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Hippocampal D1 /D5 receptors are not needed for ORM consolidation or expression.
Inhibition of hippocampal gene expression blocks ORM reconsolidation.
Inhibition of hippocampal protein synthesis blocks ORM reconsolidation.
D1 /D5 receptors inactivation impedes the amnesia caused by reconsolidation blockade.
This anti-amnesic effect of D1 /D5 receptors inactivation is state-dependent.
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a b s t r a c t
Object recognition memories (ORM) can incorporate new information upon reactivation. This update initially involves destabilization of the original memory, which is followed by restabilization of the upgraded
engram through a reconsolidation process that requires gene expression and protein synthesis in the hippocampus. We found that when given in dorsal CA1 either immediately after training or 15 min before
ORM reactivation in the presence of a novel object, the dopamine D1 /D5 receptor antagonist SCH23390
did not affect ORM consolidation, expression or retention but impeded the amnesia caused by the postretrieval administration of the mRNA synthesis inhibitor ␣-amanitin or the protein synthesis blocker
anisomycin. This anti-amnesic effect was not observed when SCH23390 was given immediately after
training and again 15 min before memory reactivation. Our results demonstrate that hippocampal D1 /D5
receptors are not needed for formation, retrieval or post-retrieval restabilization of the ORM trace but
are essential for its destabilization when reactivation occurs together with the incorporation of new
information into the original memory. Importantly, they also suggest that reenactment of the animal’s
post-learning neurochemical milieu at the moment of memory reactivation can be a boundary condition
for reconsolidation.
© 2014 Elsevier B.V. All rights reserved.

Reactivation destabilizes consolidated memories, which can
then be updated and restabilized for long-term storage through
a protein synthesis-dependent process referred to as reconsolidation [1]. It has been suggested that destabilization of the engram
necessary for memory updating through reconsolidation is linked
to prediction error signals [2] which, in turn, depend on ventral tegmental area (VTA) dopaminergic activity [3]. Indeed, it
was recently shown that VTA activity at the moment of memory
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retrieval is necessary for destabilization but not for updating of the
reactivated trace [4]. Previously, we demonstrated that retrieval
of object recognition memory (ORM) induces its reconsolidation,
which requires the functional participation of the hippocampus
only when memory reactivation occurs alongside the incorporation of new information into the original memory trace [5].
Therefore, since dopamine D1 /D5 receptors are key mediators of
VTA-modulated neuroplasticity in the hippocampus, and these
receptors are also essential for novelty processing [6,7], we analyzed their putative role in ORM destabilization and reconsolidation
when new but nevertheless related information was presented
at the moment of reactivation. In order to do that, male Wistar
rats (3-month-old) implanted with 22-gauge guides aimed to
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Fig. 1. ORM reconsolidation requires protein synthesis and gene expression but not D1 /D5 dopamine receptor activation in the CA1 region of the dorsal hippocampus early
after memory reactivation in the presence of a novel object. (A) On day 1 (sample phase), rats were exposed to two different objects (A and B) for 5 min. On day 2 (reactivation
phase), animals were exposed to a familiar object (A) and a novel object (C) for ﬁve extra minutes to induce hippocampus-dependent ORM reconsolidation (Rossato et al.
[5]) and immediately after that received bilateral intra-CA1 infusions (1 l/side) of vehicle (VEH), anisomycin (ANI; 100 g/side) or ␣-amanitin (AMA; 46 ng/side). Retention
was evaluated 24 h later (test phase) by exposing animals to familiar object A plus novel object D (Group 1), familiar object B plus novel object D (Group 2) or familiar object
C plus novel object D (Group 3). (B) Animals were treated as in A, except that 24 h after training they were re-exposed to familiar objects A and B and immediately thereafter
received VEH, ANI or AMA in dorsal CA1. (C) Animals were treated exactly as in A, but immediately after exposure to familiar object (A) and novel object (C) received bilateral
intra-CA1 infusions of VEH or SCH23390 (SCH; 1.5 g/side). Data (mean ± SEM) are presented as percentage of total exploration time. ***P < 0.001, **P < 0.01, and *P < 0.05 in
one-sample Student’s t-test with theoretical mean = 50.

the CA1 region of the dorsal hippocampus (stereotaxic coordinates AP −4.2/LL, ±3.0/DV, −3.0 [8]) were ﬁrst habituated to
the training arena by allowing them to freely explore it in the
absence of any other relevant stimulus (20 min/day; 4 days) and,
24 hours after the last habituation session, trained in an object
recognition learning task. This task is based on the rats’ natural

preference to explore novel objects and involves a 5-min exposure to two novel stimuli objects made of metal, glass or glazed
ceramic in an open ﬁeld arena [9,10]. The role of the stimuli
objects (familiar or novel), as well as their relative position, were
counterbalanced and randomly permuted for each experimental animal. Exploration was deﬁned as snifﬁng or touching the
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Fig. 2. Inactivation of hippocampal D1 /D5 receptors at the moment of ORM reactivation in the presence of a novel object does not affect the expression but impedes
destabilization of the consolidated ORM. On day 1 (sample phase), rats were exposed to two different objects (A and B) for 5 min. Twenty-four hours later the animals
received bilateral intra-CA1 infusions (1 l/side) of vehicle (VEH – Group 1) or SCH23390 (SCH; 1.5 g/side – Group 2) and 15 min thereafter were exposed to a familiar
object (A) and a novel object (C) for ﬁve extra minutes to induce hippocampus-dependent ORM reconsolidation (reactivation phase). Immediately after that the animals were
given vehicle (VEH), anisomycin (ANI; 100 g/side) or ␣-amanitin (AMA; 46 ng/side) in dorsal CA1. Retention was evaluated 1 day later (test phase) by exposing animals to
familiar object A plus novel object D. Data (mean ± SEM) are presented as percentage of total exploration time. ***P < 0.001 and **P < 0.01 in one-sample Student’s t-test with
theoretical mean = 50.

objects with the muzzle and/or forepaws. Conﬁrming and extending previous data [5], we found that the protein synthesis blocker
anisomycin (ANI; 100 g/side [11,12]) and the RNA polymerase
II inhibitor ␣-amanitin (AMA; 46 ng/side [13]) hindered ORM
when infused into dorsal CA1 immediately after exposing ORtrained animals to a novel and a familiar object 24 h after training
(Fig. 1A; sample phase: t(73) = 0.184, P = 0.85; reactivation phase:
t(73) = 18.170, P < 0.001; test phase – Group 1: VEH t(7) = 4.723,
P = 0.002; ANI t(6) = 0.255, P = 0.807; AMA t(9) = 0.359, P = 0.728;
test phase – Group 2: VEH t(7) = 4.178, P = 0.004; ANI t(7) = 2.766,
P = 0.028; AMA t(7) = 3.710, P = 0.008; test phase – Group 3: VEH
t(7) = 7.933, P < 0.001; ANI t(7) = 0.992, P = 0.354; AMA t(8) = 0.148,
P = 0.886). ANI and AMA had no effect on subsequent retention when ORM was reactivated in the presence of two familiar
objects (Fig. 1B; sample phase: t(29) = 1.443, P = 0.160; reactivation
phase: t(29) = 0.038, P = 0.970; test phase: VEH t(9) = 8.576, P < 0.001;
ANI t(9) = 5.231, P < 0.001; AMA t(9) = 6.043, P < 0.001), indicating
that ORM update through reconsolidation requires both protein
synthesis and gene expression in the hippocampus. To analyze
whether activation of hippocampal D1 /D5 receptors is also necessary for this process, we trained rats in the object recognition
task and immediately after ORM reactivation in the presence of
a novel and a familiar object the animals received bilateral intraCA1 infusions of the D1 /D5 receptor antagonist SCH23390 (SCH;
1.5 g/side [14]). Post-retrieval administration of SCH did not
affect ORM persistence, suggesting that hippocampal D1 /D5 receptors are not necessary for restabilization of the reactivated trace
(Fig. 1C; sample phase: t(55) = 1.555, P = 0.126; reactivation phase:
t(55) = 10.410, P < 0.001; test phase – Group 1: VEH t(9) = 4.430,
P = 0.002; SCH t(9) = 2.655, P = 0.026; test phase – Group 2: VEH
t(8) = 4.894, P = 0.001; SCH t(7) = 4.063, P = 0.005; test phase – Group
3: VEH t(9) = 4.768, P = 0.001; SCH t(8) = 3.659, P = 0.006). To analyze whether D1 /D5 receptors activity is required to destabilize
the consolidated ORM upon retrieval in the presence of a novel
object, rats were trained and tested exactly as above but received
vehicle (VEH) or SCH 15 min before memory reactivation and
immediately after this session were given either VEH again or
an amnesic dose of ANI or AMA in dorsal CA1. Conﬁrming the
results presented in Fig. 1A and B, animals that received VEH before

ORM reactivation and were given ANI or AMA subsequently did
not remember the familiar object when tested 24 h later (Fig. 2;
test phase – Group1: +VEH t(9) = 4.440, P = 0.002; +ANI t(9) = 0.330,
P = 0.749; +AMA t(9) = 0.657, P = 0.528). Pre-reactivation infusion of
SCH did not affect ORM expression (Fig. 2; reactivation phase –
SCH: t(29) = 10.410, P < 0.001) and did not hinder subsequent retention (Fig. 2; test phase – Group 2 +VEH: t(7) = 7.523, P < 0.001),
indicating that D1 /D5 receptors are not required for ORM retrieval
and further endorsing the hypothesis that these receptors are not
needed for ORM restabilization after reactivation either. However,
pre-reactivation SCH prevented the amnesia induced by ANI or
AMA (Fig. 2; test phase – Group 2: +ANI t(11) = 3.926, P = 0.002;
+AMA t(9) = 5.698, P < 0.001), suggesting that normal functionality of hippocampal D1 /D5 receptors at the moment of memory
reactivation is key for destabilization of the ORM trace. Intra-CA1
SCH did not affect total exploration time during the reactivation
session (t(59) = 1.319, P = 0.192 vs VEH in unpaired t test). Pharmacological inactivation of hippocampal D1 /D5 receptors immediately
before or early after training does not affect ORM consolidation
[14,15]. Nonetheless, it has been reported that some early posttraining plastic modiﬁcations apparently uninvolved in memory
formation can constrain the occurrence of reconsolidation, perhaps
by affecting the molecular events needed to destabilize the trace
upon reactivation [16]. In fact, it is known that some processes
initiated by memory reactivation, including memory retrieval, are
more effective when the animal’s neurohumoral state is similar to
what it was during or immediately after memory acquisition, a phenomenon known as state-dependent learning [17]. We found that
when infused in dorsal CA1 immediately after ORM training, SCH
did not affect ORM retention one day later (Fig. 3A – reactivation
phase: VEH t(30) = 10.530, P < 0.001; SCH t(28) = 10.560, P < 0.001) but
prevented the amnesia caused by the post-retrieval administration
of ANI or AMA (Fig. 3A – test phase; Group 1: +VEH t(10) = 3.918,
P = 0.003; +ANI t(9) = 0.738, P = 0.479; +AMA t(9) = 0.359, P = 0.728;
Group 2: +VEH t(9) = 4.001, P = 0.003; +ANI t(9) = 2.703, P = 0.024;
+AMA t(8) = 2.438, P = 0.041). When given 6 h after training, SCH did
not prevent the amnesic effect of ANI or AMA (Fig. 3B – test phase;
Group 1: +VEH t(9) = 15.320, P < 0.001; +ANI t(9) = 0.545, P = 0.599;
+AMA t(9) = 0.359, P = 0.728; Group 2: +VEH t(8) = 4.998, P = 0.001;
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Fig. 3. Blockade of hippocampal D1 /D5 receptors immediately after training does not affect consolidation or expression of ORM but impedes its destabilization upon
reactivation in the presence of a novel object. (A) On day 1 (sample phase), rats were exposed to two different objects (A and B) for 5 min and immediately after that received
bilateral intra-CA1 infusions (1 l/side) of vehicle (VEH – Group1) or SCH23390 (SCH; 1.5 g/side – Group 2). On day 2 (reactivation phase), animals were exposed to a
familiar object (A) and a novel object (C) for ﬁve extra minutes to induce hippocampus-dependent ORM reconsolidation and immediately after that were given bilateral
intra-CA1 infusions of VEH, anisomycin (ANI; 100 g/side) or ␣-amanitin (AMA; 46 ng/side). Retention was evaluated 24 h later (test phase) by exposing animals to familiar
object A plus novel object D. (B) Animals were trained, treated and tested exactly as in A, but received VEH or SCH 6 h after training instead of immediately thereafter. Data
(mean ± SEM) are presented as percentage of total exploration time. ***P < 0.001, **P < 0.01, and *P < 0.05 in one-sample Student’s t-test with theoretical mean = 50.

+ANI t(9) = 0.576, P = 0.578; +AMA t(8) = 0.450, P = 0.664), suggesting
that the early post-training activation state of D1 /D5 receptors can
act as a state-dependent boundary condition for retrieval-induced
destabilization. To test this hypothesis, OR trained animals received
bilateral intra-CA1 infusions of VEH or SCH immediately and 24 h
posttraining. Fifteen minutes after the second infusion, the animals were exposed to a novel and a familiar object and right after
that received VEH, ANI or AMA in dorsal CA1. ORM reactivation
in the presence of a novel object induced reconsolidation, which
was blocked by ANI and AMA (Fig. 4, test phase – Group 1: +VEH
t(9) = 4.631, P = 0.001; +ANI t(9) = 1.208, P = 0.258; +AMA t(9) = 0.767,
P = 0.463). As expected, administration of SCH right after training
or before ORM reactivation did not affect memory retrieval but
prevented the amnesic effect of ANI and AMA (Fig. 4, test phase;
Group 2: +VEH t(9) = 3.084, P = 0.013; +ANI t(8) = 3.980, P = 0.004;
+AMA t(7) = 2.892, P = 0.023; Group 3: +VEH t(8) = 3.018, P = 0.017;

+ANI t(9) = 3.396, P = 0.008; +AMA t(9) = 5.645, P < 0.001). However,
amnesia was evident in those animals that received SCH immediately after training and again 15 min before memory reactivation
(Fig. 4, test phase – Group 4: +VEH t(8) = 2.970, P = 0.018; +ANI
t(10) = 0.749, P = 0.471; +AMA t(8) = 0.171, P = 0.869), indicating that
the involvement of hippocampal D1 /D5 receptors in the destabilization of the ORM trace is indeed state-dependent. Our group
and others have previously shown that inactivation of hippocampal
dopamine D1 /D5 dopamine receptors does not affect ORM acquisition, short-term memory retention or consolidation. We [5], as well
as others [18], also determined that inhibition of hippocampal protein synthesis only blocks ORM reconsolidation when a novel object
is introduced during reactivation. Here we extended those observations to demonstrate that inactivation of hippocampal D1 /D5
receptors do not affect ORM retrieval but can prevent the destabilization that occurs when reactivation of the ORM trace happens
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Fig. 4. The involvement of hippocampal D1 /D5 receptors in the destabilization of the ORM trace upon reactivation in the presence of a novel object is state-dependent. On day
1 (sample phase), rats were exposed to two different objects (A and B) for 5 min and immediately after that received bilateral intra-CA1 infusions (1 l/side) of vehicle (VEH
– Groups 1 and 2) or SCH23390 (SCH; 1.5 g/side – Groups 3 and 4). Twenty-four hours later the animals received again VEH (Groups 1 and 3) or SCH (Groups 2 and 4) in CA1
and 15 min thereafter were exposed to a familiar object (A) and a novel object (C) for ﬁve extra minutes to induce hippocampus-dependent ORM reconsolidation (reactivation
phase). Immediately after that the animals were given VEH, anisomycin (ANI; 100 g/side) or ␣-amanitin (AMA; 46 ng/side) in dorsal CA1. Retention was evaluated 1 day
later (test phase) by exposing animals to familiar object A plus novel object D. Data (mean ± SEM) are presented as percentage of total exploration time. ***P < 0.001, **P < 0.01,
and *P < 0.05 in one-sample Student’s t-test with theoretical mean = 50.

together with presentation of new relevant information. This is in
agreement with recent ﬁndings showing that normal functionality of the VTA, which is the main source of dopaminergic inputs to
the hippocampus [19], is necessary for destabilization but not for
restabilization of reconsolidated fear memory traces [4]. Reconsolidation is limited by several boundary conditions at the moment
of retrieval including, among others, age of the reactivated trace,
length of the reactivation session, and detection of relevant new
information during this session [20]. Our ﬁndings indicate that the
activation state of hippocampal D1 /D5 receptors early during consolidation is a relevant informational component of the learning
experience that can be integrated into the ORM engram and, unless
that same state is restored during memory reactivation, conditions
that usually induce destabilization of the trace, like the presentation of a novel object, will fail to do so. Importantly, this suggests
that such dopaminergic mismatch is a boundary condition that constrains the occurrence of reconsolidation. Our results are in line
with recent reports showing that reconsolidation may incorporate
state-dependency into previously consolidated memories [21], and
others suggesting that some memory impairments usually ascribed
to reconsolidation failure could actually be construed as state
dependent deﬁcits [22]. D1 /D5 receptors are directly involved in
a plethora of behavioral and physiological state-dependent effects
[23–29], and seem to modulate different aspects of ORM processing
not only in the hippocampus but, notably, also in areas of the brain
linked with familiarity. In fact, it has been reported that D1/D5
receptors control ORM consolidation in the perirhinal cortex [14]
and, that as happens in the hippocampus, inhibition of protein
synthesis in this cortex disrupts ORM reconsolidation when the
consolidated trace is reactivated in the presence of a novel object
[30]. Indeed, disruption of the functional interaction between the
hippocampus and the perirhinal cortex impairs reconsolidation
when memory reactivation occurs in a modiﬁed context [18]. At this
point, we can only speculate about the possible mechanisms that
mediate this supposed state-dependent effect of dopamine D1 /D5
receptors inactivation on ORM. Notwithstanding this, our results
are particularly signiﬁcant, inasmuch as they suggest that renewal
of the subject’s post-learning neurochemical state at the moment of

memory reactivation should be an essential component of any therapeutic intervention aiming to erase, modify or enhance memories
through modulation of the reconsolidation process.
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