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Anisomycin infused into the hippocampus fails
to block “reconsolidation” but impairs extinction:
The role of re-exposure duration
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Recent studies have reported new evidence consistent with the hypothesis that reactivating a memory by re-exposure

to a training context destabilizes the memory and induces “reconsolidation.” In the present experiments, rats

’

memory for inhibitory avoidance (IA) training was tested 6 h (Test 1), 2 d (Test 2), and 6 d (Test 3) after training.
On Test 1 the rats were either removed from the shock compartment immediately after entry or retained in the
shock context for 200 sec, and intrahippocampal infusions of the protein synthesis inhibitor anisomycin (75 pg/side)
were administered immediately after the test. Anisomycin infusions administered after Test 1 impaired IA
performance on Test 2 in animals given the brief re-exposure, but impaired extinction in animals exposed to the
context for 200 sec. Rats with anisomycin-induced retention impairment on Test 2 demonstrated spontaneous
recovery of retention performance on Test 3, whereas rats showing extinction on Test 2 showed further extinction
on Test 3. The findings indicate that post-retrieval administration of anisomycin impairs subsequent retention
performance only in the absence of extinction and that this impairment is temporary.

Extensive evidence indicates that memories are initially labile
and then gradually become stabilized or consolidated (McGaugh
1966, 2000). Memory consolidation can be enhanced or im-
paired by treatments administered during this post-training la-
bile phase (McGaugh 2000; Mclntyre et al. 2003). It is well-
established that consolidation can be blocked by administration
of protein synthesis inhibitors (e.g., Davis and Squire 1984; Bar-
rientos et al. 2002). Several recent studies reporting that post-
retrieval drug treatments, including protein synthesis inhibitors,
impair subsequent retention performance have provided evi-
dence suggesting that memory retrieval may trigger a new phase
of memory lability, termed “reconsolidation” (Przybyslawski and
Sara 1997; Nader et al. 2000; Debiec et al. 2002). These studies
have revived an earlier debate concerning the stability of con-
solidated memory traces (Misanin et al 1968; Schneider and Sher-
man 1968; Dawson and McGaugh 1969; DeVietti and Holliday
1972; Lewis 1979; Mactutus et al. 1979). Recent experiments in-
vestigating the reconsolidation hypothesis have, like the earlier
ones, produced conflicting findings concerning the experimental
conditions required for producing post-retrieval retention perfor-
mance impairment as well as the permanence of the impairment,
when obtained (Sara 2000; Berman and Dudai 2001; Vianna et al.
2001; Anokhin et al. 2002; Kida et al. 2002; Milekic and Alberini
2002; Bahar et al. 2003, 2004; Koh and Bernstein 2003; Bieden-
kapp and Rudy 2004; Cammarota et al. 2004b; Duvarci and
Nader 2004; Fischer et al. 2004; Lattal and Abel 2004). These
varying results suggest that there may be highly specific condi-
tions under which post-retrieval treatments either do or do not
impair subsequent retention performance (Dudai 2004; Mc-
Gaugh 2004).

Learning and retrieval both activate hippocampal circuits
(Sara 2000; Debiec et al. 2002), activate molecular pathways in-
cluding MAP kinase (Kelly et al. 2003), and induce expression of
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immediate early genes (Bozon et al. 2003; Strekalova et al. 2003).
Advocates of the reconsolidation hypothesis suggest that these
similarities support the view that retrieval induces a recapitula-
tion of the original consolidation processes (Nader 2003). How-
ever, differences in the molecular processes occurring during new
memory consolidation and memory reactivation during retrieval
have also been reported (Taubenfeld et al. 2001; Bahar et al. 2004;
Lattal and Abel 2004; Lee et al. 2004; Salinska et al. 2004; Suzuki
et al. 2004; Alberini 2005). These molecular discrepancies to-
gether with the inconsistent behavioral findings suggest that the
relationship between retrieval and consolidation is more compli-
cated than the reconsolidation hypothesis implies.

It is also difficult to reconcile the reconsolidation hypothesis
with the classical prediction that re-exposure to conditioned
stimuli (CS) in the absence of the unconditioned stimulus (US)
should produce a new, presumably protein synthesis-dependent,
memory that provides the basis for extinction (Pavlov 1927; Mc-
Gaugh 2000; Bouton 2004). Extinction appears to engage many
of the same consolidation mechanisms as those engaged by ac-
quisition of an association (Berman and Dudai 2001; Vianna et
al. 2001, 2003; Lin et al. 2003; Sangha et al. 2003; Cammarota et
al. 2004a; Santini et al. 2004). However, pharmacological studies
have also reported finding differences in the effects of drugs on
the development of an association and its extinction (Berman
and Dudai 2001; Bahar et al. 2003; Lin et al. 2003; Fischer et al.
2004; Lattal et al. 2004; Mingote et al. 2004; Suzuki et al. 2004).

Thus, this study investigated whether the protein-synthesis-
dependent processes initiated by re-exposure to the training en-
vironment involve reactivation of the training memory or new
extinction learning. Rats were trained in an inhibitory avoidance
(IA) task and, 6 h later, given intrahippocampal infusions of an-
isomycin or vehicle following a retention test in the training
context. Brief and extended testing procedures were tested. If
retrieval induces memory trace lability and initiates reconsolida-
tion, then anisomycin infused into the hippocampus following
either a brief or an extended re-exposure to the training context
should impair subsequent memory. Alternatively, post-retrieval
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anisomycin infusions after an extended re-exposure may impair
the consolidation of a newly acquired extinction memory rather
than the avoidance memory. Additionally if post-retrieval reten-
tion impairment is due to impairment of memory reconsolida-
tion, then memory should not return either spontaneously or
after a weak reminder shock.

Results

Experiment 1A: Post-retrieval impairment of inhibitory
avoidance retention performance

As illustrated in Figure 1A, rats given intrahippocampal anisomy-
cin (Fig. 3, below) after brief re-exposure to the IA context 6 h
after training exhibited impaired retention performance when
retested 2 d later (ANOVA F, ;5 = 10.34; P < 0.001). The key com-
parisons are on Test 2, when the effects of the re-exposure trial
should be manifest. Importantly, the training and Test 1 en-
trance latency data indicate that the groups had comparable IA
acquisition. The groups’ mean entrance latencies during training
did not differ (post-Test 1 vehicle: 17.4 + 2.1 sec; post-Test 1
anisomycin: 18.4 = 1.7 sec; and no Test 1 anisomycin:
19.9 = 1.3 sec; Ps > 0.05). On Test 1, the vehicle- and anisomy-
cin-treated groups’ avoidance latencies were significantly longer
than the training entrance latencies (Ps < 0.001) but not different
from one another (post-Test 1 vehicle: 303 = 71 sec; post-Test 1
anisomycin: 333 + 70 sec). The latencies observed with this
shock intensity and duration were consistent with those reported
in previous studies of the post-retrieval retention impairment
effect in the IA task (Milekic and Alberini 2002).

Rats given anisomycin infusions after Test 1 had impaired
retention performance at Test 2 (154 + 20 sec; P < 0.05) com-
pared to their own performance at Test 1 and the performance of
vehicle-infused rats at Test 2 (320 + 61 sec; P < 0.05). Their mean
entrance latency at Test 2, however, remained greater than that
at training (P < 0.05), indicating that although anisomycin im-
paired later retention performance, it did not produce complete
amnesia. The similar mean retention latencies for vehicle-infused
rats at Tests 1 and 2 (P > 0.05) indicate that the re-exposure pro-
cedure used in Experiment 1 did not produce any measurable
extinction in the vehicle controls.

The retention performance at Test 2 (352 = 56 sec) of rats
that were given anisomycin 6 h after training but were not given
a Test 1 re-exposure to the training context was not different
from either the Test 1 performance of vehicle-treated and aniso-
mycin-treated rats or the Test 2 performance of vehicle-treated
rats (Ps > 0.05). Therefore, the impaired retention seen in the
anisomycin-treated rats at Test 2 was not due to the anisomycin
infusion alone, but rather depended on the re-exposure to the
training context at Test 1. These results are comparable to those
typically found in studies examining post-retrieval retention per-
formance impairment with longer (1-2 d) intervals between
training and re-exposure.

Experiment 1B: Spontaneous recovery and savings

Rats in Experiment 1B exhibited the same anisomycin-induced
retention impairments in Test 2 that were observed in Experi-
ment 1A (ANOVA F, 5, =1.118, P <0.001), but also demon-
strated that the memory impairment was temporary, as aniso-
mycin-treated rats demonstrated spontaneous recovery of reten-
tion performance at Test 3 given 6 d after the training (Fig. 1B).
The groups’ training latencies did not differ (post-Test 1 vehicle:
20.6 = 3.3 sec; post-Test 1 anisomycin: 22.4 + 2.3 sec). At Test 1,
the entrance latencies were significantly longer than the training
entrance latencies (post-Test 1 vehicle: P < 0.05; post-Test 1 an-
isomcyin: P < 0.001; vs. training) but not different from each
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Figure 1. Brief re-exposure inhibitory avoidance behavior. Rats in Ex-
periments 1A and 1B were removed from the shock compartment im-
mediately after entering it on the test days. Data are given as groups’
mean latencies to cross into the shock context at each trial. (A) All groups
learned to avoid the dark shock compartment [(*) P < 0.05, (**) P < 0.001
vs. training]. Vehicle controls did not show extinction. Post-Test 1 aniso-
mycin treatment decreased avoidance at Test 2 [(#) P < 0.05 vs. Test 1
within group, () P < 0.05 vs. vehicle within trial, (¢) P < 0.05 vs. no Test
1 group within trial]. Anisomycin treatment in the absence of context
re-exposure at Test 1 did not affect retention. (B) The avoidance learning
[(*) P<0.05, (**) P<0.001 vs. training], lack of extinction in vehicle
controls, and anisomycin-induced retention impairment at Test 2 were
replicated in Experiment 1B [(#) P < 0.05 vs. Test 1 within group, (})
P < 0.05 vs. vehicle within trial]. Test 3, 6 d after training, revealed a
spontaneous recovery of retention performance in anisomycin-treated
rats (P> 0.05 vs. Test 1 and vs. vehicle within trial). A mild reminder
shock following spontaneous recovery elevated avoidance latency well
above the impaired level observed at Test 2 [(£) P < 0.05 vs. Test 2 within
group]. (C) Spontaneous memory recovery by individual rats between
Test 2 and Test 3 (before the reminder shock). Five of the seven aniso-
mycin-infused rats in Experiment 1B showed greater avoidance indicative
of spontaneous recovery of memory between Test 2 and Test 3. No
vehicle-infused rats showed greater avoidance at Test 3 than at Test 2.

other (post-Test 1 vehicle: 351 + 104 sec; post-Test 1 anisomy-
cin: 378 = 75 sec). Rats given anisomycin infusions after Test 1
had impaired retention performance at Test 2 (168 + 24 sec;
P < 0.05) compared to their own performance at Test 1 and the
performance of vehicle-infused rats at Test 2 (386 + 97 sec;
P <0.05).
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Contrary to the prediction of the reconsolidation hypoth-
esis that the anisomycin-induced impairment should be perma-
nent, anisomycin-treated rats demonstrated a notable spontane-
ous recovery of retention performance at Test 3 (Fig. 1B). That is,
the anisomycin-treated rats’ avoidance behavior during Test 3
(345 = 79 sec before and 461 + 77 sec after reminder shock)
was no longer impaired relative to vehicle controls (298 = 115
sec before and 415 += 100 sec after reminder shock; Ps > 0.05).
The mean magnitude of recovery (Test 3 before reminder
shock — Test 2) in the anisomycin-treated rats was 177 £ 57 sec.
Meanwhile, the entrance latencies of vehicle controls exhibited a
minor (nonsignificant) decrease between Test 2 and Test 3 (mean
change — 88 =+ 30 sec).

The distribution of latencies for the individual rats at Test 3
(Fig. 1C) was similar to that observed at Test 1. That is, those rats
that had relatively high or low latencies at Test 1 also had high or
low latencies, respectively, at Test 3. As a result, the spontaneous
recovery is most pronounced in those rats that exhibited long
latencies before the drug treatment and not evident in the two
rats that consistently exhibited shorter latencies.

The reminder shock did increase the avoidance latencies of
anisomycin-treated rats (Test 3 after reminder shock vs. Test 2;
P <0.05). This finding provides evidence of savings. However,
their previous exhibition of spontaneous recovery before the re-
minder shock had already indicated that there was intact
memory in the anisomycin-treated rats.

Experiment 2: Post-retrieval blockade of inhibitory
avoidance extinction

The key question addressed in Experiment 2 was whether infus-
ing anisomycin into the hippocampus after a longer re-exposure
to the training context, one that supports extinction, would lead
to impaired IA memory 2 d later, as predicted by the reconsoli-
dation hypothesis, or whether new extinction learning would be
impaired. As shown in Figure 2, anisomycin given after the ex-
tended context re-exposure procedure blocked extinction
(ANOVA Fg 1,5 =9.72; P<0.001). As in Experiment 1, the key
comparisons are in Test 2. However, it is important to demon-
strate comparable IA learning between the groups as well as the
expected extinction with the prolonged exposure procedure. All
groups in Experiment 2 demonstrated comparable IA learning
(Fig. 2A). This is evidenced by the findings that the mean en-
trance latencies during training did not differ among the groups
(post-Test 1 vehicle: 19.2 = 1.2 sec; post-Test 1 anisomycin:
21.5 = 1.2 sec; no Test 1 anisomycin: 21.7 = 1.4 sec; Ps > 0.05)
and that both the vehicle- (390 + 60 sec) and anisomycin-
treated (393 = 59 sec) groups had Test 1 avoidance latencies that
were longer than the training entrance latencies (Ps < 0.001), but
not different from each other (P > 0.05).

Extinction with the extended context re-exposure was ob-
served in vehicle-treated rats as evidenced by a shorter mean
entrance latency at Test 2 (193 + 6 sec) than at Test 1, as well as
by a shorter mean entrance latency at Test 3 (52.7 + 13 sec) than
at Test 2 (Ps < 0.05) (Fig. 2A). Critically, however, the mean en-
trance latency at Test 2 (373 % 52 sec) for the post-Test 1 aniso-
mycin-treated rats did not differ from the latency at Test 1
(P> 0.05). This post-Test 1 anisomycin group demonstrated sub-
sequent extinction in the absence of the drug between Test 2 and
Test 3 (137 = 27 sec; P <0.001). This result indicates that the
anisomycin treatment selectively blocked extinction between
Test 1 and Test 2, and is counter to the prediction of the recon-
solidation hypothesis that anisomycin given after context re-
exposure should impair IA memory and thus result in shorter
latencies at Test 2.

The above results suggest that rats developed an extinction
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Figure 2. Extended re-exposure inhibitory avoidance behavior. Rats in
Experiment 2 were left in the shock compartment for 200 sec after en-
tering it on the test days. Data are given as groups’ mean latencies to
cross into the shock context at each trial. (A) All groups learned to avoid
the dark shock compartment [(*) P < 0.05, (**) P<0.001 vs. training].
Vehicle controls showed extinction from Test 1 to Test 2 [(#) P < 0.05 vs.
Test 1 within group] and from Test 2 to Test 3 [(}) P < 0.05 vs. Test 2
within group]. Rats given anisomycin after Test 1 did not show extinction
between Tests 1 and 2 [P > 0.05 vs. Test 1 within group; () P < 0.05 vs.
vehicle within trial], but did show subsequent extinction in the absence of
the drug from Test 2 to Test 3 [(3%) P < 0.001 vs. Test 2 within group].
Anisomycin treatment without a Test 1 context re-exposure did not affect
retention; however, these rats showed subsequent extinction in the ab-
sence of drug from Test 2 to Test 3 [(3) P < 0.001 vs. Test 2 within
group]. The mild reminder shock given in Test 3 reinstated robust avoid-
ance of the shock compartment in all groups, with the anisomycin-
treated groups showing greater avoidance after the reminder shock than
the vehicle group [(T) P < 0.05 vs. vehicle within trial]. (B) The savings
revealed by the mild reminder shock on day 6 in the individual rats of
each group is shown.

memory following prolonged context re-exposure that competed
with the initial IA training memory. An alternative explanation,
however, is that the rats may simply have forgotten the initial
training experience. To distinguish between these possibilities,
rats in Experiment 2 received a mild reminder shock after enter-
ing the dark compartment during Test 3. This shock intensity in
previously untrained rats is not sufficient to lead to the level of
avoidance observed here during Test 1. Thus if extinction had
occurred, the reminder shock would fully restore the avoidance
behavior observed at Test 1, whereas if the training memory trace
had been forgotten, then subsequent re-entrance latencies sig-
nificantly shorter than those seen at Test 1 would be observed.
As illustrated in Figure 2, the mild reminder shock given
during Test 3 reproduced highly significant avoidance of the
shock compartment in all groups. Rats stopped walking or
flinched in response to the reminder shock, but did not vocalize
or jump as with the training shock. The mean re-entrance latency
(372 = 69 sec) for vehicle-treated rats after the reminder shock
was similar to that observed at Test 1 (P > 0.05). Rats given an-
isomycin after Test 1 exhibited a mean re-entrance latency
(534 + 28 sec) after the reminder shock that was actually greater
than that observed at Test 1 (P < 0.05). The magnitude of savings
revealed by the reminder shock in individual rats is shown in
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Figure 2B. The average difference in latency after the reminder
shock relative to before was 319 + 59 sec for the vehicle group,
397 = 35 sec for the post-Test 1 anisomycin group, and
374 = 51 sec for the no-Test 1 anisomycin group (P > 0.05). All
rats’ retention latencies after the reminder shock were at least as
great as their own latencies at Test 2. These post-reminder reten-
tion scores reflect avoidance behavior far greater than that gen-
erally produced by the reminder shock alone (Power et al. 2003).
Thus, the savings revealed during Test 3 confirmed that the rats
developed a competing extinction memory from the re-
exposures to the context and did not simply forget the original
training experience.

The retention performance at Test 2 of anisomycin-treated
rats that were not re-exposed to the context 6 h after training
(433 = 40 sec) was not different from the Test 1 performance of
rats given post-Test 1 vehicle or anisomycin infusions, or the Test
2 performance of rats given post-Test 1 anisomycin infusions
(Ps > 0.05). Therefore, the extinction seen in the vehicle control
group between Tests 1 and 2 required the context re-exposure 6
h after training. The no-Test 1 anisomycin-treatment control
group had a mean retention latency at Test 3 (144 = 40 sec) that
was less than that at Test 2 (P < 0.001), demonstrating normal
extinction between Tests 2 and 3. And the reminder shock given
during Test 3 reinstated avoidance of the shock compartment
(519 = 46 sec) that exceeded that seen with the vehicle-infused
rats (P < 0.05). Overall, the behavioral data for Tests 2 and 3 were
comparable for both anisomycin-treated groups (with or without
context re-exposure at Test 1) in Experiment 2.

In summary, the extended re-exposure procedure used in
Experiment 2 induced extinction learning. Anisomycin treat-
ment given after Test 1 blocked extinction between Tests 1 and 2,
but the same rats showed subsequent extinction in the absence of
the drug treatment between Tests 2 and 3. The anisomycin treat-
ment alone did not affect memory. The savings revealed by the
reminder shock during Test 3 demonstrated that the rats did not
forget the training experience between tests.

Discussion

Our experiments provide new insights into the protein-
synthesis-dependent processes triggered by a retention test. The
key findings were that intrahippocampal infusion of anisomycin
after the retention test disrupts subsequent retention perfor-
mance if the exposure is brief and disrupts the extinction that
would otherwise occur if the exposure is long enough to produce
extinction. Importantly, the disruption of retention was tempo-
rary; retention was impaired 2 d after the retention test/
anisomycin, but recovered by 6 d, indicating that the initial
memory trace remained intact following anisomycin treatment.
In what follows, we consider these conclusions in more detail.

Post-retrieval retention performance impairment

The first critical point is that we did, in fact, replicate the basic
findings that led to the formulation of the reconsolidation hy-
pothesis. When anisomycin was given after a retention test 6 h
post-training, retention performance was impaired 2 d later, con-
sistent with previous studies (Nader et al. 2000; Debiec et al.
2002; Milekic and Alberini 2002). It is noteworthy that the test/
retest interval used here (6 h) is shorter than in previous studies
and is within a range that would permit analyses of physiological
correlates of memory storage processes (i.e., LTP and LTD). The
rats had a 6-h midday period between training and testing in
which to engage in natural restful sleep, which may be important
for long-term memory consolidation of the training (Louie and
Wilson 2001; Power 2004; Vertes 2004; Walker and Stickgold
2004).
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The mechanism of the post-retrieval retention deficit has
not been resolved. Advocates of the reconsolidation hypothesis
suggest that re-exposure triggers a new phase of memory lability
and that a blockade of memory storage underlies the deficit
(Nader et al. 2000; Debiec et al. 2002). If the impairment reflects
a storage deficit, then the disruption should be permanent;
memory should not return at subsequent tests (Duvarci and
Nader 2004). However, consistent with several previous reports
of recovery (Mactutus et al. 1979; Vianna et al. 2001; Anokhin et
al. 2002; Bahar et al. 2004; Lattal and Abel 2004), we found that
performance had recovered by 6 d after the anisomycin treat-
ment. These findings are in conflict with the reconsolidation
hypothesis, but are consistent with the alternative interpreta-
tions that such treatments may temporarily disrupt memory re-
trieval (Riccio et al. 2002; Arshavsky 2003; Lattal and Abel 2004)
or enhance the expression of extinction (Fischer et al. 2004).

Recent studies have suggested that the degree of post-
retrieval retention performance impairment decreases as the de-
lay between training and re-exposure is increased (Milekic and
Alberini 2002; Suzuki et al. 2004). These findings suggest that
susceptibility may be limited to recently acquired memories. Al-
ternatively, it has been suggested that the stability of remote
memories in the presence of anisomycin might be due to a pro-
gressive decrease in the period of protein synthesis dependence
as systems level consolidation progresses, such that after about a
week the necessary protein synthesis may be completed before
systemically administered anisomycin can affect the brain
(Nader 2003). If susceptibility to post-retrieval treatments is lim-
ited to relatively new memories, then the findings of selective
impairment of recent memories (Milekic and Alberini 2002; Su-
zuki et al. 2004) should be reproducible with central administra-
tion of anisomycin. Moreover, because tests for spontaneous re-
covery of memory were not performed, it is not clear whether
these memory age-dependent effects are permanent or may be
the result of a temporary retrieval deficit (Lattal and Abel 2004).

Blockade of extinction

We replicated findings of post-test anisomycin-induced impaired
extinction when rats were subjected to a longer context exposure
during retention testing (Berman and Dudai 2001; Vianna et al.
2001; Lin et al. 2003; Santini et al. 2004). These findings are
consistent with data suggesting that extinction learning engages
a consolidation process similar to that involved in the original
acquisition (Ledgerwood et al. 2003; Lin et al. 2003; Maruki et al.
2003; Sangha et al. 2003; Vianna et al. 2003; Bahar et al. 2004).
The data are also consistent with an alternative hypothesis that
retrieval of the extinction memory may have been impaired due
to the memory being consolidated in the presence of anisomycin
but tested in the absence of anisomycin. If this state-dependency
hypothesis is true, then animals given anisomycin after a re-
exposure should show unimpaired extinction if subsequently
tested under the influence of anisomycin. If protein synthesis
inhibition had enhanced extinction in this experiment (Fischer
et al. 2004), then the anisomycin-treated animals should have
exhibited less avoidance (shorter latencies) than the vehicle con-
trols. However, the Experiment 2 data were not consistent with
that prediction.

The effects of the mild reminder shock given in Test 3 dem-
onstrated savings from training and provided evidence that the
rats had acquired a new extinction memory rather than having
forgotten the training memory over time. The greater post-
reminder shock avoidance shown by the anisomycin-treated
groups than that shown by the vehicle group is likely due to the
vehicle group having had two extinction trials, whereas the an-
isomycin groups each effectively had only one.
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Re-exposure duration-dependent effects of post-retrieval
treatment

As the rats in both paradigms received the same training and
exhibited similar retention latencies at Test 1, the only source for
the divergence at Test 2 was the duration of the context re-
exposure during Test 1. Extinction was observed in rats given the
extended, but not the brief, re-exposure. Thus, increasing context
re-exposure such that it may support extinction learning may
result in protein-synthesis-dependent extinction (Experiment 2)
rather than a retrieved memory that is sensitive to the drug treat-
ment (Experiments 1A and 1B).

In crabs trained in a danger cue-escape response condition-
ing task, the duration of re-exposure determines whether protein
synthesis inhibition impairs retention performance or extinction
(Pedreira and Maldonado 2003; Pedreira et al. 2004). Likewise, in
a modified fear conditioning task in fish and conditioned taste
aversion in rats, Eisenberg and colleagues (Eisenberg et al. 2003)
found retention performance impairments only with more in-
tensive training that did not result in single trial extinction. Here
we found re-exposure time-dependent effects in a common rat
paradigm in which only a single behavioral parameter was
changed during the retrieval test. This convergence of findings
suggests that whether one finds an effect on the memory for
training or on extinction depends on the testing conditions used.

If a retrieved memory returns to a labile state (Nader 2003),
it should be sensitive to the same neuromodulatory influences
that affect newly acquired memories (McGaugh 2000; McIntyre
et al. 2003). However, several post-retrieval test drug treatments
have been found instead to enhance (McGaugh et al. 1990; Led-
gerwood et al. 2003; Berlau and McGaugh 2004; Gonzalez-Lima
and Bruchey 2004; Schroeder and Packard 2004) or to impair
(Vianna et al. 2001; Maruki et al. 2003; Santini et al. 2004) ex-
tinction. These findings suggest that with re-exposure, memory
consolidation processes engage in the storage of newly acquired
information rather than in the “reconsolidation” of retrieved
memory traces. However, Boccia et al. (2004) reported a post-
retrieval impairment with an anti-cholinergic drug similar to that
of post-training cholinergic drug effects on consolidation (Power
et al. 2003). Interestingly, this impairment was only seen in over-
trained mice (Boccia et al. 2004), which is consistent with the
present findings in suggesting that such impairments may only
be seen in the absence of extinction.

The present findings indicate that post-retrieval administra-
tion of anisomycin impairs subsequent retention performance
only in the absence of extinction and that this impairment is
temporary. Thus, such impairment effects may occur only when
the CS-US association is not weakened by the re-exposure. Con-
sistent with the conclusions of Cammarota and colleagues (Cam-
marota et al. 2004b), who failed to demonstrate the “reconsoli-
dation” effect under various training conditions, our findings do
not support the hypothesis that retrieval of a memory trace in-
duces it to become truly labile, as in immediately after learning,
such that its storage can be blocked permanently with post-
reactivation manipulations. Indeed our findings failed to dem-
onstrate permanent reconsolidation impairment with either the
brief or the extended re-exposure duration. The mechanism un-
derlying the temporary post-reactivation memory impairment
and its significance for the neurobiology of memory remain to be
elucidated.

Materials and Methods

Subjects

Sixty-nine male Sprague-Dawley rats (Harlan), weighing 300-325
g at the time of surgery, were used in these experiments. The rats

were individually housed in a temperature-controlled (22°C) vi-
varium on a 12-h light/12-h dark cycle, with food and water
freely available, and were allowed 1 wk to habituate to the vi-
varium before surgery. The rats were allowed 1 wk to recover
from surgery before IA behavioral training. Rats were divided into
three groups for Experiment 1A and Experiment 2: (1) post-Test
1 vehicle infusion, n = 9; (2) post-Test 1 anisomycin, n = 10; and
(3) anisomycin infusion 6 h after training with no Test 1, n=9.
Experiment 1B included only two groups: (1) post-Test 1 vehicle
infusion, n =5, and (2) post-Test 1 anisomycin, n=7.

Surgery

For cannulae implantation, rats were anesthetized with sodium
pentobarbitol (50 mg/kg, i.p.), and given atropine sulfate to
maintain respiration (0.1 mg/2 mL, i.p.) and 0.9% sterile saline to
prevent dehydration (2.5 mlL, s.c.). Cannulae (23 gauge) were
implanted bilaterally above the dorsal hippocampus under ste-
reotaxic guidance at 3.3 mm posterior and 1.5 mm lateral to
Bregma, and 2.7 mm ventral to the skull surface (Paxinos and
Watson 1998). The cannulae were fixed in place with dental ce-
ment and two anchoring surgical screws. After the surgery, 11-
mm-long stylets (#00 insect dissection pins) were inserted into
the cannulae to maintain patency. Rats were kept warm on heat-
ing pads until they awoke from the anesthesia. Rats were allowed
1 wk to recover from the surgery before behavioral training and
were handled on each of the 4 d preceding training to habituate
them to the infusion procedure and maintain patent cannulae.

Inhibitory avoidance task

Our current understanding of the cellular and molecular pro-
cesses that may underlie memory is based to a considerable ex-
tent on studies of synaptic correlates observed in acute neuro-
physiological experiments. Investigation of putative mecha-
nisms of post-retrieval effects in acute in vivo or in vitro
physiology experiments requires the establishment of a time
frame compatible with both behavioral and physiological stud-
ies. With this goal in mind, we used a training to memory reac-
tivation interval, 6 h, that was just long enough to allow stabi-
lization of the behavioral memory trace but also short enough to
be applied in physiological studies. The IA paradigm is advanta-
geous for studying memory consolidation because it includes a
single discreet CS-US pairing during training.

The IA apparatus is a trough-shaped alley divided by a slid-
ing door into two compartments: a lit safe compartment (31 cm
long) and a dark shock compartment (60 cm long). Rats were
trained in the morning between 9:00 a.m. and 12:00 p.m. During
training, each rat was placed into the lit safe compartment facing
away from the dark compartment and allowed to enter and ex-
plore the dark shock compartment. After each rat stepped com-
pletely into the dark compartment with all four paws, the sliding
door was closed and the animal received a single inescapable
footshock (0.6 mA, 2.0 sec). This intensity and duration of shock
consistently caused rats to vocalize and jump. Rats remained in
the dark compartment for 15 sec following the shock and were
then returned to their home cages.

Six hours after IA training, rats received a context re-
exposure and retention test (Test 1; 15:00-18:00 h). Previous re-
search indicates that long-term memory is stable by 6 h after
training (Izquierdo and Medina 1997). During Test 1, each rat
was placed in the lit safe compartment as in training. The latency
for the rat to enter the dark shock compartment was recorded.
The maximum latency cutoff was 600 sec. Retention was inferred
from rats’ hesitation to enter the shock compartment during the
retention test. Any rat remaining in the lit start compartment
after 600 sec was gently guided into the dark compartment before
being removed from the apparatus. As each rat moved com-
pletely into the dark compartment of the IA apparatus, the slid-
ing door was closed behind it as in training. In Experiments 1A
and 1B, rats were then removed immediately from the dark com-
partment. In Experiment 2, rats were allowed to explore the dark
compartment without receiving any shocks for 200 sec. Both
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Experiment 1A and Experiment 2 included a control group that
remained in their home cages during the Test 1 period.

Forty-eight hours after training, avoidance of the dark shock
compartment was tested again (Test 2). At Test 2, each rat was
placed in the lit safe compartment as in training and Test 1. The
latency for the rat to enter the dark shock compartment was
recorded. The maximum latency cutoff was 600 sec. As in Test 1,
rats in Experiments 1A and 1B were removed from the dark com-
partment immediately upon entering it, whereas rats in Experi-
ment 2 were allowed to explore the dark compartment for 200
sec in the absence of a footshock.

Six days after training, the rats in Experiment 1B and Ex-
periment 2 were subjected to a third test, during which they were
placed in the lit safe compartment and again allowed to enter the
dark shock compartment, and their latency to enter the dark
shock compartment was recorded. To confirm that rats were ex-
hibiting extinction between the test trials rather than forgetting,
the rats received a mild reminder shock (0.5 mA, 1 sec) in the
shock compartment with the sliding door open during Test 3.
Their latency to re-enter the shock compartment after the re-
minder shock was recorded. Cannulated rats that have received
only a shock of the intensity and duration of this reminder shock
exhibit mean retention latencies in the range of 50-100 sec
(Power et al. 2003). The greater intensity and longer duration
training shock used in the present experiments (0.6 mA, 2 sec)
produces far greater mean retention latencies than this reminder
shock (Milekic and Alberini 2002). Thus, re-entrance latencies at
Test 3 at least as great as that seen at Test 1 provide evidence for
the presence of savings of the memory for the original training.

Drug administration

Immediately after Test 1, rats received bilateral infusions of an-
isomycin (75 pg/side; Sigma) or vehicle (sterile physiological
saline, 0.9%) into the dorsal hippocampus. As a control for the
drug effect alone, some rats were not given a Test 1, but received
similar anisomycin infusions 6 h after training. Anisomycin was
initially dissolved in 3 N HCI at 37°C, and the solution was
brought to a pH of 7.3 and a final concentration of 100 pg/pL by
addition of 3 N NaOH and sterile saline. The drug solution was
prepared fresh on each infusion day. Rats received 0.75 pL of this

solution through each guide cannula immediately after Test 1.
This anisomycin solution is similar to that used in previous re-
ports (Quevedo et al. 1999; Vianna et al. 2001, 2003). Solutions
were infused slowly into the hippocampus over 90 sec by an
automated syringe pump (Sage Instruments) via 30-gauge injec-
tion needles (12.5 mm) attached to 10-uL Hamilton microsyrin-
ges by PE-20 polyethylene tubing. The infusion needles extended
1.5 mm beyond the guide cannulae and were left in place for an
additional 90 sec after the infusions to allow diffusion into the
hippocampus. Following the drug or vehicle infusions, the rats
were replaced into their home cages.

Histology

After completion of behavioral testing, rats were anesthetized
with an overdose of sodium pentobarbital and perfused intracar-
dially with phosphate buffered saline (PBS) (pH 7.4). Brains were
removed and immersed in fresh 4% paraformaldehyde and then
were transferred to a 25% sucrose in PBS solution for cryoprotec-
tion. Forty-micrometer coronal sections through the hippocam-
pus were cut on a freezing microtome, mounted on gelatin-
coated slides, and Nissl-stained with thionin. The sections were
examined under a light microscope, and the loci of the infusion
needle tracks were determined according to the standardized at-
las of Paxinos and Watson (1998) by an observer blind to group
designation. Only rats with both needle tracks terminating
within the dorsal hippocampus were included in the behavioral
analysis. The loci of the infusion needle tips for all subjects (final
n = 69) are summarized in Figure 3.

Statistical analysis

The behavioral data are reported as mean entrance latencies with
the standard errors of the mean. Rats showed a normal distribu-
tion in their avoidance behavior. Data from each experiment
were analyzed with a two-way analysis of variance (ANOVA) with
treatment group as a between-subject variable and trial as a
within-subject variable (training, Test 1 and Test 2 for all experi-
ments as well as Test 3 and Test 3 re-entry for Experiment 1B and
Experiment 2). Fisher’s multiple comparisons post hoc tests were
used to detect the sources of the significances detected by the

Figure 3. All rats represented in the behavioral data were confirmed to have infusion sites located within the dorsal hippocampus as shown in A for
in Experiment 1A (n = 28), B for Experiment 1B (n = 12), and Cfor Experiment 2 (n = 28). (D) A representative example of an intrahippocampal infusion
site. Coordinates are given as millimeters posterior to Bregma. Coronal section plates were adapted with permission from Elsevier © 1998, Paxinos and

Watson (1998).
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ANOVAs. In all cases, comparisons with P-values <0.05 were con-
sidered significant.
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