
Behavioral/Systems/Cognitive
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Initially, memory is labile and requires consolidation to become stable. However, several studies support that consolidated memories can
undergo a new period of lability after retrieval. The mechanistic differences of this process, termed reconsolidation, with the consolida-
tion process are under debate, including the participation of hippocampus. Up to this point, few reports describe molecular changes and,
in particular, transcription factor (TF) involvement in memory restabilization. Increasing evidence supports the participation of the TF
nuclear factor-�B (NF-�B) in memory consolidation. Here, we demonstrate that the inhibition of NF-�B after memory reactivation
impairs retention of a hippocampal-dependent inhibitory avoidance task in mice. We used two independent disruptive strategies to reach
this conclusion. First, we administered intracerebroventricular or intrahippocampal sulfasalazine, an inhibitor of IKK (I�B kinase), the
kinase that activates NF-�B. Second, we infused intracerebroventricular or intrahippocampal �B decoy, a direct inhibitor of NF-�B
consisting of a double-stranded DNA oligonucleotide that contains the �B consensus sequence. When injected immediately after mem-
ory retrieval, sulfasalazine or �B decoy (Decoy) impaired long-term retention. In contrast, a one base mutated �B decoy (mDecoy) had no
effect. Furthermore, we also found NF-�B activation in the hippocampus, with a peak 15 min after memory retrieval. This activation was
earlier than that found during consolidation. Together, these results indicate that NF-�B is an important transcriptional regulator in
memory consolidation and reconsolidation in hippocampus, although the temporal kinetics of activation differs between the two
processes.
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Introduction
The consolidation hypothesis states that, initially, memory is sus-
ceptible to disruption or facilitation but becomes stable and re-
sistant to amnesic agents after a discrete period of time (Mc-
Gaugh and Petrinovich, 1966; Davis and Squire, 1984). This
concept was challenged by evidence that memory retrieval can
open a new period of instability. During the retrieval period,
memory requires consolidation-like mechanisms for its restabi-
lization, a process named reconsolidation (Misanin et al., 1968;
Mactutus et al., 1979; Nader et al., 2000; Sara, 2000; Pedreira et
al., 2002; Boccia et al., 2004; Alberini, 2005). However, at present

little is known about the molecular pathways involved in this
process. The regulation of gene expression is critical for long-
lasting storage of memory. Therefore, a question arises: Has re-
consolidation process similar requirement of gene expression
and transcription factors (TFs)? The description of molecular
mechanisms in postretrieval memory stabilization is important
to accurately characterize reconsolidation and compare it with
consolidation.

A number of TFs are involved in long-term memory (LTM)
formation, including nuclear factor-�B (NF-�B) (Romano et al.,
2006). Some of them are also involved in memory reconsolida-
tion, such as cAMP-response element binding protein (CREB)
(Hall et al., 2001b), CCAAT/enhancer binding protein (C/EBP)
(Taubenfeld et al., 2001), and zif268 (Hall et al., 2001a; Bozon et
al., 2003). Recently, we described that NF-�B is required for
memory reconsolidation in invertebrates (Merlo et al., 2005).

Inactive NF-�B is present in the cytoplasm of neurons, bound
to its inhibitor, I�B. I�B occludes the nuclear localization se-
quence. In response to specific stimuli, such as NMDA receptor
activation, I�B kinase (IKK) phosphorylates the inhibitor I�B,
allowing NF-�B translocation to the nucleus. This process serves
as a crucial step in the regulation of transcriptional activity
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(Ghosh and Karin, 2002). In a previous report, we found that
NF-�B is required for memory consolidation in an inhibitory
avoidance task in mice (Freudenthal et al., 2005). NF-�B was
activated in hippocampus 45 min after training and its disruption
caused memory impairment. NF-�B inhibition was achieved us-
ing two independent strategies. First, we administered a specific
I�B kinase inhibitor, sulfasalazine. Second, we injected �B decoy
DNA oligonucleotide (Decoy), which impedes NF-�B binding to
the consensus sequence in their normal sites of action. In this
task, hemicholinium, an inhibitor of choline uptake, or the pre-
sentation of a new learning task, impaired memory consolidation
and reconsolidation (Boccia et al., 2004, 2005, 2006).

The participation of the hippocampus in postretrieval mem-
ory processes is controversial. On the one hand, data support
hippocampal involvement in both consolidation and reconsoli-
dation (Debiec et al., 2002; Rossato et al., 2006), and, in contrast,
data support that hippocampus is involved in consolidation but
not in reconsolidation (Taubenfeld et al., 2001; Tronel et al.,
2005).

Here, we used an inhibitory avoidance task in mice, in which
NF-�B is involved in consolidation, to examine the potential role
of this TF in hippocampus on memory restabilization after re-
trieval. For this purpose, we analyzed the effect of NF-�B postre-
trieval inhibition and we studied the time course of NF-�B acti-
vation after retrieval in hippocampus.

Materials and Methods
Animals. CF-1 male mice (FUNDACAL, Buenos Aires, Argentina; age,
60 –70 d; weight, 25–30 g) were individually caged and singly housed
throughout the experimental procedures. Mice were kept in a lodging
room maintained at 21–23°C on a 12 h light/dark cycle (lights on at 6:00
A.M.), with ad libitum access to dry food and tap water. Experiments
were performed in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals (NIH publica-
tion 80-23/96) and local regulations. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Apparatus and behavioral procedure. Inhibitory avoidance behavior
was studied in a one-trial learning, step-through type situation (Boccia et
al., 2004), which takes advantage of the natural preference of mice for a
dark environment. The apparatus consisted of a dark compartment
(20 � 20 � 15 cm) with a stainless-steel grid floor and an illuminated,
elevated platform (5 � 5 cm). Mice had no experience of the dark com-
partment before the learning trial. During training, each mouse was
placed on the platform and received a footshock as it stepped into the
dark compartment. The footshock-training conditions (1.2 mA; 50 Hz;
1 s) ensured a high latency even after several subsequent tests (Boccia et
al., 2004). An initial retention test was performed 48 h after training. Each
mouse was placed on the platform and the step-through latency was
recorded. The retention test was finished either when the mouse stepped
into the dark compartment or failed to cross within 300 s. In the latter
case, the mouse was immediately removed from the platform and as-
signed a score of 300 s. In the testing session, the step-through latency was
measured in the absence of a footshock. One, four, or five additional
testing sessions with 24 h intervals were given, depending on the experi-
ment. In one experiment, a second test was performed 3 h after the first
test. In experiments in which we measured nuclear NF-�B activity, ani-
mals were killed at distinct intervals after the first test.

Injections. Mice were prepared (Boccia et al., 2004) for either intrace-
rebroventricular or intrahippocampal injections of vehicle or drug solu-
tions 48 h before training. Injections were administered under light ether
anesthesia in a stereotaxic instrument. The preliminary surgery was also
performed under ether anesthesia and consisted of deflecting the scalp
and drilling two symmetrical holes through the skull without puncturing
the brain. The skull was covered with bone wax and the mouse was then
returned to its home cage. For intracerebroventricular infusions, vehicle
or drug solution was injected unilaterally randomly into either the left or

right lateral ventricle at a volume of 1 or 1.7 �l, depending of the drug
injected. The injection coordinates were anterior/posterior (A/P) (�0.34
mm respect to bregma), left/right (L/R) (�1.00 mm to the right or left
from the midsagittal suture), and ventral (V) (�2.10 mm from a flat skull
surface) (Franklin and Paxinos, 2001). Injections were performed during
90 s through a 30 gauge blunt stainless-steel needle attached to a 10 �l
Hamilton syringe with PE-10 tubing and driven by hand. Accuracy of the
intracerebroventricular injection was �90% as determined by methylene
blue injections performed regularly and by fluoresceinated Decoy (data
not shown). For dorsal intrahippocampal injections, vehicle or drug so-
lution was bilaterally infused at the following stereotaxic coordinates:
A/P (�1.50 mm posterior to bregma), L/R (�1.50 mm from the midsag-
ittal suture), and V (�1.50 mm, from a flat skull surface). Injections were
performed during 90 s through a 30 gauge blunt stainless-steel needle
attached to a 5 �l Hamilton syringe with PE-10 tubing and driven by
hand. The volume of each intrahippocampal infusion was 0.5 �l. For the
control injection in a different area, the primary somatosensory cortex,
forelimb region was chosen. Control injections were applied at the fol-
lowing stereotaxic coordinates: A/P (0.62 mm anterior to bregma), L/R
(�2.50 mm from the midsagittal suture), and V (�1.50 mm).

The accuracy of intrahippocampal injection was determined by fluo-
resceinated Decoy (see Fig. 8 A) and by histological determination of the
needle position on an animal-by-animal basis (see Fig. 8 B).

Distribution analysis of fluoresceinated Decoy in the hippocampus and
histological determination of the needle position after intrahippocampal
injections. Injected animals were killed at different times to evaluate the
distribution of the fluoresceinated DNA oligonucleotide in the brain.
The brains were dissected and cut in 25 �m coronal sections. To better
visualize the localization of the Decoy, the brains were counterstained
with propidium iodide. The double-stained sections were visualized with
a confocal microscope. To determine the needle position, the brains of
injected animals were dissected, fixed in 4% paraformaldehyde/buffer
phosphate saline, and stored in 30% sucrose. They were then cut into 25
�m coronal sections with a cryostat. The deepest position of the needle
was superimposed on serial coronal maps (Franklin and Paxinos, 2001).
Coronal sections containing the deepest reach of the needle were Nissl
stained to estimate the damage produced during the procedure (see Fig.
8 B).

Drugs. 2– 4-Hydroxy((4-((2-pyridinilamino)sulfonyl)phenyl)azo)-
benzoic acid (sulfasalazine) (Sigma, St. Louis, MO) and 1-(4-
chlorobenzoyl)-5-methoxy-2-methyl-1 H-indole-3-acetic acid (indo-
methacin) were injected in a saline solution containing 10 mM HEPES,
pH 7.6, and 1% DMSO.

Decoy (5�-GAGGGGACTTTCCCA-3�; consensus sequence in bold)
and mDecoy (5�-GAGGCGACTTTCCCA-3�; base changed underlined)
were dissolved in TE saline solution.

Sulfasalazine (3 and 7 mM) and indomethacin (166 and 500 �M) were
administered intracerebroventricularly at a volume of 1 �l. Decoy and
mDecoy (36.6 �g/�l) were administered intracerebroventricularly at a
volume of 1.7 �l, delivering 12.5 nmol. In the hippocampus, the drugs
were administered bilaterally at a volume of 0.5 �l. Decoy or mDecoy
were used at a concentration of 1.46 �g/�l, delivering 0.15 nmol per
hippocampus. Sulfasalazine was used at concentrations of 0.5 mM (0.2 �g
per hippocampus), 1.25 mM (0.5 �g per hippocampus), and 2.5 mM (1.0
�g per hippocampus), and indomethacin was used at concentrations of
0.363 mM (13 ng per animal) and 1.816 mM (65 ng per animal).

Nuclear extracts and determination of DNA-binding activity by gel shift.
Mice were killed by cervical dislocation at different intervals after testing
(see Results). Brains were rapidly removed, and both hippocampi were
dissected according to the method of Glowinski and Iversen (1966). To
obtain nuclear extracts, tissues were homogenized in 250 �l of buffer A
(10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1 �g/ml
pepstatin A, 10 �g/ml leupeptin, 0.5 mM PMSF, and 10 �g/ml aprotinin)
with eight strokes in a Dounce homogenizer, type B pestle. The homog-
enate was centrifuged for 15 min at 1000 � g, the pellet was resuspended
in 30 �l of buffer B (20 mM HEPES, pH 7.9, 1.2 M KCl, 1.5 mM MgCl2, 0.4
mM EDTA, 0.5 mM DTT, 50% glycerol, 1 �g/ml pepstatin A, 10 �g/ml
leupeptin, 0.5 mM PMSF, and 10 �g/ml aprotinin) and incubated for 15
min on ice. A centrifugation for 15 min at 12,000 � g was then per-
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formed. The supernatant was kept at �70°C until used. The entire ex-
traction protocol was performed at 4°C. �B-like DNA binding activity in
nuclear fractions was assessed using gel shift [electrophoretic mobility
shift assay (EMSA)]. An aliquot of 1.75 pmol of double-stranded oligo-
nucleotide DNA containing the NF-�B binding site (5�-
AGTTGAGGGGACTTTCCCAGGC-3�, binding site in bold) (Promega,
Madison, WI) was labeled at 37°C for 10 min in 10 �l of reaction buffer
containing 70 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, 15 �Ci of
[�-P 32]ATP (DuPont NEN, Wilmington, DE) and 10 U of T4 polynu-
cleotide kinase (Promega). DNA–protein binding was performed in 20
�l containing 20 mM HEPES, pH 7.9, 120 mM KCl, 0.4 mM EDTA, 0.5 mM

DTT, 25% glycerol, and 10 �g of protein extract. Samples were incubated
for 30 min at 0°C and 1 ng of labeled oligonucleotide DNA probe was
added followed by incubation for another 30 min at 0°C. The reaction
mixture was then electrophoresed on a 6% non-denaturing polyacryl-
amide gel in 0.25� TBE (22.3 mM Tris, 22.3 mM boric acid, 0.5 mM

EDTA) for 2 h at 150 V. The gel was vacuum-dried and exposed over-
night to XAR-5 film (Kodak, Rochester, NY). Using this probe, three
specific retarded bands are identifiable (Freudenthal et al., 2004). The
relative optical density (ROD) of the first band corresponding to p65/p50
heterodimer was estimated using NIH Image J 1.29� software. All mea-
sures were made with exposures within the linear range of the film.
Images were digitized by means of a transmissive scanner (Umax Pow-
erLook III). Protein contents of the extracts were measured in triplicate
by Bradford method and checked for quality and quantity by comparing
pattern intensities in SDS-PAGE.

Data analysis. The latencies to step-through, either during training or
retention test, were expressed as medians and interquartile ranges, and
were analyzed with Kruskal–Wallis nonparametric ANOVA. Differences
between groups were estimated by individual Mann–Whitney U tests
(two-tailed) (Siegel, 1956), considering values of p � 0.05 as significant.
Training step-through latencies differences among all the groups used in
these experiments were not significant.

For the experiments designed to estimate NF-�B activity in hippocam-
pus, ROD values for each group were relativized to the mean ROD values
of a naive (N) group, which consisted in untreated animals. General
ANOVA and Duncan’s test were used to estimate differences between N
and the other groups. In some cases for variance homogeneity and nor-
mality, data were transformed to (log � 1) before the statistical analysis.

Results
The intracerebroventricular administration of NF-�B
inhibitors impairs memory when administered shortly
after retrieval
The first part of this work was aimed at evaluating whether reten-
tion can be affected by NF-�B inhibition after memory reactiva-
tion induced by a first testing 48 h after a one trial training. In the
first experiment, we administered after testing either vehicle or
the IKK inhibitor sulfasalazine by intracerebroventricular injec-
tion. We evaluated two doses, one of them, 7 mM, effectively
impaired memory when injected after training, and the other, 3
mM, was insufficient after training for memory impairment

Figure 1. Effect of intracerebroventricular administration of NF-�B inhibitors after reexpo-
sure to the training context. A, Effect of the IKK inhibitor sulfasalazine. Top diagram, Design of
the experiment. TR, Training with a footshock; T1, reactivation session; T2–T5, successive test-

4

ing sessions with 24 h intervals; the injections were performed immediately after T1 (memory
reactivation). The graph represents the latencies to step-through expressed as medians and
interquartile ranges of animals injected with vehicle (N � 10), 3.5 mM (N � 10), or 7 mM

sulfasalazine (Sulfa) (N � 12). **p � 0.01; *p � 0.05 when compared with its respective test
session of the vehicle-treated group (Mann–Whitney U test, two-tailed). B, Effect of indometh-
acin. Top diagram, Design of the experiment. The injections were performed immediately after
T1 (memory reactivation). The graph is as in A. N � 10 for each group. C, Effect of Decoy. Top
diagram, Design of the experiment. TR, Training with a footshock; T1, reactivation session;
T2–T6, successive testing sessions with 24 h intervals; the injections were performed immedi-
ately after reactivation. Each bar represents the medians and interquartile ranges. Mice were
injected either with vehicle (N�7), mDecoy (N�8), or Decoy (N�12). **p�0.01 compared
with its respective test session of the vehicle and mDecoy-treated groups (Mann–Whitney U
test, two-tailed).
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(Freudenthal et al., 2005). The first test before drug administra-
tion showed good retention for all groups. Four subsequent tests
were presented with an interval of 24 h (Fig. 1A, top diagram).
Both sulfasalazine doses provoked retention impairment in the
four testing sessions (Fig. 1A) showing significant differences
with the respective vehicle group. Sulfasalazine was developed as
an antiinflammatory drug and its action was originally attributed
to the inhibition of cyclooxygenase (COX) until its action as IKK
inhibitor was described (Weber et al., 2000). The following ex-
periment was aimed at evaluating whether the amnesic effect of
sulfasalazine could be explained as a potential effect on COX. For
this purpose, we used indomethacin, a COX and prostaglandin
inhibitor that does not interfere with the NF-�B pathway (Yin et
al., 1998). Two doses were evaluated, 166 and 500 �M, as in pre-
vious work (Freudenthal et al., 2005). Higher doses were not used
to avoid nonspecific effects on behavior (Merlo et al., 2002). No
effect of this drug was found when injected after test 1 and eval-
uated 24 h later in test 2 (Fig. 1B), indicating that indomethacin
did not induce retention impairment in the examined doses. This
absence of effect was also observed when indomethacin was ad-
ministered intracerebroventricularly immediately after training
(Freudenthal et al., 2005).

Next, instead of the upstream step inhibition used in the first
experiments, we performed a direct inhibition of NF-�B using
double-stranded DNA oligonucleotide containing the �B con-
sensus sequence (Decoy). In a previous work, Decoy was effective
when administered intracerebroventricularly to inhibit NF-�B in
hippocampus and to impair long-term memory when injected
2 h before training (Freudenthal et al., 2005). In contrast, admin-
istration of a Decoy containing only a one base mutation, but
conserving the overall composition of bases (mDecoy), did not
produce NF-�B inhibition and memory impairment. This muta-
tion impedes the transcription factor recognition of the consen-
sus sequence.

Initially, we performed intracerebroventricular injection of
fluoresceinated Decoy, and 15 min after injection the presence of
fluorescence in hippocampal neurons was corroborated by con-
focal microscopy (data not shown). Next, we administered saline,
Decoy, or mDecoy immediately after test 1, and we evaluated
their effect in five subsequent tests with 24 h intervals. As shown
in Figure 1C, only �B decoy impaired retention in all subsequent
tests, showing significant differences with saline and mutated �B
decoy.

The inhibition of NF-�B in hippocampus shortly after
retrieval impairs memory
In the following experiments, we performed dorsal intrahip-
pocampal administration of NF-�B-inhibiting drugs to investi-
gate involvement of hippocampal NF-�B in memory reconsoli-
dation. In the first experiment, we administered the vehicle
injection or the IKK inhibitor sulfasalazine (0.2, 0.5, and 1.0 �g
per hippocampus) after test 1 (T1). The lower dose of sulfasala-
zine was chosen based on intracerebroventricular administration
experiments and the mass relationship between hippocampus
and whole brain. During the first retention test (T1), 48 h after
training, all mice exhibited maximal retention latencies. The sub-
sequent test was presented with an interval of 24 h (Fig. 2A, top
diagram). In this case, the higher two doses of sulfasalazine, but
not the lower dose, impaired retention [for T2, Veh vs 0.2 �g,
nonsignificant; Veh (n � 12) vs 0.5 �g (n � 12), U � 144, p �
0.01; Veh vs 1 �g (n � 11), U � 132, p � 0.01] (Fig. 2A). This
result suggests that sulfasalazine acts in a dose-dependent
manner.

Based on previous experiments using intracerebroventricular
administration and considering the hippocampal mass, two
doses of indomethacin, 13 or 65 ng per hippocampus, were ad-
ministrated. We found no effect of this drug when injected im-
mediately after T1 and evaluated 24 h later in T2 (Fig. 2B), indi-
cating that indomethacin did not cause retention impairment in
the examined doses.

Figure 2. Effect of the IKK inhibitor sulfasalazine when injected intrahippocampally after
reexposure to the training context. A, Top diagram, Design of the experiment. TR, Training with
a footshock; T1, reactivation session; T2 testing sessions after 24 h interval; the injections were
performed immediately after T1 (memory reactivation). The graph represents the latencies to
step-through expressed as medians and interquartile ranges of animals injected with vehicle
(N � 12), 0.2 �g (N � 8), 0.5 �g (N � 12), or 1 �g (N � 11) of sulfasalazine (Sulfa). **p �
0.01, when compared with its respective test session of the vehicle-treated group (Mann–
Whitney U test, two-tailed). B, Effect of indomethacin injection after reexposure. Top diagram,
Design of the experiment. The injections were performed immediately after T1 (memory reac-
tivation). The graph is as in A. Two doses of indomethacin, 13 or 65 ng per hippocampus, were
administrated. N � 10 for each group.
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In the following experiments, three groups of mice were
trained, and 48 h later, they were submitted to the first retention
test. Immediately afterward, they received intrahippocampal in-
fusions of either vehicle, mDecoy or Decoy. Two subsequent tests
were performed at 24 h and 21 d after T1 (Fig. 3A, top diagram).
As shown in Figure 2A, only Decoy impaired retention in the
subsequent tests, showing significant differences with vehicle and
mDecoy [for T2, Veh vs mDecoy treatment, nonsignificant, and
Veh (n � 7) vs Decoy (n � 7), U � 49, p � 0.01; for T3, Veh vs
mDecoy, nonsignificant, and Veh (n � 7) vs Decoy (n � 7), U �

49, p � 0.01]. To determine whether the reactivated memory
shows a time window of susceptibility to NF-�B inhibition, the
injection was delayed 3 h after the end of the first test (T1) and
retention performance was again evaluated 24 h afterward (Fig.
3B, top diagram). Under these experimental conditions, no effect
of Decoy on memory performance was observed (Fig. 3B).

In the next experiment, two groups of mice were injected with
either, vehicle, mDecoy or Decoy 48 h after training, but did not
experience the reactivation session (Fig. 4A, top diagram). In
these experimental conditions, mice injected with Decoy per-
formed as well as the vehicle-treated group at day 3 after training
(Fig. 4A).

Figure 3. Effect of Decoy in hippocampus after reexposure to the training context. A, Decoy
administered immediately after reexposure. Top diagram, Design of the experiment. TR, Train-
ing with a footshock; T1, reactivation session; T2 and T3, successive testing sessions with 24 h
intervals; the injections were performed immediately after reactivation. Graph, Each bar repre-
sents the medians and interquartile ranges. Mice were injected either with vehicle (N � 7),
mDecoy (N � 7), or Decoy (N � 7). **p � 0.01 compared with its respective test session of the
vehicle and mDecoy-treated groups (Mann–Whitney U test, two-tailed). B, Effect of Decoy
administered 3 h after reexposure. Top diagram, Design of the experiment. The graph is as in A.
N � 10 for each group.

Figure 4. A, Effect of Decoy in hippocampus without reexposure to the training context. Top
diagram, Design of the experiment. Graph, Each bar represents the medians and interquartile
ranges. Mice were injected either with vehicle (N � 7), mDecoy (N � 7), or Decoy (N � 7). B,
Effect of Decoy administered after reexposure on short-term reactivated memory. Top diagram,
Design of the experiment. Animals were tested (T2) 3 h after injection and retested 24 h after
injection. The graph is as in A. N � 8 for each group. **p � 0.01 compared with its respective
test session of the vehicle and mDecoy-treated groups (Mann–Whitney U test, two-tailed).
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These results, together with those of the previous section, sup-
port that NF-�B inhibition impairs memory reconsolidation.
However, to demonstrate a specific action of the treatment in
reconsolidation, it is critical to find intact post-reactivation
short-term memory (STM) and impaired post-reactivation long-
term memory. With this in mind, three additional groups of mice
were trained on the inhibitory avoidance task and 48 h later they
received either vehicle, mDecoy or Decoy immediately after T1.
Three and 24 h later, they were submitted to two additional tests
(Fig. 4B, top diagram). Post-reactivation STM was found intact
in all groups. As in the previous experiment, only Decoy-injected
animals showed LTM impairment (Fig. 4B) [for T2, Veh (n � 8)
vs Decoy (n � 8), U � 64, p � 0.01].

Memory reactivation induces NF-�B activity in hippocampus
Our results thus far indicate that NF-�B activity is required in
hippocampus for memory reconsolidation. In the present sec-
tion, we studied whether NF-�B is activated in hippocampus by
retrieval. In previous work, we found that NF-�B is activated in
hippocampus after training in this task (Freudenthal et al., 2005).
In the first experiment of this section, one group of animals was
trained with footshock in the chamber (S group), and another
group received the same treatment without the shock (U group).
Forty-eight hours after training, animals were tested and killed at
5, 15, or 45 min. At this point, the hippocampus was removed.
Another shocked group did not receive the testing session, and
then was killed 48 h after training (S non-reexposed) (Fig. 5A). A
naive (N) group was included to determine the baseline of NF-�B
activity. We obtained nuclear extracts from each hippocampus

and gel shift assay was used to estimate NF-�B activity. We per-
formed densitometric analysis of one of the two specific com-
plexes observed in gel shift, corresponding to p65/p50 dimer of
NF-�B. We found an increase 15 min after testing in both S and U
groups (general ANOVA, F(8,87) � 8.94, p � 0.01; Duncan for S
and U vs N, 15 min after reexposure, p � 0.01) that returned to
basal levels at 45 min (Fig. 5B,C). It is important to note that this
increase was not observed in the S non-reexposed group, which
was not reexposed and was killed together with the rest of the
groups 48 h after training. This indicates that memory retrieval is
required for the observed activation.

As in consolidation, the reconsolidation profiles of NF-�B
activation of S and U groups were very similar. One interpreta-
tion of this observation is that activation of NF-�B in hippocam-
pus during consolidation and reconsolidation is not specific to
the association between conditioned stimulus (CS) and uncon-
ditioned stimulus (US). NF-�B activation may be specific only to
the codification of the contextual and spatial information of the
CS, which will then be linked to US (footshock) information in
other brain areas such as amygdala and neocortex (Fanselow and
Gale, 2003). The memory effects observed after NF-�B inhibition
in both consolidation and reconsolidation may be partially at-
tributed to a disruption of neural plasticity mechanisms required
for long-term CS representation in the hippocampus. However,
the possibility that both the CS information and the CS–US link-
ing are being processed in the hippocampus cannot be rejected a
priori for both consolidation and reconsolidation. Neural plastic-
ity in the hippocampus could be responsible for the storage of
contextual information in the U group, as well as the CS–US
linking representation in the S group.

Characterization of NF-�B activation in hippocampus after
CS–US association and context exposition
The results of the previous section lead to two alternative expla-
nations about hippocampal involvement in inhibitory avoidance
and the role of NF-�B in hippocampal processing. Precise char-
acterization of the stimulus processing that induces NF-�B acti-
vation in hippocampus after training is important to understand
the mechanisms that determine memory consolidation. It is also
important to understand the mechanisms recruited in retrieval of
this information. With this in mind, we performed two experi-
ments to evaluate alternative interpretations. We asked the fol-
lowing: Is NF-�B activated only for storage of a new context
representation or also for context–shock association storage? In
the first experiment, two groups of mice were placed on the illu-
minated training platform and received no footshock as they
stepped in the dark compartment. This procedure was repeated
for 6 consecutive days. On the seventh day, one group of mice
received the footshock when they entered in the dark compart-
ment (S group). In the other group, the footshock was omitted (U
group). These mice were killed 45 min later, the window after
training in which NF-�B is activated (Freudenthal et al., 2005). A
third group of naive mice was included (N group) (Fig. 6A). The
rationale for this experiment was that neural plasticity, and thus
NF-�B activation, should not be required for contextual repre-
sentation. This information should have already been consoli-
dated during the previous trials. NF-�B activation in hippocam-
pus 45 min after training would indicate neural plasticity
processes for CS–US storage. The densitometric analysis of the
p65/p50 band of gel shift performed with hippocampal nuclear
extracts from all groups revealed NF-�B activation in the S group
but not in the U group (general ANOVA, F(2,24) � 7.7, p � 0.01;
Duncan’s test, S vs N, p � 0.05; S vs U, p � 0.01; U vs N, p � 0.05)

Figure 5. Temporal course of NF-�B activity after memory reactivation. A, Design of the
experiment for shocked (S) and unshocked (U) groups. Animals were killed 5, 15, or 45 min after
T1 or 48 h after training (S non-reexposed group). B, NF-�B activity relative to the naive (N)
mean value estimated by densitometric analysis (ROD) of the p65/p50 EMSA band, obtained
with hippocampal nuclear extracts from animals of the different groups. General ANOVA, F(8,87)

�8.94, p�0.01. Duncan’s test, N versus S or U, p�0.01. C, Representative EMSAs of the three
groups (N, U, and S) for the different time points analyzed. N � 10 for each group.
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(Fig. 6B,C). This result indicates that context memory is already
formed after repeated experience with an original environment.
Therefore, NF-�B-mediated neural plasticity is not further re-
quired. The NF-�B activation in the S group can be attributed to
the plasticity required to associate the context (CS) with the foot
shock (US). However, NF-�B activation in the S group can also
be interpreted as an unspecific response to a novel and stressful
stimulus, the footshock. To evaluate this alternative hypothesis,
we performed a second experiment in which one group of ani-
mals [the contingency group (CG)] becomes familiar with the
context for 20 s. Three hours later, the animals received the foot-
shock in a new context. For the new context, mice were placed in
a Plexiglas wall box (20 � 20 � 10 cm) located in a different
room, brightly lit, with a stainless-steel grid floor. Mice remained
in the new context only 1 s before being shocked and then were
immediately removed. Under these conditions, the association
between this context and footshock is not established, a phenom-
enon known as immediate shock deficit (Blanchard et al., 1976;
Fanselow, 1986, 1990; Landeira-Fernandez et al., 2006). This pro-
cedure was repeated during 6 d. On the seventh day, animals
received the shock in the training chamber and were killed 45 min
later (Fig. 6A). A second group, the iteration control group
(ICG), was exposed each day during 7 d to the training context
and 3 h later to the footshock in the new context. Animals were

killed 45 min after the last session. A third group, the shocked-
control group (SCG), was exposed to both contexts, 3 h apart,
over 6 d. On the seventh day, they were shocked in the new
context and killed 45 min later. A fourth group, the context un-
shocked group (CUG), was exposed to both contexts, 3 h apart,
over 7 d. They were also killed 45 min after the final trial (Fig. 7A).
A naive group was also included (N group). In Figure 7B, the
densitometric analyses of the gel shift (Fig. 7C) of the different
samples are shown. Only the CG group showed significantly
higher levels of activity with respect to the other groups (general
ANOVA, F(4,44) � 3.15, p � 0.05; Duncan’s test, CG vs ICG, SCG,
CUG, and N, p � 0.05). This result supports the hypothesis that
the activation of NF-�B in hippocampus is part of the plasticity
mechanism required for long-term storage of the CS–US associ-
ation. The fact that NF-�B was not activated in groups ICG and
SCG indicates that the shock per se does not activate NF-�B
unspecifically. The lack of activation observed in the CUG group
indicates that, after repeated presentation of the context, no ad-
ditional plasticity mechanisms are required for contextual infor-
mation processing in hippocampus.

Presence of Decoy in hippocampus 15 min after
administration inhibits NF-�B
To confirm that the oligonucleotide DNAs used in our experi-
ments were present in hippocampal neurons within the time win-
dow necessary to inhibit retrieval-induced NF-�B activation, we
performed intrahippocampal injections of fluoresceinated De-

Figure 6. NF-�B activity after training when animals were preexposed to the context. A,
Design of the experiment. Animals were killed 45 min after training. S group, Mice reexposed to
the context for 6 d and shocked in the context at day 7. U group, Mice reexposed to the context
for 7 d. N, Untreated naive mice. B, Representative EMSAs of the three groups. The arrowheads
indicate specific bands. The black arrow indicates the complex measured. C, NF-�B activity
relative to the mean value of N group for the three groups, 45 min after the last trial. General
ANOVA, p � 0.01; Duncan’s test, S versus N, p � 0.05; S versus U, p � 0.01; U versus N, p �
0.05. **p � 0.01 and *p � 0.05. N of each group is indicated in the respective bar.

Figure 7. CS–US association activates NF-�B in hippocampus. A, Design of the experiment.
Animals were killed 45 min after the last training or exposure. B, Densitometric analysis of the
p65/p50 retarded band. C, Representative retarded bands obtained in gel shift for each group;
the black arrowhead indicates the quantified band. General ANOVA, F � 3.15, p � 0.05.
Duncan’s test, CG versus ICG, SCG, CUG, and N, *p � 0.05. N of each group is indicated in the
respective bar.
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coy. Fifteen minutes after the injection, the presence of fluores-
cence in neurons was confirmed by confocal microscopy (Fig.
8A). The same analysis was performed 45 min after injection
(data not shown). In this case, we observed a more extensive area
of fluorescence. We used histological analysis to determine the
position of the needle tip during injection. As a representative
sample for all injections, we inspected animals that were part of
two of the Decoy experiments. The result is displayed in Figure
8B. In addition, two groups of animals were trained, tested at
48 h, and received intrahippocampal injections of mDecoy or
Decoy immediately after T1. Both groups showed retention at

testing (data not shown). The NF-�B ac-
tivity 15 min after memory reactivation
was significantly reduced in animals in-
jected with Decoy when compared with
animals injected with mDecoy (Fig. 8C)
(ANOVA, F(1,10) � 11.36, p � 0.01). These
results indicate that Decoy is able to reach
the cellular soma in hippocampus and in-
hibit NF-�B within 15 min after injection.
Furthermore, we performed an anatomi-
cal control experiment in which animals
were injected post-T1 with Decoy or mDe-
coy in the primary somatosensory cortex,
forelimb region. In this experiment, no
memory impairment was found (Fig. 8D),
supporting the site-specific effect of Decoy
hippocampal infusion.

Discussion
The experiments presented here support
the hypothesis that NF-�B transcription
factor is activated in hippocampus by re-
trieval, and that this activation is involved
in memory restabilization. Retrieval has
been induced 48 h after a one-trial inhibi-
tory avoidance task by reexposure of the
animals to the training context. NF-�B in-
hibition in hippocampus, achieved by two
independent strategies, impairs long-term
memory only when applied immediately af-
ter retrieval. This effect does not occur 3 h
later, indicating a transient time window of
memory vulnerability. Such early window of
drug effect correlates well with the peak of
NF-�B activation at 15 min after reexposure.
We observed the effect of NF-�B inhibition
only after a long period of time (24 h or
more). Shortly after treatment (3 h), the ef-
fect was absent. This impairment persists for
�3 weeks. Although the nature of such im-
pairment is unclear, the absence of sponta-
neous recovery of the amnesic effect over
such extended period, suggests that there is a
disruption of the memory trace rather than a
retrieval deficit. The NF-�B inhibition effect
was not observed when reexposure to the
training context was omitted, indicating that
retrieval is necessary to open the lability pe-
riod after memory reactivation. These re-
sults implicate an effect of NF-�B inhibition
on memory reconsolidation.

Interestingly, we found that retrieval
induced NF-�B activation in hippocam-

pus exhibits a different profile than that observed in consolida-
tion. During consolidation, an initial inhibition 15 min after
training was found, followed by activation 45 min after and a
return to basal levels at 120 min (Freudenthal et al., 2005). In
contrast, during reconsolidation, we found NF-�B activation 15
min after retrieval, rather than inhibition. Finally, 45 min after
reactivation treatment, no activation was found. These data sug-
gest that NF-�B activation occurs earlier in memory reconsolida-
tion than in memory consolidation. The results of the present
paper, together with a previous work in crabs (Merlo et al., 2005),

Figure 8. Presence of Decoy in hippocampus inhibits NF-�B activity. A, Confocal micrographs show localization of the fluo-
resceinated Decoy (green) 15 min after injection. Costained with propidium iodide (red). The arrowheads show the deepest
position of the needle. B, Coronal brain image is adapted from the atlas of Franklin and Paxinos (2001), indicating with dashed
lines and black squares the position of the injection in the hippocampus. The last coronal section (Nissl stained) shows the trace of
the needle. C, Top diagram, Design of the experiment for shocked groups receiving either mDecoy or Decoy intrahippocampal
injection immediately after reexposure. TR, Training with a footshock; T1, reactivation session. Animals were killed 15 min after
T1. The graph represents NF-�B activity relative to the Decoy group mean value 15 min after injection of mDecoy or Decoy. ANOVA,
F(1,10) � 11.36, p � 0.01. Duncan’s test, mDecoy versus Decoy, **p � 0.01; N � 5 and 7, respectively. Inset, Representative
EMSAs of the two groups. D, Administration of mDecoy or Decoy in the forelimb primary somatosensory cortex after reexposure,
shows no effect on retention. The top diagram is as in C. Graph, Each bar represents the medians and interquartile ranges. Mice
were injected either with mDecoy (N � 9) or Decoy (N � 9).
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support the idea that NF-�B regulation of gene expression is a
conserved mechanism required for memory reconsolidation. In
the crab study, the reexposure to the training context also in-
duced a faster NF-�B activation than after training. Its inhibition
also impairs long-term but not short-term memory. Additional
differences in the temporal requirements for consolidation and
reconsolidation are described in other models (for review, see
Alberini, 2005). The faster activation in the reconsolidation pro-
cess suggests that molecular pathways leading to NF-�B nuclear
translocation and DNA binding activity are facilitated by train-
ing. This facilitation could persist for at least 2 d, allowing a faster
NF-�B response in retrieval. In fact, the peak of activation in
reconsolidation seems to be not only faster, but also higher and
more coherent in time than in consolidation (Freudenthal et al.,
2005).

The dorsal hippocampus has formerly been implicated in the
retrieval of contextual memories (Matus-Amat et al., 2004).
Here, we present evidence that retrieval induces NF-�B-
dependent neural plasticity in hippocampus, which is required
for long-term memory restabilization. These data shed light on
how information is processed and which brain areas are involved
in the distinct phases of memory storage, establishing a correla-
tion between specific molecular events and the behavioral read-
out (Miller and Sweatt, 2006).

As in our previous work studying NF-�B in hippocampus
during consolidation (Freudenthal et al., 2005), shocked and un-
shocked animals showed a similar activation profile. The shocked
animals groups in the experiments of Figures 6 and 7 indicate that
both the new context and the association of this context with a
shock, induced NF-�B activation. If we consider NF-�B activa-
tion as a marker of long-lasting neural plasticity, this result sug-
gests that the hippocampal formation is involved in linking the
US to the context information that is part of the CS. Fear condi-
tioning experiments have also implicated the hippocampus in
context–shock association (Moita et al., 2003).

Other inhibitory avoidance experiments in rats found that
C/EBP transcription factor is required in the hippocampus
after training, but it is not required after retrieval (Tronel et
al., 2005). Here, we showed that the activity of another tran-
scription factor, NF-�B, is required in both consolidation and
reconsolidation. Aside from differences in species and task,
these differences may be ascribed to the fact that different
transcription factors play differential roles during memory
restabilization. In agreement with the hypothesis of differen-
tial roles of the gene transcription mechanisms, Zif268 tran-
scription factor is involved in reconsolidation but not in con-
solidation of fear memory (Lee et al., 2004). We propose that
fast and central pathways of gene expression regulation, like
CREB and NF-�B, are involved in all processes of synaptic
plasticity. The second round of transcription, regulated by
immediate-early gene induction, is finely tuned depending on
the neuronal pathways and brain regions involved.

It is worth noting that, within our experimental conditions,
several different pharmacological (Boccia et al., 2004, 2006) and
nonpharmacological manipulations (Boccia et al., 2005) im-
paired memory reconsolidation and did not show spontaneous
recovery. These results are in complete accordance with the
present findings.

An increasing body of experimental data supports the hypoth-
esis that the NF-�B transcription factor plays an important role in
neural plasticity required for long-lasting memory storage. Our
results extend the function of NF-�B to memory reactivation
after retrieval.

Note added in proof. In a very recent publication, Lubin and
Sweatt (2007) provided further evidence of a role for the NF-�B
pathway in memory reconsolidation.
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