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Cellular and Systems Reconsolidation
in the Hippocampus

studies demonstrating that amnesia could also occur if
a fully consolidated and stable LTM was reactivated
prior to amnesic treatments (Misanin et al., 1968). This
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phenomenon has been described in a large number ofJagiellonian University Collegium Medicum
species, using a wide array of behavioral paradigms andCracow 31-501
amnesic agents (Sara, 2000). These findings suggestedPoland
that old, reactivated memories undergo another round of2 W.M. Keck Foundation Laboratory of Neurobiology
consolidation, a process referred to as reconsolidationCenter for Neural Science
(Nader et al., 2000b; Przybyslawski and Sara, 1997).New York University
Consistent with the reconsolidation hypothesis is ourNew York, New York 10003
recent demonstration that consolidated memories for3 Department of Psychology
auditory fear conditioning, which are stored in the amyg-McGill University
dala (Fanselow and LeDoux, 1999; Maren, 2001; SchafeMontreal, Quebec H3A 1B1
et al., 2000), undergo protein synthesis-dependent re-Canada
consolidation in the amygdala and that this process is
contingent on memory reactivation (Nader et al., 2000a).
Indeed, reconsolidation and consolidation have beenSummary
found to share a number of common properties, includ-
ing: (1) requirement of protein synthesis in order forCellular theories of memory consolidation posit that
the memory to persist, (2) time windows during whichnew memories require new protein synthesis in order
protein synthesis blockade is effective, and (3) that pro-to be stored. Systems consolidation theories posit that
tein synthesis blockage in the same brain region, thethe hippocampus has a time-limited role in memory
amygdala, disrupts both. Given these similarities, itstorage, after which the memory is independent of the
seemed parsimonious to conclude that a new memoryhippocampus. Here, we show that intra-hippocampal
and a reactivated, consolidated memory share a com-infusions of the protein synthesis inhibitor anisomycin
mon memory state, as originally proposed by Lewiscaused amnesia for a consolidated hippocampal-
(1979). Thus, instead of just occurring once, memorydependent contextual fear memory, but only if the
storage may instead be a process that is reiterated withmemory was reactivated prior to infusion. The effect
each use of the memory.occurred even if reactivation was delayed for 45 days

A key issue is whether reconsolidation also occursafter training, a time when contextual memory is inde-
in other brain systems. The most extensively studiedpendent of the hippocampus. Indeed, reactivation of
memory system of the brain involves the hippocampus.a hippocampus-independent memory caused the trace
Results from previous studies have suggested thatto again become hippocampus dependent, but only
memories for hippocampus-dependent tasks can un-for 2 days rather than for weeks. Thus, hippocampal
dergo reconsolidation (Mactutus et al., 1979; Przybys-memories can undergo reconsolidation at both the
lawski et al., 1999; Schneider and Sherman, 1968). Forcellular and systems levels.
example, using a radial arm maze, systemic postreacti-
vation injections of propranol were effective at produc-Introduction
ing amnesia if the memory was first reactivated (Przy-
byslawski et al., 1999). Because the treatment was

The formation of long-term memory (LTM) is generally
systemic, however, it is not known whether the effects

believed to involve a process by which a labile short-
of the drug on reconsolidation occurred in the hippo-

term memory (STM) is converted into a lasting stable campus or in some other structure that contributes to
trace (Ebbinghaus, 1885; Hebb, 1949; Müller and Pil- this task. Similarly, recent findings that disruption of
zecker, 1900). Evidence for this time-dependent process CREB-mediated transcription in the forebrain interferes
has come from numerous studies, showing that treat- with the reconsolidation of contextual fear memories
ments such as electroconvulsive shock (ECS) produce (Kida et al., 2002) suffer from the same drawback. In
amnesia shortly after learning, but the same treatment support of the possibility that memories stored within
several hours later has no effect (Duncan, 1949; McGaugh, the hippocampus itself might undergo reconsolidation
1966). The dominant view of how the conversion from are the recent findings showing that reactivation of con-
STM to LTM occurs is that new RNA and proteins are textual memories induces the expression of zif268, a
synthesized and transform temporary alterations in syn- gene implicated in consolidation of new hippocampal-
aptic transmission into persistent modifications of syn- dependent memories (Hall et al., 2001).
aptic architecture (Davis and Squire, 1984; Flexner et In the present study, we first asked if hippocampal-
al., 1965; Goelet et al., 1986). This is called consolidation mediated memories undergo protein synthesis-depen-
theory, or more precisely, cellular consolidation theory dent reconsolidation in the hippocampus. The task we
(Dudai and Morris, 2000). used was contextual fear conditioning, a variant of audi-

Cellular consolidation theory was challenged by early tory fear conditioning in which the footshock comes to
be associated with the chamber (context) in which the
shock occurred. The hippocampus is thought to estab-4 Correspondence: nader@hebb.psych.mcgill.ca
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lish the sensory/cognitive representation of the context
that is then associated with the shock in the amygdala
(Anagnostaras et al., 2001; LeDoux, 2000). Contextual
fear conditioning is well suited for asking questions
about cellular reconsolidation in the hippocampus since
it is known that infusion of anisomycin into the hippo-
campus disrupts initial consolidation of such memory
(Quevedo et al., 1999; Taubenfeld et al., 2001). The use
of this paradigm in conjunction with targeted infusions
of anisomycin into the hippocampus thus allowed the
assessment of whether the reconsolidation findings
from the amygdala apply to a different brain system
(hippocampus) and for a qualitatively distinct kind of
memory (sensory/cognitive representation of context)
(O’Keefe and Nadel, 1978).

The term memory consolidation has a second mean-
ing when applied to the hippocampus (Anagnostaras et
al., 2001; Eichenbaum et al., 1994; Scoville and Milner,
1957; Squire and Alvarez, 1995). In addition to the cellu-
lar changes described above that occur within the hours
immediately following learning, additional changes oc-
cur at the level of neural systems over a longer time
frame (months in rats and years in humans), and these
changes cause a memory that initially depends on the
hippocampus to become independent of the hippocam-
pus. One view of how this occurs is that initially the
hippocampus forms a LTM (through a process of cellular
consolidation). Over time, the memories become inde-
pendent of the hippocampus and are stored in the neo-

Figure 1. Hippocampal-Mediated Memories Undergo Protein Syn-cortex (Anagnostaras et al., 2001; Eichenbaum et al.,
thesis-Dependent Reconsolidation1994; Marr, 1971; McClelland et al., 1995). For clarity,
(A–B) Schematic of the procedure used with the data presentedwe will refer to a memory that has become independent
below. Vertical open-headed arrows represent infusions. (A) Aniso-

of the hippocampus as a remote memory to distinguish mycin infusions impaired PR-LTM, but not PR-STM. (B) Omitting
it from a LTM that is still stored in the hippocampus. memory reactivation protected the memory from being lost. This
Thus, humans with hippocampal damage have better procedure was identical to (A) except that the contextual memory

was not reactivated. Instead, animals were taken to a different roommemory for old, rather than recent, memories, and le-
and given the infusions.sions of the hippocampus in rats 1 day after training

produce a severe impairment, but the same lesions 28
days afterwards have no effect (Kim and Fanselow, demonstrate a specific effect of anisomycin on consoli-
1992; Scoville and Milner, 1957). The relative persistence dation of new memories, it is critical to demonstrate
of old over new memories is viewed as evidence for a intact short-term memory (STM) and impaired long-term
temporal gradient of retrograde amnesia, and the re- memory (LTM) (Schafe and LeDoux, 2000). Applying this
structuring of a memory from being hippocampus de- logic to reconsolidation, we required intact behavior
pendent to independent, is called systems consolidation during a postreactivation short-term memory test (PR-
(Dudai and Morris, 2000). Systems consolidation is obvi- STM) and impaired behavior in the same animals during
ously based on cellular consolidation in both the hippo- a postreactivation long-term memory test (PR-LTM)
campus and the neocortex. In addition to testing (Nader et al., 2000a). During reactivation, the two groups
whether cellular reconsolidation occurs in the hippo- exhibited comparable freezing scores (Figure 1A, t (17) �
campus, we therefore asked whether reactivation of a 1). An analysis of variance (ANOVA) comparing the drug
remote memory returns it to being hippocampus depen- treatment (anisomycin versus ACSF) and memory phase
dent again or not. If it does, systems reconsolidation (PR-STM versus PR-LTM) revealed a significant interac-
would be demonstrated. tion (F (1, 17) � 9.4, p � 0.05). Post hoc analysis revealed

that in the PR-STM test, both groups were again compa-
rable (p � 0.05); however, in the PR-LTM test, aniso-Results
mycin-treated rats were impaired relative to the controls
(p � 0.05). Given that in the same animals PR-STM wasCellular Reconsolidation

Adult male Sprague-Dawley rats were placed in a condi- intact and PR-LTM impaired, this demonstrates that the
hippocampus was functioning normally 4 hr after thetioning chamber and given eight shocks at 62 s intervals

(1.5 mA, 1 s duration). Three days later, they were re- expression of fear and the anisomycin infusions.
We considered two alternative interpretations of theturned to the conditioning chamber for a 90 s reactiva-

tion session and immediately afterwards infused with deficit in the previous experiment. First, given that there
are multiple time points during consolidation of neweither ACSF or anisomycin 250 �g/2 �l/side into the

hippocampus through implanted cannula. In order to learning that require protein synthesis (Quevedo et al.,
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1999), it is possible that anisomycin blocked a new late
wave of protein synthesis that occurs 3 days after train-
ing and is required for the consolidation of the original
trace. Second, anisomycin may simply have caused a
lesion or other pathological change that took more than
4 hr to develop. This would explain the intact PR-STM
and impaired PR-LTM. In order to test these two possi-
bilities, we performed the same experiment as in Figure
1A except the contextual memory was never reactivated
prior to drug infusions. Animals were given an infusion
in a different room. Both of the alternate interpretations
predicted an impairment in the PR-LTM test. Reconsol-
idation however, predicted no effect. Anisomycin infu-
sions in the absence of memory reaction had no effect
(Figure 1B). An ANOVA demonstrated there was no sig-
nificant interaction between the groups and memory
phases (F (1, 11) � 1), nor was there a main effect of
group (F (1, 11) � 1). These findings are consistent with
the proposal that hippocampal memories undergo cellu-
lar reconsolidation when reactivated.

It is possible that the drug spread into the brain’s
ventricles and affected reconsolidation by acting in
some region other than the hippocampus, such as the
amygdala. We tested this by performing the same exper-
iment as experiment 1A but with the drug (same concen-
tration and volume) infused directly into the ventricles.
These infusions had no effect (Figure 2A). Both groups
had comparable reactivation scores (t (13) � 1). An
ANOVA revealed no significant interaction between the
groups and memory phases (F (1, 13) � 1), nor was there Figure 2. The Effects of Anisomycin Are Specific to the Hippocam-

pus and Do Not Support Conditioned Competing Responsesa main effect of group (F (1, 13) � 1). These findings
strongly suggest that the effects of anisomycin on re- (A) Anisomycin’s effects are due to an action within the hippocam-

pus. Intraventricular (ICV) infusions of anisomycin had no effects onconsolidation were not due to anisomycin producing its
reconsolidation.effects on structures outside the hippocampus. This is
(B) Anisomycin does not act as a US after fear expression to mediatenot to say that intraventricular (ICV) infusions of aniso-
conditioned responses that could compete with freezing. The CS

mycin have no effect on reconsolidation in general. is the context. The tone is a previously fear-conditioned tone that
Rather, this low dose, which was effective when put was presented for the duration of the preexposure period.
directly in the hippocampus, was too dilute when put in
the ventricles to produce reconsolidation by affecting
other regions like the amygdala. Another explanation for during context preexposure (ACSF � 62 �11.6 and
the deficit seen in Figure 1A is that after the expression anisomycin � 65.7 � 5.3; t (13) � 1). This level of freezing
of fear induced by memory reactivation, anisomycin was comparable to that seen in Figure 1A. On test, both
served as an unconditioned stimulus (US) to support groups again demonstrated comparable contextual
a context-anisomycin association. During the PR-LTM freezing (t (13) � 1). This demonstrates that anisomycin
test, the responses elicited by the context-shock and was not acting like a US after fear expression to support
context-anisomycin association could have competed conditioned responses that compete with freezing.
with each other, causing freezing to decrease. For exam- Together, these findings suggest that consolidated
ple, if the context-anisomycin association produced hippocampal sensory memories undergo cellular recon-
conditioned hyperactivity only seen during the PR-LTM solidation in the hippocampus as do auditory fear mem-
test, this could have compromised the animals’ ability ories in the amygdala (Nader et al., 2000a). Consistent
to freeze. To evaluate this possibility, rats were given a

with this claim are the recent findings showing that reac-
90 s exposure to the environment during which a pre-

tivation of contextual memories induces the expression
viously conditioned auditory fear cue was also pre-

of zif268, which is implicated in consolidation of newsented (see Experimental Procedures). We used a proto-
hippocampal-dependent memories (Hall et al., 2001).col to condition the tone that leads to levels of freezing

comparable to those obtained during contextual mem-
Does Reconsolidation Demonstrateory reaction. At the end of this 90 s period, rats received
a Retrograde Gradient?either vehicle or anisomycin injections. The next day,
Given that the hippocampus plays a time-limited role inanimals received fear conditioning and were tested for
consolidation of new memories, we asked whether thecontextual freezing 3 days later. Directly pairing the ani-
hippocampus would also show a time-limited effect dur-somycin with the context after fear expression had no
ing reconsolidation. To this end, we increased the timeeffect on the subsequent acquisition of contextual fear
between training and reactivation from 3 to 15 or 45conditioning (Figure 2B). Both groups demonstrated

comparable freezing during the 90 s tone presentation days. By 45 days, memory for contextual conditioning
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Figure 4. Reconsolidation Does Not Show a Temporally Graded
Retrograde Amnesic Gradient

A memory index was computed for groups in the 3, 15, and 45
day experiment (PR-LTM/PR-STM %). Because the PR-STM test
produces approximately 20% extinction, the controls lie at approxi-
mately 75%–80%.

scores, ACSF � 67 � 9.3 versus ANISO 62 � 14.3; data
not shown). An analysis of variance comparing drug
group and memory phase revealed no significant inter-
action (F (1, 12) � 1, p � 0.05) nor a group effect (F (1,
12) � 1). There was, however, a significant effect of

Figure 3. Increasing the Training-Reactivation Delay Has No Effect
memory phase, demonstrating that both groups showedon the Memory’s Ability to Return to a Labile State
significant extinction (F (1, 12) � 12, p � 0.05).

Intra-hippocampus anisomycin blocks reconsolidation after mem-
In order to compare the efficacy of anisomycin overory reactivation (A) 15 or (B) 45 days after training. In both cases,

time, the scores of groups in the 3, 15, and 45 daya specific effect was found on PR-LTM, but not PR-STM.
experiments were converted to a standardized memory
index (percent of PR-LTM/PR-STM). Given that the PR-
STM test produces approximately 20% extinction, con-is independent of the hippocampus (Anagnostaras et

al., 1999; Kim and Fanselow, 1992) and presumably de- trol groups lie at 75%–80%. Reconsolidation did not
show any temporally graded gradient across the timependent on other cortical areas (Bontempi et al., 1999;

Frankland et al., 2001). As a result, it was expected that points (Figure 4). There was no significant interaction
between time after training and drug treatment (F (1,anisomycin infusions into the hippocampus would have

an effect at 15, but not 45, days. 49) � 1). However, there was a main effect of group (F
(1, 49) � 50, p � 0.05), demonstrating that recent (3 or 15Anisomycin infusions blocked the reconsolidation of

a contextual memory that was reactivated 15 days after day old) as well as old (45 day old) contextual memories
undergo protein synthesis reconsolidation in the hippo-training (Figure 3A). The anisomycin and ACSF groups

demonstrated comparable reactivation scores (t (12) � 1). campus. This is particularly interesting for the 45 day
time point since contextual fear memories are believedAn ANOVA comparing the groups with memory phases

revealed a significant interaction (F (1, 12) � 14, p � to be independent of the hippocampus at this point
(Anagnostaras et al., 2001; Kim and Fanselow, 1992).0.05). Post hoc analyses demonstrated that the groups

only differed on their PR-LTM scores (p � 0.05).
Interestingly, even 45 days after training (when the Systems Level Reconsolidation

There are two possible explanations for the apparentcontextual trace should have been hippocampus inde-
pendent), intra-hippocampus anisomycin blocked the contradiction between the time-limited role of the hippo-

campus in consolidation versus reconsolidation. First,reconsolidation of the reactivated memory (Figure 3B).
Both the anisomycin and ACSF groups demonstrated it is possible that in our particular paradigm the memory

for the context is still hippocampus dependent after 45comparable reactivation scores (t (20) � 1). An ANOVA
comparing the groups with memory phases revealed a days. Second, the memory might in fact be independent

of the hippocampus after 45 days; however, reactivationsignificant interaction (F (1, 20) � 14, p � 0.05). As in
experiment 1 and the previous experiments, the deficit returns it to being dependent on the hippocampus again.

In order to distinguish between these two possibilities,was specific to PR-LTM (p � 0.05). In order to test
whether at this time point, anisomycin’s effects were we prepared rats with either sham or electrolytic lesions

of the dorsal hippocampus 45 days after conditioning.being produced by an action in the hippocampus, we
repeated the 45 day experiment and infused anisomycin Two other groups were treated identically except that

immediately prior to surgery, they received a reactiva-into the ventricles. ICV infusions of anisomycin 45 days
posttraining had no effect on either PR-STM or PR-LTM, tion session. If the effects of anisomycin are due to the

contextual memory still being hippocampus dependentsuggesting that anisomycin produced its behavioral ef-
fects within the hippocampus itself (PR-STM scores, after 45 days, then there should be a deficit in the le-

sioned animals regardless of whether they had receivedACSF � 80 � 6.7 versus ANISO � 88 � 6.7; for PR-LTM
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a reactivation session or not. Conversely, the hypothesis
that a memory returns to being hippocampus dependent
after reactivation predicts that only animals that had
their memories reactivated prior to lesions should show
a deficit.

Hippocampal lesions caused memory impairments
only in animals that had received a reactivation session
(Figure 5A). Groups CS/lesion and CS/sham demon-
strated comparable freezing scores during reactivation
of 84 � 7 and 80 � 10, respectively (data not shown, t
(12) � 1). There was a significant three-way interaction
between reactivation (no CS versus CS), surgical proce-
dure (sham versus lesion), and test day, 1–4 (F (3, 63) �
4.1, p � 0.05). Indeed, post hoc analysis revealed that
the CS/lesion group was different from all other groups
(p’s � 0.05) on day 1, while all other groups demon-
strated comparable freezing (p’s � 0.05). The finding
that hippocampal lesions had no effect (F (3,30) � 1.1,
p � 0.05) in the absence of memory reactivation is con-
sistent with the general tenet of systems consolidation
theory, that the hippocampus has a time-limited role in
memory (Anagnostaras et al., 2001; Eichenbaum et al.,
1994; McGaugh, 2000; Scoville and Milner, 1957; Squire
and Alvarez, 1995). Furthermore, it demonstrates that
the hippocampus is not necessary for the expression
of contextual fear at this time point. The finding that
memory reactivation immediately prior to the same le-
sions caused a large impairment demonstrates that re-
activation returns a hippocampus-independent memory
to being hippocampus dependent again. In addition,
testing animals daily for 4 days and again after a week
did not cause a putative latent neocortical memory to
recover (Zinkin and Miller, 1967). Animals that were am-
nesic remained amnesic across all tests, with the level
of freezing over all retests comparable (p’s � 0.05).
These data suggest that reactivation of remote neocorti-
cal traces causes some critical plasticity to return to
being hippocampus dependent again. Given that the
effects of the lesions were contingent on memory reacti-
vation, it is difficult to interpret in terms of nonspecific
effects, such as impaired memory expression, increased
locomotion interfering with freezing (McNish et al.,
1997), or state-dependent learning (Millin et al., 2001).

In order to further test whether the effects of the infu-
sions and lesions are due to actions in the hippocampus Figure 5. Hippocampal Memories Undergo Systems Reconsol-
versus the overlying cortex, we repeated the above ex- idation
periment in animals with lesions of the overlying cortex. (A–B) Schematic of the procedure used with the data presented
Animals were trained and returned to their home cage. below. (A) Remote hippocampus-independent memories return to

being hippocampus dependent after memory reactivation. TheForty-five days after training, rats received a reactivation
score of the CS/lesion group did not show any spontaneous recov-session and either the sham or electrolytic lesions of
ery across all test days. The no CS/sham and no CS/lesion groupthe neocortex overlying the dorsal hippocampus. Neo-
did not significantly differ as there was no significant interactioncortical lesions destroyed the majority of the trunk re-
between group and test days. (B) The hippocampus plays a time-

gion of the primary somatosensory as well as the parietal limited role in the restabilization of a reactivated remote memory.
association area extending from �2.5 mm posterior to This second temporally graded retrograde amnesic gradient was
bregma to �4.5 mm. Freezing scores were similar in only 2 days after which time the trace once again became hippocam-

pus independent.sham and lesioned animals during the reactivation ses-
(C) Retesting animals in the 4 hr group weekly for up to 28 days didsion (sham � 65 � 7, lesion � 66 � 11, t � 1). Similarly,
not cause any spontaneous recovery.freezing scores did not differ between sham and le-

sioned rats during the postlesion test (sham � 37 � 4,
lesion � 40 � 7, t � 1). These data, together with the

The Second Temporally Graded Retrogradefact that ICV infusions of anisomycin had no effect on
Amnesic Gradientreconsolidation 45 days after conditioning, strongly sug-
We next asked how long the hippocampus is required togest that reconsolidation occurs in the hippocampus

itself. stabilize the reactivated remote memory. Animals received



Neuron
532

contextual fear conditioning and were undisturbed for 45
days to allow the memory to become independent of the
hippocampus. Their remote memory was reactivated and
dorsal hippocampus lesions were performed 4, 24, or 48
hr later. In all cases, the sham and to be lesioned groups
reactivation scores were comparable with each other
(p’s � 0.05; 4 hr scores, sham � 91 � 5 versus lesion �
71 � 13; 24 hr scores, sham � 50 � 11 versus lesion �
62 � 8; 48 hr scores, sham � 69 � 8 versus lesion 69 �
9; data not shown). Animals that received lesions 4 or
24 hr postreactivation demonstrated an impairment, but
the 48 hr group was intact (Figure 5B). An ANOVA re-
vealed a significant interaction between the postreacti-
vation time of lesions and the lesion type (sham or elec-
trolytic) (F (2, 37) � 5.4, p � 0.05). Post hoc analysis
indicated that only the 4 and 24 hr lesioned animals
were significantly different from their respective controls

Figure 6. Contextual Memories Return to a State of Hippocampus(p’s � 0.05). In order to test for the presence of a latent
Dependence for a Third Timeneocortical trace, the 4 hr group was tested once weekly
Top shows a schematic of the procedure used with the data pre-for 4 weeks. Again, there was no recovery of behavior
sented below. Fourty-five days after conditioning, a time when theover 4 weeks (p’s � 0.05) (Figure 5C). Thus, whereas the
first temporally graded retrograde amnesic gradient is complete and

duration of hippocampus involvement for new learning the contextual memory has become hippocampus independent, the
(first retrograde amnesic gradient) in this task is typically memory was reactivated. Two days later, when the second retro-

grade gradient was complete and the memory was once again hip-on the order of weeks (Anagnostaras et al., 2001; Kim
pocampus independent, the memory was reactivated again, andand Fanselow, 1992), the duration of hippocampal
animals received sham or electrolytic lesions of the dorsal hippo-involvement for remote reactivated memories (second
campus. Animals that received lesions immediately, but not 48 hr,retrograde amnesic gradient) is 1–2 days.
after reactivation showed a deficit in contextual freezing. Thus, the
duration of the third retrograde gradient is comparable to the

The Third Temporally Graded Retrograde second.
Amnesic Gradient
Next we tested whether a contextual memory that has
become hippocampus independent twice could return hippocampal memories undergo cellular as well as sys-
to being hippocampus dependent for a third time after tems reconsolidation. Specifically, we have demon-
being reactivated. The previous experiment (Figure 5B) strated that intra-hippocampus anisomycin causes an
demonstrated that lesions of the hippocampus 48 hr impairment in PR-LTM, but not PR-STM, when infused
after reactivation were ineffective. Forty-five days after after reactivation of contextual fear memory. This effect
training, rats received a reactivation test and 48 hr later, was not due to diffusion to a distal site of action such
received a second reactivation session. Rats then re- as the amygdala or the overlying cortex. Further, aniso-
ceived hippocampal lesions either immediately or 48 hr mycin’s effects were contingent on memory reactiva-
after the second reactivation test. As can be seen in tion. In addition, anisomycin did not function as a US
Figure 6, reactivation of a hippocampus-independent after fear expression to support competing conditioned
memory returned it to being hippocampus dependent responses. Thus, the most parsimonious interpretation
for the third time. This memory trace remained hippo- of these data is that memories stored in the hippocam-
campus dependent for less than 2 days. The reactivation pus undergo cellular reconsolidation when reactivated.
scores were comparable between sham and lesioned In contrast to these findings, it has recently been dem-
groups (first reactivation: sham � 74 � 8, lesion � 75 � onstrated that systemic anisomycin infusions blocks the
11; second reactivation: sham � 66 � 8, lesion � 60 � consolidation, but not reconsolidation or extinction, of
12, F’s � 1). Because the freezing levels in the control contextual fear conditioning (Guzowski and McGaugh,
and lesion groups were so low, there was no significant 1997; Lattal and Abel, 2001). Furthermore, infusions of
interaction between time (0 hr and 48 hr) and surgical anisomycin directly into the hippocampus, which were
condition (sham or lesion) F (1, 29) � 2.8, p � 0.1. How- sufficient to block consolidation of inhibitory avoidance,
ever, post hoc tests revealed that lesion and sham were ineffective in blocking reconsolidation (Taubenfeld
groups differed in the 0 hr condition (p � 0.05) but were et al., 2001). One of the likeliest explanations for these
the same in the 48 hr condition (p � 0.05). These data lacks of effects on reconsolidation is that the doses of
demonstrate that memory reactivation could return a anisomycin used were not high enough to affect recon-
memory to being hippocampus dependent for a third solidation. The dose used in the present study is twice
temporally graded retrograde amnesic gradient that is that required to block consolidation. There are three
of comparable duration to the second. main reasons why reconsolidation in the hippocampus

could have a different dose response curve. First, over
time the contextual memory may become more spatiallyDiscussion
dispersed, requiring a higher dose of anisomycin to in-
hibit protein synthesis over a larger area. Second, aniso-Using targeted infusions of anisomycin into and specific

lesions of the hippocampus, we have demonstrated that mycin may be acting in the cell nucleus to block transla-
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tion of proteins required for consolidation and in the the systems level. In cellular consolidation, a memory
trace is stabilized from a labile state to a consolidateddendrites to block translation involved in reconsolida-

tion. Therefore, different doses may be required to affect state with the synthesis of new proteins. Cellular recon-
solidation is the demonstration that reactivation of thetranslation in these two compartments. Third, during

consolidation a large amount of proteins are presumably consolidated state returns the trace to a labile state
that requires protein synthesis in order to be restored.required to sustain the presumed synaptic growth un-

derlying the consolidation of long-term memories. We Systems consolidation is the restructuring of a trace
from being hippocampus dependent to independent.have argued that during reconsolidation new proteins

are required to restabilize an already existing reactivated Systems reconsolidation is the demonstration that reac-
tivation of a remote memory returns the trace to beingsynapse (Nader et al., 2000a, 2000b), which may be

accomplished through the production of a small number hippocampus dependent again for a period of time be-
fore once again becoming independent of the hippo-of proteins. Thus, in order to block reconsolidation,

higher doses of anisomycin would be required to shut campus. The second and third retrograde gradients are
on the order of 1–2 days. Although we have not testeddown protein synthesis to the point where even the small

number of proteins required for restabilization cannot the duration of the first systems consolidation gradient
in this study, all studies using contextual fear condition-be formed.

Two studies have demonstrated that anisomycin infu- ing have shown effects of lesions weeks after training
if not longer (Anagnostaras et al., 2001). Thus, the dura-sions after reactivation blocked the extinction produced

by the reactivation session (Berman and Dudai, 2001; tion of the first and subsequent gradients seem quite
different.Vianna et al., 2001). This is the opposite of our findings

with reconsolidation in which behavior was lost after Before accepting the above interpretations, however,
there are two alternate interpretations that need to bereactivation and protein synthesis challenge. One intri-

guing difference between those two studies and our considered. First, it is possible that what we view as
being a blockade of reconsolidation is in fact facilitatedown is that the reactivation session in our studies did

not cause any significant extinction (Nader et al., 2000a). extinction. This is unlikely for a number of reasons. First,
extinction is new learning (Bouton, 1993). One of theHowever, in both the studies by Vianna et al. (2001)

and Berman and Dudai (2001), reactivation produced most fundamental universals throughout the field of
memory consolidation is that the production of new pro-significant extinction. Thus, it is possible that extinction

and reconsolidation compete on a molecular level. If teins is required for induction of normal long-term mem-
ory (Davis and Squire, 1984; Dudai and Morris, 2000;extinction is expressed, it may be the dominant protein

synthesis-dependent process, which in turn will be Flexner et al., 1965; Goelet et al., 1986). To say that
anisomycin injections facilitated extinction is the equiva-blocked by anisomycin infusions. On the other hand, in

cases where a single reactivation session is not suffi- lent of stating that inhibition of protein synthesis en-
hances memory formation. There is no evidence thatcient to induce significant extinction, reconsolidation

may be the dominant protein synthesis-dependent pro- blockade of protein synthesis enhances memory in any
system. Indeed, the studies described above show thatcess. Thus, in our paradigm, anisomycin infusions would

block reconsolidation and not extinction. when anisomycin affects extinction, it does so by
blocking rather than facilitating extinction. Second, ourAnisomycin infusions into the hippocampus blocked

the reconsolidation of a reactivated contextual trace unpublished findings with auditory fear conditioning
demonstrate that anisomycin blocks reconsolidationover a 45 day period, showing a lack of any temporally

graded retrograde amnesic gradient. This was not due when the memory is reactivated with a reinforced train-
ing trial (S.D., J.E.L., and K.N.). Third, in the currentto the specific parameters of our paradigm that might

lead to an ungraded retrograde amnesia. Rather, it was lesion experiments, it could be argued that lesions of the
hippocampus facilitated extinction. Explicitly speakingdue to reactivation causing a remote memory to return

to being dependent on the hippocampus. This conclu- against this are the findings that the no CS/lesion and no
CS/sham demonstrated comparable levels of extinctionsion is based on the findings that lesions of the hippo-

campus 45 days after conditioning had no effect on the over the test days. Thus, no facilitated extinction was
seen. This is consistent with previous data, demonstra-expression of contextual fear conditioning. However,

when the memory was reactivated for as short as 90 s ting that lesions of the hippocampus do not affect ex-
tinction of fear conditioning (Frohardt et al., 2000).immediately prior to the induction of surgical anesthesia

for the production of those same lesions, a large impair- Another interpretation of the lesion data is that the
neocortical trace becomes labile again, and the lesionsment was seen. These findings extend Land et al.’s

(2000) study of avoidance conditioning. However, unlike produced nonspecific neocortical disruption which, in
turn, blocked neocortical cellular reconsolidation. Ac-contextual conditioning, the avoidance task used by

Land et al. depends on the hippocampus for retrieval, cording to this interpretation, there is no need to invoke
plasticity returning to the hippocampus. This interpreta-but not the initial learning. This difference may account

for the fact that memory could be recovered in the Land tion predicts that anisomycin injected into the hippo-
campus should have had no effect on day 45 becauseet al. study, but not in our study.

The lesion data demonstrate that reactivation of hip- reconsolidation would be occurring in the neocortex and
not in the hippocampus. However, intra-hippocampalpocampus-independent memories cause them to be-

come critically dependent on the hippocampus again. infusions of anisomycin on day 45 blocked reconsolida-
tion. Furthermore, anisomycin did not produce its effectFurthermore, this can happen more than once (we have

demonstrated it three times). These findings are analo- by diffusing through the ventricles to a site distal to the
hippocampus because intra-ventricular infusions of thegous to cellular consolidation except that they occur at
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same dose, time, and volume had no effect. Similarly, the latent trace (Miller and Springer, 1974). This claim is
equally applicable to amnesia for both new and reacti-effect of hippocampal lesions were not due to damage to

the overlying neocortex because lesions of this area had vated memories. The issue of whether amnesia for new
information is due to a retrieval or storage failure wasno effect on reconsolidation. Lastly, if our manipulations

were producing nonspecific effects on the neocortical debated for decades and led to a stalemate (Cherkin,
1972; Davis and Rosenzweig, 1978; Davis and Squire,storage sites for the contextual representation, then that

should have produced a flat retrograde gradient be- 1984; Gold and King, 1974; Gold et al., 1973; Miller and
Springer, 1974; Miller and Matzel, 2000; Quartermaincause the neocortical areas involved in storage would

have been destroyed and a behavioral deficit should and McEwen, 1970). Both camps came to develop argu-
ments and counterarguments that explained the vasthave been seen at any reactivation-surgery interval re-

gardless of reactivation condition. In contrast, we found majority of the findings concerning the durability of am-
nesia, how reminder treatments affect memories, spon-a very specific pattern of deficit. Specifically, in order

for lesions of the hippocampus to affect behavior, the taneous recovery from amnesia, etc. (e.g., Gold and
King, 1974; Miller and Springer, 1974). Thus, in referringremote memory must first be reactivated. Furthermore,

in contrast to the flat gradient predicted by the nonspe- to the reconsolidation phenomena, our intent is not to
make a qualitative statement that reconsolidation is nec-cific interpretation, a temporally graded retrograde am-

nesia gradient that is limited to 48 hr after memory reacti- essarily a storage deficit. Rather, as consolidation is a
time dependent process that is engaged by new learningvation of a remote memory was found. Therefore, the

most parsimonious interpretation of these data is that (McGaugh, 1966), we are using reconsolidation to refer
to another time-dependent process that is engaged byupon reactivation of a remote contextual memory, some

plasticity critical to the remote memory returns to being reactivation of a consolidated memory. Furthermore, we
feel that the time-dependent processes engaged byhippocampus dependent.
consolidation and reconsolidation are of the same quali-
tative state. Thus, if the nature of amnesia for new learn-Consolidation of a New Trace or Reconsolidation
ing (consolidation) is determined to be a retrieval deficit,of an Old Trace?
then we suggest reconsolidation should also be a re-One of the most central points within the consolidation/
trieval deficit. Conversely, if as is assumed, that consoli-reconsolidation debate is whether the amnesic agents
dation ultimately is determined to be storage process,(anisomycin, lesions, ECT, etc.) block the original trace
then we suggest that reconsolidation is also a storagefrom being reconsolidated or whether reactivation pro-
process. Given the large degree of similarity betweenduces a second new trace that has to be consolidated.
consolidation and reconsolidation, there is no reason toBlockade of the new trace would be said to be a case
assume that they represent different qualitative pro-of impaired consolidation instead of reconsolidation.
cesses.There are multiple lines of evidence that favor the recon-

solidation interpretation. Take the case where animals
have their contextual memories reactivated and chal- Possible Mechanisms

We have previously suggested that the simplest mecha-lenged with anisomycin. According to the consolidation
view, anisomycin would block the consolidation of a nism that could induce a trace to return to a labile state

in cellular reconsolidation is that reactivation of consoli-new memory formed through reactivation. If this were
true, however, then on test day, animals should have dated synapses causes them to become unstable

(Nader et al., 2000a, 2000b). In the absence of new pro-simply retrieved their original memory and performed at
control levels. The fact that the animals are impaired tein synthesis, the reactivated synapses remain func-

tional for at least 4 hr (based on intact PR-STM) butspeaks against the new memory interpretation of the
findings. The second line of evidence comes from the become dysfunctional over longer time points. Such a

mechanism allows for reconsolidation effects on spe-durations of the first and second retrograde amnesic
gradients. The first gradient for consolidating new mem- cific memories by ensuring that only the memories that

the reactivated synapses contributed to return to a labileories is typically on the order of weeks. If reactivation
was producing a second new memory, then the consoli- state while other nonreactivated synapses would remain

in a consolidated state. While the physiological eventsdation of the second new memory should have been on
the order of weeks because this is how long a new that cause cells to once again require protein synthesis

is unknown at this point, it is possible that insertion ofcontextual trace takes to undergo systems consolida-
tion. However, the second retrograde amnesic gradient a molecular tag during synapse reactivation may con-

tribute (Frey and Morris, 1997; Martin et al., 1997). Inwas only 2 days long. This short duration is more parsi-
moniously explained by positing that when remote mem- addition, the new proteins could be due to dendritic

(Steward et al., 1998) or nuclear (Goelet et al., 1986)ories are reactivated, the hippocampus is temporarily
necessary to reinforce or modify the original neocortical translation. However, recent evidence that CREB is re-

quired for reconsolidation suggests that nuclear proteintrace.
It could be argued that the original trace still exists, synthesis is required (Kida et al., 2002). This proposed

mechanism for cellular reconsolidation is biologicallybut the amnesic agents are interfering with the ability
of the trace to be retrieved. Speaking against this possi- conservative. Indeed, one theory of the mechanisms

mediating LTM postulates that new proteins are re-bility is the lack of spontaneous recovery using two
different protocols of retesting the animals. However, quired for the normal maintenance of a trace after syn-

apses have been active (Dudai and Morris, 2000). Thus,we do acknowledge that Miller’s claim, that the absence
of spontaneous recovery does not mean there is no a very dynamic memory system could arise from a very
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simple mechanism that is already posited to play a role become labile should help keep neocortical memories
in the maintenance of LTM. intact.

Based on the pattern of results obtained following
hippocampal lesions, we can infer a possible mecha- Theoretical Implications
nism mediating reconsolidation at the systems level. Systems consolidation theory predicts that the hippo-
The findings that the no CS/sham and no CS/lesion campus has a time-limited role in memory storage, after
groups performed the same over multiple tests suggests which time memories are independent of the hippocam-
that hippocampal lesions themselves do not affect the pus (Anagnostaras et al., 2001; Eichenbaum et al., 1994;
integrity of the remote trace. The only difference be- McClelland et al., 1995; Scoville and Milner, 1957; Squire
tween the no CS/lesion and CS/lesion, which showed and Alvarez, 1995). The fact that hippocampal lesions
a deficit, was that the latter had an intact hippocampus had no effect in the absence of reactivation is consistent
during reactivation. Therefore, an intact hippocampus with this theory. However, systems consolidation theory
seems to be necessary to produce a labile neocortical cannot explain why the hippocampus again becomes
trace. Thus, reactivation seems to be doing two things: critically involved after reactivation or why there is more
(1) it creates a hippocampal trace that is labile and un- than one retrograde gradient. Further, systems consoli-
dergoes protein synthesis-dependent reconsolidation in dation theory cannot explain the disruptive effects of
order to persist in the hippocampus, and (2) it renders anisomycin on memory at 45 days (when the memory
the neocortical trace labile via the backprojections to is hippocampus independent).
the entorhinal, perirhinal, and parahippocampal cortices An alternate view of hippocampal function is the multi-
and onward to the neocortex (Suzuki and Amaral, 1994). ple trace theory (MTT) (Nadel and Moscovitch, 1997).
Interestingly, these projections synapse in superficial This model states that the retrograde gradient is not
layers of the cortex, where the NMDA class of glutamate due to the memory becoming independent of the hippo-
receptors (which are believed to play a crucial role in campus, but instead to the fact that over time multiple
memory [Rosenblum et al., 1997]) are abundant (Mo- copies of the memory are made and stored in the hippo-
naghan and Cotman, 1985). These backprojections have campus. Lesions of the dorsal hippocampus are effec-
been proposed to be involved in updating neocortical tive at blocking behavior mediated by a small number
information (McClelland et al., 1995; Rolls, 1989). If after of copies of the memory, but not the large number of
reactivation, which renders the neocortical trace labile, copies that accumulate with time. Therefore, it could be
the hippocampus is lesioned or prevented from synthe- argued that our effects are due to the creation of a new
sizing the proteins required for its cellular reconsolida- copy of the contextual memory during reactivation, a
tion, then the neocortical trace is deprived of reinforcing memory which then has to undergo consolidation. If this
feedback and thus decays. The neocortical trace re- were so, then the contextual memory should have been
quires between 1 and 2 days of feedback from the hippo- more resistant to the effects of our dorsal hippocampal
campus (second and third retrograde gradient). lesions because there would be more copies of the

Consistent with this mechanism, recent work has memory created by the reactivation session and pre-
shown that the hippocampus can be activated after re-

sumably stored in other regions of the hippocampus.
trieval of remote memories in humans (Cipolotti et al.,

However, we see the opposite pattern of results. Reacti-
2001; Mayes and Roberts, 2001; Ryan et al., 2001) and

vation prior to the lesion rendered the memory suscepti-
rats (Bontempi et al., 2000, Soc. Neurosci. Abstr.). Addi-

ble to disruption. Furthermore, given the different dura-tional support comes from studies of false memories
tions of the first and second retrograde gradient,in amnesics. Reconsolidation has been proposed as a
reactivation cannot be creating a copy of the memorymechanism by which false memories occur (Loftus and
that is acting like a new memory.Yuille, 1984). Specifically, reactivation of the trace re-

Consolidation theory and the MTT are two positionsturns it to a labile state, where its contents can be
that have not been able to be reconciled so far. Ourchanged through suggestion or other means (Loftus and
work on systems reconsolidation may be able to moveYuille, 1984). The mechanism described above predicts
this debate forward. The majority of the data supportingthat for cases of amnesia produced by hippocampal
the consolidation theory derives from lesion studies,damage, the remaining remote memories should be
demonstrating that lesions of the hippocampus/medialmore resistant to false memories than in normal sub-
temporal lobe region have decreasing effects with timejects. This is because amnesics do not have a hippo-
(Anagnostaras et al., 2001; Scoville and Milner, 1957;campus to trigger the neocortical traces to return to a
Squire et al., 2001). Conversely, the majority of the ex-labile state. Indeed, recent preliminary findings have
perimental support for the MTT comes from imagingshown that the amnesic H.M. tends to have better mem-
studies that show hippocampal activation for both re-ory for famous faces for the time period prior to his
cent and remote memories (Cipolotti et al., 2001; Mayesamnesia than controls (Corkin, 2002). One extremely
and Roberts, 2001; Ryan et al., 2001). Systems reconsol-counterintuitive implication of this postion is that amne-
idation can incorporate both of these data sets. Oursics should make for the best witnesses for events they
findings, that lesions of the hippocampus 45 days aftercan remember because those memories should be
training had no effect, are consistent with the consolida-resistant to change for the reasons described above.
tion view that the hippocampus is not involved in theFinally, these findings have novel implications for strate-
expression of the remote memory (although the memorygies to address memory loss. Given that the hippocam-
is likely to be less flexible than normal). On the otherpal backprojections are required to trigger the cortical
hand, the fact that reconsolidation occurs in the hippo-trace to return to a labile state, then a drug that prevents

this pathway from triggering the neocortical trace to campus after remote memory reactivation can explain
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Anisomycin (Sigma, Cat#A9789) was dissolved in equimolar HCl,the hippocampal activation seen in imaging studies with
diluted with artificial cerebrospinal fluid (ACSF), and adjusted to pHremote memory recall. Thus, systems reconsolidation
7.4 with NaOH.offers a way forward from the debate between the con-

solidation and MTT views of hippocampal contributions
Apparatusto memory.
Conditioning took place in a Plexiglas rodent conditioning chamber

Existing theories of memory cannot easily account for with a metal grid floor (Model E10-10, Coulbourn Instruments, Le-
these results. Any theory of hippocampal memory must high Valley, PA) that was enclosed within a sound attenuating cham-

ber (Model E10-20). The chamber was dimly illuminated by a singleexplain the following: (1) reactivation of consolidated
house light. Auditory fear conditioning took place in a different roomhippocampus-dependent memories requires protein
with distinctly different conditioning Plexiglas chambers (ENV-001,synthesis-mediated changes, an instance of cellular re-
MedAssociates, Inc., Georgia, VT).consolidation; (2) reactivation of consolidated, hippo-

campus-independent memories causes them to again
General Behavioral Proceduresdepend on protein synthesis- mediated plasticity in the
Rats were habituated to the conditioning chamber for 5 min each

hippocampus in order to persist, which is an instance on day 0. On day 1, they were placed into the chamber and after 2
of systems reconsolidation; and (3) the existence of mul- min received eight shocks at 62 s intervals. Each shock was 1.5 mA

and 1 s duration. Rats were left in the conditioning chamber for 30tiple, distinct retrograde gradients. Cognitive psycholo-
s after termination of the procedure and then returned to their homegists have long known that memories, even autobio-
cage. For all testing, an animal was placed into the conditioninggraphical memories acquired during childhood, are very
chamber and observed for 5 min. The last half of each minute wasdynamic and in fact can be reconstructed at the time
scored for immobility. An average of those five scores was obtained

of retrieval (Bartlett, 1932; Loftus and Yuille, 1984; for each rat, which was then used for the analysis. For reactivation,
Schacter, 1999). An understanding of reconsolidation at animals were returned to the conditioning chamber for 90 s.

Experiment 1the cellular and systems level may help to explain these
A: Three days after conditioning, rats were immediately infused withdynamic aspects of memory.
either 250 �g/2 �l/side (n � 12) anisomycin or ACSF (n � 7) after
a reactivation session. B: In this experiment, rats were transportedExperimental Procedures
to a distinctive room and received an infusion of ACSF (n � 6) or
anisomycin (n � 7).Subjects
Experiment 2Subjects consisted of adult male Sprague-Dawley rats obtained
A: This was identical to experiment 1A; however, the anisomycinfrom Hilltop Labs, Scottdale, PA. Rats were housed individually in
(n � 8) and ACSF (n � 7) infusions were made into the ventricles.plastic Nalgene cages and maintained on a 12:12 hr light/dark cycle.
B: the day after habituation to the training context, animals wereFood and water were provided ad libitum throughout the exper-
placed into a second distinctive environment and receive two pair-iment.
ings of a 30 s, 75 dbl, 5 kHz tone that coterminated with 1 mA, 1 s
footshock. The following day, all rats were returned to the condition-

Surgery and Histology ing chamber for 90 s, during which time the auditory CS was played.
Cannulation: under Nembutal anesthesia (45 mg/kg), rats were im- This equated for how intensely and for how long the fear system
planted bilaterally with 22-gauge stainless steel cannulas into the was driven during context preexposure and memory reactivation
dorsal hippocampus and angled 10� away from the midline. Coordi- in experiment 1A. After this period, all rats were given an intra-
nates, taken from Paxinos and Watson (1986) and adjusted ac- hippocampal infusion of either anisomycin (n � 8) or ACSF (n � 7).
cording to pilot data were: 3.6 mm posterior to bregma, 3.1 mm The next day, they were conditioned and 3 days later tested for
lateral to the midline, and 3.4 mm ventral to the skull surface. For expression of contextual fear memories as described above.
cannulas aimed at the ventricles, the coordinates were 0.4 mm Experiment 3
posterior to bregma, 1.5 mm lateral to the midline, and 4.4 mm A: 15 or 45 days were inserted between conditioning and reactiva-
ventral to the skull surface. The lesion procedure was based on Kim tion. After CS reactivation, rats received either anisomycin (15 day,
and Fanselow’s procedures (Kim and Fanselow, 1992). Electrolytic n � 7; 45 day, n � 12) or ACSF (15 day, n � 7; 45 day, n � 10)
lesions were made by passing positive current (1.0 mA, 20 s) through infusion. B: Rats were conditioned and left in their home cage for
a monopolar electrode insulated with epoxy to within 200 �m of the 45 days. On day 45, they received either ACSF (n � 7) or anisomycin
tip. The coordinates for the four sites were: 2.8 mm posterior to (n � 7) infusions into the ventricles immediately after memory reacti-
bregma, 2 mm lateral to the midline, and 4 mm ventral to the skull vation.
surface and 4.2 mm posterior to bregma, 3 mm lateral to the midline, Experiment 4
and 4 mm ventral to the skull surface. Rats were given at least 7 days A: Forty-five days after conditioning, rats received either sham or
to recover prior to experimental procedures. All animals included in electrolytic lesions of the dorsal hippocampus. Half of each group
the analysis had extensive damage to the dorsal hippocampus and received a reactivation session immediately prior to surgery, while
were comparable to those shown by Kim and Fanselow (Kim and the other half simply received surgery. The groups were comprised
Fanselow, 1992). Lesions of the overlying neocortex used the identi- of no CS/sham (n � 6), no CS/lesion (n � 6), CS/sham (n � 6), and
cal protocol except for the ventral coordinate, which was �2 mm CS/lesion (n � 7), where the first word of the name refers to whether
from the skull at bregma. the animals received a reactivation session or not, and the second

At the termination of the experiment, using standard histological word indicates the nature of the surgery administered. After a 7 day
methodologies, animals were perfused and their brains sectioned recovery period, all animals were tested daily for 4 days to test for
at 50 �m thickness. The sections were stained using Cresyl violet any spontaneous recovery of the memory. Animals were then left
and examined with light microscopy for cannula penetration into for 1 week, after which they received a test session. B: Forty-five
the hippocampus and lesion size. Only animals that had bilaterally days after conditioning rats received a reactivation session and then
placed cannula in the hippocampus were included in the statistical either sham or electrolytic lesions of the dorsal hippocampus 4
analysis. All procedures were in accordance with the NIH Guide and (sham, n � 8; lesion, n � 7), 24 (sham, n � 6; lesion, n � 7), or 48
were approved by the NYU Animal Care and Use Committee. (sham, n � 7; lesion, n � 6) hr later. C: Animals from the 4 hr group

of B were retested on a weekly basis for 4 weeks. See Figure 5.
Animals that received lesions of to the neocortex overlying theInfusions

Drugs were infused slowly via infusion pump at a rate of 0.25 �l/min. dorsal hippocampus underwent the identical surgical protocol that
was used to lesion the hippocampus; however, the ventral coordi-Following drug infusion, injectors were left in place for an additional

minute to allow diffusion of the drug away from the cannula tip. nate used was �2 mm (sham, n � 7; lesion, n � 9).
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Experiment 5 Frankland, P.W., O’Brien, C., Ohno, M., Kirkwood, A., and Silva, A.J.
(2001). Alpha-CaMKII-dependent plasticity in the cortex is requiredForty-five days after conditioning, rats were returned to the condi-

tioning chamber and received a reactivation session. Forty-eight for permanent memory. Nature 411, 309–313.
hrs later, they were again given a reactivation session and then Frey, U., and Morris, R.G. (1997). Synaptic tagging and long-term
immediately received sham (n � 5) or electrolytic lesions to the potentiation. Nature 385, 533–536.
dorsal hippocampus (n � 7). Two other groups treated identically

Frohardt, R.J., Guarraci, F.A., and Bouton, M.E. (2000). The effectsreceived either sham (n � 8) or electrolytic lesions to the dorsal
of neurotoxic hippocampal lesions on two effects of context afterhippocampus (n � 12) 48 hr after the second reactivation session.
fear extinction. Behav. Neurosci. 114, 227–240.

Goelet, P., Castellucci, V.F., Schacher, S., and Kandel, E.R. (1986).Acknowledgments
The long and short of long-term memory–a molecular framework.
Nature 322, 419–422.The authors would like to thank P. Frankland and Y. Dudai for their

helpful comments on the manuscript. J.D. is a Fellow of the Polish- Gold, P., and King, R. (1974). Storage failure versus retrieval failure.
American Fulbright Commission. This work was supported by PHS Psychol. Rev. 81, 465–469.
Grants P50 MH58911, R37 MH38774, and KO2 MH00956 to J.E.L.; Gold, P.E., Haycock, J.W., Marri, J., and McGaugh, J.L. (1973). Ret-
an HFS grant RGP0094/2001-B to J.E.L. and K.N.; and the VW Foun- rograde amnesia and the “reminder effect”: an alternative interpreta-
dation grants I/77376 and I/77380 to J.E.L. and K.N. tion. Science 180, 1199–1201.

Guzowski, J.F., and McGaugh, J.L. (1997). Antisense oligodeoxy-Received: May 9, 2002
nucleotide-mediated disruption of hippocampal cAMP response el-Revised: September 10, 2002
ement binding protein levels impairs consolidation of memory for
water maze training. Proc. Natl. Acad. Sci. USA 94, 2693–2698.References
Hall, J., Thomas, K.L., and Everitt, B.J. (2001). Cellular imaging of
zif268 expression in the hippocampus and amygdala during contex-Anagnostaras, S.G., Maren, S., and Fanselow, M.S. (1999). Tempo-
tual and cued fear memory retrieval: selective activation of hippo-rally graded retrograde amnesia of contextual fear after hippocam-
campal CA1 neurons during the recall of contextual memories. J.pal damage in rats: within-subjects examination. J. Neurosci. 19,
Neurosci. 21, 2186–2193.1106–1114.

Hebb, D.O. (1949). The Organization of Behavior (New York: Wiley).Anagnostaras, S.G., Gale, G.D., and Fanselow, M.S. (2001). Hippo-
campus and contextual fear conditioning: recent controversies and Kida, S., Josselyn, S.A., de Ortiz, S.P., Kogan, J.H., Chevere, I.,
advances. Hippocampus 11, 8–17. Masushige, S., and Silva, A.J. (2002). CREB required for the stability
Bartlett, F.C. (1932). Remembering (Cambridge: Cambridge Univer- of new and reactivated fear memories. Nat. Neurosci. 5, 348–355.
sity Press). Kim, J.J., and Fanselow, M.S. (1992). Modality-specific retrograde
Berman, D.E., and Dudai, Y. (2001). Memory extinction, learning amnesia of fear. Science 256, 675–677.
anew, and learning the new: dissociations in the molecular machin- Land, C., Bunsey, M., and Riccio, D.C. (2000). Anomalous properties
ery of learning in cortex. Science 291, 2417–2419. of hippocampal lesion-induced retrograde amnesia. Psychobiology
Bontempi, B., Laurent-Demir, C., Destrade, C., and Jaffard, R. (1999). 28, 476–485.
Time-dependent reorganization of brain circuitry underlying long- Lattal, K.M., and Abel, T. (2001). Different requirements for protein
term memory storage. Nature 400, 671–675. synthesis in acquisition and extinction of spatial preferences and
Bouton, M.E. (1993). Context, time, and memory retrieval in the context-evoked fear. J. Neurosci. 21, 5773–5780.
interference paradigms of Pavlovian learning. Psychol. Bull. 114,

LeDoux, J.E. (2000). Emotion circuits in the brain. Annu. Rev. Neu-
80–99.

rosci. 23, 155–184.
Cherkin, A. (1972). Retrograde amnesia in the chick: resistance to

Lewis, D.J. (1979). Psychobiology of active and inactive memory.
the reminder effect. Physiol. Behav. 8, 949–955.

Psychol. Bull. 86, 1054–1083.
Cipolotti, L., Shallice, T., Chan, D., Fox, N., Scahill, R., Harrison, G.,

Loftus, E.F., and Yuille, J.C. (1984). Departures from reality in humanStevens, J., and Rudge, P. (2001). Long-term retrograde amne-
perception and memory. In Memory Consolidation: Psychobiologysia...the crucial role of the hippocampus. Neuropsychologia 39,
of Cognition, H. Weingartner and E.S. Parker, eds. (Hillsdale, NJ:151–172.
Lawrence Erlbaum Associates), pp. 163–184.

Corkin, S. (2002). What’s new with the amnesic patient H.M.? Nat.
Mactutus, C.F., Riccio, D.C., and Ferek, J.M. (1979). RetrogradeRev. Neurosci. 3, 153–160.
amnesia for old (reactivated) memory: some anomalous characteris-

Davis, H.P., and Rosenzweig, M.R. (1978). Recovery as a function tics. Science 204, 1319–1320.
of the degree of amnesia due to protein synthesis inhibition. Pharma-

Maren, S. (2001). Neurobiology of Pavlovian fear conditioning. Annu.col. Biochem. Behav. 8, 701–710.
Rev. Neurosci. 24, 897–931.

Davis, H.P., and Squire, L.R. (1984). Protein synthesis and memory.
Marr, D. (1971). Simple memory: a theory for archicortex. Philos.A review. Psychol. Bull. 96, 518–559.
Trans. R. Soc. Lond. B Biol. Sci. 262, 23–81.

Dudai, Y., and Morris, R. (2000). To consolidate or not to consolidate:
Martin, K.C., Casadio, A., Zhu, H., E.Y., Rose, J.C., Chen, M., Bailey,what are the questions? In Brain, Perception, Memory. Advances
C.H., and Kandel, E.R. (1997). Synapse-specific, long-term facilita-in Cognitive Sciences, J. Bolhius, ed. (Oxford: Oxford University
tion of aplysia sensory to motor synapses: a function for local proteinPress), pp. 149–162.
synthesis in memory storage. Cell 91, 927–938.Duncan, C.P. (1949). The retroactive effect of electroconvulsive
Mayes, A.R., and Roberts, N. (2001). Theories of episodic memory.shock. J. Comp. Physiol. Psychol. 42, 32–44.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 356, 1395–1408.Ebbinghaus, M. (1885). Über das Gedächtnis (Leipzig: K. Buehler).
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