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Long-term memory (LTM) consolidation requires the synthesis of
plasticity-related proteins (PRPs). In addition, we have shown
recently that LTM formation also requires the setting of a “learning
tag” able to capture those PRPs. Weak training, which results only
in short-term memory, can set a tag to use PRPs derived from
a temporal-spatial closely related event to promote LTM forma-
tion. Here, we studied the involvement of glutamatergic, dopami-
nergic, and noradrenergic inputs on the setting of an inhibitory
avoidance (IA) learning tag and the synthesis of PRPs. Rats ex-
plored an open field (PRP donor) followed by weak (tag inducer)
or strong (tag inducer plus PRP donor) IA training. Throughout
pharmacological interventions around open-field and/or IA sessions,
we found that hippocampal dopamine D1/D5- and β-adrenergic
receptors are specifically required to induce PRP synthesis. More-
over, activation of the glutamatergic NMDA receptors is required
for setting the learning tags, and this machinery further required
α-Ca2+/calmodulin-dependent protein kinase II and PKA but not
ERK1/2 activity. Together, the present findings emphasize an essen-
tial role of the induction of PRPs and learning tags for LTM forma-
tion. The existence of only the PRP or the tag was insufficient for
stabilization of the mnemonic trace.
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It is widely accepted that certain forms of long-term memory
(LTM) require the synthesis of plasticity-related proteins

(PRPs). These proteins generally are synthesized by a proper
salient experience that will be finally remembered. However,
a transient event, which normally produces only short-term
memory (STM), also can use PRPs provided by another associ-
ated event to stabilize its mnemonic trace into LTM (1). This
process has been named “behavioral tagging” and depends on
the setting of a learning tag by the transient event and also on
PRPs, synthesized by associated strong events, which will be
captured later by tags resulting in LTM (2).
We use a protocol of two consecutive behavioral tasks, where

the event that provides PRPs (exploration of a novel open field,
OF) is independent from the event that establishes a learning
tag [a weak training in an inhibitory avoidance (wIA) that
normally results in IA-STM)]. Using this protocol, we recently
demonstrated that IA-LTM can be promoted by OF explora-
tion throughout a mechanism that requires newly synthesized
proteins and depends on the activation of dopamine D1/D5
receptors in the dorsal hippocampus (dHP) (1). This finding is
in accordance with results showing that the ventral tegmental
area releases dopamine in the hippocampus to process the
novelty signal (3). Here, we studied whether the activation of
D1/D5 receptors is required for PRP synthesis induced by
novelty. Because novelty detection also is accompanied by in-
creased hippocampal noradrenergic activity driven by en-
hanced firing of the locus coeruleus (4–6), we also studied the
possible role of this neurotransmitter system in PRP synthesis
involved in IA-LTM.

Based on the synaptic tagging and capture hypothesis (7, 8),
we recently proposed that the formation of different LTMs
depends on two stages: an initial stage consisting of the tagging
of specific sites where the information is encoded and a later
stage during which PRPs are captured at those tagged sites (1, 2).
Furthermore, there is evidence that both the formation of ha-
bituation memory for the OF and the IA-LTM are affected and/
or modulated by drugs acting on the glutamate and catechol-
amine neurotransmitter systems (9–12). The goal of the present
work was to assign a role for those systems in establishing the
learning tag and/or in the induction of PRP synthesis. Thus, by
modifying the functionality of several receptor subtypes, before
novel OF exploration or IA training sessions, we were able to
unveil their role in LTM formation. In summary, the present
results show that catecholamines, acting on hippocampal dopa-
mine D1/D5 and β-adrenergic receptors, play an essential role in
PRP synthesis. Moreover, activation of the glutamatergic
NMDA receptors is crucial for setting the learning tag, and that
machinery further requires α-Ca2+/calmodulin-dependent pro-
tein kinase II (αCaMKII) and PKA but not ERK1/2 activity.

Results
Dopamine D1/D5-Receptor Activation Is Required to Promote IA-LTM
Formation. We recently showed that rats trained in a wIA were
able to consolidate this normally transient memory trace only
when the training was associated with exposure to a novel OF
within a critical time window. This effect of novelty in promoting
IA-LTM formation was dependent on protein synthesis induced
by OF exploration and the setting of a learning tag by wIA (1).
Here, we first studied whether dopaminergic neurotransmission
in the dHP is involved in the synthesis of PRPs induced by
novelty that are necessary to promote IA-LTM. For that pur-
pose, rats were trained in a wIA protocol and tested 24 h later.
The short latency to descend from the platform showed that this
weak training was not sufficient to consolidate an IA-LTM (Fig.
1A). However, if rats explored a novel OF 1 h before the wIA
training, IA-LTM formation was promoted (P < 0.00) (Fig. 1A).
Because dopaminergic neurons of the ventral tegmental area
mainly innervate the CA1 region in the hippocampus (13), we
studied the effects of the D1/D5-receptor blocker SCH-23390
(SCH) (1). Drug or vehicle was administered into the CA1-dHP
10 min before exposing the animals to a novel OF performed 1 h
previous to wIA training. IA-LTM was tested 24 h later. Vehicle-
infused animals expressed IA-LTM (P < 0.001), and the infusion
of SCH totally blocked this memory (Fig. 1A), confirming our
previous data showing that hippocampal D1/D5 receptors are
necessary for the promoting effect of novelty on IA-LTM. Next,
we evaluated whether the activation of D1/D5 receptors was
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sufficient to promote IA-LTM. Rats were injected i.p. with ve-
hicle solution or a D1/D5-receptor agonist, SKF-38393 (SKF) 70
or 180 min before a wIA training, and IA-LTM was tested 24 h
later. Memory was observed only in the rats injected with the
agonist 70 min before training (P < 0.001; Fig. 1B). These results
match the time course in which the exploration to a novel OF
promotes IA-LTM formation (1). Subsequently, we analyzed
whether the promoting effect of this agonist on IA-LTM for-
mation was dependent on the induction of protein synthesis in
the dHP. Therefore, rats were injected i.p. with SKF, and 10 min
thereafter vehicle solution or the reversible protein synthesis
inhibitor anisomycin (Ani) was infused into the CA1 dHP. Rats
were trained in a wIA protocol 50 min after injection, and LTM
was evaluated the following day. SKF plus vehicle administration
promoted IA-LTM (P < 0.001); however this promoting effect
was blocked completely in animals infused with Ani (Fig. 1C).
The same effect was observed when emetine (Eme), an irre-
versible protein synthesis inhibitor, was used instead of Ani
(training, 8.67 ± 1.36; vehicle, 7.87 ± 1.84; SKF + vehicle, 73.56
± 17.38; SKF + Eme, 7.17 ± 0.54; P < 0.001 for SKF + vehicle
vs. all groups; n = 9). Finally, SKF injection 15 min after training
also promoted IA-LTM (training, 8.97 ± 1.91; vehicle, 13.09 ±
2.75; SKF, 113.9 ± 22.03; P < 0.001 for SKF vs. all groups; n= 6–
8), ruling out the possibility of a residual agonist action at the
moment of training that could enable a wIA to produce PRPs.
Taken together, our results show that activation of hippocampal
D1/D5 receptors is necessary to induce the synthesis of PRPs
required to promote the formation of IA-LTM, supporting the

hypothesis that new PRPs should interact associatively with the
transient tag to allow memory consolidation.

β-Adrenergic Receptor Activation Is Required to Promote IA-LTM
Formation. The exposure to a novel environment is related not
only to the release of dopamine into the hippocampus but also
to the activation of noradrenergic neurons, which have wide-
spread projections that influence many brain regions including
the hippocampus (14). Thus, we performed a series of experi-
ments similar to those described above but using an antagonist
or an agonist of β-adrenergic receptors. Because most of the
noradrenergic afferents to the hippocampus originate in the
locus coeruleus and mainly innervate the dentate gyrus, all local
infusions described in the following experiments were per-
formed in this area of the dHP. Infusion of the β-adrenergic
antagonist propranolol (Prop) into the dentate gyrus-dHP 10
min before exposure to a novel OF totally blocked the pro-
moting effect of novelty on IA-LTM formation (Fig. 2A). In
contrast, vehicle-infused animals expressed IA-LTM (P < 0.001)
(Fig. 2A). Moreover, the promoting effect of novelty was mim-
icked by i.p. administration of the β1-adrenergic agonist dobut-
amine (Dob) 70 min but not 180 min before wIA training (P <
0.001) (Fig. 2B). Again, this promoting effect of Dob was de-
pendent on hippocampal protein synthesis, because it was
abolished by the infusion of Ani into the dentate gyrus 10 min
after i.p. injection of Dob (Fig. 2C). According to the symmetric
property of behavioral tagging phenomena, injection of Dob
15 min after training also promoted IA-LTM formation (train-
ing, 7.74 ± 1.49; vehicle, 10.96 ± 3.51; Dob, 109.6 ± 23.75; P <

Fig. 1. OF promotes IA-LTM through dopamine-dependent PRP synthesis in the hippocampus. In all figures, the top of each panel shows the experimental
design. All graphs show step-down latencies expressed as mean ± SEM. Training latency is representative for all groups. (A) OF-induced IA-LTM is impaired
by the infusion of SCH into the CA1-dHP 10 min before OF exposure. ***P < 0.001 vs. all groups. (B) SKF injected i.p. 70 min but not 180 min before wIA
training promoted IA-LTM. ***P < 0.001 vs. all groups. (C) SKF-induced IA-LTMwas impaired by the infusion of Ani in the CA1-dHP 10 min after SKF i.p injection.
***P < 0.001 vs. all groups. Veh, vehicle.

Fig. 2. OF exposure promotes IA-LTM through β-adrenergic–dependent PRP synthesis in the hippocampus. All graphs show step-down latencies expressed as
mean ± SEM. Training latency is representative for all groups. (A) OF-induced IA-LTM is impaired by the infusion of Prop in the dentate gyrus-dHP 10 min
before OF exposure. ***P < 0.001 vs. all groups. (B) Dob injected i.p. 70 min but not 180 min before wIA training promoted IA-LTM. ***P < 0.001 vs. all
groups. (C) Dob-induced IA-LTM was impaired by the infusion of Ani in dentate gyrus-dHP 10 min after Dob i.p injection. ***P < 0.001 vs. all groups.
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0.001 for Dob vs. all groups; n = 6–7). Therefore, activation of
hippocampal β-adrenergic receptors also was necessary to
induce protein synthesis required to promote the formation
of IA-LTM.

Differential Roles of Dopamine D1/D5-, β-Adrenergic–, and NMDA-
Receptor Activation in IA-LTM Formation. It is widely known that
LTM consolidation requires the synthesis of PRPs. When ani-
mals are strongly trained in the IA task (sIA), they are able to
consolidate the memory using PRPs synthesized by the training
itself (1). In the case of wIA training, memory consolidation of
the IA task was promoted using PRPs synthesized by a novel OF
through the activation of at least hippocampal dopamine D1/D5
and/or β-adrenergic receptors. Thus, we reasoned that sIA
training also might induce PRP synthesis through these neuro-
transmitter systems. We first tested whether blocking D1/D5
receptors in the CA1-dHP prevented the IA-LTM induced by an
sIA. Rats were infused locally with vehicle or SCH and 10 min
later were trained in a sIA protocol testing IA-LTM 24 h later.
Although vehicle-infused animals expressed IA-LTM (P < 0.001),
those infused with SCH were totally amnesic (Fig. 3A). In-
terestingly, the amnesic effect was prevented by the exposure to
a novel OF 1 h before the sIA training under the influence of
SCH (P < 0.001; Fig. 3A). The preventing action of novelty was
dependent on protein synthesis, because the infusion of Ani into
the CA1-dHP immediately after OF exposure caused IA-LTM
impairment (Fig. 3A). Similar results were obtained when the
β-adrenergic receptor antagonist Prop was delivered 10 min
before sIA into the dentate gyrus. Fig. 3B shows that the control
group expressed IA-LTM (P < 0.001); in contrast, animals in-
fused with Prop were totally amnesic. Again, this amnesia was
prevented by exposure to a novel OF 1 h before the sIA training
under Prop (P < 0.001; Fig. 3B). The preventing action of novelty
again was was dependent on protein synthesis, because the in-
fusion of Ani into the dentate gyrus immediately after OF caused
IA-LTM impairment (Fig. 3B). These results demonstrate that
PRPs provided by novelty can overcome the protein-synthesis
deficit caused by the inactivation of dopamine D1/D5 or β-
adrenergic receptors in the dHP.
Based on the prominent role of NMDA receptors during the

encoding of different hippocampus-dependent learning tasks, in-
cluding IA (11, 15–17), we studied whether NMDA receptors in
the dHP are involved in the setting of the IA learning tag. Our
results show that although control animals expressed IA-LTM
(P < 0.001), infusion of D-2-amino-5-phosphono pentanoate
(AP-5) into the CA1 region 10 min before sIA training induced an
amnesic effect in animals tested 24 h later; furthermore, this effect
was not prevented by the exposure to a novelOF 1 h before the sIA

training (Fig. 3C), suggesting that NMDA-receptor function
interacts with the setting of the learning tag. To test this hypothesis
further, a control experiment was performed in which AP-5 or
vehiclewas infused 50min after exposure to a novelOF to evaluate
whether the NMDA antagonist impaired the protein synthesis-
dependent LTM of habituation 24 h later. We observed that rats
infused in the dHP with AP-5 exhibited decreased exploration in
the test session in a way similar to that of vehicle-infused rats
(number of crossings in vehicle group: training, 87.6 ± 10.25; test,
60.4 ± 5.84; P < 0.05; n = 5; number of crossings in AP-5 group:
training, 80.0 ± 5.66; test, 52.56 ± 6.08; P < 0.05; n = 9), demon-
strating that LTM of habituation was not impaired by AP-5 given
50 min after novelty. Because the exposure to the novel arena
induced the synthesis of new PRPs and this synthesis, in turn,
prevented the amnesic effect of pretraining Ani infusion (P <
0.001, Fig. 3D) but not the amnesic effect ofAP-5 on IA-LTM(Fig.
3C), we suggest that activation of NMDA receptors in the hip-
pocampal CA1-region is required for setting the learning tag.

Differential Roles of Dopamine D1/D5-, β-Adrenergic–, and NMDA-
Receptor Activation in IA-STM Formation. Because LTM forma-
tion depends on the synthesis of new PRPs, and STM formation
does not, and because the activation of dopamine D1/D5 and
β-adrenergic receptors is required for the synthesis of new PRPs,
we hypothesized that the infusion of SCH or Prop would not
impair IA-STM. Fig. 4 shows that rats infused with vehicle, SCH,
or Prop 10 min before an sIA expressed STM when tested 90 min
after training (P < 0.001). In contrast, the infusion of AP-5 im-
paired STM formation (Fig. 4). Thus, the blockade of dopamine
D1/D5 or β-adrenergic receptors in the dHP before sIA training
impaired the synthesis of new PRPs (see above) without affecting
STM, which is a process independent of protein synthesis (18–
20). In contrast, the inactivation of NMDA receptors blocked
STM formation, suggesting that animals could not encode or
acquire information and, in addition to impairing STM, pre-
vented the training experience from setting the learning tag.

Activation of NMDA Receptors, αCaMKII, and PKA Is Involved in the
Setting of IA Learning Tags. To confirm that the activation of
NMDA receptors in the dHP is involved in the setting of IA
learning tags, we infused AP-5 into CA1-dHP 10 min before
submitting rats to a wIA training session. Without AP-5, this
training induces STM and the setting of the learning tag but not
the synthesis of PRP that would be required for the consolida-
tion of the IA-LTM. AP-5 infusion blocked the setting of the IA
learning tag complex, thus impairing the promoting effect of the
OF exposure on IA-LTM (P < 0.001, Fig. 5A).

Fig. 3. D1/D5 and β-adrenergic receptors are required to trigger PRP synthesis, and NMDA-receptor activation is necessary for tagging in IA-LTM formation.
All graphs show step-down latencies expressed as mean ± SEM. Training latency is representative for all groups. (A) OF exploration prevented the ante-
rograde amnesia induced by the infusion of SCH into the CA1-dHP 10 min before sIA training. This preventive effect was impaired by Ani given immediately
after OF exposure. ***P < 0.001 vs. training, SCH, and OF + Ani + SCH. (B) As in A but using Prop. (C) OF exploration did not prevent the anterograde amnesia
induced by the infusion of AP5 in the CA1-dHP 10 min before sIA training. ***P < 0.001 vs. all groups. (D) OF exploration prevented the anterograde amnesia
induced by the infusion of Ani in the CA1-dHP 10 min before sIA training. ***P < 0.001 vs. training and Ani.
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It is well accepted that the tag is not a single molecule (21, 22)
but involves a complex interplay of different molecules. PKA
activity was shown to be necessary to set long term potentiation
(LTP)-specific tags in basal inputs to CA1 pyramidal neurons
(23, 24), whereas in the apical neurons αCaMKII, but not ERK1/
2, was required (25). The question arose, which tagging ma-
chinery is activated by NMDA receptors during IA here? Given
that NMDA receptors trigger the activation of αCaMKII, PKA,
and ERK1/2 kinases (26–29), we suggested that these kinases
could participate in the IA-tagging machinery. Rats were ex-
posed to a novel OF and then, 50 min after OF exposure and 10
min before wIA training, were infused with either vehicle or the
αCaMKII antagonist KN62 into the CA1-dHP. IA-LTM was
tested 24 h later. Parallel experimental groups received KN62 or
vehicle 15 or 60 min after wIA training. The control group
expressed IA-LTM (P < 0.001); however, infusion of KN62 to-
tally blocked memory promotion when infused 10 min before or
15 min after the training (P < 0.001, Fig. 5B). In contrast, KN62
infusion 1 h after training did not impair the promotion of IA-
LTM (Fig. 5B). Fig. 5C shows similar results in animals infused
with Rp-cAMP, a membrane-permeable cAMP analog that
blocks PKA activity. In contrast, infusion of U0126, a specific
MEK1/2 inhibitor, 10 min before the wIA did not prevent the
promoting effect of novelty on IA-LTM (Fig. 5D). Control
experiments showed that the same amount of U0126 was able to
impair IA-LTM induced by sIA training (training, 8.26 ± 1.44;
vehicle, 77.56 ± 22.62; U0126, 14.87 ± 4.05; P < 0.01 for U0126
vs. all groups; n = 7). Therefore, there is a time window close to

the wIA training during which the activity of αCaMKII and PKA,
but not ERK1/2, is necessary to set and establish the learning tag.

Discussion
In a previous work we described how the exploration of a novel
environment promoted IA-LTM formation in rats trained in
a wIA task that by itself was able to induce only STM (1). This
process required the setting of a learning tag (by the wIA training)
and the provision of newly synthesized PRPs (by novelty in the
OF) that eventually would be captured by the learning tag (2). In
the present work, we studied how different neurotransmitter sys-
tems are implicated in both PRP synthesis and the learning tag-
setting process. Here, we demonstrated that the promoting effect
of novelty on IA-LTM was prevented by intrahippocampal ad-
ministration of dopamine D1/D5- or β-adrenergic–receptor
antagonists around the time of OF exposure. Moreover, systemic
administration of dopamine D1/D5- or β-adrenergic–receptor
agonists mimicked the action of novelty. In addition, the action of
these agonists was impaired when protein synthesis was blocked by
the infusion of Ani or Eme into the dHP. Taken together, these
results suggest that protein synthesis induced by exposure to the
novel arena is dependent on the activation of both dopamine
D1/D5 and β-adrenergic receptors in the hippocampus.
We also demonstrated that the blockade of D1/D5 receptors

and β-adrenoreceptors in the hippocampus before an sIA training
impairs LTM consolidation for this task. However, this impair-
ment could be prevented exposing the animals to a novel OF 1 h
before training. Because the amnesic effect of these drugs was
prevented by PRPs provided by novelty, the results demonstrated
that the blockade of hippocampal D1/D5 receptors and β-adre-
noreceptors did not disturb the setting of IA learning tags or their
ability to capture PRPs derived from the OF experience. Instead,
these experiments revealed that the negative effects of the drugs
on IA-LTM formation are caused by impairments in PRP syn-
thesis engaged by sIA training. In that sense, hippocampal
blockade of dopamine D1/D5 or β-adrenergic receptors before
sIA training left IA-STM intact. Our results are in accordance
with a recent work (17), which demonstrated that hippocampal
infusion of SCH modulates the maintenance of new associative
LTMs without affecting STM. The authors conclude that D1/D5
receptors must be activated for memory encoding to persist. Here,
we demonstrate that D1/D5 receptors are involved selectively in
the mechanism of PRP synthesis and do not influence the setting
of the IA learning tag. This result coincides with our previous
findings in vivo demonstrating that late LTP requires dopami-
nergic function in the CA1 and β-adrenergic function in the
dentate gyrus, suggesting that the more complex behavior de-
scribed here involves both hippocampal subregions (22).
In addition, it has been reported that the blockade of D1/D5

and β-adrenergic receptors 3–6 h after training in CA1 region

Fig. 4. IA-STM depends on NMDA- but not D1/D5- or β-adrenergic–receptor
activation during training. Infusion of AP-5 (in CA1) but not vehicle (in CA1
or dentate gyrus), SCH (in CA1), or Prop (in dentate gyrus) 10 min before sIA
training impaired IA-STM. Training latency is representative for all groups.
***P < 0.001 vs. training and AP-5.

Fig. 5. All graphs show step-down latencies expressed as mean ± SEM. Training latency is representative for all groups. (A) OF-induced IA-LTM was prevented
by AP-5 infusion in CA1-dHP 10 min before wIA training. ***P < 0.001 vs. all groups. (B) OF-induced IA-LTM was prevented by KN62 infusion in CA1-dHP 10
min before and 15 min after but not 60 min after wIA training. Vehicle was infused at each of these three times, and results were pooled. ***P < 0.001 vs.
training, control, OF + KN62-10′, and OF + KN62+15′ groups. (C) As in B but using Rp-cAMP infusion. (D) U0126 infusion in CA1-dHP 10 min before wIA
training did not impair OF-induced IA-LTM. ***P < 0.001 vs. training and control groups.
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hinders IA-LTM (12) and that delivery of Ani into the dHP
causes profound deficits in IA-LTM at two separate time windows,
around training and about 3–6 h later (30). Together with our
present findings, these results support the idea that a major
mechanism by which catecholaminergic blockade impairs mem-
ory is related to PRP synthesis.
In opposition to SCH and Prop, the amnesic effect of a

NMDA-receptor antagonist infused before sIA training was not
prevented by novelty. If AP-5 administration impaired PRP
synthesis induced by sIA training but not the setting of the
learning tag, the PRPs provided by exposure to the OF should
have prevented the amnesic effect of AP-5. It is worth noting
that OF exposure prevented the amnesic action of Ani injected
into the dHP before sIA training if the OF exposure occurred
sufficiently long before protein synthesis inhibition. In addition,
and consistent with this explanation, the failure of OF to pro-
mote IA-LTM when AP-5 was injected 10 min before a wIA
training (this training was unable to synthesize PRPs to consol-
idate IA-LTM but was effective in setting a learning tag) sup-
ports the notion that an IA learning tag cannot be established
when NMDA receptors are blocked. Finally, hippocampal
blockade of NMDA receptors before an sIA training session also
impaired the expression of IA-STM, suggesting that, in addition
to their function in tag setting, NMDA receptors also are involved
in STM formation. Our results do not rule out a role for NMDA
receptors in the induction of the PRP synthesis-dependent stage
beyond tagging. Several studies show that activation of NMDA
receptors in the dHP around training is involved in PRP synthesis
triggered by various hippocampus-dependent learning tasks (29,
31, 32). In accordance, we have found that the infusion of AP5 in
CA1-dHP before exposure to a novel OF 60 min before a wIA
also impairs IA-LTM promotion (training, 8.78 ± 1.78; vehicle,
8.63 ± 1.30; vehicle + OF, 93.29 ± 23.76; AP5 + OF, 8.00 ± 1.53;
P < 0.001 for vehicle + OF vs. all groups; n= 7–9). Thus, our data
are consistent with previous findings on heterosynaptic activation
via dopaminergic and noradrenergic inputs to the hippocampus
that, together with activation of NMDA receptors, participates in
de novo protein synthesis (33–37). Considering these findings as
a whole, we suggest that NMDA receptors have a dual role
around training, one related to the setting of the learning tag and
the other related to the synthesis of PRPs.
Several protein kinases are involved in the tagging machinery

in models of synaptic plasticity (36). Consistent with our results,
the activity of PKA and αCaMKII is necessary to set synaptic
tags in CA1-LTP, in contrast to ERK1 and -2, which are required
for CA1-LTD tags (23–25). Given that the CA1 is involved
specifically in IA memory, our data support the assumption that
LTP is a cellular process resembling IA memory formation. This
notion also is supported by recent work (38) showing that IA
training can result in CA1-LTP. Additionally, differential roles
for different CaMKs on synaptic tagging and capture processes
have been suggested recently, in which CaMKII could function
to initiate or be an integral part of the tag-setting process, and
CaMKIV could be involved in limiting the synthesis and/or
availability of PRPs (39). Our experiments support the partici-
pation of both αCaMKII and PKA in IA learning-tag setting,
because KN62 or Rp-cAMP infused 10 min before or 15 min
after wIA training blocked the promoting action of novelty.
Therefore, although the training experience triggers its own
learning tag, the setting and maintenance of the learning tag
involve a process that lasts some time after the training session
takes place. The inhibition of these kinases after a tetanus did
not disrupt synaptic tagging (25); however, the application of
low-frequency stimulation 5 min after a tetanus caused tag re-
setting (40). Thus, behavioral and electrophysiological tags are
labile for a certain period after their inductions, and temporal
discrepancies in the action of different manipulations probably
result from the distinctive nature of the tags and different cel-
lular locations including the involvement of several neuronal nets
during learning and setting events.
Behavioral tagging experiments were inspired by original work

postulating the synaptic tagging hypothesis in LTP (7, 8, 22, 25,
41). The present results resemble the promoting effects induced

by OF exposure, D1/D5-receptor agonists, or β-adrenergic–re-
ceptor agonists on hippocampal LTP (42, 43). Similarly, facili-
tatory effects of D1/D5- and β-adrenergic–receptor agonists on
IA memory consolidation have been reported (12) that are
parallel to the facilitatory influence of catecholaminergic in-
nervation to the hippocampus on LTP (44, 45) and the estab-
lishment of the late phase of LTP that depends on protein
synthesis (37). The present results show that blockade of D1/D5
or β-adrenergic receptors before sIA training had an amnesic
effect that could be prevented by proteins provided by novelty.
This result strongly suggests that the activation of NMDA
receptors at the time of learning is insufficient to consolidate
LTM, and that the activation of those catecholaminergic
receptors is needed to trigger PRP synthesis for LTM formation.
In conclusion, our results demonstrate that D1/D5 and β-ad-

renergic receptors are necessary to consolidate IA-LTM because
of their role in the synthesis of the PRPs. Thus, the well-known
modulatory effects of drugs acting on these neurotransmitter
receptors on the strength of memory indeed could result from
regulation at the PRP synthesis level. Thereby, the strength of
LTM can be affected, eventually leading to the promotion or the
impairment of memory. On the other hand, NMDA-receptor
function, in addition to its involvement in PRP synthesis, is vital
for the acquisition of IA memory and for tagging the sites where
memory should be stored in time (Fig. 6). We propose that
NMDA receptors act on tagging by triggering intracellular cas-
cades comprising the activation of αCaMKII and PKA, whereas
adrenergic and dopaminergic transmitter systems are required to
regulate PRP synthesis and thus are required for the formation
of LTM. Therefore, these systems not only have a neuro-
modulatory role but also are essential for the formation of LTM.

Fig. 6. Effects of catecholaminergic or NMDA-receptor activation and
protein kinases on protein synthesis and IA learning-tag setting. The time-
line at the top indicates the time points of the experimental procedures. The
intersection of PRPs and the tag lines represents the moment in which they
coexist and therefore protein capture by the learning tags is plausible;
however, these lines do not reflect the strict time course of PRPs’ availability
or duration of the learning tag.
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Materials and Methods
Subjects. Male Wistar rats weighing 180–210 g from our own breeding col-
ony in Buenos Aires were used. Rats were housed in groups of five per cage,
with water and food ad libitum, at a constant temperature of 23 °C and
under a 12-h light/dark cycle (lights on: 7:00 AM). Behavioral testing was
conducted during the light phase.

The experimental protocols for this study followed the guidelines of the
National Institute of Health Guide for the Care andUse of Laboratory Animals
and were approved by the Animal Care and Use Committee of the University
of Buenos Aires.

Drugs. SCH-23390, SKF-38393, propranolol, AP-5, dobutamine, Ani, Eme, KN62,
andU0126werepurchasedfromSigma.Rp-cAMPwaspurchasedfromRBI.SKF(6
mg/kg)andDob(1.5mg/kg)weredilutedinsalineandinjectedi.p.Allotherdrugs
were infused locally in the dHP (CA1 or dentate gyrus) in a volume of 0.8 μl per
side: SCH (2 μg per side), Prop (5 μg per side), AP-5 (5 μg per side), Ani (80 μg per
side, dissolved in HCl, diluted in saline, and adjusted to pH 7.4 with NaOH) (11),
Eme (50 μg per side), KN62 (3.6 μg per side diluted in 20%DMSO in saline), Rp-
cAMP (0.5 μgper side), orU0126 (0.4 μgper side diluted in 10%DMSO in saline).

Surgery and Drug Infusion. Cannula implantation, drug infusion, and histo-
logical examination of cannulae placements were performed as described
previously (1). Briefly, guide cannulaewere placed stereotaxically 1.0 mm above
the pyramidal cell layer of the CA1 region (A −4.0 mm, L ±3.0 mm, V −3.0 mm)

or 1.0 mm above the granular cell layer of the dentate gyrus (A −4.0 mm, L ±1.8
mm, V −3.6 mm) of the dHP following the coordinates in the atlas of Paxinos
and Watson (46). To infuse the drugs, a 30-gauge infusion cannula with its tip
protruding 1.0 mm beyond that of the guide was used. Only data from animals
with correct cannula implants (95% of the rats) were included in the analyses.

Behavioral Apparatus and Procedures. The OF apparatus was described pre-
viously (1). A novel environment exploration consisted of a 5-min OF session.

The IA paradigm was described previously (1). In a training session rats
received a weak foot-shock (0.15 mA, 2 s) or a strong foot-shock (0.5 mA, 3 s).
A test session was performed to measure STM (90 min after training) or LTM
(24 h after training). Memory was measured by comparing the step-down
latency in the training and test sessions. All rats were previously handled daily
for 3 min for 3 d.

Data Analysis. Newman–Keuls multiple comparison tests after one-way
ANOVA were applied using GraphPad Prism 4 (GraphPad Software Inc.). A
paired student’s t-test was applied to analyze memory of habituation for OF.
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