
Neurobiology of Learning and Memory 106 (2013) 66–70
Contents lists available at ScienceDirect

Neurobiology of Learning and Memory

journal homepage: www.elsevier .com/ locate /ynlme
Rapid Communication
Consolidation of object recognition memory requires simultaneous
activation of dopamine D1/D5 receptors in the amygdala and medial
prefrontal cortex but not in the hippocampus
1074-7427/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.nlm.2013.07.012

⇑ Corresponding author at: Memory Research Laboratory, Brain Institute (ICe),
Federal University of Rio Grande do Norte (UFRN), Natal, RN 59056-450, Brazil. Fax:
+55 84 32152709.

E-mail address: mcammaro@terra.com.br (M. Cammarota).
Janine I. Rossato a,b, Andressa Radiske a,c, Cristiano A. Kohler a, Carolina Gonzalez d, Lia R. Bevilaqua a,b,
Jorge H. Medina d, Martín Cammarota a,b,c,⇑
a Memory Research Laboratory, Brain Institute (ICe), Federal University of Rio Grande do Norte (UFRN), Natal, RN 59056-450, Brazil
b Laboratory of Behavioral Neurobiology, Biomedical Research Institute, Porto Alegre, RS 90610-000, Brazil
c Post-Graduate Research Program in Biomedical Gerontology, Pontifical Catholic University of Rio Grande do Sul (PUCRS), Porto Alegre, RS 90610-000, Brazil
d Memory Research Laboratory, Institute for Cell Biology & Neuroscience (IBCyN), School of Medical Sciences, University of Buenos Aires (UBA), 1121ABG Buenos Aires, Argentina

a r t i c l e i n f o
Article history:
Received 3 June 2013
Revised 26 June 2013
Accepted 12 July 2013
Available online 24 July 2013

Keywords:
Dopamine
Object recognition memory
Ventral tegmental area
Amygdala
Hippocampus
Medial prefrontal cortex
a b s t r a c t

The mesocorticolimbic dopaminergic system includes the ventral tegmental area (VTA) and its projec-
tions to the amygdala (AMY), the hippocampus (HIP) and the medial prefrontal cortex (mPFC), among
others. Object recognition (OR) long-term memory (LTM) processing requires dopaminergic activity
but, although some of the brain regions mentioned above are necessary for OR LTM consolidation, their
possible dopamine-mediated interplay remains to be analyzed. Using adult male Wistar rats, we found
that posttraining microinjection of the dopamine D1/D5 receptor antagonist SCH23390 in mPFC or
AMY, but not in HIP, impaired OR LTM. The dopamine D2 receptor agonist quinpirole had no effect on
retention. VTA inactivation also hindered OR LTM, and even though this effect was unaffected by co-infu-
sion of the dopamine D1/D5 receptor agonist SKF38393 in HIP, mPFC or AMY alone, it was reversed by
simultaneous activation of D1/D5 receptors in the last two regions. Our results demonstrate that the mes-
ocorticolimbic dopaminergic system is indeed essential for OR LTM consolidation and suggest that the
role played by some of its components during this process is much more complex than previously
thought.

� 2013 Elsevier Inc. All rights reserved.
The mesocorticolimbic dopaminergic pathway originates in the
ventral tegmental area (VTA) and controls motivated behavior and
movement initiation strategies as well as attention, reward pro-
cessing, fear, and novelty detection (Cole & Robbins, 1989; Beninger
& Miller, 1998; Nader & LeDoux, 1999; Granon et al., 2000; Schultz,
2002). This pathway includes several brain areas essential for learn-
ing and memory, such as the amygdala (AMY), the hippocampus
(HIP) and the medial prefrontal cortex (mPFC). Indeed, it has been
hypothesized that a functional loop including VTA-hippocampus
dopamine connections regulates the influx of information into
long-term memory (LTM; Lisman & Grace, 2005). We previously
demonstrated that, in order to persist, fear memories require acti-
vation of this pathway (Rossato, Bevilaqua, Izquierdo, Medina, &
Cammarota, 2009). Here, we investigated whether VTA function is
also needed for consolidation of object recognition (OR) LTM. Since
different brain regions are necessary for discriminating objects
(Bussey, Muir, & Aggleton, 1999; Hotte, Naudon, & Jay, 2005;
Tinsley et al., 2011; Zhu, McCabe, Aggleton, & Brown, 1997), and
AMY, mPFC and HIP seem to serve distinct functions during OR
memory processing, including, respectively, arousal, judgment of
recency and familiarity (Akirav & Maroun, 2006; Barker, Bird, Alex-
ander, & Warburton, 2007; Barker & Warburton, 2008; Roozendaal,
Castello, Vedana, Barsegyan, & McGaugh, 2008; Balderas et al.,
2008; Nelson, Cooper, Thur, Marsden, & Cassaday, 2011; Werenicz
et al., 2012; Cross, Brown, Aggleton, & Warburton, 2012; Albasser,
Amin, Lin, Iordanova, & Aggleton, 2012; Fortress, Fan, Orr, Zhao, &
Frick, 2013), there are good reasons to expect that dopaminergic
influence on OR LTM may differ in these brain areas. Therefore,
we also examined the possible dopamine-mediated interplay be-
tween these regions. To address these questions, male Wistar rats
(3-month-old) implanted with 22-gauge guides aimed to the VTA
[stereotaxic coordinates AP �4.8/LL ±1.0/DV �9.0], CA1 region of
the dorsal HIP [stereotaxic coordinates AP �4.2/LL ±3.0/DV �3.0],
the basolateral nucleus of AMY [stereotaxic coordinates AP �2.4/
LL ±5.1/DV �8.1], and/or the pre-limbic sub-division of the mPFC
[stereotaxic coordinates AP +3.2/LL ±0.8/DV �4.0] (Paxinos &
Watson, 1986)] were trained in the novel object recognition task



Fig. 1. Reversible inactivation of the VTA hinders OR LTM consolidation. A: On day 1, rats were exposed to two different objects (A and B) for 5 min and immediately or
360 min after that received bilateral infusions (0.5 ll/side) of vehicle (VEH; 0.1% DMSO in saline) or muscimol (MUS; 0.1 lg/side) in VTA. On day 2, animals were exposed to a
familiar (A) and a novel object (C) for five extra minutes to evaluate OR LTM. B: Animals were treated exactly as in A, except that immediately or 360 min after training they
received bilateral infusions of VEH or AP5 (1.0 lg/side) in VTA. 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; n = 8–10 per group.

Table 1
Intra-VTA infusions of muscimol and AP5 have no effect on locomotor and
exploratory activities or anxiety. VEH, MUS (0.1 lg/side) or AP5 (1 lg/side) were
infused in VTA 24 h before Open Field or Plus Maze behavioral sessions. Data are
expressed as mean (±SEM) of the total number of entries and the percentage of time
spent in the open arms (Plus Maze) or of the number of crossings and rearings (Open
Field); n = 10 per group). VEH = vehicle. A different set of animals was used for each
behavioral test.

VEH AP5 MUS

Plus maze
Total entries 20.3 ± 1.9 18.3 ± 2.9 23.3 ± 2.9
Entries in the open arms 8.2 ± 0.9 7.2 ± 1.9 8.2 ± 1.3
% Time in the open arms 25.6 ± 4.1 21.6 ± 5.1 27.6 ± 5.1

Open field
Crossings 77.3 ± 6.8 80.3 ± 7.8 81.3 ± 9.9
Rearings 18.8 ± 2.0 21.8 ± 3.0 21.0 ± 2.0
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(NOR), a novelty-preference learning paradigm based on the rats’
natural preference to explore novel objects involving a 5-min expo-
sure to two novel stimuli objects in an open field arena (Dix &
Aggleton, 1999; Ennaceur & Delacour, 1988; Ennaceur, Neave, &
Aggleton 1997), which is susceptible to dopaminergic modulation
(de Lima et al., 2011). Before that, the animals were habituated to
the training arena by allowing them to freely explore it during
20 min per day for 4 days in the absence of any other behaviorally
relevant stimulus. The stimuli objects were made of metal, glass
or glazed ceramic, and their role (familiar or novel) and relative
position were counterbalanced and randomly permuted for each
experimental animal. Exploration was defined as sniffing or touch-
ing the stimuli objects with the muzzle and/or forepaws. Sitting on
or turning around the objects was not considered exploratory
behavior. Approximately 4% of the animals did not accumulate at
least 20 s of object exploration during the training session and,
consequently, were excluded from the experiments.

To analyze the involvement of the VTA in OR LTM consolidation,
rats trained in the NOR task received bilateral intra-VTA infusions
of the GABAA receptor agonist muscimol (MUS; 0.1 lg/side), the
NMDA receptor antagonist AP5 (1 lg/side) or vehicle (VEH; 0.1%
DMSO in saline) immediately or 360 min after training. Retention
was assessed 24 h later. During the test session, the animals were
exposed to one of the stimuli objects presented in the training ses-
sion together with a novel one. Rats that received VEH explored the
novel object longer than the familiar one (p < 0.05; t(8)=2.483, in
one-sample Student’s t-test with theoretical mean = 50). In con-
trast, animals that received MUS or AP5 immediately but not
360 min after training spent the same amount of time exploring
the novel and the familiar objects (Fig. 1A and B, respectively;
p < 0.01; t(7) = 4.255 for MUS and p < 0.001; t(7)=5.177 for AP5,
in one-sample Student’s t-test with theoretical mean = 50). Neither
MUS nor AP5 affected the animals’ performance in the plus-maze
or the open field tasks when given in VTA 24 h before the
respective behavioral session (Table 1). The VTA sends projections
to several brain regions known to participate in OR memory
processing, including AMY (Roozendaal et al., 2008), mPFC
(Mitchell & Laiacona, 1998), and HIP (Fortress et al., 2013). There-
fore, we investigated whether dopamine receptors regulate OR
LTM consolidation in any of these regions. When given in AMY
(Fig. 2A; p < 0.01, t(7) = 3.497 for VEH; p < 0.001, t(7) = 7.798 for
SCH) or mPFC (Fig. 2B; p < 0.05, t(6)=2.689 for VEH; p < 0.01,
t(7)=3.160 for SCH) immediately but not 360 min after training,
the dopamine D1/D5 receptor antagonist SCH23390 (1.5 lg/side)
impaired OR LTM. SCH23390 did not affect retention when injected
in HIP at any post-training time analyzed (Fig. 2C; p < 0.001,



Fig. 2. Activation of dopamine D1/D5 receptors in AMY and mPFC, but not in HIP is necessary for OR LTM consolidation. A–C: On day 1, rats were exposed to two different
objects (A and B) for 5 min and immediately or 360 min after that received bilateral infusions of vehicle (VEH; 0.1% DMSO in saline) or of the dopamine D1/D5 receptor
antagonist, SCH23390 (1.5 lg/side) in AMY (A; 0.5 ll/side), mPFC (B; 1 ll/side) or HIP (C; 1 ll/side). On day 2, animals were exposed to a familiar (A) and a novel object (C) for
five extra minutes to evaluate long-term memory retention. D: Animals were treated exactly as in A–C, except that immediately after training they received bilateral infusions
of VEH or quinpirole (QUIN; 3.0 lg/side) in AMY, mPFC or HIP. 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; n = 7–12 per group.
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t(11) = 5.139 for VEH; p < 0.01, t(11) = 3.892 and p < 0.01,
t(7) = 3.458 for SCH). Posttraining microinjection of the dopamine
D2 receptor agonist quinpirole (3.0 lg/side) in AMY, mPFC or
HIP had no effect on LTM (Fig. 2D; p < 0.05, t(8) = 2.562 for
VEH; p < 0.01, t(8) = 3.394; p < 0.001, t(8) = 6.462; p < 0.01,
t(8) = 3.420 for QUIN in AMY, mPFC and HIP respectively,
in one-sample Student’s t-test with theoretical mean = 50). We also
found that co-infusion of the dopamine D1/D5 receptor agonist
SKF38393 (12.5 lg/side) in AMY, mPFC or HIP did not affect the
amnesia caused by intra-VTA MUS (Fig. 3A) or intra-VTA AP5
(Fig. 3B). Likewise, concomitant administration of SKF38393 in
HIP and AMY, or in HIP and mPFC, did not reverse the amnesic ef-
fect of intra-VTA MUS (Fig. 3C) or intra-VTA AP5 (Fig. 3D). Con-
versely, simultaneous co-infusion of SKF38393 in AMY and mPFC
totally reversed the amnesia induced by intra-VTA administration
of MUS (Fig. 3E p < 0.05, t(12) = 2.475 for VEH and p < 0.01,
t(7) = 3.478 for co-infusion, in one-sample Student’s t-test with
theoretical mean = 50) and AP5 (Fig. 3F; <0.05, t(10) = 2.549 for
VEH and p < 0.05, t(8) = 2.345 for co-infusion, in one-sample Stu-
dent’s t-test with theoretical mean = 50).

Taken together, our results suggest that early posttraining stim-
ulation of the VTA controls OR memory consolidation, and that
simultaneous activity of D1/D5 dopamine receptors in AMY and
mPFC is not only necessary but sufficient to mediate this effect.
This conclusion is based on 3 sets of data. Firstly, intra-VTA admin-
istration of MUS or AP5 hindered OR LTM in a time-dependent
manner without affecting the animals’ behavior on the plus maze
and open field tasks 24 h post-administration, thus indicating that
the amnesic effect of VTA inactivation is not due to a protracted
and unspecific effect on performance, exploratory activity or anxi-
ety at the time of OR retrieval but, instead, to impairment of the
memory consolidation process. Secondly, intra-AMY and intra-
mPFC, but not intra-HIP, infusion of the D1/D5 antagonist
SCH23390 impeded OR LTM retention, showing that activation of
these receptors is indeed necessary for OR LTM formation. Thirdly,
and most importantly, co-infusion of the D1/D5 receptor agonist
SKF38393 in AMY, mPFC or HIP alone, at a dose known to enhance
memory processing (Rossato et al., 2009), was unable to reverse
the amnesic effect of VTA inactivation. However, when SKF was gi-
ven concurrently in AMY and mPFC, but not in AMY and HIP or in
mPFC and HIP, it totally overturned the amnesia caused by intra-
VTA MUS and intra-VTA AP5.

Dopamine modulates the excitability of AMY and mPFC neurons
(Dong & White, 2003; Kröner, Rosenkranz, Grace, & Barrionuevo,
2005) and regulates the balance between excitatory and inhibitory
neurotransmission in AMY-mPFC circuits (Floresco & Tse, 2007). In
fact, it is known that the mPFC-mediated suppression of spontane-
ous and sensory driven activity in AMY is reversed by dopamine
receptors activation and that this activation allows for plasticity
(Grace & Rosenkranz, 2002). Indeed, memory-relevant interactions
between AMY and mPFC cortex are well document. For example, it
has been reported that transfer of information between BLA and
mPFC guides response selection in rats (Floresco & Ghods-Sharifi,
2007) and that AMY-mPFC functional interactions are essential
for enabling the effect that glucocorticoids have on working mem-
ory and LTM consolidation (Roozendaal, Hahn, Nathan, de Quer-
vain, & McGaugh, 2004; Roozendaal et al., 2009) as well as on
the behavioral responses to fear and stress (Akirav, Raizel, & Mar-
oun, 2006; Marek, Strobel, Bredy, & Sah, 2013; Stevenson & Grat-
ton, 2003; Vouimba & Maroun, 2011). Moreover, coincident
neuronal activity in AMY and mPFC modulates perirhinal cortex
functionality as well as its interaction with the entorhinal cortex
(Paz, Bauer, & Paré, 2009; Pelletier, Apergis-Schoute, & Paré,
2005) which are essential for OR memory formation (Banks, Bashir,
& Brown, 2012; Deshmukh, Johnson, & Knierim, 2012; Albasser
et al., 2013; Hunsaker, Chen, Tran, & Kesner, 2013). Although we
and others have previously shown that HIP plays a key role in OR
LTM, and normal functionality of VTA-HIP dopamine neurotrans-
mission is essential for the formation and storage of several other
memory types (Wittmann, Schiltz, Boehler, & Düzel, 2008; Martig



Fig. 3. Simultaneous activation of D1/D5 receptors in AMY and mPFC reverses the amnesia induced by VTA inactivation. A: On day 1 rats were exposed to two different
objects (A and B) for 5 min and immediately after that received bilateral infusions of VEH or muscimol (MUS; 0.1 lg/side) in VTA + SKF38393 (SKF; 12.5 lg/side) in AMY,
mPFC or HIP. On day 2, animals were exposed to a familiar (A) and a novel object (C) for five extra minutes to evaluate LTM. B: Animals were treated as in A, except that
immediately after training they received bilateral infusions of VEH or AP5 (1 lg/side) in VTA + SKF in AMY, mPFC or HIP. C: Animals were treated as in A, except that
immediately after training they received bilateral co-infusions of MUS + SKF in both BLA and HIP. D: Animals were treated as in C, except that immediately after training they
received bilateral co-infusions of AP5 + SKF. E: Animals were treated as in A, except that immediately after training they received bilateral co-infusions of MUS + SKF in both
BLA and mPFC. F: Animals were treated as in E, except that immediately after training they received bilateral co-infusions of AP5 + SKF. 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; n = 8–12 per group.
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& Mizumori, 2011; Nazari-Serenjeh, Rezayof, & Zarrindast, 2011),
we failed to detect any involvement of HIP D1/D5 receptors in OR
consolidation. These results are in agreement with earlier
findings demonstrating that exposure to a novel environment does
not increase dopamine in HIP (Guzmán-Ramos et al., 2012) and
that blockade of dopamine D1 receptors in HIP does not affect OR
LTM acquisition (Balderas, Moreno-Castilla, & Bermudez-
Rattoni, in Press), but are at odds with a recent report showing that
SCH23390 abolished OR LTM retention when given in HIP
30 min before training (de Bundel et al., 2013). Methodological dif-
ferences, such as the use of pre-training pharmacological
interventions as well as the number and duration of pre-training
habituation sessions and/or the length of the training session,
which can substantially modify the behavioral characteristics
as well as the neurochemical and neuroanatomical require-
ments of OR memory consolidation (Okuda, Roozendaal, &
McGaugh, 2004; Roozendaal, Okuda, Van der Zee, & McGaugh,
2006; Roozendaal et al., 2008), could help explain the discrepan-
cies between our results and those reported by de Bundel et al.,
2013.
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