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Following learning, a memory is fragile and undergoes a protein synthesis-dependent consolidation process in order
to become stable. Established memories can again become transiently sensitive to disruption if reactivated and
require another protein synthesis-dependent process, known as reconsolidation, in order to persist. Here, we show
that, in the basolateral amygdala (BLA), protein synthesis is necessary for both consolidation and reconsolidation of
inhibitory avoidance (IA) memory, while the expression of the transcription factor CCAAT enhancer binding
protein � (C/EBP�) is essential only for the reconsolidation process. Moreover, the critical roles of both protein
synthesis and C/EBP� following IA reactivation are temporally restricted, as they are necessary only for recent but
not old IA memories. These results, together with previous findings showing that in the hippocampus both protein
synthesis and C/EBP� expression are required for consolidation but not reconsolidation of IA indicate that the
stabilization process that takes place either after training or memory retrieval engages distinct neural circuits. Within
these circuits, the C/EBP�-dependent molecular pathway appears to be differentially recruited.

New memories are initially in a labile state and become long-
lasting through a process known as consolidation, which tran-
siently requires gene expression (Davis and Squire 1984; Kandel
2001; Dudai 2002). Established memories again become sensitive
to disruption following reactivation, for example, by retrieval,
and undergo a gene expression-dependent reconsolidation pro-
cess in order to persist (Nader et al. 2000a; Sara 2000; Dudai and
Eisenberg 2004; Alberini 2005).

Gene expression required for memory consolidation criti-
cally involves the activation of the cAMP-response element bind-
ing protein (CREB)–C/EBP gene expression pathway in specific
brain regions (Bailey et al. 1996; Alberini 1999; Carew and Sutton
2001). In fact, in several types of memories across species, the
disruption of either CREB or C/EBP family members in specific
brain areas results in amnesia (Alberini et al. 1994; Yin and Tully
1996; Guzowski and McGaugh 1997; Silva et al. 1998; Kandel
2001; Taubenfeld et al. 2001a; Josselyn et al. 2004), which can be
rescued if the knocked-down factor is re-expressed in a restricted
number of cells (Han et al. 2007). Conversely, the overexpression
of either factor results in long-term memory responses following
training protocols that normally induce only short-term re-
sponses (Yin et al. 1995, but see Perazzona et al. 2004; Josselyn et
al. 2001; Lee et al. 2001; Jasnow et al. 2005).

On the other hand, the nature of the genes and proteins as
well as the underlying circuitry and temporal boundaries critical
for the reconsolidation process are still poorly understood. The
reconsolidation of contextual fear conditioning requires the role
of CREB somewhere in the forebrain (Kida et al. 2002). In IA, the
CREB-C/EBP pathway becomes activated and is required in the
hippocampus during consolidation (Taubenfeld et al. 1999,
2001b), whereas C/EBP� is dispensable within this region during
reconsolidation (Taubenfeld et al. 2001a). This suggests that re-
consolidation does not anatomically recapitulate the initial con-
solidation process (Dudai and Eisenberg 2004; Alberini 2005).

However, because IA reconsolidation is disrupted by systemic
inhibition of protein synthesis (Taubenfeld et al. 2001a; Milekic
and Alberini 2002), brain regions outside the hippocampus must
be engaged in the reconsolidation process. Evidence points to the
amygdala as a candidate region; first, the BLA is critical for the
formation and expression of fear memories in general, including
IA (Munoz and Grossman 1981; Liang et al. 1982; Parent and
McGaugh 1994; Ambrogi-Lorenzini et al. 1996, 1999; for review,
see LeDoux 2000). Second, protein synthesis in the amygdala is
required for IA memory consolidation (Berman et al. 1978), and,
finally, amygdala protein synthesis is critical for the reconsolida-
tion of cued fear conditioning (Nader et al. 2000b).

Additionally, in many other types of memories, including
IA, across several species, the requirement for protein synthesis
following memory reactivation has been found to be temporally
graded (Litvin and Anokhin 2000; Milekic and Alberini 2002;
Eisenberg and Dudai 2004; Suzuki et al. 2004; Boccia et al. 2006;
Frankland et al. 2006).

To better understand the anatomical and temporal charac-
teristics of the molecular mechanisms recruited in the amygdala
during IA consolidation and reconsolidation, we investigated the
requirements for protein synthesis and C/EBP� over time in this
region following either training or reactivation of both recent
and old IA memories.

Results

Protein synthesis in the amygdala is required for both
the consolidation and reconsolidation of IA
Previous work has shown that bilateral injections of cyclohexi-
mide into the amygdala immediately after training impair the
retention of IA memory at subsequent tests (Berman et al. 1978).
Here we tested whether anisomycin produces the same effect.
Rats were bilaterally implanted with cannulae targeting the BLA.
One week later, these rats were trained in IA and, immediately
after, half of the rats were injected bilaterally with anisomycin,
while the other half received the same volume of vehicle solu-
tion. All rats were re-tested 48 h later. As shown in Figure 1A,
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anisomycin significantly decreased the avoidance latencies
(41.0 � 13.6 sec) compared to vehicle (257.5 � 63.0 sec; t-test;
P < 0.05), confirming that protein synthesis is required in the
BLA for IA memory consolidation.

We then tested whether protein synthesis in the amygdala is
also required for IA reconsolidation (Fig. 1B). BLA-implanted rats
underwent IA training followed by memory testing 48 h later
(Test 1). This test reactivated the memory. Immediately after Test
1, half of the rats were injected with anisomycin and the other
half with vehicle solution. All rats were re-tested 48 h after Test 1
(Test 2). As shown in Figure 1B, at Test 2, the rats that received
anisomycin had impaired retentions compared to vehicle-
injected controls (Veh: 388.7 � 49.2 sec; Ani: 118.9 � 20.2 sec),
while, as expected, at Test 1 the animals had similar latencies
(Veh: 356.1 � 64.9 sec; Ani: 381.7 � 52.3 sec). A two-way
ANOVA that compared the latencies of the groups across treat-
ment and test, revealed a significant effect of treatment
(F(1,26) = 46.9; P < 0.0001), test (F(1,26) = 41.6; P < 0.0001) and a
treatment � test interaction (F(1,26) = 68.5; P < 0.0001). A Bon-
ferroni post-hoc test revealed that there was a significant differ-
ence in the avoidance latencies between vehicle and anisomycin-
treated rats at Test 2 (P < 0.001) and between the Test 2 and Test
1 of anisomycin-injected rats (P < 0.01). To confirm that the im-

pairment was not due to nonspecific effects of the drug or inter-
ference with the original consolidation process, anisomycin or
vehicle was injected bilaterally into the BLA 48 h after training in
the absence of Test 1. When memory retention was tested 48 h
later, no difference between anisomycin and vehicle treatment
was found, and both groups of animals had strong and compa-
rable avoidance latencies (Veh: 415.0 � 58.3 sec; Ani:
359.1 � 55.1 sec).

Thus, protein synthesis in the amygdala is required for both
the consolidation and reconsolidation of IA memory.

C/EBP� is required in the amygdala for the
reconsolidation, but not the consolidation, of IA
To establish the functional requirement of C/EBP� in the amyg-
dala during the consolidation and/or reconsolidation of IA
memory, we tested the effect of C/EBP� antisense oligodeoxi-
nucleotide (ODN)-mediated knockdown on memory retention.
Toward this end, we used an antisense ODN previously estab-
lished to efficiently knock down the expression of C/EBP� (�-
ODN) in the brain as well as in other cell types (Pall et al. 1997;
Taubenfeld et al. 2001a; Athos et al. 2002). We first determined
the diffusion and stability of the injected �-ODN into the BLA.
Rats were bilaterally injected into the BLA with biotinylated
�-ODN and euthanized either 2 or 8 h after the injection. As
depicted in Figure 2A, �-ODN was mainly confined to the BLA,
although some minor diffusion into medial amygdala or piriform
cortex was also observed in some cases. The stability of �-ODN in
the BLA was relatively short; in fact, the ODN was clearly de-
tected at 2 h but not at 8 h after injection (Fig. 2A). These results
are consistent with those previously describing the stability of
�-ODN and other antisense ODNs injected in the hippocampus
(Guzowski and McGaugh 1997; Guzowski et al. 2000; Taubenfeld
et al. 2001a).

We then assessed whether C/EBP� knockdown in the BLA
following training affected memory retention. As depicted in Fig-
ure 2B, we injected �-ODN or a control scrambled ODN (SC-
ODN) at different time points before and after training. These
included: 1 h before training (�1 h), immediately after (0 h), and
5 h after training (5 h). Moreover, to investigate the effect of a
more persistent treatment, we delivered two injections at either 0
and 2 h (0 + 2 h) or 5 and 12 h (5 + 12 h) after training. All rats
were tested 48 h after training. As shown in Figure 2B, all groups
exhibited strong memory retention, regardless of treatment or
injection time point (�1 h: SC-ODN, 387.6 � 79.6 sec; �-ODN,
413.3 � 52.6 sec; 0 h: SC-ODN, 331.6 � 67.9 sec; �-ODN,
244.5 � 89.1 sec; 0 + 2 h: SC-ODN, 284.8 � 50.3 sec; �-ODN,
285.5 � 42.7 sec; 5 h: SC-ODN, 312.1 � 89.4 sec; �-ODN,
331.0 � 59.3 sec; [Tronel et al. 2005] 5 + 12 h: SC-ODN,
424.2 � 46.8 sec; �-ODN, 369.6 � 71.0 sec). A two-way ANOVA
comparing animals across treatment and injection time points
revealed no significant differences between the groups. Thus,
while protein synthesis is necessary, C/EBP� seems to be dispens-
able in the BLA for IA memory consolidation.

In the second set of experiments, we tested the functional
role of C/EBP� following memory reactivation (Fig. 3). Rats un-
derwent IA training followed by testing for memory retention 48
h later (Test 1). Following this recall test, they received bilateral
injections into the BLA of either �-ODN or control SC-ODN,
either immediately after Test 1 (0 h, Fig. 3A) or 5 h later (5 h, Fig.
3B). All rats were re-tested 48 h after Test 1 (Test 2). As shown in
Figure 3A, the injection of �-ODN at 0 h had no effect on
memory retention at Test 2; both groups, which showed similar
latencies at Test 1 (SC-ODN: 375.6 � 63.0 sec; �-ODN:
328.5 � 52.4 sec), maintained their retention levels at Test 2
(SC-ODN: 338.6 � 50.6 sec; �-ODN: 356.4 � 64.4 sec).

In contrast, when ODNs were injected 5 h after Test 1 (Fig.

Figure 1. IA memory consolidation and reconsolidation require protein
synthesis in the BLA. (A) IA memory consolidation requires protein syn-
thesis in the BLA. Injection of anisomycin (Ani; n = 8) into the BLA im-
mediately after training significantly impairs memory retention at 48 h
compared to vehicle (Veh; n = 8; *P < 0.05). (B) IA memory reconsolida-
tion requires protein synthesis in the BLA. Anisomycin (Ani; n = 8;) in-
jected into the BLA immediately following reactivation (Test 1) signifi-
cantly impairs memory retention at 96 h after training (Test 2) compared
to vehicle (Veh; n = 7; ***P < 0.001) and compared to its Test 1 retention
latency (**P < 0.01). Rats that did not undergo reactivation (No Reactiva-
tion) and were injected into the BLA with anisomycin had normal
memory retention at 96 h after training. Temporal diagrams beside each
graph illustrate injection, training, and testing time points. All values are
expressed as mean latency � SEM.
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3B), �-ODN significantly impaired IA memory retention at Test 2.
A two-way ANOVA revealed a significant effect of treatment
(F(1,32) = 63.0; P < 0.0001), test (F(1,32) = 23.9; P < 0.0001), and a
treatment � test interaction (F(1,32) = 24.0; P < 0.0001). A Bon-
ferroni post hoc test indicated that the Test 2 retentions of
�-ODN-injected animals (99.5 � 22.2 sec) were significantly
lower compared to those of SC-ODN-injected animals
(325.0 � 60.3 sec; P < 0.001; Fig. 3B) and to their Test 1 latencies
(P < 0.01). As expected, all animals had similar latencies at Test 1
(SC-ODN: 324.9 � 60.4 sec; �-ODN: 273.9 � 53.9 sec). To deter-
mine whether the memory disruption caused by �-ODN was spe-
cific to reactivated memories rather than an interference of the
consolidation process or to nonspecific effects of the treatment,
groups of rats were injected with �-ODN or SC-ODN 53 h after
training, but in the absence of Test 1. No significant difference in
the mean avoidance latency was found between the group of
animals that received �-ODN (273.9 � 66.4 sec) and the control
group, which was injected with SC-ODN (295.7 � 66.6 sec).
Also, no significant differences were found between these groups
and their relative latencies at Test 1. To confirm that �-ODN
treatment disrupts the expression of C/EBP� in the amygdala,

groups of rats were trained and then tested 48 h later (Test 1). Five
hours following Test 1, one group received a bilateral injection of
�-ODN, and the other was injected with SC-ODN. All rats were
euthanized 12 h after Test 1, and tissue punches of BLAs from
each rat were taken and lysed as described in Materials and Meth-
ods. A representative section showing the area typically dissected
with BLA punches is depicted in Figure 3C. Quantitative Western
blot analyses carried out on the extracts determined the concen-
tration of C/EBP� in each sample. As depicted in Figure 3D,
C/EBP� expression was significantly disrupted in �-ODN-injected
BLAs (56.8% � 4.0%) compared to SC-ODN-injected controls
(100% � 8.9%; t-test; P < 0.01).

Together, these data show that C/EBP� plays a critical role in
the BLA following reactivation but not acquisition of IA.

Protein synthesis and C/EBP� are required
in the amygdala for the reconsolidation
of recent but not old IA memories
Systemic injections of anisomycin have previously shown that
there is a temporally graded requirement for protein synthesis
after IA reactivation, which decreases as the age of the memory
increases (Milekic and Alberini 2002).

Are the requirements for protein synthesis and C/EBP� in
the amygdala major contributors to this gradient? To address this
question, we determined whether the dependence for either pro-
tein synthesis or C/EBP� in the amygdala during IA reconsolida-
tion follows the temporal profile observed with systemic injec-
tions. As we have shown above (Figs. 1B, 3B), IA memory reacti-
vated by testing (Test 1) 2 d following training becomes labile
and is disrupted by bilateral injections of either anisomycin or
�-ODN. Here we tested the effect of blocking protein synthesis or
C/EBP� in the amygdala at the same time points following the
reactivation of a 2-wk-old IA memory (Fig. 4).

Rats underwent IA training followed by memory reactiva-
tion 2 wk later (Test 1). Immediately after Test 1, half of the
animals received anisomycin injections into the BLA, while the
other half were injected with vehicle solution. All rats were re-
tested 48 h later (Test 2). As shown in Figure 4A, both groups
showed similar Test 1 latencies (Veh: 349.8 � 54.9 sec; Ani:
368.8 � 40.9 sec) and maintained similar retentions at Test 2
(Veh: 370.2 � 50.0 sec; Ani: 320.3 � 42.6 sec), demonstrating
that, as with systemic treatments, blocking protein synthesis in
the BLA does not disrupt the reconsolidation of a 2-wk-old IA
memory.

Similar results were found when C/EBP� was knocked down
(Fig. 4B). Rats underwent IA training and 2 wk later were tested to
reactivate their memory (Test 1). All rats showed similar reten-
tions (SC-ODN: 328.6 � 66.5 sec; �-ODN: 317.5 � 47.1 sec).
Five hours after Test 1, half of the animals were injected bilater-
ally into the BLA with �-ODN and the other half with SC-ODN.
The rats were re-tested 48 h later (Test 2). All rats showed an
intact memory at Test 2. Moreover, the IA retentions of animals
that received �-ODN (422.3 � 56.2 sec) were also comparable to
those that received SC-ODN control injections (362.2 � 56.6
sec).

In summary, these data indicate that the requirement for
protein synthesis and C/EBP� in the amygdala after memory re-
activation is limited to recent memories.

Discussion
In this study, we show that, in contrast to the hippocampus
where protein synthesis is required for the consolidation but not
reconsolidation of IA memory, amygdala protein synthesis plays
an essential role during both processes. Moreover, only during
reconsolidation is there a requirement for C/EBP� in the amyg-

Figure 2. C/EBP� in the BLA is not required for IA consolidation. (A)
Biotinylated �-ODN diffusion and stability after injection into the BLA.
Representative brain sections at �2.8 mm from bregma of animals in-
jected with biotinylated �-ODN and euthanized 2 h or 8 h after injection.
(B) C/EBP� is not required in the BLA for IA memory consolidation. Train-
ing, testing, and injection time points are illustrated in a temporal dia-
gram. �-ODN or SC-ODN was injected bilaterally into the BLA at the
following time points: 1 h before training (�1 h, n = 7/group), immedi-
ately after (0 h, SC-ODN n = 10, �-ODN n = 8), 0 + 2 h (0 + 2 h, n = 12/
group), 5 h (5 h, n = 8/group), or 5 + 12 h (n = 8/group) after training.
No significant difference in latency was observed among �-ODN- and
SC-ODN-treated rats at any of the injection time points. All values are
expressed as mean latency � SEM.
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dala. In agreement with our previous findings based on systemic
inhibition of protein synthesis (Milekic and Alberini 2002), the
requirement for protein synthesis and C/EBP� in the amygdala
during reconsolidation is limited to recent memories.

We conclude that the changes activated in the brain during
both consolidation and reconsolidation of IA use similar molecu-
lar mechanisms (i.e., C/EBP�) but engage distinct brain regions.
Furthermore, the amygdala represents a critical area where a tem-
porally limited requirement of both protein synthesis- and
C/EBP�-dependent events occurs during IA memory reconsolida-
tion.

The role of the amygdala in memory reconsolidation
Inactivation studies have demonstrated that both the BLA and
hippocampus play a critical role in IA memory consolidation
(Munoz and Grossman 1981; Liang et al. 1982; Parent and Mc-
Gaugh 1994; Ambrogi-Lorenzini et al. 1996, 1999). Conversely,
during IA reconsolidation, protein synthesis is dispensable in the
hippocampus (Taubenfeld et al. 2001a), but, as shown above,
required in the amygdala. Why is protein synthesis required in
the amygdala but not in the hippocampus during memory re-

consolidation? Does the amygdala play a
special role following memory reactiva-
tion?

A possible explanation is that the
reactivation of IA memory induced dur-
ing the testing trial mainly involves
“cue”- and “fear”-related representations
rather than “contextual” ones. If this is
true, then the amygdala, a region that
processes “cue–fear” associations, and
not the hippocampus, which processes
“contextual” associations, might be-
come preferentially re-engaged during
IA reconsolidation. This hypothesis is in
agreement with our recent findings
(Tronel et al. 2005) showing that the re-
experience, in a novel context, of a
single cue (light), which was originally
presented during training, is sufficient
to destabilize the retention of an IA
memory. In fact, this memory is dis-
rupted when C/EBP� is knocked down
in the amygdala, but not in the hippo-
campus.

Therefore, it is reasonable to hy-
pothesize that the nature of the reactiva-
tion trial may predict which brain re-
gions are actively engaged during recon-
solidation. According to this logic, it
follows that either different types of re-
activation trials (e.g., reinforced vs. non-
reinforced) or the reactivation of other
types of memories, which rely on other
memory systems, may recruit different
brain areas during reconsolidation.

A second not mutually exclusive
hypothesis suggests that the amygdala is
more frequently engaged during the re-
consolidation process of several types of
memories, both appetitive and aversive,
because of its general role in mediating
the influence of emotional arousal on
memory. In support of this hypothesis,
although somewhat controversial, sev-
eral authors have shown that the recon-

solidation of memories created by either appetitive or aversively
motivated learning requires protein synthesis or the function of
specific molecules in the amygdala (Nader et al. 2000b; Koh and
Bernstein 2003; Duvarci and Nader 2004; Wang et al. 2005;
Bucherelli et al. 2006; Lee et al. 2006a,b; Lin et al. 2006; Tronson
et al. 2006; but see Bahar et al. 2004; Hellemans et al. 2006;
Milekic et al. 2006; Yim et al. 2006).

The role of C/EBP�: Distinctive features
between consolidation and reconsolidation
Our data imply that different molecular pathways are required in
the amygdala during either the consolidation or reconsolidation
of IA memory. These results are, to a certain extent, in line with
previous reports showing that consolidation and reconsolidation
may recruit distinct molecular mechanisms within a given brain
region. For example, although contextual fear conditioning re-
quires protein synthesis in the hippocampus during both pro-
cesses (Debiec et al. 2002), antisense-mediated knockdown dem-
onstrated that hippocampal brain-derived neurotrophic factor
(BDNF) is critical for consolidation but not reconsolidation. Con-
versely, the latter but not the former is impaired when hippo-

Figure 3. C/EBP� is required in the BLA for IA memory reconsolidation. (A) �-ODN injected in the
BLA immediately after reactivation does not affect IA memory reconsolidation. Rats were injected
bilaterally into the BLA with either �-ODN (n = 8) or SC-ODN (n = 8) immediately after retrieval (Test
1) at 48 h after training. When re-tested for memory retention 48 h later (Test 2, 96 h after training),
all rats had similar latencies. (B) �-ODN-injected into the BLA 5 h after reactivation impairs IA memory.
Rats injected with �-ODN (n = 11) 5 h after memory reactivation (Test1) had significantly lower
retention latencies when retested 48 h later (Test 2, 96 h post-training) compared to rats injected with
SC-ODN (n = 9, ***P < 0.001). Animals receiving �-ODN (n = 8) 48 h after training, but in the absence
of reactivation (No Reactivation), had strong retention when tested at 96 h. These latencies were not
significantly different from those of rats that received SC-ODN (n = 8). Temporal diagrams next to each
graph depict injection, training, and testing time points. (C) Representative brain section of BLA tissue
punches. (D) Densitometric analysis of Western blots (one representative sample per treatment is
shown) of BLA punches extracts (n = 4/group) immunostained with anti-C/EBP�. Data are expressed
as mean % � SEM of the SC-ODN (100%) control mean values. C/EBP� values were normalized to
those of actin.
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campal expression of Zif268 is disrupted (Lee et al. 2004). How-
ever, as our data did not investigate double dissociable molecular
mechanisms, they might simply suggest that, within a brain re-
gion, some molecular requirements may appear to be differen-
tially engaged during either consolidation or reconsolidation.
This distinctive engagement could be due, for example, to time
and/or functional redundancy of protein families. Consistent
with these possibilities, von Hertzen and Giese (2005) reported
that some immediate early genes are differentially expressed in
the hippocampus during consolidation or reconsolidation of
contextual fear conditioning. Specifically, whereas serum- and
glucocorticoid-induced kinase 1 is increased after both training
and reactivation, nerve growth factor-inducible gene B is only
induced following training.

Thus, on one hand, we could speculate that some cAMP-
dependent responses in the amygdala are necessary after the re-
activation but not acquisition of IA. Interestingly, this is in agree-
ment with previous data showing that blocking noradrenergic
receptors, which are known to be coupled to the cAMP-
dependent pathway (McGaugh 2004) in the amygdala, disrupts
reconsolidation but not consolidation of auditory fear condition-
ing (Debiec and LeDoux 2004). Alternatively, it is possible that
the gene expression induced after training is more redundant
than the one induced after memory reactivation (von Hertzen
and Giese 2005) and therefore that C/EBP� might play a role in
the amygdala during consolidation, but, because of redundancy,
its disruption might be functionally irrelevant. In agreement

with this hypothesis, we have recently found that another mem-
ber of the C/EBP family, C/EBP�, is required in the amygdala
during IA consolidation (data not shown).

In summary, our present results, in agreement with previous
findings (Berman and Dudai 2001; Taubenfeld et al. 2001a; Her-
nandez et al. 2002; Tronel and Sara 2002; Bahar et al. 2004; Lee
et al. 2004; Salinska et al. 2004; von Hertzen and Giese 2005),
suggest that both the molecular mechanisms and the brain re-
gions engaged during either consolidation or reconsolidation
overlap only partially.

The temporally limited requirement of protein synthesis
and C/EBP� in the amygdala
The requirements of both protein synthesis and C/EBP� under-
lying IA memory reconsolidation in the amygdala are temporally
limited, as they are evident in recent but not old memories.

These results appear to disagree with conclusions proposed
by Nader et al. (2000b) and Debiec et al. (2002), who reported
that protein synthesis in the amygdala or hippocampus, respec-
tively, is still required when a 2-wk-old or a 45-d-old auditory or
contextual fear conditioning memory is reactivated. An explana-
tion for these contrasting findings and conclusions has been sug-
gested by other studies, which used different species and learning
paradigms, including contextual fear conditioning in mice.
These studies showed that there is a gradient of protein synthesis
dependence after memory reactivation, which is a function of
the strength and number of reactivations and can vary with the
nature of the reactivation trial (Suzuki et al. 2004; Frankland et al.
2006). Thus, changes in the protocol of reactivation and/or train-
ing seem to reveal differences in the duration of the gradient of
protein synthesis required for reconsolidation (Alberini 2007).
Moreover, it should be kept in mind that, as seen for memory
consolidation (Dudai 2004), the systems and cellular processes
underlying reconsolidation are likely to differ among different
learning paradigms. For example, IA differs from auditory and
contextual fear conditioning in the involvement of amygdala
and cortical areas during both acquisition and consolidation
(Phillips and LeDoux 1995; Izquierdo et al. 1997; Zanatta et al.
1997; Wilensky et al. 2000). These differences likely reflect dis-
tinctions in the neuronal networks underlying each type of
learning. In addition, lesion studies showed that the amygdala
has an enduring role in the expression of contextual fear condi-
tioning (Maren et al. 1996; Gale et al. 2004), while it is only
temporarily required following IA training (Liang et al. 1982).

The temporal requirement for both protein synthesis and
C/EBP� in the amygdala parallels that observed following sys-
temic inhibition of protein synthesis (Milekic and Alberini 2002).
Although our data do not exclude the possibility that other re-
gions might also be involved, these results suggest that the BLA is
a primary or, perhaps, the only site where new protein synthesis
is critical for IA reconsolidation.

Why is the gene-expression/protein synthesis-dependent
process of reconsolidation time-dependent? One possibility is
that, over time, an anatomical reorganization may result in a
different memory “trace” that has become independent of pro-
tein synthesis following reactivation (Liang et al. 1982). A second
possibility is that the trace may or may not change its anatomical
organization over time. However, its physical substrates, previ-
ously labile, become stable and insensitive to protein synthesis
inhibitors. For example, physical substrates of memory consoli-
dation could lie within synaptic structural modifications (Bailey
and Kandel 1993; Andersen and Soleng 1998; O’Malley et al.
1998, 2000; Engert and Bonhoeffer 1999; Geinisman et al. 2001;
Steward and Worley 2002). If the stability or the number of
modified synapses in the amygdala increases over time, and this

Figure 4. Disruption of either protein synthesis or C/EBP� in the BLA
following reactivation does not affect the retention of a 2-wk-old IA
memory. (A) Rats injected with anisomycin (Ani; n = 8) into the BLA
immediately after reactivation, 2 wk after training (Test 1), maintained
very strong latencies when retested 48 h later (Test 2) and were not
significantly different from rats injected with vehicle solution (Veh, n = 8).
(B) Rats injected with �-ODN (n = 9) into the BLA immediately after re-
activation, 2 wk after training (Test 1), maintained very strong latencies
when retested 48 h later (Test 2). These latencies were similar to the Test
2 latencies of rats injected with SC-ODN (n = 8). Temporal diagrams next
to each graph depict injection, training, and testing time points. Values
are expressed as mean latency � SEM.
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process takes more than a week to complete, it is possible that the
reactivation of a recent memory destabilizes most of these modi-
fications. On the other hand, the reactivation of an older
memory, at which point more and/or stronger synapses are as-
sociated with its trace, will not influence its stability.

How can we integrate these mechanistic explanations into a
more systemic view of the memory process? New synapse forma-
tion and, therefore establishment of memory traces, may occur
very rapidly, within minutes, yet the reconsolidation gradient
may take weeks or perhaps months to complete. What is the
overall effect of time on memory stability? Perhaps, in order to
become a long-lasting memory, a single learning event requires
its trace to be reactivated repeatedly, and the intensity and du-
ration of the memory might be a function of the number of
reactivations (Alberini 2007). Thus, the result of these reactiva-
tions, which can be either explicit or implicit and also occur
during sleep, may be perpetuating the initial changes induced by
learning until memory stability reaches a plateau (Alberini 2005).

Materials and Methods

Animals
Adult male, Long Evans rats weighing between 200 and 250 g
were used in all experiments. Animals were individually housed
and maintained on a 12 h/12 h light–dark cycle. All experiments
were carried out during the light cycle. The rats were allowed ad
libitum access to food and water. The animals were handled for
3 d before behavioral procedures. All protocols complied with the
NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Mt. Sinai School of Medicine Animal Care Com-
mittees.

Inhibitory avoidance (IA)
During IA training, the rats learned to associate a context with a
mild electric footshock and avoid entering this context on sub-
sequent exposures. The experiments were conducted as previ-
ously described (Milekic and Alberini 2002). Briefly, the IA train-
ing chamber consisted of a rectangular-shaped box with two
compartments, a safe (lit) and a shock (dark) one, separated by a
sliding door (Med-Associate ENV-010MC; Med-Associate). Dur-
ing training, each rat was placed in the safe compartment facing
away from the door. After 10 sec, the door opened, allowing the
rat access to the shock compartment, where a brief footshock (0.9
mA, 2 sec) was delivered. Latency to enter the shock compart-
ment was taken as a measure of acquisition. Ten seconds after the
footshock, rats returned to their home cages. Memory retention
(Test) was tested at different time points after training by placing
the animal in the safe compartment and recording the latency
(in seconds) to enter the shock compartment. The footshock was
not administered during the retention test, and testing con-
cluded after 540 sec. Injections and testing were carried out un-
der blind conditions. Statistical analyses were performed using
either an ANOVA followed by a Bonferroni post hoc test or, for
pairwise comparisons, a student t-test.

Implantation of cannulae
Experiments were performed as previously described (Tronel et
al. 2005). Briefly, rats were anesthetized with ketamine (60 mg/
kg, i.p.) and xylazine (7.5 mg/kg, i.p). Stainless steel cannulae (22
gauge) were stereotactically implanted bilaterally into the BLA
(2.8 mm posterior to bregma, 5.3 mm lateral from midline, and
6.25 mm ventral). After surgery, rats were returned to their home
cages for a 7-d recovery period before undergoing behavioral ex-
periments.

Protein synthesis inhibitor injections
Anisomycin (Sigma) was dissolved in equimolar saline-HCL and
adjusted to pH 7.2 with NaOH as described in Taubenfeld et al.
(2001a). Rats received bilateral injections of 62.5 µg in 0.5 µL per

side of anisomycin or vehicle at a rate of 0.4 µL/min (Nader et al.
2000b; Schafe and LeDoux 2000). The injection needle was left in
place for 1 min following the injection to allow for complete
dispersion of the solution.

Oligodeoxynucleotide (ODN) injections
The ODNs used in the present study have been employed in
previous investigations (Taubenfeld et al. 2001a; Tronel et al.
2005). C/EBP� antisense ODN (�-ODN; 5�-CCAGCAGGCGGTG
CATGAAC-3�), scrambled ODN (SC-ODN; 5�-TCGGAGAC
TAAGCGCGGCAC-3�), or vehicle (phosphate-buffered saline
[PBS] at pH 7.4) was bilaterally injected in the BLA at 0.5 µL/side,
2 nmol/µL, and an infusion rate at 0.4 µL/min. The �-ODN is
specific for a part of the C/EBP� mRNA sequence that includes
the translational start site. The SC-ODN, which serves as a con-
trol, does not show any homology with relevant sequences in the
GenBank database and has the same base composition as the
�-ODN, but in a randomized order. To increase stability, both
ODNs were phosphorothioated on the three terminal bases on
both 5�- and 3�-ends (Hooper et al. 1994; Widnell et al. 1996;
Guzowski et al. 2000). The ODNs were RPC-purified and pur-
chased from GeneLink. The ODNs, dissolved in PBS, were infused
into the BLA through a 28-gauge injection needle, extending 1.5
mm beyond the tip of the guide cannula and connected via poly-
ethylene tubing to a Hamilton syringe. The injection needle was
left in place for 1 min following the injection to allow for com-
plete dispersion of the solution.

To detect the diffusion and stability of the injected �-ODN,
a biotinylated form of �-ODN was used. At the indicated times
following injections, animals were perfused with 4% paraform-
aldehyde in PBS. Brains were post-fixed overnight in the same
fixative with 30% sucrose. Forty-micrometer coronal sections
were stained using HRP-conjugated avidin from the Immuno-
pure ABC kit (Pierce). The staining was revealed by diaminoben-
zidene (Sigma) and enhanced with 0.012% of cobalt chloride and
0.01% nickel ammonium sulfate.

Histology
At the end of the behavioral experiments, rats were anesthetized
with ketamine (60 mg/kg, i.p.) and xylazine (7.5 mg/kg, i.p.) and
perfused intracardially with 10% PBS-buffered formalin. The
brains were removed, post-fixed overnight in a 30% sucrose/
formalin solution, and then cryo-protected in 30% sucrose/
saline. To verify the location of the cannula implants, 40-µm
coronal sections were cut through the targeted area, stained with
cresyl violet, and examined under a light microscope. Rats with
incorrect cannula placements were excluded from the analyses.
In total, five animals were excluded from the entire study.

Western blot analyses
Rats were sacrificed at 12 h following IA reactivation, and their
brains were rapidly removed and frozen. Amygdala punches were
obtained with a neuro punch (19 gauge; Fine Science Tools) from
frozen brains mounted on a sliding freezing microtome (Schafe et
al. 2000; Lamprecht et al. 2002). The punches included the lateral
and the basal nuclei and possibly portions of the lateral central
nucleus and cortical tissue directly lateral to the external capsule.
The samples were homogenized in cold lysis buffer with protease
inhibitors (0.2 M NaCl, 5 mM EDTA, 10% glycerol, 2 mM NaPP,
100 mM HEPES, 2 mM sodium orthovanadate, 1 mM EGTA, 2
mM NaF, 0.5 mM PMSF, protease inhibitor cocktail 1:500
[Sigma], 1 µM microcystin, 1 mM benzamidine). Equal amounts
of protein (5 µg) were resolved using 10% SDS-PAGE and ana-
lyzed by Western blots as previously described (Taubenfeld et al.
2001b). The primary antibodies were rabbit anti-C/EBP� (Santa
Cruz Biotechnology) and goat anti-actin antibody (I-19; Santa
Cruz Biotechnology). The secondary antibody was HRP-labeled
donkey anti-rabbit antibody (Amersham). Quantitative densito-
metric analysis was performed using NIH Image. C/EBP� expres-
sion values were normalized to those of actin to account for
variations in gel loading, and data were expressed as mean
% � SEM of the respective SC-ODN control group (100%) mean
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values. Statistical analyses were performed with an unpaired t-
test.
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