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Research

Role of Hippocampal Signaling Pathways in
Long-Term Memory Formation of a
Nonassociative Learning Task in the Rat
Monica R.M. Vianna,1,3 Mariana Alonso,2 Haydee Viola,2 Joao Quevedo,1

Fernanda de Paris,1 Melina Furman,2 Miguelina Levi de Stein,2 Jorge H. Medina,2 and
Ivan Izquierdo1

1Centro de Memoria, Departamento de Bioquimica, Instituto de Ciencias Basicas da Saude, UFRGS, 90035–003 Porto Alegre, RS, Brazil; 2

Instituto de Biologia Celular y Neurociencias, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

Long-term habituation to a novel environment is one of the most elementary forms of nonassociative learning.
Here we studied the effect of pre- or posttraining intrahippocampal administration of drugs acting on specific
molecular targets on the retention of habituation to a 5-min exposure to an open field measured 24 h later.
We also determined whether the exposure to a novel environment resulted in the activation of the same
intracellular signaling cascades previously shown to be activated during hippocampal-dependent associative
learning. The immediate posttraining bilateral infusion of CNQX (1 µg/side), an AMPA/kainate glutamate
receptor antagonist, or of muscimol (0.03 µg/side), a GABAA receptor agonist, into the CA1 region of the
dorsal hippocampus impaired long-term memory of habituation. The NMDA receptor antagonist AP5 (5 µg/
side) impaired habituation when infused 15 min before, but not when infused immediately after, the 5-min
training session. In addition, KN-62 (3.6 ng/side), an inhibitor of calcium calmodulin-dependent protein kinase
II (CaMKII), was amnesic when infused 15 min before or immediately and 3 h after training. In contrast, the
cAMP-dependent protein kinase (PKA) inhibitor Rp-cAMPS, the mitogen-activated protein kinase kinase
(MAPKK) inhibitor PD098059, and the protein synthesis inhibitor anisomycin, at doses that fully block
memory formation of inhibitory avoidance learning, did not affect habituation to a novel environment. The
detection of spatial novelty is associated with a sequential activation of PKA, ERKs (p44 and p42 MAPKs) and
CaMKII and the phosphorylation of c-AMP responsive element-binding protein (CREB) in the hippocampus.
These findings suggest that memory formation of spatial habituation depends on the functional integrity of
NMDA and AMPA/kainate receptors and CaMKII activity in the CA1 region of the hippocampus and that the
detection of spatial novelty is accompanied by the activation of at least three different hippocampal protein
kinase signaling cascades.

Long-term memories can be divided into associative and
nonassociative depending on the mechanisms required for
their formation. Associative memories are based on the ac-
quisition of a predictive link between a specific event and a
stimulus. Nonassociative memories are acquired when re-
peated or continuous exposure to a novel stimulus changes
behavioral responses to it. In mammals, some forms of as-
sociative and nonassociative memories involve the partici-
pation of the hippocampal formation (Izquierdo and Me-
dina 1997; Zhu et al. 1997; Thiel et al. 1998; Eichenbaum
1999; McGaugh 2000).

The molecular events in the hippocampus required for
long-term memory formation have been extensively studied
in several associative learning tasks, including contextual

fear conditioning and one trial inhibitory avoidance training
(Bernabeu et al. 1997; Izquierdo and Medina 1997; Atkins et
al. 1998; Cammarota et al. 1998; Impey et al. 1998; Tauben-
feld et al. 1999; Wong et al. 1999; McGaugh 2000). Much
less is known about the molecular substrates in the hippo-
campus required for memory formation of nonassociative
learning tasks (Izquierdo et al. 1992; Acquas et al. 1996;
Thiel et al. 1998).

One of the most elementary nonassociative learning
tasks is that of behavioral habituation to a novel environ-
ment. We have previously shown that hippocampal gluta-
mate NMDA receptors and CaMKII appear to be necessary
for the establishment of long-term habituation to a very
brief (1–2 min) exposure to an open field (Izquierdo et al.
1992, 1999).

Therefore, to determine whether the molecular events
required for long-term memory formation of associative hip-
pocampal-dependent tasks are also involved in habituation
to a novel environment, we studied the effect of pre- and
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posttraining intrahippocampal administration of drugs act-
ing on specific molecular targets on the retention of habitu-
ation to a 5-min exposure to an open field measured 24 h
later. Also, we determined whether the exposure to a novel
environment resulted in the activation of the same intracel-
lular signaling cascades that are activated during memory
formation of a one-trial inhibitory avoidance training (Izqui-
erdo and Medina 1997; Taubenfeld et al. 1999; Cammarota
et al. 2000).

RESULTS
Long-term memory formation of habituation to a 5-min ex-
posure to a novel environment is blocked by the immediate
posttraining bilateral infusion of CNQX (1µg/side) or mus-
cimol (0.03 µg/side) (F3,52 = 12,524, P < 0.001), but not of
AP5 (5 µg/side), into the CA1 region of the dorsal hippo-
campus (Fig. 1), indicating that glutamate AMPA/kainate
receptors in the hippocampus are required for the consoli-
dation of this nonassociative learning task and that activa-
tion of GABAA receptors down-regulates memory process-
ing.

NMDA receptors are essential for the induction of ma-
jor forms of synaptic plasticity (Bliss and Collingridge 1993)
and have been shown to be crucially involved in the acqui-
sition of several associative learning paradigms. To ensure
that AP5 has been delivered in time to block NMDA recep-
tor activation we decided to evaluate the effect of AP5 (1
and 5 µg/side) injected 15 min before training into the CA1
region of the dorsal hippocampus (Fig. 2). The time con-
stant for diffusion away from the infusion site for polar
molecules is <30 min (Martin 1991). When given before the

training session, AP5 impaired long-term memory formation
in the two doses tested (F2,24 = 12,524, P = 0.012).

We next determined whether different protein kinase
cascades known to be required in memory consolidation of
associative learning (for references, see McGaugh 2000) are
also involved in memory formation of habituation to a novel
environment. As shown in Figure 3A,B,E,3 only the intra-
hippocampal infusion of KN-62 (3.6 ng/side), an inhibitor of
CaMKII, 15 min before (F4,49 = 4,145, P = 0.006) or imme-
diately (F4,65 = 2,325, P = 0.046) and 3 h after training
(F4,51 = 2,786, P = 0.036), impaired retention of habituation
to the open field. There were no differences among groups
in training session performance (Duncan test). All training-
test differences in crossings and rearings were significant
(Fig. 3) except those from animals treated with KN-62 at the
above-mentioned time points. Therefore, inhibitors of PKA
(RpcAMPS, 0.5 µg/side) or MAPKK (PD098059, 50 µM) de-
livered into CA1 region at the time points studied did not
affect memory of spatial habituation. Unexpectedly, the
same intrahippocampal dose of anisomycin that totally
blocked memory formation of inhibitory avoidance training
(Quevedo et al. 1999) was ineffective on habituation to a
novel environment.

To determine whether exposure to a novel environ-
ment resulted in activation of signaling cascades in the hip-
pocampus, we subjected rats to a 5-min session of an open
field and sacrificed them at different time points after train-
ing. Based on our previous findings demonstrating that
PKA activity in the hippocampus increases immediately and
3 h after an inhibitory avoidance training, we decided to
assess whether similar changes occur after nonassociative
tasks. As shown in Figure 4A, the detection of spatial nov-
elty is associated with a significant increase (+130%,
F4,26 = 16,98, P < 0.001) in hippocampal PKA activity im-

Figure 1 Effect of immediate posttraining intrahippocampal infu-
sions of AP5, CNQX, or muscimol on retention of a spatial habitu-
ation in rats. Data are expressed as mean ± SEM of crossings (C)
and rearings (R) of training (open bars) and test (closed bars) session
performance in an open field with a 24-h interval between ses-
sions. n = 10–14 animals per group. Training-test differences were
significant in vehicle and AP5 groups, which indicates that in those
two groups there was habituation (t = 4.719, P < 0.001 for vehicle
and t = 2.177, P = 0.040 for AP5 group in paired t-test). This was
not detectable in groups treated with CNQX and muscimol (indi-
cated with an asterisk).

Figure 2 Effect of 15 min pretraining intrahippocampal infusions
of two doses of AP5 on retention of spatial habituation in rats. Data
are expressed as mean ± SEM of crossings (C) and rearings (R) of
training (open bars) and test (closed bars) session performance in
an open field with a 24-h interval between sessions. n = 8–12 ani-
mals per group. Training-test differences were significant only in
the vehicle group (t = 4.140, P = 0.003 in paired t-test). Habitua-
tion was not detectable in groups treated with AP5 in either of the
tested doses (indicated with an asterisk).

Vianna et al.

&L E A R N I N G M E M O R Y

www.learnmem.org

334

 Cold Spring Harbor Laboratory Press on November 28, 2007 - Published by www.learnmem.orgDownloaded from 

http://www.learnmem.org
http://www.cshlpress.com


mediately after behavioral training. PKA activity did not sig-
nificantly change at 1, 2, or 3 h after training.

Given that CaMKII activity in the hippocampus in-
creases immediately after inhibitory avoidance learning (Cam-
marota et al. 1998), that �CaMKII autophosphorylation in-
creases 2 h after cue and contextual fear conditioning
(Atkins et al. 1998), and that an inhibitor of this enzyme

blocks spatial habituation (Fig. 3), we next determined the
levels of activated �CaMKII in the hippocampus. As shown
in Figure 4B, there is an increase in �CaMKII autophos-
phorylation at 2 h (+77.6%, F4,32 = 8,2, P = 0.01), but not at
0, 1, or 3 h after training.

It has been demonstrated that different associative learn-
ings are accompanied by an activation of p44 and p42

Figure 3 Effect of pretraining (A: −15 min) or posttraining (B: 0 h; C: 1 h; D: 2 h; E: 3 hr) intrahippocampal infusions of Rp-cAMPS,
PD098059, KN-62, or anisomycin on retention of spatial habituation in rats. Data are expressed as mean ± SEM of crossings (C) and rearings
(R) of training (open bars) and test (closed bars) session performance in an open field with a 24-h interval between sessions. n = 12–16 animals
per group. KN-62 causes retrograde amnesia. All the other treatments were ineffective. Training-test differences were significant in all groups
(P < 0.05–0.001, paired Student t-test), except those of KN-62 groups in A, B, and E (t = 18.318, P < 0.001; t = 4.063, P = 0.002; and
t = 0.913, P = 0.388, respectively; indicated with an asterisk).
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MAPKs (Atkins et al. 1998; Berman et al. 1998; Crow et al.
1998). We have recently found that inhibitory avoidance
learning is also associated with an activation of p44 and p42
MAPKs 2 h after avoidance training (Cammarota et al.
2000). To test the hypothesis that activation of MAPKs also
increases as a consequence of a nonassociative learning
task, we used immunoblot techniques to detect dually phos-
phorylated, activated p44 and p42 MAPKs (Atkins et al.
1998; Cammarota et al. 2000). As shown in Figure 4C,D,
exposure to a novel environment results in an increase in
phospho-p44 and phospho-p42 MAPKs at 1 h after training
(+57.5%, F4.45 = 2,98, P = 0.0435; +25%, F4,32 = 4,358,
P = 0.002 for p44 and p42 MAPKs, respectively). These
changes are not caused by alterations in total MAPKs levels,
as the amount of p44 and p42 MAPKs remained unchanged
(p44 MAPK: 94.8% ± 12.6%, p42 MAPK: 89% ± 12%, with
respect to naive control values, n = 6).

Given that CREB has an important role in memory for-
mation of associative learning tasks in several species

(Bourtchouladze et al. 1994; Yin et al. 1994; Yin and Tully
1996; Guzowski and McGaugh 1997; for references, see
Silva et al. 1998), that CREB phosphorylation at ser 133
(P-CREB) is associated with CREB-regulated gene expres-
sion (Montminy 1997), and that inhibitory avoidance train-
ing results in both a time-dependent increase in P-CREB and
in CRE-mediated gene expression (Bernabeu et al. 1997;
Impey et al. 1998; Taubenfeld et al. 1999; Cammarota et al.
2000), we next determined the levels of ser 133 P-CREB in
rats exposed to the novel environment. As shown in Figure
4E, the detection of spatial novelty is associated with a
significant increase in P-CREB levels in the hippocampus
(F4,37 = 5.47, P = 0.024) at 1 and 2 h after training (+50%
and +77%, respectively). No changes were observed in total
CREB levels (CREB 1 h: 95% ± 3.8%, CREB2 h: 98% ± 4.1%
with respect to naive control values, n = 6).

DISCUSSION
The crucial role of the hippocampal formation in memory

Figure 4 Exposure to a novel environment is associated with the activation of protein kinases and phosphorylation of CREB in the
hippocampus at various time intervals (in hours) after a 5-min exposure to an open field. Data are expressed as mean ± SEM in percentage
of naive control values. (A) PKA activity, n = 5–6 independent experiments per time point; *** indicates P < 0.001 in Duncan test after
ANOVA. (B) Representative immunoblot of phospho �CaMKII and densitometric analysis of five to eight independent experiments per time
point; ** indicates P < 0.01 (Dunnet test ). (C, D) Representative immunoblots of phospho p-44 and phospho p-42 (P-p44 and P-p42,
respectively) and densitometric analysis of five to 10 independent experiments per time point; * indicates P < 0.05 (Dunnet test). (E)
Representative immunoblot of P-CREB and densitometric analysis of four to eight independent experiments per time point; * indicates
P < 0.05, ** indicates P < 0.01 (Dunnet test).
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consolidation has been extensively demonstrated in a vari-
ety of species and associative learning tasks. In the last de-
cade several intracellular signaling cascades have been
shown to be involved in long-term memory formation (Iz-
quierdo and Medina 1997; Atkins et al. 1998; Impey et al.
1998; Silva et al. 1998; Wong et al. 1999; Cammarota et al.
2000; for references, see McGaugh 2000). It also has been
shown that de novo protein synthesis is a critical event in
associative long-term memory formation (Davis and Squire
1984; Bourtchuladze et al. 1998; for references, see Milner
et al. 1998; Schafe et al. 1999) and that blockade of any of
these events can cancel the establishment of long-term
memory during associative memory consolidation (Mc-
Gaugh 2000). In this study we investigated the importance
of neurotransmitter receptors, intracellular signaling path-
ways, and protein synthesis in the hippocampus for long-
term memory formation of habituation to a novel environ-
ment, a nonassociative learning task.

Extending previous findings (Izquierdo et al. 1992),
our data indicate that long-term memory for habituation to
a novel environment depends on the functionality of AMPA/
kainate glutamate receptors in the hippocampus and is
regulated by an agent that potentiates intrinsic GABAergic
inhibition. The lack of effect of the NMDA receptor antago-
nist when given immediately after training, shown here,
when compared to earlier reports on shorter versions of the
task (Izquierdo et al. 1992), could be attributed to the delay
introduced by the increased duration of the training session
(Izquierdo et al. 1992). It is well known that NMDA recep-
tors are required at the time of induction of plastic events
and for a few seconds afterward, but not later (Izquierdo
and Medina 1997; Malenka and Nicoll 1999; McGaugh
2000). It might well be the case that posttraining infusion at
the end of 5 min of exposure to a novel environment does
not reach this initial receptor activation in time to avoid
cellular stimulation. This appears to be the case, as the
results shown in Figure 2 demonstrate that, when given 15
min before training, AP5 effectively causes amnesia for this
task.

The main pharmacological/behavioral finding of the
present study is that memory for spatial habituation is not
impaired by the blockade of PKA or MAPK cascades or by
the inhibition of protein synthesis in the CA1 region of the
hippocampus. We and others have previously shown that
inhibition of PKA or MAPK cascades hinders memory for-
mation of several hippocampal-dependent associative learn-
ing tasks (Bernabeu et al. 1997; Atkins et al. 1998; Bourtchu-
ladze et al. 1998; Vianna et al. 1999; Walz et al. 1999; Wong
et al. 1999). The results presented here suggest that PKA or
MAPK signaling pathways in the CA1 region are not in-
volved in long-term memory formation of spatial habitua-
tion.

In contrast, CaMKII signaling pathways appear to be
critical for both associative (Silva et al. 1992; Wolfman et al.

1994; Mayford et al. 1996; Tan and Liang 1996, 1997; Cam-
marota et al. 1998) and nonassociative (Izquierdo et al.
1992, 1999; Fig. 2) forms of memories as suggested by the
amnesia caused by the CAMKII inhibitor given before, im-
mediately, or 3 h after training, and the rises in p-CAMKII
levels observed 2 h after training. The temporal dissociation
among the behavioral and biochemical findings is not easily
explained and could be attributed to the fact that the p-
CAMKII levels were measured in nuclear extracts. More-
over, they could be ascribed to distinct aspects of memory
formation as habituation and novel detection itself. As men-
tioned before, the formation of associative long-term
memory has long been known to depend on de novo pro-
tein synthesis (Davis and Squire 1984; Milner et al. 1998).
Recent reports suggest that long-term memories are sensi-
tive to protein synthesis inhibition in two moments of the
consolidation period, one at the time of training and an-
other at a later stage (Freeman et al. 1995; Bourtchuladze et
al. 1998). Recently, we have shown that long-term memory
of inhibitory avoidance training can be cancelled when an-
isomycin is delivered into the CA1 region of the dorsal hip-
pocampus around the time of training and at 3 but not 6 h
after training (Quevedo et al. 1999). Here, using the same
dose of anisomycin that blocked memory of avoidance train-
ing, we found no effect of anisomycin on long-term memory
formation of spatial habituation. The dose used here is likely
to inhibit most hippocampal protein synthesis because it is
much higher than doses shown to block protein synthesis
in the chick brain (Freeman et al. 1995), in rat hippocampal
slices (Frey and Morris 1997, 1998), and in the Hermis-
senda nervous system (Crow and Forrester 1990). How-
ever, we can not rule out the possibility that the hippocam-
pal level of protein synthesis inhibition required to block
spatial habituation is higher than that required for impairing
avoidance learning. Alternatively, the apparent lack of effect
of anisomycin on memory of spatial habituation could be
explained by the specific characteristics of our training-test
protocol. In this context, it has been previously reported
that inhibition of protein synthesis in honeybees and Dro-
sophila does not impair memory formation of classical con-
ditioning when tested 24 or 48 h after training (Wittstock et
al. 1993; De Zazzo and Tully 1995), whereas retention over
longer periods required protein synthesis (DeZazzo and
Tully 1995; Wustenberg et al. 1998). In any case, our results
indicate that memory for spatial habituation retrieved 1 d
after training is independent of hippocampal de novo pro-
tein synthesis.

Recent functional imaging, behavioral, electrophysi-
ological, and neurochemical findings implicate the hippo-
campus in novelty processing (Knight 1996; Zhu et al. 1997;
Honey et al. 1998; Thiel et al. 1998; Manahan-Vaughan and
Braunewell 1999; Strange et al. 1999). The detection of
novelty depends on the activation of a distributed network
involving the hippocampus (Knight and Nakata 1998), and
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is a memory-dependent process because the novel stimulus
has to be compared with stored information to judge its
novelty. However, novelty per se might not be the primary
factor responsible for activation in the hippocampus. In this
regard, it has been recently postulated that the hippocam-
pus is necessary to record new events in any given situation
(Eichenbaum et al. 1999; Martin 1999).

It has been previously shown that novelty detection is
associated with an increase in the extracellular concentra-
tion of acetylcholine in the hippocampus (Acquas et al.
1996; Thiel et al. 1998). In this work we demonstrated for
the first time that the detection of a spatial novelty results in
the activation of several intracellular signaling pathways in
the hippocampus that include a rapid increase in PKA ac-
tivity followed by an activation of p42 and p44 MAPKs and
CaMKII (Fig. 4). Coinciding with the activation of MAPKs
and CaMKII there is an increased phosphorylation of CREB.
These changes are all transient, as no alterations in PKA
activity or phospho-MAPKs, phospho-�CaMKII, or phos-
pho-CREB levels were observed 3 h after novelty. There-
fore, the detection of novelty is associated with a rapid and
reversible activation of some signaling cascades in the hip-
pocampus exhibiting time courses that differ substantially
from those associated with inhibitory avoidance training
(Izquierdo and Medina 1997; McGaugh 2000). However, it
is interesting to note that the time course of activation of
hippocampal MAPKs and CaMKII after spatial novelty is
quite similar to those observed after cue and contextual fear
conditioning (Atkins et al. 1998).

Taken together, these findings indicate both that long-
term memory of spatial habituation, a nonassociative learn-
ing task, depends on the functionality of hippocampal
NMDA and AMPA/kainate receptors and CaMKII and that
spatial novelty activates, in a time-dependent manner, three
different protein kinase cascades in the hippocampus. In
addition, they suggest that different neural mechanisms are
involved in memory formation of hippocampal-dependent
associative and nonassociative memories.

MATERIALS AND METHODS

Subjects
Male Wistar rats (age, 3 mo; weight, 200–250 g) were used. They
were housed five to a cage with food and water available ad libitum
and were maintained on a 12-h light/dark cycle. Behavioral proce-
dures were conducted between 1 and 4 p.m. Rats were bilaterally
implanted under deep thionembutal anesthesia with 30-gauge
guides 1.0 mm above the CA1 region of the dorsal hippocampus (A
−4.3, L +4.0, V 3.4, according to Paxinos and Watson [1986]). This
work was approved by the ICBS and the UBA Ethical Committees.

Behavioral Procedures
After recovery from surgery, animals were exposed to a novel en-
vironment. This was a 50-cm-high, 50-cm-wide, 39-cm-deep open
field with black plywood walls and a brown floor divided into 12
equal squares by black lines. Animals were gently placed on the left

rear quadrant. The number of line crossings and rearings (Izquierdo
et al. 1999) were measured for a 5-min period. Immediately before
or at different time points after exposure to the open field, animals
received an infusion into the CA1 region and, 24 h later, were
subjected again to a similar open field session (test session).

Drugs and Infusion Procedures
Fifteen minutes before or 0, 1, 2, or 3 h after the exposure to the
novel environment, a 27-gauge infusion cannula attached to a mi-
crosyringe was fitted into the guide cannula and infusions were
carried out over 30 sec, first on one side and then on the other. In
each case the infusion cannula was left in place for 15 sec after the
infusion had been completed; therefore, the entire bilateral infu-
sion procedure took slightly over 90 sec (Wolfman et al. 1994;
Bernabeu et al. 1997; Izquierdo et al. 1992, 1999; Vianna et al.
1999).

The treatments were saline, vehicle (2% dimethysulfoxide in
saline), the NMDA receptor antagonist AP5 (1.0 or 5.0 µg/side), the
AMPA/kainate receptor antagonist CNQX (1 µg/side), the GABAA

receptor agonist muscimol (0.03 µg/side), the CaMKII inhibitor
KN-62 (3.6 ng/side), the PKA inhibitor Rp-cAMPS (0.5 µg/side), the
MAPKK inhibitor PD098059 (50 µM solution), or the protein syn-
thesis inhibitor anisomycin (80 µg/side). Infusion volumes were 0.5
µL in all cases except for anisomycin (0.8 µL). Anisomycin was
dissolved in a minimal volume of 3N HCl and the solution was
adjusted to pH 7.2, when it was brought to a concentration of 100
µg/µL by addition of 3 N NaOH (Tiunova et al. 1996).

The specific doses of the different drugs used in this study
were chosen precisely because they had all been previously shown
to have clear effects on memory formation of a one-trial inhibitory
avoidance task (Izquierdo et al. 1992; Wolfman et al. 1994; Izqui-
erdo and Medina 1997; Quevedo et al. 1999; Vianna et al. 1999;
Walz et al. 1999).

Histology
Twenty-four hours after the end of the behavioral procedures, 0.5
µL of a solution of 4% methylene blue in saline was infused as
indicated above into each implanted site. Animals were killed by
decapitation 1 h later and the brains were stored in formalin for
histological localization of the infusion sites as explained elsewhere
(Bernabeu et al. 1997; Izquierdo et al. 1992, 1999; Quevedo et al.
1999). Infusions spread with a radius of <1.0 mm3, as described
before (Martin 1991; Izquierdo et al. 1992, 1999; Bernabeu et al.
1997; Cammarota et al. 2000), and were found to be correct (i.e.,
within 1.5 mm3 of the intended site) in 93% of the animals. Only
the behavioral data from animals with the cannula located in the
intended site were included in the final analysis.

Biochemical Measurements
Nonimplanted animals were exposed to the open field for 5 min
and, at different time points after training, they were killed by
decapitation. After sacrifice, the brains were immediately removed
and the hippocampi were dissected out, pooled, and homogenized
in ice-chilled buffer (20 mM Tris-HCl at pH 7.4, 0.32 M sucrose, 1
mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 µg/mL aprotinin, 15 µg/mL
leupeptin, 50 mM NaF and 1mM sodim orthovanadate). The ho-
mogenate was centrifugated 10 min at 900g and the obtained
nuclear pellet was resuspended in buffer (20 mM Tris-HCl at pH
7.4, 1 mM PMSF, 50 mM NaF, and 1 mM sodium orthovanadate).
The procedure was carried out at 4°C. The samples were stored at
−70°C until used.
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Samples of nuclear extracts (12–25 µg of protein, determined
by the method of Bradford) were subjected to SDS-PAGE (10% gels)
(Cammarota. et al. 1998, 2000). The proteins were electrophoreti-
cally transferred (1 h 100 V) to PVDF membranes. After preincu-
bation in blocking buffer (25 mM Tris HCl at pH 7.4, 3% BSA or 5%
dried milk, 150 mM NaCl, 0.05% v/v Tween 20), the blots were
incubated with the following antibodies: anti-CREB (1 : 1000; New
England BioLabs, directed against the CREB residues 123–137), anti-
pCREB (1 : 1000; New England BioLabs, corresponding to Ser 133
phosphorylated form of CREB and directed against residues 129–
137), anti-p42 and -p44 MAPKs (1 : 2000; New England Biolabs),
antiactivated p42 and p44 MAPKs (1 : 2000; New England Biolabs),
and antiphospho �CaMKII (1 : 8,000; Promega). Antibody–antigen
complexes were detected with a goat antirabbit IgG conjugated to
horseradish peroxidase (BioRad) and visualized by the ECL method
as described by the manufacturer (Amersham). Densitometric
analysis of the films was performed by using a MCID Image Analysis
System (5.02 v, Image Research). Western blots were developed to
be linear in the range used for densitometry. PKA activity was
determined in cellular extracts as previously described (Bernabeu
et al. 1997), using kemptide as specific substrate of PKA.

Statistical Analysis
Statistical analysis was performed by one-way analysis of variance
(ANOVA) using the Duncan test (for behavioral data) and Dunnet
test (for biochemical assays) for comparison among groups and
Student t-test for training-test performance comparisons within
each group.
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