaldehyde accumulates in the
brain. Consistent with this, disulfirum, an inhibitor of ALDH, facilitates the effects of low
doses of ethanol on LTP in vivo [1]. If acetaldehyde acts locally within the same neurons in
which it is generated from ethanol, levels of acetaldehyde measured in the plasma or even in
the cerebrospinal fluid are unlikely to predict actions of acetaldehyde in the brain, even
though significant acetaldehyde levels are observed in plasma after ethanol loading in
humans [16].

In the present study, we found that ADH plays a key role in hippocampal acetaldehyde
formation. While it is uncertain how ethanol is metabolized in the brain, some evidence
indicates that brain metabolism may involve catalase, at least in certain cells such as
catecholaminergic neurons [26]. In the striatum, however, ethanol oxidation is not prevented
completely by catalase inhibitors [2,8,26], indicating that pathways such as CYP2E1 [12] or
ADH [2,7] may be important. We found that sodium azide, a catalase inhibitor, and allyl
sulfide, a CYP2E1 inhibitor, failed to overcome the effects of 60 mM ethanol on LTP
induction, suggesting that although these enzymes are expressed in the hippocampus [18],
they do not play major roles in ethanol-mediated LTP inhibition in area CA1.

In contrast to catalase and CYP2E1 inhibitors, the effects of 60 mM ethanol were overcome
by the ADH inhibitor, 4MP. A recent study has shown that 4MP inhibits ethanol-mediated
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phosphorylation of extracellular signal-regulated kinase (ERK) in the nucleus accumbens
[23], suggesting a role for ADH in the actions of ethanol in this region. Furthermore, Mori et
al. have shown that ADH3, but not ADH1, is expressed in the hippocampus [17]. ADH3 is a
more recently discovered member of the ADH family [9,19] and was originally thought to
play little role in ethanol metabolism because of its low affinity for ethanol. Recent
evidence, however, suggests a more significant role in alcohol metabolism [10], and ADH3
is expressed in pyramidal neurons [7]. We found that 1 mM, but not 0.1-0.3 mM 4MP
overcame the effects of 60 mM ethanol. This is consistent with the low sensitivity of ADH3
to pyrazoles [10]. The ability of 4MP to overcome the effects of ethanol (Fig. 2A), suggests
that local metabolism of ethanol to acetaldehyde is pivotal for LTP inhibition. Furthermore,
the ability of 60 μM acetaldehyde administered with ethanol plus 4MP to restore LTP
inhibition further implicates acetaldehyde even though acetaldehyde alone does not inhibit
LTP at this concentration (Fig. 2B). While this latter result seems contradictory, it supports
the idea that ethanol inhibits LTP via multiple actions, one of which is mediated by
acetaldehyde; other actions of ethanol are uncertain but likely include partial NMDA
receptor antagonism [13-15,22]. In the experiment administering ethanol and acetaldehyde
with 4MP (Fig. 2B), post-tetanic potentiation (PTP), is also depressed. This suggests that
acetaldehyde combined with ethanol and 4MP may have additional actions, including effects
on glutamate release.

Taken together, our results indicate that acetaldehyde formed regionally within the
hippocampus modulates the synaptic and possibly the cognitive dysfunction associated with
alcohol intoxication. Future studies should determine whether systemically administered
ethanol disrupts memory acquisition via metabolism to acetaldehyde.
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Highlights (for review)

Ethanol induces amnesia via inhibition of LTP, a form of synaptic plasticity.

In this study, 4-methylpyrazole was used as an alcohol dehydrogenase inhibitor.

4-methylpyrazole allowed LTP in the presence of ethanol.

Local metabolism to acetaldehyde may contribute to the ethanol-mediated amnesia.
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Figure 1.
Effects of catalase and CYP2E1 inhibitors on ethanol-mediated LTP inhibition A, In control
slices, LTP is readily induced (triangles) by a single 100 Hz × 1 s high frequency stimulation
(HFS, arrow). Fifteen min administration of 60 mM ethanol (closed bar) inhibits LTP (open
cirecles). B, In the presence of both 60 mM ethanol (closed bar) and 100 μM sodium azide,
a catalase inhibitor (open bar), LTP is not induced (closed circles). C, In the presence of
both 60 mM ethanol (closed bar) and 3 mM allyl sulfide, a CYP2E1 inhibitor (open bar),
LTP is not induced (closed circles). Traces depict EPSPs before (dashed lines) and 60 min
after HFS (solid lines). Scale; 1mV, 5 msec.
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Figure 2.
Involvement of ADH in ethanol-mediated LTP inhibition. A, LTP inhibition is overcome by
4MP (closed circles). For reference, the effects of 60 mM ethanol alone from Figure 1A are
again depicted as open circles. B, While 60 μM acetaldehyde alone (hatched bar) does not
inhibit LTP induction (triangles), LTP is not induced (squares) in the presence of both 60
mM ethanol and 60 μM acetaldehyde with 4 MP (open bar). Traces depict EPSPs before
(dashed lines) and 60 min after HFS (solid lines). Scale; 1mV, 5 msec.
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