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Memory formation is a temporally graded process during which
transcription and translation steps are required in the first hours
after acquisition. Although persistence is a key characteristic of
memory storage, its mechanisms are scarcely characterized. Here,
we show that long-lasting but not short-lived inhibitory avoidance
long-term memory is associated with a delayed expression of c-Fos
in the hippocampus. Importantly, this late wave of c-Fos is
necessary for maintenance of inhibitory avoidance long-term
storage. Moreover, inhibition of transcription in the dorsal hippo-
campus 24 h after training hinders persistence but not formation
of long-term storage. These findings indicate that a delayed phase
of transcription is essential for maintenance of a hippocampus-
dependent memory trace. Our results support the hypothesis that
recurrent rounds of consolidation-like events take place late after
learning in the dorsal hippocampus to maintain memories.
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Information storage in the brain is a temporally graded process
involving several phases. Long-term (LTM), but not short-term

memory (STM), requires de novo RNA synthesis around training
(1–3). Additionally, transcription of specific plasticity-related
genes is dynamically regulated by neural activity during memory
formation (4, 5).
Immediate early genes (IEGs), including the inducible tran-

scription factors (ITF) c-fos and zif268, are the first group of
genes expressed after synaptic activation (6). c-Fos forms het-
erodimeric complexes with Jun proteins to build up the tran-
scription factor AP-1, which regulates the expression of a variety
of effector genes (7, 8). Rapid and transient expression of c-Fos
is associated with the initial steps of LTM in different learning
tasks (6, 8–10), and deletion of the c-fos gene or inhibition of its
expression at the time of training impairs memory (10–12).
Despite the growing amount of data accumulated during the last

four decades regarding LTM formation, there is no satisfactory
explanation for the fact that memories outlast the lifetime of the
changes in specific patterns of synaptic weights that originally
encoded them. We have shown that after inhibitory avoidance
(IA) training, an aversively motivated hippocampus-dependent
learning task, there is a BDNF- and protein synthesis-dependent
late phase in dorsal hippocampus critical for persistence but not
formation of LTM (13, 14). We also found an increase in c-fos
protein levels at that late posttraining time (13), suggesting that
transcriptional events might be triggered during the persistence
phase of memory storage. In the present study, we determined
whether or not there was a late transcription phase involved in
LTMpersistence andwhether or not c-Fos expression in the dorsal
hippocampus was functionally associated with that phase.

Results
To investigate whether or not there is more than one wave of c-
Fos expression in a persistent memory and to determine the role
of transcription, in general, and c-Fos expression, in particular, on

persistence of LTM storage we used a one-trial IA. This task has
been extensively used for studying posttraining memory process-
ing because of its rapid hippocampus-dependent acquisition and
its hippocampus-dependent recall (9). At different posttraining
times, we infused the specific inhibitor of RNA polymerase II
α-amanitin into the dorsal CA1 region at a dose known to block
memory formation (1, 2). There were no differences in training
performance in any group studied (P= 0.95; Newman–Keuls after
ANOVA; n = 10–12). Infusion of α-amanitin 24 h posttraining
impaired memory retention 7 d thereafter (P < 0.005 with respect
to vehicle-injected animals; n = 12) (Fig. 1), leaving intact re-
tention performance at 2 d. No change in memory retention was
observed when α-amanitin was given 9, 12, 18, or 36 h after
training with respect to the corresponding vehicle group at each
time point. These findings indicate that a late wave of mRNA
synthesis in the dorsal hippocampus is necessary to maintain but
not to form a persistent IA memory.
We then asked if the delayed c-Fos expression seen after IA

training could be associated to a transcription-dependent mech-
anism involved in LTM persistence. To determine the temporal
course of the changes in c-Fos expression associated with IA
training, we measured c-Fos protein levels at different post-
training times. Persistent memories are associated with two waves
of c-Fos expression: an early and short wave around 1 h post-
training, and a second wave that peaks 18–24 h after training (P <
0.05) (Fig. 2A). The second wave is also transient, because no
changes were found at the 30-h time point. No significant differ-
ences were obtained between the naïve group and the shocked
nontrained group (1 h: naïve = 100 ± 6.7%, shocked = 87 ± 5.7%,
P = 0.18; 18 h: naïve = 100 ± 15%, shocked = 103 ± 7.9%, P =
0.87; 24 h: naïve = 100 ± 6.3%, shocked = 88 ± 12.3%, P = 0.4;
Student’s t test; n = 5–6).
We next asked whether or not the second wave of c-Fos

expression was involved in memory persistence. If the delayed
wave of c-Fos expression is required specifically for maintenance
of a persistent LTM, then it should not occur after a training
session that is unable to induce a long-lasting LTM trace. Dif-
ferences in LTM persistence can be induced by modifying the
amount or strength of training. IA training using a strong foot
shock (0.7 mA; 3 s; strong training) (Fig. 2B), which generates a
persistent LTM as tested 7 d after training (14), increased c-Fos
expression in the dorsal hippocampus 24 h posttraining (P < 0.01
compared with naïve) (Fig. 2C). However, training with a mild
foot shock (0.3 mA, 3 s; weak training), which produces a rapidly
decaying LTM (Fig. 2B), did not change c-Fos levels at 24 h
posttraining (Fig. 2C). In addition, immunohistochemical assays
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of c-Fos expression revealed higher c-Fos immunoreactivity in
strong IA-trained rats compared with weak-trained shock and
naive control groups (Fig. 2D). Strong and weak training induced
the first wave of c-Fos expression around 1 h after training (P <
0.05) (Fig. 2C). This indicates that formation of lasting and
nonlasting LTM is associated with an early phase of c-Fos ex-
pression, whereas the late posttraining c-Fos expression phase is
linked specifically to persistence of LTM storage. To further
substantiate this claim, two additional control experiments were
done. First, a context, no foot–shock experiment was performed
in which the animals were placed on the platform but did not
receive a foot shock when they stepped down to the grid. Second,
a delayed foot–shock experiment was performed in which the
animals were placed on the platform, no foot shock was given,
the subjects were returned to their home cage, and then, 1 h
later, they received the foot shock. Immunoblot analysis revealed
significant differences in c-Fos levels 24 h after strong IA training
with respect to all control groups (P < 0.05) (Table 1), con-
firming that late c-Fos expression is associated with a training
experience that generates a persistent memory.
To address the question of whether or not the expression of c-

Fos is required for memory persistence, we used an antisense
oligonucleotide (ASO) (15) that specifically blocks de novo ex-
pression of c-Fos by binding to c-fos mRNA. We determined the
extent of diffusion and stability of c-fos ASO. Rats received 2
nmol (1 μl/side) of biotinylated c-fos ASO into dorsal CA1 and
were killed 2, 5, or 24 h later. c-fos ASO was consistently ob-
served in the dorsal hippocampus at 2 h and remained detectable
for at least 5 h. Twenty-four hours after infusion, the biotinylated
ASO was undetectable (Fig. 3A).
Infusion of c-fos ASO into dorsal hippocampus 12 h post-

training prevented the IA training-induced increase in c-Fos
expression 24 h after training (P < 0.05) (Fig. 3B). No effect was
seen on c-Fos expression when infusing c-fos missense oligonu-
cleotide (MSO), a control sequence containing the same nu-
cleotides but in scrambled order. These findings indicated that a
single intrahippocampal infusion of c-fos ASO blocks de novo

expression of c-Fos induced by training. We next determined
whether or not inhibition of the delayed expression of c-Fos was
sufficient to block memory persistence. As a control, we con-
firmed and extended previous findings (11, 12), showing that
intra-CA1 infusion of c-fos ASO, but not of c-fos MSO, 4 h be-
fore training prevented the first wave of training-induced in-
crease in c-Fos and also impeded LTM formation as revealed in
two test sessions carried out at 2 and 7 d after training (each
animal was tested only one time) (Fig. 3C). One day after the last
test session (eighth day), rats previously infused with ASO were
submitted again to a strong training protocol and were tested
24 h thereafter. They exhibited retention test latencies similar to
those found 2 d after the original training (Fig. 3C), suggesting
that c-fos ASO totally prevented IA memory formation and that
ASO infusion did not affect the functionality of hippocampus.
Infusion of c-fos ASO into the dorsal hippocampus 12 h after

training did not alter IA memory retention 2 d posttraining but
significantly impaired LTM retention at 7 d (gray bars; t = 3.3;
P < 0.003; n = 12 per group) (Fig. 3D). In addition, animals
injected with c-fos ASO 12 h after training that were amnesic
when tested 7 d posttraining and also showed a memory deficit
when retested at 14 d (Fig. 3E). Because no spontaneous re-
covery was found, these results indicate that c-fos ASO given 12
h after training resulted in a long-lasting memory deficit.
Therefore, memory persistence but not memory formation is
affected by the inhibition of the second wave of c-Fos expression.
Importantly, no effect was seen on retention when c-fos ASO was
infused into CA1 8, 18, or 24 h after training (Fig. 3D).
The expression of Zif268 can be reduced by c-fos ASO (16).

We found no changes in learning-induced increase of Zif268
levels in the hippocampus after c-fos ASO infusion (MSO =
152 ± 10% and ASO = 161 ± 17% [percentages with respect to
naïve]; P > 0.05 when MSO vs. ASO and P < 0.05 when MSO or
ASO vs. naïve in a Newman–Keuls test after ANOVA; n = 5–6).
Unlike c-fos ASO, infusion of zif268 ASO 12 h posttraining did
not affect LTM 7 d after IA training (MSO 178 ± 48 s; ASO
195 ± 32 s; P = 0.76 in Student’s t test; n = 9).
Performance during IA test sessions can be altered by changes

in locomotor activity and anxiety, which can be potentially
affected by c-fos ASO. For that reason, animals that received c-
fos ASO 12 h after IA training were subjected to the open field
and elevated, and plus, they had maze tests 7 d later. c-fos ASO
did not affect anxiety state or exploratory behavior in a novel
environment and did not modify basal locomotor activity (Fig. 4
A and B), suggesting that the observed memory deficit is directly
caused by inhibition of c-Fos expression that is required for
persistence of the memory trace. Moreover, it is not likely that
the lower retention scores observed at 7 d posttraining were
caused by modifications in behavioral performance, because
administration of c-fos ASO at posttraining time points sur-
rounding the critical period did not cause any deficit in memory
retention (Fig. 3D).
We next asked whether or not induction of the second wave of

c-Fos expression can promote memory persistence. Stimulation
of adrenergic receptors increases c-Fos levels in the hippo-
campus (17). To analyze the role of c-Fos in the promotion of
LTM persistence, we used a weak training protocol that leaves a
rapidly decaying LTM (Fig. 2B). Infusion of norepinephrine
(NE; 0.3 μg/side) into dorsal CA1 12 h after training induced c-
Fos expression (Fig. 5A, white bar) and promoted LTM persis-
tence (P < 0.01) (Fig. 5B). The intra-CA1 infusion of c-fos ASO,
but not c-fos MSO, 1 h before the administration of NE abol-
ished the NE-dependent increase in c-Fos expression and the
induction of a persistent memory (Fig. 5 A and B). None of the
effects observed at 7 d were found when rats were tested 2 d after
training (Fig. 5B). These findings indicated that NE-induced
persistence of memory storage is mediated by de novo synthesis
of c-Fos during a late posttraining time window. These results

Fig. 1. Hippocampal mRNA synthesis is required 24 h after training for LTM
persistence but not for memory formation. (Upper) Schematic procedure.
(Lower) Animals were infused into dorsal hippocampus with vehicle (Veh) or
α-amanitin (0.5 μM; 1 μl/side) 9, 12, 18, 24, or 36 h after training. Data are
expressed as mean ± SEM of training (TR, black bar) or test-session step-
down latency, 2 d (white bars) or 7 d (gray bars) after training. **P < 0.01 vs.
Veh; two-tailed Student’s t test, n = 10–12.
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also indicate that the increased expression of c-Fos in the dorsal
hippocampus promotes memory persistence, transforming a
nonlasting LTM trace into a persistent one.

Discussion
The main finding of the present work is that de novo mRNA
synthesis that involves a delayed wave of c-Fos expression in the
rat hippocampus is required during a restricted time window
around 24 h after training for the persistence of LTM storage but
not for memory formation. These results show that the hippo-
campus is still engaged in memory processing after LTM is
already formed and that a previously unknown phase of c-Fos
expression plays an important role in maintenance of a memory
trace over time. Together with recent reports in rats (13, 14) and
Aplysia (18), our findings endorse the hypothesis that LTM
storage is achieved by recurrent rounds of consolidation-like
mRNA and protein synthesis-dependent processes (19, 20).
A classical view in modern biology is that a rapid expression of

IEGs is tightly coupled to cellular activity. In the brain, expres-

sion of IEGs plays a role in regulating synaptic plasticity, and
some IEGs, including c-Fos, have been associated with the first
transient transcriptional steps involved in memory formation (4,
5, 12). We found that there are two posttraining waves of c-Fos
expression in the hippocampus: an early one (6, 10) around 1 h
after training, which is involved in IA LTM formation, and a late
wave, peaking around 24 h after the strong training protocol,
which is specifically involved in memory persistence.
The early wave of c-Fos expression is part of a rapid pulse of

increased gene transcription involving a broad functional rep-
ertoire of molecules, including transcription factors, growth
factors, signal transduction molecules, and cytoskeletal compo-
nents (6, 21). IEG induction has been attributed to the experi-
ence of novelty or saliency of the context in different behavioral
studies (6, 22). The explicit assumption of this hypothesis is that
the functional role of a given IEG is to participate in memory
formation of the experience that induced its expression. How-
ever, there are alternative interpretations. One that has attracted
much attention is the possible role of IEGs as coincident de-
tectors and/or metaplasticity signals (6, 22).
The delayed wave of c-Fos in strongly trained animals is, in part,

unexpected. There are reports claiming that ITFs such as c-fos
increase over 6 h after noxious stimulation (23), that a delayed
expression of c-Fos occurred after a single seizure (24), or that a
wave of c-Fos expression appeared in 4–7 d in the hippocampus
and was association with excitotoxic cell death (25). However, the
present findings represent evidence of a late and transient wave of
c-Fos expression associated with a neurobiologic-relevant event
such as memory processing. Our data suggest that this wave is at
the core of the molecular mechanisms underlying memory per-
sistence. Strekalova et al. (26), however, found no changes in c-Fos
levels 48 h after contextual fear inmice. The apparent discrepancy
may be explained by the fact that we measured c-Fos at 24 h
posttraining instead 48 h. Importantly, the late increase in c-Fos is

Fig. 2. Memory processing is associated with two waves of c-Fos expression. (A) Time course of changes in hippocampal c-Fos levels after strong IA training.
Bars indicate the percentage of change with respect to the naïve group for rats trained and killed immediately, 1, 3, 9, 12, 18, 24, or 30 h after training. Data
are expressed as mean ± SEM. *P < 0.05; two-tailed Student’s t test; n = 5–8. (B) Strong (0.7 mA), but not weak (0.3 mA), IA training generates a persistent
LTM. (Upper) Schematic procedure. (Lower) Data are expressed as mean ± SEM of TR (black bars) or test-session step-down latency at 2 or 7 d after weak (gray
bars) or strong (white bars) IA training. ***P < 0.0001 vs. TR; two-tailed Student’s t test, n = 10. (C) Strong and weak training induced c-Fos expression 1 h
after training (Left). In contrast, strong, but not weak, IA training results in increased c-Fos 24 h posttraining (Right). (Upper) Bars show normalized mean
percentage levels of c-Fos with respect to the naïve group. Data are expressed as mean ± SEM of naïve (black bar), weak (gray bar), and strong (white bar) IA
training. *P < 0.05; **P < 0.01; ***P < 0.001 vs. naïve in Newman–Keuls test after ANOVA; n = 6. (Lower) Representative Western blots showing c-Fos and
actin levels. (D) Strong, but not weak, IA training is associated with increased c-Fos immunoreactivity in dorsal CA1 24 h after training.

Table 1. Strong IA training induces a late increase in c-Fos
expression

Group Percentage change

Naïve 100.0 ± 7.7
Shock 88.0 ± 12.3
Context with no foot shock 93.4 ± 7.5
Delayed foot shock 91.2 ± 8.6
Strong IA training 156.1 ± 11.1*

Rats were trained and killed 24 h later. Hippocampi were dissected out
and homogenized for Western blot analysis. Values (mean ± SEM) indicate
the percentage of change with respect to naïve groups. (*P < 0.05;
Newman–Keuls test after ANOVA; n = 5.)
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only detectable in persistent LTMs. In works such as that of
Strekalova et al. (26), memory is only evaluated at a single post-
training time point, making it impossible to know the persistence
of the memory trace.
Based on previous findings (13, 14), we propose that BDNF

induction andERKactivation 12 h after training are crucial for the
initiation of a signaling cascade, which includes the induction of c-
Fos and a transcription-dependent phase around 24 h after
training. Recent studies provide evidence that memory storage is
associated with synapses remodeling and growth of new synaptic
connections (27, 28). Thus, late c-Fos-dependent transcription
could be necessary for the expression of effector genes involved in
the synaptic remodeling related to memory persistence. In this
context, it has been shown that there is an increase in the numberof
CA1dendritic spines 48 h after a contextual fear conditioning (29).
Guzowski and coworkers (20) suggested that distinct phases of

memory processing are associated with different patterns of gene
expression. They found that a core–neural gene–expression
network is engaged in information processing. Among the
commonly up-regulated genes are the IEGs c-fos, zif268, arc,
homer 1a, and jun B. Consistent with this, ongoing plasticity by
means of the late expression of “plasticity genes” like c-Fos is
able to increase the capacity to process and store information

(30). Studies with artificial neural networks have shown that
changes in synaptic weights within a dynamic neuronal ensemble
can increase persistence of a memory trace (31). Our findings
suggest that to maintain modifications in synaptic weights within
a network, activity at the time of the initial encoding steps must
be repeated later on. It has been reported that persistence of
contextual fear conditioning depends on the integrity of ERK
oscillations for at least 1 week posttraining (32).
The requirement of mRNA synthesis and c-Fos for LTM persis-

tence several hours after the protein synthesis-dependent phase
indicates that there is a complex dynamic regulation of transcription
and translationprocesses involved inmemory storage. Severalworks
havedescribed changes in transcription–factoractivation inmemory
consolidation. cAMP-response element binding protein (CREB)
activation, which has been consistently implicated in memory pro-
cessing (33) and is considered amolecularmarker for memory (34),
exhibited a protracted increase after learning (35–37). CCAAT
enhancer-binding protein (C/EBP) was also increased between 9
and 28 h after training (36). Thus, it seems likely that CREB and C/
EBPactivation is requiredat somepoint either to initiate theprocess
of late consolidation or as a readout of this process.
The role of noradrenergic modulation on memory formation

has been described (4). However, its role in memory persistence is

Fig. 3. Delayed expression of c-Fos is required for persistence but not memory formation. (A) Biotinylated ASO anatomical distribution and relative con-
centrations at different times after infusion. By 2 h, the ASO diffused throughout the dorsal hippocampus and remained there for at least 3 more h. After
24 h, the ASO was cleared out from the hippocampus. (B–E) Schematic of the procedure used. (B) Animals infused into dorsal hippocampus with MSO (white
bars) or ASO (gray bars) 12 h after training (Upper). Twenty-four hours later, the dorsal hippocampus was dissected out and used for Western blot analysis
(Lower). Bars show the normalized percentage levels with respect to naïve animals. *P < 0.05 in Newman–Keuls test after ANOVA; n = 6. (C) Animals were
infused in the dorsal hippocampus with MSO (white bars) or ASO (gray bars) 4 h before training. Data are expressed as mean ± SEM of TR (black bars) or test
session step-down latency 2 or 7 d after IA training. The dotted bar represents mean test-session step-down latency of ASO-infused animals that were re-
trained and tested 24 h later. *P < 0.05; **P < 0.01 vs. MSO group; Student’s t test; n = 10–12 per group. (D) Animals were infused in the dorsal hippocampus
with MSO (white bars) or ASO (gray bars; 2 nmol/side) 8, 12, 18, or 24 h after training. Data are expressed as mean ± SEM of TR (black bars) or test session step-
down latency 2 or 7 d after IA training. **P < 0.01 vs. MSO group; Student’s t test; n = 10–12 per group. (E) Intrahippocampal infusion of c-fos ASO 12 h
posttraining impairs LTM persistence in a permanent way. Data are expressed as mean ± SEM of TR (black bars) or test-session step-down latency 7 and 14 d
after IA training. *P < 0.05 vs. MSO group; Student’s t test; n = 10–12 per group.
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unknown. We found that intra-CA1 infusion of NE 12 h after
weak IA training transforms a nonlasting LTM trace into a per-
sistent one through the induction of c-Fos expression. In addition,
dopamine D1 receptor activation increases hippocampal BDNF
and c-Fos expression and controls LTM persistence (38, 39). We
suggest that the increased expression of c-Fos 18–24 h after
training is part of a common final pathway activated by cat-
echolamines to regulate the maintenance of LTM storage.
Our findings open new avenues of research on late memory

consolidation in the hippocampus. A prevailing view is that there
are two types of memory consolidation: (i) a fast one, called
synaptic or cellular consolidation, involves events occurring
during and early after training and lasts from several hours to a
couple of days (19), and (ii) a slow, system consolidation that
entails the participation of several neocortical regions and their
interactions with the hippocampus (19, 40, 41). Systems-level
consolidation lasts many days, weeks, or months in most learning
tasks. Stabilization of LTM is achieved by gradually binding to-
gether the multiple cortical regions that store memory as a
whole. If systems-level consolidation is the main mechanism of
LTM storage, an obvious requisite is that the memory trace must
last long enough in the hippocampus as to permit the initial steps
of memory consolidation in the neocortex (42). Therefore, an
important question arises: are the late protein synthesis-, BDNF-
and transcription-dependent phases that occur between 12–24 h
after training a necessary link between cellular and systems-level
consolidation? Further experiments using different approaches
are needed to properly address this and related questions re-
garding the molecular events that underlie the persistence of a
long-lasting memory.

Materials and Methods
Subjects.MaleWistar rats (2.5 months/220–250 g) from our colony were used.
Animals were housed five to a cage at 23°C, with water and food ad libitum,
under a 12-h light/dark cycle (lights on at 7:00 AM). The procedures followed
the guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Animal Care and Use
Committees of the University of Buenos Aires and the Pontifical Catholic
University of Rio Grande do Sul.

Surgery. Rats were implanted under deep thionembutal anesthesia with 22-
gauge guide cannulae in the dorsal CA1 region of the hippocampus at
coordinates A −4.3, L ± 3.0, and V 1.4 of the atlas of Paxinos and Watson
(43). The cannulae were fixed to the skull with dental acrylic.

Inhibitory Avoidance. After recovery from surgery, the animals were handled
one time per day for 2 d and then trained as described (35). The apparatus
was a 50 × 25 × 25-cm acrylic box with a 5-cm high, 7-cm wide, and 25-cm
long platform on the left end of a series of bronze bars that made up the
floor of the box. For training, animals were placed on the platform; as they
stepped down to the grid, they received a 3-s, 0.7-mA scrambled foot shock
(strong training) or a 3-s, 0.3-mA scrambled foot shock (weak training). Rats
were tested 2 or 7 d after training. All animals were tested only one time. In
the test sessions, the foot shock was omitted. Animals were trained between
7:00 AM and 9:00 AM

Histological Analysis. For analysis of oligonucleotide (ODN) spread after
injection, rats were injected with 2 nmol/μl (1 μl/side) of biotinylated c-fos
antisense ODN (c-fos ASO), and 2, 5, or 24 h later, they were anesthetized and
perfused transcardially with 0.9% saline followed by 4% paraformaldehyde.
Thebrainswere isolated and sliced, and theASOwasdetectedbyavidin–biotin

Fig. 4. Infusion of c-fos ASO 12 h after IA training does not affect loco-
motor activity, anxiety state, or exploratory behavior. (A) Number of rear-
ings (Left) and crossings (Right) during a 5-min open-field (OF) session for
animals that had received c-fos MSO (open bars) or c-fos ASO (gray bars; 2
nmol/μl; 1 μl/side) in dorsal CA1 12 h posttraining 7 d before the OF session.
Data are expressed as mean ± SEM number of crossings or rearings (n = 8).
(B) Total number of entries (Left), time spent in open arms (Center), and
number of entries into the open arms (Right) during a 5-min plus maze
session for rats that had received bilateral intra-CA1 infusion of c-fos MSO
(white bars) or c-fos ASO (gray bars) 7 d before the OF session (n = 8).

Fig. 5. Delayed posttraining infusion of NE promotes LTM persistence. (A)
Schematic procedure. (Top) Animals infused into dorsal hippocampus with
vehicle (Veh; light gray bar), MSO (white bar), or ASO (dark gray bar; 2 nmol/
μl; 1 μl/side) 11 h after training. One hour later, they were also injected with
Veh (light gray bar) or NE (white and dark gray bars; 0.6 μg/μl; 0.5 μl/side).
Twenty-four hours after training, the dorsal hippocampus was dissected out
and used for Western blot analysis (Bottom). Bars show the normalized
percentage levels with respect to naïve (black bar) animals. *P < 0.05 in
Newman–Keuls test after ANOVA (n = 6). (B) Animals infused in the dorsal
hippocampus with vehicle (Veh; light gray bar), MSO (white bar), or ASO
(dark gray bar) 11 h after training. One hour later, they were also injected
with Veh (light gray bar) or NE (white and dark gray bars). Data are ex-
pressed as mean ± SEM of TR (black bars) or test-session step-down latency 2
(Left) or 7 d (Right) after training. ***P < 0.001 in Newman–Keuls test after
ANOVA (n = 8–10).
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staining (13). For c-Fos immunohistochemistry, rats were anesthetized 24 h
after training and perfused transcardially with 0.9% saline followed by 4%
paraformaldehyde. Brain sections were incubatedwith an anti-c-Fos antibody
(1:2,000; Santa Cruz Biotechnology Inc.) as described elsewhere (11).

Open-Field and Elevated Plus Maze Tests. The open field was a 50 × 50 × 39-cm
arena with black plywood walls and a brown floor divided into nine squares
by black lines. The number of line crossings and rearings were measured
during a 5-min test session. The total number of entries into the four arms,
the number of entries, and the time spent in the open arms were recorded
over a 5-min session in an elevated plus maze test.

Drugs and Infusion Procedures. Rats received bilateral intra-CA1 infusions of
saline or α-amanitin (46 ng per side; Sigma) 9, 12, 18, 24, or 36 h after
training (44). ODN (Genbiotech) were HPLC-purified phosphorothioated
end-capped 15-mer sequences that were resuspended in sterile saline to a
concentration of 2 nmol/μl. Both ODNs were subjected to a BLAST search on
the National Center for Biotechnology Information BLAST server using the
GenBank database (c-fos ASO 5′-GAA CAT CAT GGT CGT-3′, c-fos MSO 5′-
GTA CCA ATC GGG ATT-3′). ASO is specific for rat c-fos mRNA. The control
MSO sequence did not generate any full matches to identify gene sequences
in the database. NE HCl was prepared in saline (45) (0.3 μg per side; Sigma).

Examination of cannula placement was performed as described (35). Only
the behavioral data from animals with cannulae located in the intended site
were analyzed.

Immunoblot Assays. Tissue was homogenized, and samples of homogenates
were subjected to SDS/PAGE as described before (14). Membranes were in-
cubated first with anti-c-Fos antibody (1:3,000; Santa Cruz Biotechnology
Inc.) and then stripped and incubated with anti-Actin antibody (1:5,000;
Santa Cruz Biotechnology Inc.). Film densitometry analysis was performed by
using an MCID Image Analysis System (version 5.02, Imaging Research Inc.).

Data Analysis. Statistical analysis was performed by unpaired Student’s t test
or one-way ANOVA comparing mean step-down latencies of the drug-
treated groups and vehicles at each time point studied. Immunoblot data
were analyzed by one-way ANOVA followed by a Newman–Keuls multiple
comparison test. All data are presented as mean ± SEM.
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