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Although ethanol has been shown to impair acquisition of memory, its effect on consolidated memories is not clear. Recent reports

revealed that memory retrieval converted consolidated memory into a labile state and initiated the reconsolidation process. In the

present study, we have demonstrated the effect of ethanol on reactivated fear memory. We used contextual fear conditioning where

rats were conditioned with mild footshock, re-exposed to the training context for 2min, immediately injected with ethanol or saline, and

finally tested 48 h after re-exposure. Ethanol-treated groups demonstrated longer freezing and the effect lasted for 2 weeks. Reactivation

is necessary for this effect. Injection of ethanol itself did not induce a fearful response. Reactivated and ethanol-treated rats exhibited

longer freezing than non-reactivated controls, suggesting that ethanol does not inhibit the memory decline but facilitates the fear

memory. Two minute re-exposures induced no or little extinction. The effect of ethanol was specific for 2-min reactivation, which

induces reconsolidation. Moreover, we found that picrotoxin inhibited the memory enhancement that was produced by ethanol

administered just after the reactivation. These studies demonstrate that ethanol enhances reactivated contextual fear memories via

activation of GABAA receptors.
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INTRODUCTION

A number of studies have reported the effects that ethanol
has on acquiring new memories. In human and animal
studies, when ethanol is administrated prior to training,
there are impairments in memory acquisition (Lister et al,
1987). There also are several reports, which showed that
ethanol has effects when administered during post-training.
In humans, ethanol administered after training actually
facilitates learning ability for many tasks (Parker et al, 1980;
Lamberty et al, 1990; Tyson and Schirmuly, 1994; Bruce and
Pihl, 1997; Hewitt et al, 1996). However, conflicting results
are reported in animal studies. Administration of ethanol at
post-training either enhances (Alkana and Parker, 1979;
Melia et al, 1986; Prediger and Takahashi, 2003) or impairs
(Aversano et al, 2002) learning. By contrast, little is known
about the effect of ethanol on consolidated memories.

It was previously thought that fresh memories require
time to stabilize and that once consolidated, they are
insensitive to interference from physical or chemical agents.
However, recent reports revealed that memory retrieval is
the dynamic process that changes consolidated memory
into a labile state (Nader et al, 2000; Nader, 2003;

Przybyslawski and Sara, 1997). These findings suggested
that old, reactivated memories undergo another round of
consolidation, a process referred to as reconsolidation. It is
logical to hypothesize that ethanol ingestion in conjunction
with memory retrieval influences memory reconsolidation
and alters previously consolidated memory.

To test this hypothesis, we exposed rats to contextual fear
conditioning. Our objective was to isolate the effects of
ethanol on several memory processes by using different
schedules of administration (Abel and Lattal, 2001).

MATERIALS AND METHODS

Animals

All experiments were conducted according to the Guide for
Care and Use of Laboratory Animals, Japan Neuroscience
Society. Male Sprague–Dawley rats (8–9 weeks olds,
weighing 235–329 g; SLC, Shizuoka, Japan) were used in
this study. Two or three rats were housed in a cage and
maintained on a 12-h light/dark cycle. Food and water were
provided ad libitum. Behavioral tasks were performed
during the dark phase of the cycle.

Contextual Fear Conditioning

The day before the start of conditioning, the rats were
brought to the experimental room and placed individually
in chamber A for 5 min and then returned to their home
cages. Chamber A had an acrylic flat floor and some toys for
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the rats. The conditioning session consisted of placing the
rats in chamber B and delivering a footshock 180 s later.
Chamber B had a metal grid floor, which was connected
with a shock scrambler (SGS-003DX; Muromachi KIKAI,
Tokyo, Japan). Both chambers A and B were identical in size
(30 (length)� 25 (width)� 30 cm (height)). Rats were
returned to their home cage 90 s after the footshock. For
the reactivation session, rats were re-exposed to chamber B
for varying lengths of time (2 or 30 min) and were not
exposed to the footshock. For contextual testing, rats were
re-exposed to chamber B for 10 min. Fear memory was
assessed as the percentage of time rats spent freezing
(defined as complete lack of movement, except for
respiration) in chamber B. The reactivation session and
contextual testing were video recorded to score for freezing,
which was automatically measured according to Miyakawa
et al (2001). Images were captured at two frames per second.
For each pair of successive frames, the amount of area
(pixels) within which the rat moved was measured. When
this area was below a certain threshold (ie, 170 pixels) for
more than 1 s, behavior was judged as ‘freezing.’ When the
amount of area equaled or exceeded the threshold, behavior
was considered to be ‘nonfreezing.’ The optimal threshold
(amount of pixels) by which we judged freezing was
determined by adjusting it to the amount of freezing
measured by human observation.

Experiment 1

On day 1, rats were conditioned with one of three different
strengths of footshock (0.6 mA, 1 s; 0.6 mA, 2 s; 1 mA, 2 s).
On day 2, after they were exposed to conditioning chamber
for 2 min for memory reactivation, they received either
ethanol or saline injections. On day 4, rats were returned to
the conditioning chamber for context test.

Experiment 2

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, the cage groups received either ethanol or
saline treatment in home cage. The reactivation groups
received either ethanol or saline injections after being
exposed to conditioning chamber for 2 min for memory
reactivation. On day 4, rats were returned to the condition-
ing chamber for context test.

Experiment 3

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, after being exposed to conditioning chamber
for 30 min for memory extinction, they received either
ethanol or saline injections. On day 4, rats were returned to
the conditioning chamber for context test.

Experiment 4

On day 1, rats were placed into the conditioning chamber
for 2 min but were not conditioned with a footshock. They
received either ethanol or saline injections. On day 3, rats
were returned to the conditioning chamber for context test.

Experiment 5

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, after being exposed to conditioning chamber
for 2 min for memory reactivation, they received either
ethanol or saline injections. Two days, 2 weeks, and 4 weeks
later, rats were returned to the conditioning chamber for
context test.

Experiment 6

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, they received ethanol (0.5 mg per side),
ethanol (5mg per side), or phosphate-buffered saline (PBS)
microinjections into bilateral amygdala after they were
exposed to conditioning chamber for 2 min for memory
reactivation. On day 4, rats were returned to conditioning
chamber for context test.

Experiment 7

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, the cage groups received either anisomycin
or PBS treatment into bilateral ventricles in home cage. The
reactivation groups received either anisomycin or PBS
microinjections into bilateral ventricles after they were
exposed to conditioning chamber for 2 min for memory
reactivation. On day 4, rats were returned to conditioning
chamber for context test.

Experiment 8

On day 1, rats were conditioned with a footshock (0.6 mA,
1 s). On day 2, they received either picrotoxin or saline
treatment in home cage. Twenty minutes later, they were
returned to the conditioning chamber for 2 min for
reactivation and then injected with ethanol or saline. On
day 4, rats were returned to the conditioning chamber for
context test.

Experiment 9

On day 1, the naı̈ve group was exposed to the conditioning
chamber but did not receive a footshock. The conditioned
group was conditioned with a footshock (0.6 mA, 1 s). On
day 2, they received either picrotoxin or saline treatment in
home cage. Twenty minutes later, they were returned to the
conditioning chamber for 10 min for context test.

Experiment 10

On day 1, rats were conditioned with one of two different
strengths of footshock (0.6 mA, 1 s; 1 mA, 2 s) and then they
received either ethanol or saline injections. On day 3, rats
were returned to the conditioning chamber for 10 min for
context test.

Surgery

In intra-amygdalar injection experiments, we used rats that
had been bilaterally implanted with 22-gauge stainless steel
cannulae into amygdala under sodium pentobarbital
anesthesia (50 mg/kg). Coordinates were 3 mm posterior

Ethanol enhances reactivated memories
H Nomura and N Matsuki

2913

Neuropsychopharmacology



to the bregma, 5.2 mm lateral to the midline, and 6.4 mm
ventral to the brain surface. In anisomycin experiments, we
used rats that had been bilaterally implanted with 22-gauge
stainless steel cannulae into the cerebral ventricles under
sodium pentobarbital anesthesia (50 mg/kg). Coordinates
were 0.8 mm posterior to the bregma, 1.4 mm lateral to the
midline, and 3 mm ventral to the brain surface. Rats were
given at least 1 week to recover from the surgery before
experimental procedures.

Drugs

Ethanol (1.5 g/kg, i.p.; Wako) was diluted in saline for
systemic injections. At this dose, ethanol inhibits acquisi-
tion process in contextual fear conditioning (Melia et al,
1996). For intra-amygdalar injections, ethanol was diluted
in PBS (PBS (�): Ca2 + , Mg2 + -free PBS: NaCl, 137 mM; KCl,
2.68 mM; KH2PO4, 1.47 mM; Na2HPO4, 8.10 mM). It was
infused at a rate of 0.25 ml/min. A total volume of 0.5 ml of
ethanol solution (0.1 or 1%) or an equivalent amount of PBS
was infused into each amygdala. We adopted these doses of
ethanol referring to some reports (Hanchar et al, 2005; Nie
et al, 2004). The infusion cannulae were left in place for
2 min to allow the solution to diffuse away from the cannula
tip. Anisomycin (Sigma) was dissolved in equimolar HCl
and diluted with PBS. The pH was adjusted to approxi-
mately 7 with NaOH. It was infused at a rate of 2ml/min. A
total volume of 2.5 ml of anisomycin solution (125 mg/ml) or
an equivalent amount of PBS was infused into each
ventricle. The infusion cannulae were left in place for an
additional minute to allow the solution to diffuse away from
the cannula tip. Picrotoxin (3.0 mg/kg, i.p.; Wako) was
dissolved with saline.

Data Analysis

All data are demonstrated as means±SEM. One-way
analysis of variance (ANOVA), two-way ANOVA, re-
peated-measure ANOVA, or paired t-test were used for
data analysis and post hoc comparisons were made using
Student’s t-test for differences between two groups or
Fisher’s Protected Least Significant Difference for differ-
ences among more than two groups.

RESULTS

Effects of Post-Reactivation Injection with Ethanol

We examined the effect of ethanol on reactivated memories.
Rats were trained with one of three different strengths of
footshock and re-exposed to the training context 24 h later,
then immediately injected with ethanol (1.5 g/kg) or saline
and finally tested 48 h after re-exposure (Figure 1a). In case
of a weaker footshock (0.6 mA, 1 s), a repeated-measure
ANOVA comparing drug treatment (ethanol vs saline) and
session (reactivation vs test) revealed significant interaction
(F(1, 44)¼ 8.45; po0.01) (Figure 1b). Post hoc analysis
revealed that in reactivation session, two groups exhibited
comparable freezing scores (p40.05); however, in the
context test, ethanol-treated rats demonstrated significantly
longer freezing than saline-treated rats (po0.01)
(Figure 1b). With a slightly stronger conditioning (0.6 mA,

2 s), a repeated-measure ANOVA comparing the drug
treatment and session also revealed a significant interaction
(F(1, 10)¼ 7.42; po0.05) (data not shown). Post hoc analysis
revealed that in the reactivation session, two groups
exhibited comparable freezing scores (p40.05); however,
in context test, ethanol-treated rats demonstrated signifi-
cantly longer freezing than saline-treated rats (po0.05).
However, when footshock increased to 1 mA and 2 s, an
ANOVA demonstrated no significant interaction between
the drug treatment and sessions (F(1, 16)¼ 0.77; p40.05),
nor was there a main effect of group (F(1, 16)¼ 1.46;
p40.05) (Figure 1c). Much stronger conditioned rats (two
footshocks (2.0 mA, 2 s)) demonstrated longer freezing
(88.0±2.9%; n¼ 6) compared with the rats that received a
weaker conditioning (1 mA, 2 s) and ethanol treatment
following reactivation (F(1, 13)¼ 13.9; po0.01); it appeared
that the 1-mA 2-s footshock did not reach the saturation
level of freezing response (see Discussion). We tried several
doses of ethanol (0.5, 1, 1.5 g/kg) or saline in weak fear
conditioning (footshock; 0.6 mA, 1 s). The freezing levels
demonstrated as percent of saline group were 110.7±25.4
(0.5 g/kg), 140.8±24.1 (1 g/kg), or 168.9±25.5% (1.5 g/kg),
indicating a dose-dependent effect of ethanol. In the
following experiments, except for cases described elsewhere,
we employed weak conditioning (footshock; 0.6 mA, 1 s)
and 1.5 g/kg ethanol.

We tested whether the effect of ethanol was specific for
the reactivation process. Rats were divided into four groups.
Two groups were re-exposed to the conditioning chamber
and given saline or ethanol 24 h after conditioning
(Figure 2a). The other two groups were given saline or
ethanol without reactivation. Two-way ANOVA comparing
drug treatment (ethanol vs saline) and reactivation (reacti-
vation vs no reactivation) revealed significant interaction

Figure 1 Memory enhancement by ethanol administration following 2-
min reactivation. (a) The behavioral procedure used for experiment 1. Rats
were conditioned with footshock (b, 0.6mA, 1 s; Sal (saline), n¼ 24; EtOH
(ethanol), n¼ 22; c, 1mA, 2 s; Sal, n¼ 9; EtOH, n¼ 9). (b, c) Rats
conditioned with a weak footshock but not a strong footshock were
sensitive to ethanol; **po0.01.
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(F (1, 43)¼ 4.27; po0.05) (Figure 2b). Post hoc analysis
revealed that the ethanol-treated rats with reactivation
displayed longer freezing levels than the saline-treated rats
with reactivation (po0.05); however, the two groups
without reactivation were not statistically significant
(p40.05). The results suggest that in order for the ethanol
to have an effect, memory has to be actively retrieved.

Moreover, we tested whether extinction memory were
involved to this ethanol’s effect. In some cases, memory
retrieval triggers extinction memory in which the condi-
tioned stimulus comes to predict no unconditioned
stimulus (US) (Rescorla and Heth, 1975). It is possible that
ethanol inhibits extinction memory and ethanol-treated rats
exhibit longer freezing than saline-treated rats. At first, we
tested whether 2-min re-exposure induces extinction or not.
The rats, which were injected with saline after reactivation,
demonstrated slightly shorter freezing during context test
than reactivation (Figures 1b and 2b). With these data,
however, we cannot determine whether the re-exposure
induces extinction or not. In the strict sense, we cannot
compare freezing time during reactivation with one during
test, because we observed rats’ behavior for 2 min during
reactivation, whereas we observed the behavior for 10 min
during test. To test the existence of extinction stringently,
we compared the rats, which were injected with saline after
reactivation, with the rats, which were injected with saline
without reactivation. As stated above, two-way ANOVA
comparing the drug treatment and reactivation revealed
a significant interaction (Figure 2b). Post hoc analysis
revealed that two saline-treated groups exhibited compar-

able freezing (Figure 2b, Sal vs React. + Sal) (p40.05),
suggesting that 2-min re-exposure induces no or little
extinction. Moreover, the rats injected with ethanol after
reactivation (Figure 2b, React. + EtOH group) showed
longer freezing than the rats injected with ethanol without
reactivation (Figure 2b, EtOH group) (po0.05). This
suggests that ethanol facilitated the fear memory rather
than inhibited the decline of memory (eg, extinction).

It is also possible that ethanol enhances spontaneous
recovery from extinguished freezing level. During reactiva-
tion session, rats’ freezing levels showed an upward
tendency (freezing time (%): 44.2±7.6 (0–1 min), 65.1±
8.4% (1–2 min)), suggesting that 2 min re-exposure does not
induce extinction within reactivation session and does not
induce spontaneous recovery.

Moreover, we applied longer reactivation paradigm.
Recent studies showed that reconsolidation and extinction
depend on the duration of reactivation and that reconso-
lidation can be triggered by short-term reactivation (Suzuki
et al, 2004). To investigate whether the effect of ethanol
is specific for short-term reactivation, rats were exposed
to a longer reactivation session (Figure 3a). Rats were
re-exposed to the conditioning chamber for 30 min instead
of 2 min. We measured the freezing time during the 30-min
reactivation. Freezing was relatively high in the beginning
and then declined to lower levels by 10 min. Control rats
exhibited significantly less freezing responses during the
last 5 min compared with the first 5 min within the 30-min
reactivation (t(1, 24)¼ 2.59; po0.05), this probably indi-
cated the extinction time course. Freezing time remained at
low levels when tested 2 days after the reactivation. Freezing
time in the test session was significantly shorter than that in
the first 10 min of the reactivation session (t(1, 24)¼ 3.65;
po0.01). To examine the effect of ethanol, rats were
immediately administered ethanol after the 30-min reacti-
vation. A repeated-measure ANOVA demonstrated no
significant interaction between drug treatment and sessions
(F(1, 24)¼ 2.82; p40.05) (Figure 3b), nor was there a main
effect of group (F(1, 24)¼ 0.002; p40.05). These data
suggested that ethanol has an effect only when memory is
reactivated for short term.

In previous experiments (Figures 1 and 2), we adminis-
tered ethanol immediately after removing the rats from the
chamber. It is possible that the injection of ethanol itself
triggered fear and that the rats learned that the chamber was
an aversive environment. To examine this possibility, rats
were exposed to the chamber for 2 min without the
footshock and administered ethanol or saline immediately
after the exposure (Figure 3c). Two days later, we measured
freezing time in the same chamber. There were no
significant differences between the two groups, suggesting
that the injection of ethanol itself did not induce a fearful
response (F(1, 10)¼ 0.30; p40.05) (Figure 3d).

To investigate whether the memory facilitation by ethanol
during post-reactivation is maintained over the long term,
contextual fear memory was assessed 2 days, 2 weeks, and 4
weeks after the injection (Figure 3e). At 2 days and 2 weeks,
ethanol-treated groups demonstrated significantly longer
freezing behavior (F(1, 24)¼ 6.40; po0.05, F(1, 24)¼ 7.08;
po0.05) (Figure 3f). However at 4 weeks, analysis revealed
no difference between the two groups (F(1, 24)¼ 0.39;
p40.05).

Figure 2 Effect of ethanol requires active retrieval of the memory and
ethanol facilitates the fear memory rather than inhibits the decline of
memory. (a) The behavioral procedure used for experiment 2. (b) While
freezing in the React. + EtOH group was longer than that in the React. + Sal
group (this result is consistent with Figure 1b), freezing in the Sal group was
comparable with that in the EtOH group. Moreover, freezing time of the
React. + EtOH group was longer than that of the EtOH group (Sal, n¼ 11;
EtOH, n¼ 12; React + Sal, n¼ 13; React + EtOH, n¼ 11); *po0.05 React.
+ EtOH vs React + Sal; #po0.05 React. + EtOH vs EtOH.
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One of the loci of fear memory is amygdala (LeDoux,
2000). To examine whether the memory facilitation by
ethanol depends on amygdala, we tried intra-amygdalar
infusions of ethanol. Rats were re-exposed to the condition-
ing chamber for 2 min and immediately afterwards bilat-
erally infused with ethanol or PBS into the amygdala
through the implanted cannulae (Figure 4a). A repeated-
measure ANOVA comparing drug treatment (PBS, ethanol
0.5 mg vs ethanol 5 mg) and session (reactivation vs test)
revealed no significant interaction between the drug
treatment and sessions (F(2, 17)¼ 0.44; p40.05), nor was

there a main effect of group (F(2, 17)¼ 0.66; p40.05)
(Figure 4b). This result suggests that the intra-amygdalar
infusion of ethanol does not affect reactivated fear
memories and other brain regions or some metabolic
product of ethanol may be involved in the memory
facilitation by ethanol.

Anisomycin Disrupted Memory Reconsolidation

Considering that ethanol has an effect only when memory is
reactivated for short term, it is possible that ethanol affects
memory reconsolidation. To confirm this idea, we examined
whether 2-min reactivation induces reconsolidation or not.
Rats were re-exposed to the conditioning chamber for 2 min
and immediately afterwards bilaterally infused with aniso-
mycin or PBS into the ventricles through the implanted
cannulae (Figure 5a). A repeated-measure ANOVA compar-
ing drug treatment (anisomycin vs PBS) and session
(reactivation vs test) revealed significant interaction
(F(1, 18)¼ 9.47; po0.01) (Figure 5b). Post hoc analysis
revealed that in the reactivation session, two groups
exhibited comparable freezing scores (p40.05); however,
in the context test, anisomycin-treated rats demonstrated
significantly shorter freezing than PBS-treated rats
(po0.05). Rats infused with anisomycin without reactiva-
tion were not affected (F(1, 14)¼ 0.74; p40.05) (Figure 5b).
Memory reconsolidation is shown to depend on protein
synthesis (Nader et al, 2000). Taken together, these
data suggest that the 2-min reactivation process in our
experiment initiated reconsolidation, whereas anisomycin
blocked it.

Figure 3 Ethanol following longer reactivation or context exposure did
not induce memory enhancement. The effect of ethanol lasted for 2 weeks.
(a) The behavioral procedure used for experiment 3 (Sal, n¼ 13; EtOH,
n¼ 13). (b) There was no difference between the two groups. (c) The
behavioral procedure used for experiment 4 (Sal, n¼ 6; EtOH, n¼ 6). Rats
were not conditioned with footshock. (d) The injection of ethanol itself did
not induce a fearful response. (e) The behavioral procedure used for
experiment 5 (Sal, n¼ 13; EtOH, n¼ 13). (f) The ethanol effect was
observed at 72-h and 2-week points. Data represent freezing time for
context test; *po0.05 vs saline.

Figure 4 Intra-amygdalar microinjections of ethanol had no effect on
reactivated fear memory. (a) The behavioral procedure used for
experiment 6 (PBS, n¼ 6; EtOH 0.5 mg, n¼ 8; EtOH 5mg, n¼ 6). (b)
Microinjections of ethanol into the amygdala following reactivation did not
affect freezing behavior in the context test.
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Picrotoxin Inhibited Memory Enhancement Induced by
Ethanol

What mechanisms are involved with memory facilitation
induced by ethanol? Acute ethanol administration potenti-
ates GABA-mediated inhibition both in vitro and in vivo,
and many of the behavioral effects of ethanol are purported
to be due, at least in part, to interactions with GABAA

receptors (Grant and Lovinger, 1995; Crews et al, 1996). To
test whether GABAA receptor-mediated mechanisms are
involved in the ethanol-induced memory facilitation, we
examined the effect of picrotoxin, a GABAA receptor
antagonist, on memory facilitation by ethanol. Rats were
injected with picrotoxin or saline 24 h after conditioning,
and then 20 min later returned to the conditioning chamber
for 2 min and then injected with ethanol or saline.
Picrotoxin-treated rats demonstrated longer freezing levels
at reactivation than saline-treated rats (Figure 6b), probably
due to the decrease of spontaneous movements. In the
contextual test, 48 h after reactivation, two-way ANOVA
comparing pre-reactivation treatment (picrotoxin vs saline)
and post-reactivation treatment (ethanol vs saline) revealed
significant interaction (F(1, 44)¼ 5.95; po0.05) (Figure 6b).
Post hoc analysis revealed that picrotoxin treatment blocked
memory enhancement induced by ethanol (po0.05).
However, it is not clear whether picrotoxin-treated rats
were able to recall fear memory during the reactivation
session. To answer this question, additional rats were
divided into two groups. The first group was conditioned
with a footshock and the second group was exposed only to

the chamber. Twenty-four hours later, both groups received
picrotoxin and then 20 min later were re-exposed to the
chamber for 10 min (Figure 6c). The conditioned group
exhibited significantly longer freezing (F(1, 6)¼ 32.57;
po0.01) (Figure 6d). Therefore, freezing following picrotoxin

Figure 5 Intracerebroventricular microinjection of anisomycin impaired
memory reconsolidation in our experiments. (a) The behavioral procedure
used for experiment 7 (PBS, n¼ 9; ANI (anisomycin), n¼ 8; React. + PBS,
n¼ 11; React. +ANI, n¼ 9). (b) Microinjection of anisomycin into
ventricles following 2-min reactivation impaired long-term fear memory.
Anisomycin infusion, without reactivation, had no effect; *po0.05 React. +
ANI vs React. + PBS.

Figure 6 Picrotoxin inhibited memory enhancement induced by ethanol
following reactivation. (a) The behavioral procedure used for experiment 8
(Sal + Sal, n¼ 12; Sal + EtOH, n¼ 12; PTX (Picrotoxin) + Sal, n¼ 12; PTX
+ EtOH, n¼ 12). Rats conditioned with weak footshock were adminis-
tered saline or picrotoxin 20min before re-exposure to the conditioning
chamber for 2min, and injected with saline or ethanol immediately after
reactivation. (b) Picrotoxin blocked memory enhancement induced by
ethanol; *po0.05 Sal + Sal vs Sal + EtOH; #po0.05 Sal + EtOH vs PTX+
EtOH. (c) The behavioral procedure used for experiment 9 (no
conditioning (NC), n¼ 4; conditioning (C), n¼ 4). (d) Freezing following
picrotoxin administration was dependent on fear memory; **po0.01 vs no
conditioning. Data represent the freezing time for the context test.
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during the reactivation session was dependent on con-
ditioning and picrotoxin-treated rats were able to recall fear
memory. The results suggest that the blocking effect of
picrotoxin on ethanol is not due to a loss of retrieval.

Effects of Post-Conditioning Injection with Ethanol

To examine the effect of ethanol on the consolidation
process of contextual fear memory, we administered ethanol
immediately after conditioning and assessed memory 48 h
later. We found that rats injected with ethanol after weak
conditioning (0.6 mA, 1 s) showed significantly longer
freezing (F(1, 34)¼ 4.59; po0.05) (Figure 7b). However,
there was no difference in the freezing response between the
groups in strong conditioning (1 mA, 2 s) (F(1, 10)¼ 0.05;
p40.05) (Figure 7c). Since stronger conditioning (two
footshocks (2 mA, 2 s)) elicits longer freezing time than the
1-mA 2-s footshock followed by ethanol administration
(F(1, 10)¼ 20.8; po0.01), the insensitivity of ethanol in
1-mA 2-s footshock is not due to a ceiling effect.

DISCUSSION

We have demonstrated, for the first time, that ethanol
enhances reactivated contextual fear memory. Rats receiv-
ing ethanol after reactivation, demonstrated longer freezing
levels during the contextual test. Injection of ethanol
without reactivation 24 h after conditioning had no effect
and the administration of ethanol to non-conditioned rats
after contextual exposure had no effect. This suggests that
facilitation of freezing is not due to decreased locomotor
activity or aversion induced by ethanol, and requires that
memory is retrieved. This ethanol effect is not temporal but
lasts for 2 weeks, suggesting that ethanol affects fear
memory. Two-minute re-exposure did not induce memory
extinction within reactivation session and among reactiva-
tion and test sessions. Rats receiving ethanol with reactiva-
tion exhibited longer freezing than those given ethanol

without reactivation, suggesting that ethanol does not
inhibit the memory decline (eg, extinction), but facilitates
the fear memory. This ethanol effect depends on the
strength of conditioned memory (see below). Taken
together, we can say that ethanol affects the retrieval-
induced process and enhances reactivated contextual fear
memory.

What memory process does ethanol affect for memory
enhancement? We explored the possibility that ethanol
affects reconsolidation process. Memory retrieval triggers
memory reconsolidation and extinction. The duration of
reactivation helps to determine which of these processes is
dominant (Suzuki et al, 2004). They showed that shorter
reactivation induces reconsolidation and longer reactivation
induces extinction. In this research, we confirmed that
30-min retrieval incited persistent extinction. To examine
the ethanol effect on longer reactivation, we administered
ethanol after 30 min of reactivation. The freezing levels of
the ethanol-treated group were not different from those of
the saline-treated group during the contextual test. These
results suggest that the effect of ethanol is specific for short-
term reactivation.

Then we investigated whether 2-min re-exposure trig-
gered memory reconsolidation under our conditions. Many
research studies reported that inhibition of protein synth-
esis before or immediately after memory retrieval disrupts
the subsequent expression of memory, suggesting that
reconsolidation depends on protein synthesis (Nader et al,
2000). However, contradictory results are reported in which
memory stability does not require protein synthesis after
retrieval in some cases (Lattal and Abel, 2001; Cammarota
et al, 2004; Biedenkapp and Rudy, 2004). To clarify the
effect of ethanol on the reconsolidation process, we checked
whether our experimental conditions triggered reconsolida-
tion. Instead of ethanol, we administered anisomycin, a de
novo protein synthesis inhibitor, after 2 min of reactivation.
The anisomycin-treated rats exhibited significantly shorter
freezing during the contextual test. The decrease of freezing
requires reactivation. These results suggest that 2-min
reactivation changed consolidated memory into a labile
state and then induced the reconsolidation process, which
required de novo protein synthesis. Since the effect of
ethanol is limited to shorter reactivation, which induces
reconsolidation process, we consider that ethanol enhances
fear memory through memory reconsolidation. The fact
that reconsolidation can be potentiated is consistent with
recent reports (Frenkel et al, 2005; Tronson et al, 2006).

There is a possibility that ethanol blocks memory
extinction. However, we do not consider that extinction is
involved in this ethanol effect because 2-min reactivation
induces no or little extinction and because ethanol does not
inhibit the memory decline but facilitates the fear memory.
There is an alternative possibility that ethanol enhances
spontaneous recovery from extinguished memory levels.
However, we rule out it because 2-min re-exposure induces
no or little extinction within reactivation session and among
reactivation and test sessions.

What mechanisms are involved in the effect of the post-
retrieval administration of ethanol? Ethanol is known to
have diverse pharmacological actions. Ethanol’s amnesic
effect is attributed mainly to the inhibition of NMDA
receptors and potentiation of GABAA receptor-mediated

Figure 7 Memory enhancement by ethanol administration following
weak conditioning. (a) The behavioral procedure used for experiment 10.
Rats were conditioned with footshock (b, 0.6mA, 1 s; Sal, n¼ 18; EtOH,
n¼ 18; c, 1mA, 2 s; Sal, n¼ 6; EtOH, n¼ 6). (b, c) Rats conditioned with
weak, but not strong, footshock were sensitive to ethanol; *po0.05 vs
saline. All data points represent freezing time for context test.
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inhibitory mechanisms (White et al, 2000). Several studies
reported that NMDA receptor antagonists (MK-801, CPP)
inhibited memory reconsolidation (Przybyslawski and Sara,
1997; Suzuki et al, 2004). It is unlikely that inhibiting
NMDA receptors causes the enhancement of reconsolida-
tion. By contrast, little is known about the involvement of
GABAA receptors in reconsolidation. We investigated the
involvement by using picrotoxin, a GABAA receptor
antagonist. Figure 6 shows that picrotoxin blocks memory
enhancement induced by post-retrieval administration of
ethanol. It is possible that picrotoxin blocks memory
retrieval itself. To clarify, we tested whether picrotoxin
itself blocked memory retrieval or not. We found that
freezing following picrotoxin was dependent on fear
memory, suggesting that picrotoxin-treated rats can recall
fear memory. These results suggest that the effect of ethanol
is mediated by GABAA receptors. Ethanol causes diverse
pharmacological actions through GABAA receptors. For
example, it triggers a reward effect (Weiss and Porrino,
2002), an anxiolytic effect (Lister, 1987; Durcan and Lister,
1988) and the inhibition of the processing of other
information. It is possible that these effects enhance
reactivated memories. Moreover, there is an alternative
possibility that transforming a memory from fixed to a
labile state depends on GABAA receptors and ethanol’s
effect may need this transformation. Ben Mamou et al
(2006) have dissociated memory retrieval from memory
reactivation. Picrotoxin treatment may inhibit not retrieval
but reactivation.

What brain regions are involved in the effect of the post-
retrieval administration of ethanol? Amygdala is an
important component of the system involved in the control
of fear memory (LeDoux, 2000). We hypothesize that
amygdala is the region of action of ethanol. However,
intra-amygdalar injection of ethanol does not affect
reactivated fear memories. This result leads to two
possibilities. First, ethanol affects other brain regions (eg,
hippocampus). Hippocampus also plays an important role
in acquision, consolidation, and reconsolidation of con-
textual fear memory (LeDoux, 2000; Debiec et al, 2002).
There is a report that ethanol affects hippocampus
preferentially in contextual fear conditioning (Melia et al,
1996). Note, however, that there are some differences
between the work of Melia et al (1996) and our research.
They reported the memory-disrupting effect of ethanol on
new memories, but we report the memory-facilitating effect
of ethanol on reactivated memories. Second, some metabo-
lites of ethanol (eg, acetaldehyde) are involved in the
memory enhancement. Acetaldehyde, the first metabolite in
the metabolism of ethanol, is partly responsible for
inhibitory effects induced by ethanol (Abe et al, 1999).

Recently, several studies focused on similar or distinct
points between memory consolidation and reconsolidation
(Alberini, 2005). In this report, we have proposed that
ethanol enhances reconsolidation in contextual fear mem-
ory. However, the effect on consolidation in contextual fear
memory has not been reported. To investigate this effect, we
administered ethanol immediately after conditioning. The
ethanol-treated rats demonstrated longer freezing during
the contextual test. Since administrations 24 h after
conditioning have no effect, ethanol does not affect the
maintenance process. As indicated above, injection of

ethanol itself does not induce fearful response. Taken
together, this suggests that ethanol enhances the consolida-
tion process in contextual fear memory. We have shown
that the ethanol effect on reactivated memory is similar to
the effect on new memories. These results are consistent
with the notion that consolidation and reconsolidation
have, at least in part, common molecules and mechanisms
(Alberini, 2005).

Many research studies reported the effect of post-training
treatment with ethanol. In 1979, Alkana and Parker (1979)
showed that the immediate post-training injection of
ethanol enhances retention in a one-trial passive avoidance
task in mice. Since then, several studies reported the effect
on humans. They revealed that post-training administration
of ethanol improved verbal recall (Parker et al, 1980;
Lamberty et al, 1990; Tyson and Schirmuly, 1994), visual
recognition (Parker et al, 1981), verbal recognition (Bruce
and Pihl, 1997), and kinesthetic memory (Hewitt et al,
1996). In animals, post-training ethanol treatment improves
performance in a water-finding task in rats (Melia et al,
1986) and social memory in rats (Prediger and Takahashi,
2003). However, some reports showed conflicting results.
Aversano et al (2002) demonstrated that post-training
administration of ethanol impaired memory consolidation
in a one-trial inhibitory avoidance task. Prado de Carvalho
et al (1978) showed that a near-lethal dose of ethanol did
not affect memory consolidation of shuttle avoidance task
and inhibitory avoidance task.

We have demonstrated that post-conditioning adminis-
tration of ethanol facilitates contextual fear memory and
that this effect depends on the strength of conditioned
memory. Post-training administration of some amnesic
drugs (AP-5 or benzodiazepines) was shown to improve
memory, depending on memory strength (LaLumiere et al,
2004; Voigt et al, 1996). To examine whether the effect of
ethanol depends on memory strength, we used two levels of
footshock. Ethanol enhanced fear memory when adminis-
tered immediately after mild footshock applied during
conditioning. In contrast, ethanol was ineffective after
strong footshock. These results suggest that memory
strength has a decisive influence on the effect of post-
training ethanol administration.

Memory facilitation induced by ethanol administered
during post-reactivation depends on memory strength as
well as the post-conditioning effects. When rats were
conditioned with mild footshock, ethanol enhanced their
reactivated fear memories. The reactivated memories
elicited by strong footshock are insensitive to ethanol.
Ethanol may not affect strong reactivated memory; similarly
post-conditioning ethanol administration does not influ-
ence strong conditioned memory. However, recent findings
suggested that stronger memory is more resistant to
amnesic agents after retrieval, and that longer re-exposure
time is required to transform stronger memory from a
stable state to a labile state (Suzuki et al, 2004). In the
stronger conditioning experiment, 2 min of reactivation
may not elicit the memory reconsolidation, despite the
effect of ethanol.

It is known that especially after we experience stress, our
alcohol intake increases (Pohorecky, 1981). In animal
studies, unpredictable exposure to stressful stimuli induces
ethanol consumptive behavior in rats (Nash and Maickel,
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1985) and conditioned fear stress induces ethanol-asso-
ciated place preference (Matsuzawa et al, 1998). Consider-
ing that alcohol has reward (Weiss and Porrino, 2002) and
anxiolytic effects (Lister, 1987; Durcan and Lister, 1988), we
can say that alcohol ingestion is a way to escape from
aversive memories. In this paper, we examined the influence
of ethanol on reactivated fear memory. We demonstrated
that post-reactivation ethanol administration did not
diminish but actually intensified the original memory.
Taking account of the relationship between stress and
ethanol ingestion, fear memory facilitation induced by
ethanol may cause a stronger preference for ethanol.
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