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Ethanol has complex effects on memory performance, although hippocampus-dependent memory may
be especially vulnerable to disruption by acute ethanol intoxication occurring during or shortly after a
training episode. In the present experiments, the effects of post-training ethanol on delay and trace fear
conditioning were examined in adolescent rats. In Experiment 1, 30-day-old Sprague–Dawley rats were
given delay or trace conditioning trials in which a 10 s flashing light CS was paired with a 0.5 mA shock
US. For trace groups, the trace interval was 10 s. On days 31–33, animals were administered ethanol once
daily (0.0 or 2.5 g/kg via intragastric intubation), and on day 34 animals were tested for CS-elicited freez-
ing. Results showed that post-training ethanol affected the expression of trace, but had no effect on delay
conditioned fear. Experiment 2 revealed that this effect was dose-dependent; doses lower than 2.5 g/kg
were without effect. Experiment 3 evaluated whether proximity of ethanol to the time of training or test-
ing was critical. Results show that ethanol administration beginning 24 h after training was more detri-
mental to trace conditioned freezing than administration that was delayed by 48 h. Finally, in Experiment
4 animals were trained with one of three different trace intervals: 1, 3 or 10 s. Results indicate that post-
training administration of 2.5 g/kg ethanol disrupted trace conditioned fear in subjects trained with a
10 s, but not with a 1 or 3 s, trace interval. Collectively the results suggest that ethanol administration
impairs post-acquisition memory processing of hippocampus-dependent trace fear conditioning.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

It has long been recognized that ethanol can have profound
effects on learning and memory (Ryback, 1971). The effects of eth-
anol however, depend on several factors, including when ethanol is
administered relative to training, the dose, and the type of task
used. Research with human participants, for example, has sug-
gested that moderate doses of ethanol given just prior to acquisi-
tion impair selective aspects of memory retrieval. Retrieval of
declarative memory is generally impaired (Duka, Weissenborn, &
Dienes, 2001; Lister, Gorenstein, & Risher-Flowers, 1991). In con-
trast, measures of implicit memory seem more impervious to acute
ethanol and are generally immune to ethanol-induced amnesia.

In other species too, acute intoxication can interfere with some,
but not all, types of learning and memory. Recent reviews of this
extensive literature are now available to suggest that ethanol
may have particularly detrimental effects on hippocampus-depen-
dent forms of memory (Ryabinin, 1998; White, Matthews, & Best,
2000; White & Swartzwelder, 2004). For example, acute pre-
training ethanol administration to rodents dose-dependently
compromises trace fear conditioning (Weitemier & Ryabinin,
ll rights reserved.
2003), contextual fear conditioning (Gould, 2003; Melia, Ryabinin,
Corodimas, Wilson, & LeDoux, 1996) and spatial navigation
(Acheson, Ross, & Swartzwelder, 2001; Markwiese, Acheson, Levin,
Wilson, & Swartzwelder, 1998), all considered to be hippocampal-
ly-mediated tasks. In contrast, performance on non-hippocampal
tasks is less severely affected (Gulick & Gould, 2007; Melia et al.,
1996; Weitemier & Ryabinin, 2003), although very high doses
can produce generalized disruptions in performance (e.g.
McKinzie, Lee, Bronfen, Spear, & Spear, 1994; Ryback, 1971;
Weitemier & Ryabinin, 2003).

In addition to reports of pre-training administration, post-train-
ing ethanol also can have effects on later memory performance.
Ethanol administered shortly after training to human participants
often results in enhancement of memory (Bruce & Pihl, 1997;
Hewitt, Holder, & Laird, 1996; Lamberty, Beckwith, & Petros, 1990;
Parker et al., 1980). Possible reasons for improved retention that
have been postulated include a direct facilitative effect on memory
consolidation processes (Parker et al., 1980) or a reduction in ret-
roactive interference from events experienced after the target epi-
sode (Mueller, Lisman, & Spear, 1983). Research examining the
effects of post-training ethanol administration in rodents has
yielded conflicting results. Some reports indicate that post-training
administration of ethanol dose-dependently decreases avoidance
performance in mice (Aversano et al., 2002; Castellano & Pavone,
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1988) while others indicate that even very high doses of ethanol
(4.5 g/kg) administered immediately after training improve reten-
tion (Alkana & Parker, 1979; Colbern, Sharek, & Zimmermann,
1986). Still other research has reported no effects of post-training
ethanol on retention of two types of avoidance tasks in rats (Prado
de Carvalho, Vendite, & Izquierdo, 1978). Gulick and Gould (2007)
have shown that immediate post-training injection of moderate
ethanol doses to mice has little effect on context and cued fear con-
ditioning. Land and Spear (2004a, 2004b) have reported impair-
ments in odor discrimination and Pavlovian fear conditioning in
rats administered ethanol shortly after training, but these effects
were dependent upon the age of the animals. Thus, the effects of
post-training ethanol in a variety of tasks are quite complex.

Ethanol’s amnesic effects, when they occur, have been linked to
its suppressive actions within the hippocampus, which may be
why hippocampal memory is generally more affected by acute eth-
anol intoxication than is non-hippocampal memory. Ethanol is
known to suppress the spontaneous firing rate of hippocampal
pyramidal neurons, diminish experience-dependent c-fos expres-
sion in hippocampal neurons, and inhibit the induction of hippo-
campal long-term potentiation (LTP) (Givens & McMahon, 1995;
for review see Ryabinin, 1998; White et al., 2000). The question
posed in the present research was whether hippocampus-depen-
dent memory would be especially vulnerable to amnesia induced
by ethanol administered after training. Here, delay and trace fear
conditioning procedures were used to further understand ethanol’s
relative selectivity for hippocampus-dependent memory pro-
cesses. In delay conditioning procedures the unconditioned stimu-
lus (US) is presented at the termination of a conditioned stimulus
(CS), such as a light or tone. The amygdala is the brain structure
most often associated with delay fear conditioning (LeDoux,
2000). For trace conditioning, a temporal gap (trace interval) sepa-
rates the offset of the CS from the onset of the US. Trace fear con-
ditioning requires hippocampal circuits in addition to the
amygdala (McEchron, Tseng, & Disterhoft, 2003; Quinn, Oommen,
Morrison, & Fanselow, 2002). If hippocampus-dependent learning
is especially sensitive to ethanol-induced amnesia then adminis-
tration of this drug will produce relatively selective effects on later
trace conditioned responding, while sparing delay conditioned
responding.

In contrast to previous studies that implemented a single
administration of ethanol shortly after a learning episode, which
often results in no noticeable impairment in later test performance,
a repeated drug administration regimen was employed here. A pre-
vious report from our lab (Yttri, Burk, & Hunt, 2004) revealed that a
series of ethanol exposures (every other day for one week) prior to
training resulted in substantial impairments in trace fear condi-
tioning in adolescent subjects that were trained one week after
the final ethanol administration. In the present experiments a var-
iation of this procedure was used to assess whether ethanol-in-
duced amnesia would result for trace, but not delay, fear
conditioning when drug exposure occurred for several days after
training.

A growing body of evidence indicates that performance on hippo-
campus-dependent tasks can be compromised by manipulations
occurring after a learning episode. Kim, Clark, and Thompson
(1995), for example, showed that lesions of the hippocampus made
24 h after trace eyeblink conditioning in rabbits resulted in impair-
ments in eyeblink responding when subjects were later tested. The
lesions did not affect delay conditioned responding. Kim and
Fanselow (1992) reported that contextual fear conditioning was also
impaired by hippocampal lesions made 1 day after training. These
and other findings (e.g. Quinn et al., 2002; Takehara, Kawahara, &
Kirino, 2003) lend support to the hypothesis that post-training
memory processing that relies on the hippocampus may be mallea-
ble for some extended time (Knowlton & Fanselow, 1998).
The subjects in these experiments were adolescent rats. There
were two principle reasons for using animals of this age. First, fol-
lowing training using procedures similar to those employed here,
equivalent levels of freezing to the CS are evident following delay
or trace conditioning trials (Barnet & Hunt, 2005; Yttri et al.,
2004). One difficulty often inherent in studies that directly com-
pare the effects of a manipulation on trace and delay conditioning
is that trace conditioning often results in weaker responding than
delay conditioning (Moye & Rudy, 1987). If this were the case, out-
comes could be interpreted as reflecting an effect of the manipula-
tion on weaker learning, as opposed to a specific effect on
hippocampus-dependent memory processes per se (e.g. Beylin
et al., 2001). The second reason for a focus on this particular age
group is that adolescent may be particularly vulnerable to etha-
nol-induced impairments in memory (e.g. Land & Spear, 2004a;
Markwiese et al., 1998; Spear, 2002; but see Land & Spear,
2004b; Rajendran & Spear, 2004), and this may in part relate to
developmental changes in ethanol’s disruption of hippocampal
activity. Swartzwelder and colleagues, for example, have shown
that hippocampal slices from juvenile and adolescent rats showed
greater sensitivity to ethanol inhibition of NMDA-mediated synap-
tic plasticity and induction of LTP than slices obtained from adults
(Pyapali, Turner, Wilson, & Swartzwelder, 1999; Swartzwelder,
Wilson, & Tayyeb, 1995). Thus, the adolescent brain may be espe-
cially susceptible to ethanol-induced disruption of hippocampal
memory processes. Further, given the increasing prevalence of
drinking, and in particular binge drinking, among adolescents
(e.g. Johnston, O’Malley, Bachman, & Schulenberg, 2007; Wechsler,
Davenport, Dowdall, Moeykens, & Castillo, 1994), and studies sug-
gesting that early exposure to ethanol may have life-long conse-
quences for alcohol abuse and dependence (Grant, 1998), there is
currently great interest in evaluating the consequences of ethanol
ingestion in this age group, and animal models of adolescent etha-
nol exposure are of utmost importance (Smith, 2003; Spear, 2000,
2002; Witt, 1994).

2. Experiment 1

The purpose of Experiment 1 was to examine the effects of
post-training ethanol administration on the later expression of
conditioned fear in adolescent rats. Animals were trained with
either delay or trace CS–US pairings. Subjects were then adminis-
tered ethanol (or water) intragastrically for three consecutive days
beginning 24 h after training. Subjects were tested for CS-elicited
freezing 24 h after the final ethanol administration. Thus, both
training and testing occurred in a drug-free state. The prediction
was that trace conditioned responding would be compromised in
ethanol-exposed animals, but that delay conditioned responding
would be less affected.

2.2. Method

2.2.1. Subjects
Forty-eight 30-day-old Sprague–Dawley-derived rats repre-

senting 6 litters were randomly assigned to one of four groups,
designated according to training condition (delay or trace) and
post-training ethanol dose (0.0 or 2.5 g/kg). Two animals per litter
(one male and one female) were assigned to each group. The sub-
jects were born and reared in the Psychology Department vivarium
at the College of William and Mary. Males and females used for
breeders were obtained from Charles River Laboratories (Wilmington,
MA) and were housed in pairs in 50.8 � 40.6 � 21.6 cm
polycarbonate cages with wire lids and pine chip bedding. Food
(LabDiet Formula 5008) and water were available ad libitum. Cages
were checked daily for pups and the day of birth was designated as
postnatal day (PD) 0. Litters were culled to 8–10 pups on PD 2.
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Fig. 1. Mean (±SEM) change in freezing (% CS freezing � % pre-CS freezing)
observed during the test session on postnatal day (PD) 34 from Experiment 1.
Animals were trained with delay or trace conditioning procedures on PD 30. On PD
31–33, half of the subjects were given a single daily dose of 2.5 g/kg i.g. ethanol and
the other half was given water (0.0 g/kg). Post-training ethanol disrupted trace
conditioned responding, but had no effect on delay.
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Pups were weaned on PD 21 and maintained in a cage with siblings
throughout the experiment. The vivarium was maintained on a
14:10 h light:dark cycle with light onset at 0600 h, and all training
and testing procedures occurred during the light portion of the cy-
cle. Procedures were approved by the Institutional Animal Care and
Use Committee at the College of William and Mary and conformed
to the guidelines established by the National Institutes of Health
(1996).

2.2.2. Apparatus
Delay and trace conditioning trials occurred in two identical

modified Skinner boxes, each measuring 38.0 � 26.0 � 22.0 cm.
The two shorter walls were made of aluminum and the two longer
walls and top were made of Plexiglas. The floor was constructed of
5-mm stainless-steel bars spaced 1.5 cm apart (center-to-center).
The grid floor was connected to a custom made constant current
shock generator that delivered the 0.5 mA 1 s shock US. Each
chamber was located in a custom-built sound-attenuating shell
measuring 67.0 � 71.5 � 71.0 cm. A 4-W red bulb was mounted
on an inner wall of the sound-attenuating shell to provide constant
low-level illumination. The visual CS was produced by a 25-W
white bulb, the center of which was located 12 cm above the floor
and 8.5 cm from the rear of the training chamber. The CS flashed at
a rate of 2/s. All stimulus presentations were controlled by a PC
that interfaced Coulbourn Instruments (Allentown, PA) software
and hardware.

Testing occurred in one of two novel contexts that were similar
except for the dimensions of the sound-attenuating shells. For
both, a 29.0 � 21.5 � 46.5 cm clear Plexiglas chamber with an open
top and bottom rested on a Plexiglas floor covered with brown pa-
per. The lower 11 cm of the chambers were constructed of horizon-
tally-mounted stainless-steel rods, 5 mm diameter and spaced
1.5 cm apart (center-to-center). The Plexiglas chamber was housed
in a sound-attenuating shell (IAC; Industrial Acoustics, New York,
NY) with inner walls that were painted black. A 7-W white light
was mounted on an inner wall of each IAC to provide constant
low-level illumination. Behavior during the test session was video-
taped using Sony video cameras (Model CCD-TRV67).

2.2.3. Procedure
Animals were placed into the conditioning chamber for an ini-

tial 5 min period of adaptation. This was followed by five CS-US
pairings. For delay conditioning, subjects were exposed to presen-
tations of the 10 s light CS that terminated with the onset of the
shock US. For the trace conditioning groups, a 10 s trace interval
separated CS offset from US onset. Inter-trial intervals ranged from
200 to 300 s, and the CS-to-CS interval was equated across groups.
Animals were removed from the chamber 90 s after the final shock
and returned to the home cage. The single training session lasted
30 min.

On PD 31–33 animals were removed from the home cage,
weighed, and administered one of two doses of ethanol via intra-
gastric (i.g.) intubation: 0.0 or 2.5 g/kg. The 2.5 g/kg dose was se-
lected on the basis of previous research (Acheson et al., 2001;
Yttri et al., 2004). The ethanol solution was 20% v/v, made from
95% ethanol (Sigma Chemicals, St. Louis, MO) dissolved in tap
water. All animals were intubated with a volume of .0158 ml/g
body weight. Intubations were achieved using 15-cm lengths of
polyethylene tubing (PE-50; Intramedic) attached to 5-ml dispos-
able syringes. Ethanol or water was administered on each of the
three days, at about the same time of day (between 1100 and
1300 h). Immediately after i.g. administration, animals were re-
turned to the home cage.

Testing occurred approximately 24 h after the final ethanol
administration, on PD 34. Animals were placed into a novel test
chamber and given 5 min of adaptation. Subjects were then pre-
sented with three nonreinforced 10 s light CSs separated by 90–
120 s intervals. The test sessions were videotaped and tapes were
later scored by an observer blind to subject group, using a time-
sampling procedure. For 10 s prior to each stimulus and during
the 10 s of the CS the subject was briefly observed once every 2 s
for the presence/absence of freezing. Freezing was defined as the
absence of observable movements except those necessary for res-
piration (Fanselow, 1980).

2.3. Statistical analyses

The freezing data were first converted into a percentage of
intervals scored as freezing (ranging from 0% to 100%) during the
pre-CS and CS periods. The data were then converted to a Change
score (%CS freezing � %pre-CS freezing). Change scores were used
to give a relatively ‘‘pure” measure of CS-elicited freezing because
nonspecific (background) freezing was removed (Barnet & Hunt,
2006; Hunt, Hess, & Campbell, 1997; Thompson & Rosen, 2000;
see Walker & Davis, 2002 for discussion on the utility of % Change
scores as indices of learning). To assess whether there were group
differences in levels of pre-CS freezing the data recorded during the
10 s prior to CS presentation on all three trials were averaged and
analyzed using between-groups Analyses of Variance (ANOVA).
The Change scores were analyzed similarly in each experiment. It
should be noted that pre-CS freezing was generally low and did
not differ between groups in any of the experiments. Thus, the
Change scores were not erroneously influenced by group differ-
ences in baseline responding.

2.4. Results and discussion

One subject assigned to the 0.0 g/kg-delay group died from an
improper intubation. The data from the remaining 47 subjects
were analyzed (ns = 11–12/group). Subjects administered ethanol
i.g. on the three consecutive days following training exhibited less
CS-elicited freezing than animals administered water, but this was
only true for subjects that had been given trace CS–US pairings.
Post-training ethanol had no effect on delay conditioned respond-
ing. These results are depicted in Fig. 1 and were confirmed statis-
tically. First, a 2 (ethanol dose) � 2 (conditioning treatment)
ANOVA was conducted on the average pre-CS freezing data and
yielded no significant effects. All groups showed equivalent and
relatively low levels of freezing in the novel test context
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Fig. 2. Mean (±SEM) change in freezing (%CS freezing � %pre-CS freezing) observed
in Experiment 2. Subjects were given trace conditioning trials on PD 30, and
administered ethanol (range 0.0–2.5 g/kg i.g.) once daily for three consecutive days.
Post-training ethanol disrupted the subsequent expression of trace conditioned
freezing, but only at a relatively high (2.5 g/kg) dose. Lower doses did not
significantly disrupt conditioned freezing. *indicates group differs significantly
from 0.0 g/kg.
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(M = 14.5 ± 4.6%). The 2 � 2 ANOVA conducted on the Change
scores yielded a significant main effect of conditioning treatment
[F (1,43) = 5.91, p < .05] and an ethanol dose � conditioning treat-
ment interaction [F (1,43) = 5.75, p < .05]. To further explore the
interaction, post hoc comparisons were made using Newman–
Keuls tests (p < .05). Subjects administered the water vehicle
(0.0 g/kg) following either delay or trace conditioning exhibited
freezing to the CS, the magnitude of which was equivalent. A
different pattern was observed in subjects administered 2.5 g/kg
ethanol; while delay conditioned responding was unaffected by
post-training ethanol administration, trace conditioned responding
was substantially reduced. Indeed, the freezing scores obtained
from the latter group (trace 2.5 g/kg) are comparable to those seen
in animals that have been given explicitly unpaired presentations
of the CS and US (Barnet & Hunt, 2005). It thus appears that ethanol
selectively disrupted the expression of conditioned freezing when
administered after training in the hippocampus-dependent trace
fear conditioning procedure.

3. Experiment 2

Experiment 2 was conducted to assess the consequences of
more modest doses of ethanol on trace conditioned responding.
Alcohol’s effects on memory are typically dose-dependent
(Acheson et al., 2001; Castellano & Pavone, 1988; Land & Spear,
2004a, 2004b; Markwiese et al., 1998). In general, moderate to
high doses of ethanol ingested prior to or shortly after a training
session can impair learning, especially in hippocampal tasks, while
low doses in some cases can enhance later responding (Acheson
et al., 2001; Gulick & Gould, 2007; Hernandez, Valentine, & Powell,
1986).

3.1. Method

3.1.1. Subjects
The subjects in this experiment were 60 30-day-old Sprague–

Dawley rats representing 6 litters. Animals were reared as de-
scribed in Experiment 1. One male and one female from each litter
were assigned to each of the five dose groups.

3.1.2. Procedure
The procedures for trace conditioning and testing were the

same as those described in Experiment 1. Trace conditioning oc-
curred on PD 30. Animals were subsequently given 0.0, 0.5, 1.0,
1.5 or 2.5 g/kg ethanol i.g. once daily on PD 31–33. The ethanol
solution was 20% v/v, and the doses were achieved through dif-
ferent volumes of the solution to the groups. The volume of the
tap water vehicle given to the 0.0 g/kg group was equal to that
of the highest (2.5 g/kg) dose of ethanol. All animals were tested
for CS-elicited freezing 24 h following the final ethanol dose, on
PD 34.

3.2. Results and discussion

Four animals died during the intubation procedure, yielding a
total of 56 subjects that were tested (ns = 11–12/group). The data
are depicted in Fig. 2. The one-way ANOVA conducted on the
pre-CS freezing data obtained from the five dose groups revealed
no significant effects. All groups exhibited low levels of pre-CS
freezing during the test (M = 9.2 ± 3.0%). The one-way ANOVA con-
ducted on the Change scores yielded a significant main effect of
ethanol dose, F (4,51) = 2.71, p < .05. Newman–Keuls post hoc tests
revealed that only the group that was administered 2.5 g/kg etha-
nol exhibited significantly less freezing at test than the group
administered water (0.0 g/kg). Lower doses of ethanol had little ef-
fect on subsequent conditioned freezing.
4. Experiment 3

The previous experiments revealed that ethanol administered
once daily during the interval between training and testing can im-
pair the later expression of trace conditioned fear. What remains to
be determined, however, is whether ethanol administration is
most detrimental to test performance if given closer to the time
of training or to the time of test. In the previous experiments eth-
anol treatment began 24 h following training and ended 24 h prior
to the test and therefore did not allow analysis of the temporal
dynamics of ethanol’s effects on trace fear conditioning. The ques-
tion addressed in this experiment was whether ethanol results in
amnesia by impairing post-acquisition processing of information
that occurs shortly after the learning episode. It could also be that
ethanol interferes with later stages of memory processing or that
lingering effects of ethanol (‘‘hangover”) on the day of test may
have influenced trace conditioned responding (e.g. Spiers & Fusco,
1992). The design of the present experiment afforded examination
of these possibilities.

In this experiment, all animals were trained on PD 30 and
were tested on PD 35. Two groups of rats (E31–33 and
E32–34) were given three daily doses of 2.5 g/kg ethanol i.g.
Group E31–33 was given ethanol on postnatal days 31 through
33, identical to the treatment used in the previous experiments.
For this group, ethanol was proximal to the time of training
and the final dose was given 48 h prior to test. Group E32–34
was also given ethanol once daily for three consecutive days.
However, for this group the first ethanol administration did not
occur until 48 h after training and the final ethanol dose was gi-
ven the day before test. If ethanol is detrimental to the expression
of trace conditioning by impacting early consolidation process
(Parker et al., 1980) or reducing retroactive interference (Mueller
et al., 1983), then ethanol administered closer to the time of
training in group E31–33 would be expected to have the greater
effect. In contrast, if ethanol is having its debilitating effects by
affecting later processing of the acquired information, or the
expression of the memory at test, then the opposite pattern of
findings should result. Two additional groups of ethanol-exposed
subjects were included. These groups, E31 and E34, were admin-
istered a single dose of 2.5 g/kg ethanol i.g., either 24 h after
training or 24 h prior to test. Finally, the control group (W31–
34) was administered an equivalent volume of the water vehicle
on PD 31–34.
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4.1. Methods

4.1.1. Subjects
Subjects in this experiment were 50 Sprague–Dawley rats, 30

days of age at the beginning of the experiment and representing
5 litters. One male and one female rat per litter were assigned to
each of five treatment groups: E31, E31–33, E32–34, E34 or
W31–34.

4.1.2. Procedure
All subjects were given five trace conditioning trials on PD 30,

as previously described, and were tested for CS-elicited freezing
on PD 35. Animals in group E31 were administered a single dose
of 2.5 g/kg ethanol i.g. 24 h after trace conditioning. Group E31–
33 was administered 2.5 g/kg once daily for three consecutive days
beginning 24 h after training. Group E32–34 also was given three
consecutive days of ethanol (2.5 g/kg) but treatment did not begin
until 48 h after training, on PD 32. Group E34 was administered a
single dose of 2.5 g/kg ethanol 24 h prior to test. On days without
drug administration the animals remained in the home cage and
were not subjected to the intubation procedure. Finally, group
W31–34 was administered the water vehicle for each of the four
days between training and test.

4.2. Results and discussion

One subject assigned to group E32–34 died from an improper
intubation, leaving 49 subjects for which data were collected
(ns = 9–10/group). The one-way ANOVA conducted on the pre-CS
data indicated no group differences (M = 18.6 ± 3.6%). The ANOVA
conducted on the Change scores yielded a main effect of group, F
(4,44) = 3.13, p < .05. Results are shown in Fig. 3. Post hoc compar-
isons (Newman–Keuls tests) revealed that group E31–33 exhibited
significantly less freezing at test than group W31–34. No other
group differed from water controls. Group E31’s performance
was intermediate, not differing from E31–33 or W31–34. These
data suggest that ethanol administration occurring nearer to the
time of training, as opposed to that closer to the time of test, is
more detrimental to the later expression of trace conditioned fear,
and that multiple daily doses of ethanol have a greater effect than a
single dose. Furthermore, ethanol given for the three days prior to
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Fig. 3. Mean (±SEM) change in freezing (%CS freezing � %pre-CS freezing) recorded
during a test session that occurred on PD 35 in Experiment 3. Subjects were all
given trace conditioning trials, in which a 10 s trace interval was used, on PD 30.
Animals differed in the timing of ethanol administration post-training. Some
subjects were given ethanol beginning 24 h after training (E31 and E31–33) while
some subjects were given ethanol closer to the day of test (E32–34 and E34). The
control group (W31–34) was given water on each of the four days between training
and test.
test, but not beginning until 48 h post-training, had no effect on
CS-elicited freezing, as indicated by the similarity in the levels of
freezing exhibited by groups E32–34 and W31–34.

5. Experiment 4

Results from the previous experiments reveal that ethanol given
daily for three consecutive days following training disrupts trace
conditioned responding. This effect is likely due to ethanol’s dis-
ruption of activity within the hippocampus (Givens & McMahon,
1995; White et al., 2000). However, the dependence of trace condi-
tioning on the hippocampus is determined by the relative length of
the trace interval. Hippocampal lesions disrupt trace eyeblink con-
ditioning (Moyer, Deyo, & Disterhoft, 1990; Port, 1986) and trace
fear conditioning (Chowdhury, Quinn, & Fanselow, 2005), but only
when the trace interval used during training is relatively long.
Training with short trace intervals is generally much less affected
by lesions to the hippocampus. This suggests that the presence of
a trace interval per se is not a sufficient condition to observe dis-
ruption by hippocampal lesions. A similar temporal dependence
on trace fear conditioning has been observed following lesions of
the medial septum that provides cholinergic input to the hippo-
campus (McAlonan, Wilkinson, Robbins, & Everitt, 1995) as well
as pre-training administration of NMDA receptor antagonists
(Misane, Tovote, Meyer, Spiess, Ögren, & Steidl, 2005; Takatsuki,
Kawahara, & Takehara, 2001). In light of these findings, the final
experiment was designed to evaluate the effects of post-training
ethanol administration on responding to a CS that was trained
using one of three different trace interval durations (1, 3 or 10 s).
The specific trace intervals chosen were largely based on those
used by Chowdhury et al. (2005).

5.1. Method

5.1.1. Subjects
Sixty 30-day-old rats representing ten different litters were

used as subjects. No more than one male and one female rat per lit-
ter were assigned to each of the six groups. Groups were desig-
nated on the basis of post-training ethanol dose (0.0 or 2.5 g/kg)
and duration of the trace interval used for training (1, 3 or 10 s).

5.1.2. Procedure
The procedures were similar to those used in the previous

experiments. On PD 30 all animals were given 5 trace conditioning
trials during a 30-min session. The trace interval separating CS off-
set from US onset was 1, 3 or 10 s, and the CS-to-CS interval was
equated for all groups. On PD 31–33 animals were administered
a single daily dose of 0.0 or 2.5 g/kg ethanol i.g. Testing for CS-elic-
ited freezing occurred on PD 34 using the procedures described in
Experiment 1.

5.2. Results and discussion

One subject assigned to the 1 s trace interval-2.5 g/kg ethanol
group died from an improper intubation. The data obtained from
the remaining 59 animals were analyzed (ns = 9–10/group). The re-
sults, shown in Fig. 4, indicate that post-training ethanol affected
conditioned freezing only in the subjects trained with the 10 s
trace interval. Responding by subjects that were trained with
either the 1 or 3 s trace interval was unaffected by post-training
ethanol. The 2 (ethanol dose) � 3 (trace interval) ANOVA con-
ducted on the pre-CS freezing data revealed no significant effects.
All groups showed equivalent levels of pre-CS freezing
(M = 23.6 ± 3.5%). The ANOVA conducted on the Change scores
yielded a significant main effect of trace interval [F (2,53) = 3.85,
p < .05] and an ethanol dose � trace interval interaction [F
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Fig. 4. Mean (±SEM) change in freezing (%CS freezing � %pre-CS freezing) observed
during the test on postnatal day (PD) 34 from Experiment 4. All animals were
trained with trace CS–US pairings on PD 30. The trace interval varied depending on
group (1, 3 or 10 s). On PD 31–33, subjects were administered one of two doses of
ethanol (0.0 or 2.5 g/kg). Post-training ethanol disrupted trace conditioning, but
only for subjects that were trained with the longest (10 s) trace interval duration.
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(2,53) = 3.71, p < .05]. Newman–Keuls post hoc tests indicated that
the group exposed to ethanol following training with a 10 s trace
interval exhibited significantly less CS-elicited freezing at test than
the corresponding water controls. Groups trained with the shorter
trace intervals, 1 and 3 s, were not affected by ethanol. Thus, post-
training ethanol disrupted the expression of trace conditioned fear,
but only when the prior training involved a relatively long trace
interval. These data parallel the effects of hippocampal lesions on
trace fear conditioning (Chowdhury et al., 2005).

6. General discussion

The results of these experiments indicate that memory process-
ing following Pavlovian trace conditioning is malleable and subject
to disruption by repeated ethanol administration beginning 24 h
after fear conditioning. This effect was specific for the hippocam-
pus-dependent trace conditioning task, as delay fear conditioning
was unaffected by post-training ethanol exposure. The present
data are in accord with those of Kim et al. (1995) and Quinn
et al. (2002) demonstrating that lesions of the hippocampus impair
trace conditioned responding when made 24 h after training and
extend these finding to the amnesic effects of ethanol.

Collectively the behavioral results reported here support the
suggestion that ethanol’s memory-impairing effects are primarily
due to its actions on hippocampal function (for reviews see
Ryabinin, 1998; White & Swartzwelder, 2004; White et al., 2000).
In Experiment 1 it was shown that delay fear conditioning, which
is hippocampus-independent (e.g. Quinn et al., 2002), was not af-
fected by post-training ethanol. In contrast, trace conditioning
which is hippocampus-dependent, was adversely affected. Results
of pre-training administration of ethanol have likewise reported
impaired trace fear conditioning (Weitemier & Ryabinin, 2003)
and contextual fear conditioning (Gulick & Gould, 2007; Melia
et al., 1996), with a notable lack of effect on performance of delay
conditioning. Results demonstrating relatively selective effects of
ethanol intoxication on measures of declarative memory in hu-
mans (Duka et al., 2001; Lister et al., 1991) also support the
hypothesis that the hippocampus is a primary target for ethanol-
induced memory deficits.

The memory-impairing effects of ethanol were shown to be
dose-dependent in Experiment 2. Post-training administration of
doses ranging from 0.5 to 1.5 g/kg had little effect on later condi-
tioned freezing to the trace CS, whereas responding was signifi-
cantly reduced following exposure to the highest (2.5 g/kg) dose.
This dose of ethanol has also been found to impair trace condition-
ing when repeatedly administered to adolescent rats prior to train-
ing (Yttri et al., 2004). These latter findings suggest that repeated
exposure to ethanol for even a relatively short period of time
may, in some circumstances, result in a relatively long-lasting
alteration in hippocampal function.

Experiment 3 results indicated that ethanol-induced disruption
in trace conditioned freezing depended on ethanol administration
beginning 24 h after training. In this experiment, it was also found
that a single post-training exposure to ethanol given one day after
conditioning had no effect on conditioned freezing, a result that is
similar to that reported by other laboratories in which a single dose
of ethanol was administered immediately after a training session
(Gould & Lommock, 2003; Gulick & Gould, 2007; Land & Spear,
2004b). A closer examination of the differences between single and
repeated ethanol exposures on hippocampal cellular activity and
function (Roberto, Nerlson, & Ur, 2002) could provide insights into
the mechanism of ethanol’s consequences for hippocampus-depen-
dent memory.

Results from Experiment 4 demonstrate that ethanol-induced
disruption of trace conditioning depended on the duration of the
trace interval used during training. The only group to display im-
paired conditioned freezing by post-training ethanol was the one
trained with a relatively long (10 s) trace interval. Groups trained
with shorter trace intervals were unaffected by post-training etha-
nol. These findings are in agreement with other data showing that
drug- and lesion-induced disruptions of hippocampal function
likewise have effects that are dependent on the length of the trace
interval (Chowdhury et al., 2005; Misane et al., 2005). It seems that
hippocampus involvement in trace conditioning is not a ubiquitous
phenomenon, and that the relative contribution of the hippocam-
pus to trace conditioning lies along a continuum that is determined
by trace interval length.

The role of the hippocampus for establishing trace conditioning
is not entirely clear. Acquisition of trace conditioning is assumed to
require the maintenance of a memorial representation of the CS
that spans the length of the trace interval during CS–US pairings,
and research has shown that hippocampal neurons exhibit altered
firing rates during the trace interval that may serve as a neural
code/memory of the CS (e.g. Green & Arenos, 2007; McEchron
et al., 2003; Rodriguez & Levy, 2001). However, the effects of
post-training manipulations suggest that the hippocampus also
contributes to memory processing occurring after training, perhaps
by promoting the consolidation of the trace memory (Kim et al.,
1995; Quinn et al., 2002). Given the available data, it is likely that
the hippocampus importantly contributes to both. Ethanol as well
may induce amnesia via effects on both processes, given that eth-
anol administration occurring either pre- (Weitemier & Ryabinin,
2003) or post-training (present experiments) results in substantial
deficits in trace conditioned responding. The findings of Experi-
ment 3, that ethanol is much more disruptive to later trace perfor-
mance when administered proximal to the time of training further
implicates effects on processing of information that occurs around
the time of acquisition.

Ethanol has widespread effects within the central nervous sys-
tem, and although hippocampal function is altered by ethanol, this
structure is not necessarily the only site of ethanol’s deleterious
consequences on trace conditioned responding. Another possible
site for ethanol’s amnesic effects that could lead to impaired
responding in this paradigm is the frontal cortex. Recent studies
have implicated the medial prefrontal cortex (mPFC) as a storage
site for trace memories, and lesions of the mPFC made prior to
training result in impairments in trace, but not delay, eyeblink con-
ditioning (Kronforst-Collins & Disterhoft, 1998; McLaughlin,
Skaggs, Churchwell, & Powell, 2002; Runyan, Moore, & Dash,
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2004). Frontal function is compromised by acute ethanol intoxica-
tion (Devenport & Hale, 1989; Peterson, Rothfleisch, & Zelazo,
1990) and damage to the frontal lobe can result from long-term
alcohol use (Crews, Braun, Hoplight, Switzer, & Knapp, 2000). It
is thus possible that the memory impairment observed in the pres-
ent experiments is due to ethanol’s actions in the frontal cortex as
opposed to, or in addition to, its known actions within the hippo-
campus (cf. Takehara et al., 2003).

The adolescent brain may be especially sensitive to the depres-
sive actions of ethanol on neural activity (Slawecki, Betancourt,
Cole, & Ehlers, 2001; Swartzwelder et al., 1995). Also, regions of
the adolescent brain, such as the hippocampus and frontal cortex,
may be quite vulnerable to pathology arising from repeated etha-
nol administration because these regions continue to undergo sub-
stantial maturational changes during this time (Dahl & Spear,
2004; De Bellis et al., 2000). It is well established that periods of
exposure to high blood–ethanol concentrations and repeated with-
drawals may exacerbate ethanol’s neurotoxicity (Becker & Hale,
1993; Hunt, 1993). Importantly such intermittent exposure to high
doses of ethanol, intermixed with periods of abstinence, is a hall-
mark feature of adolescent drinking (Spear, 2002; Wechsler et al.,
1994). Although the present research did not specifically compare
memory impairment by ethanol at different ages, other studies
have shown that adolescent rats may be more susceptible to the
amnesic effects of ethanol in some tasks (Land & Spear, 2004a;
Markwiese et al., 1998; but see Land & Spear, 2004b). The present
results do, however, show a profound decrement in memory for
prior trace conditioning resulting from intermittent, post-training
ethanol intoxication in adolescent rats. Future research specifically
comparing performance of adolescents with other age groups
should yield important information about the neurobehavioral
consequences of binge-like ethanol ingestion (Dahl & Spear,
2004; Grant, 1998; Spear, 2002; White & Swartzwelder, 2004).
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