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Abstract
Dopamine (DA) neurons in the ventral tegmental area (VTA) are well-known components of the brain involved in reward-related
behaviors and participate in the generation of new memories. Much attention has been focused to understand how DA neurons
integrate a diversity of afferent signals with local excitatory and inhibitory influences regulated by somatodendritic release of
dopamine. However, the mechanisms that actively forget rewarding information are still terra incognita. Using rodents in the
conditioned place preference (CPP) behavioral task, we show that during acquisition D1-type DA receptors (D1R) in the VTA are
crucial components of a neural circuit involving the hippocampus that induces active forgetting of cocaine-associated long-term
memory, while VTA and nucleus accumbens (NAc) D1R are required for its formation. Inhibition of VTA D1R results in
increased activation of VTA ERK1/2 and in prolonging memory storage of cocaine-place association in an ERK-dependent
manner. Moreover, intra-VTA infusion of a specific D1 agonist induces forgetting of cocaine-associated consolidated memory. In
contrast, D1R in the NAc shell, medial prefrontal cortex, or amygdala appear not to participate in the maintenance of cocaine-
associated memory. Our present results suggest that at the moment of learning D1R-mediated neurotransmission in the VTA
actively participates in at least two processes affecting the fate of appetitive memory: its consolidation involving NAc shell DA
neurotransmission and its forgetting via DA activation of the hippocampus.
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Introduction

VTA DA-releasing neurons are thought to play an important
role inmotivation, incentive and stimulus salience, reinforcing
rewarding and aversive behaviors, and memory processing
[1–4]. These neurons release DA not only in their terminal
fields but also in the VTA region. The origin of DA released
in the VTA is from collaterals arising on substantia nigra DA
neurons as well as from somata and dendrites of VTA DA
neurons. The so-called somatodendritic release of DA mod-
ifies the firing of DA neurons, and therefore, the release of DA
in downstream terminal fields affecting behavior [2, 5, 6].

Cocaine increases extracellular DA at the level of the den-
drites in the VTA [7]; DA acts on D1R that comprises D1 and
D5 subtypes [8] located on GABA and glutamate axon termi-
nals originating in other regions of the brain and impinging on
VTA DA and non-DA neurons [9, 10]. As a consequence,
somatodendritic DA release via D1R modifies GABA and
glutamate release in the VTA which in turn regulates DA
neuronal firing [11]. Therefore, DA in the VTA could play a
role in cocaine-associated memories in particular, and in pos-
itive valence memories in general. In this context, we recently
demonstrated that D1R in the dorsal CA1 region of the hip-
pocampus, a target of dopaminergic fibers originating in the
VTA, is critical for the persistent storage but not the formation
of a cocaine-associated memory [12]. To test the hypothesis
that somatodendritic DA in the VTA is important for the main-
tenance of rewarding-associated memory, we blocked D1R of
the VTA immediately after place conditioning with cocaine or
after a food preference learning task. Our present findings
support the hypothesis that D1R-mediated neurotransmission
in the VTA promotes the forgetting of positive valence mem-
ories. In cocaine-associated memory, this effect is via a late
postconditioning D1R activation in the VTA and in the dorsal
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hippocampus. In addition, VTA and nucleus accumbens
(NAc) D1R modulate memory formation but not memory
maintenance of single-trial cocaine-place conditioning.
These results indicate that VTA-NAc DA pathway regulates
memory consolidation, whereas VTA-dorsal hippocampus
DA inputs control forgetting of cocaine-place conditioning.

Material and Methods

Animals

A total of 556 Sprague-Dawley rats were used in these studies
(Faculty of Veterinary Sciences, Argentina). Groups of five
rats (weighting around 200 g upon arrival at the laboratory)
were housed in an animal vivarium maintained on a reversed
12-h light-dark cycle (lights off at 0700 h) at a constant tem-
perature of 21 °C. Experimental procedures followed the
guidelines and were approved by the Animal Care and Use
Committees of the University of Buenos Aires (CICUAL).
Each experiment involves an independent group of animals
and was performed during the dark phase of the diurnal cycle.

Drugs

Cocaine hydrochloride (20 mg/ml/kg, Laboratorios Verardo y
Cia., Argentina); the dopamine D1R antagonist SCH 23390
hydrochloride (1.5 μg/μl, Sigma-Aldrich, Germany); and
GABAA receptor agonist muscimol (0.1 μg/μl, Sigma-
Aldrich, Germany) were all dissolved in sterile 0.9% physio-
logical saline. The dopamine D1R agonist SKF 38393 hydro-
chloride (12.5 μg/μl, Sigma-Aldrich, Germany); SKF 83822
(1 μg/μl, Tocris Bioscience, UK); and selective inhibitor of
MEK U0126 (0.8 μg/μl, Sigma-Aldrich, Germany) were dis-
solved in sterile 0.9% physiological saline supplemented with
DMSO (10% final concentration, Ernesto van Rossum y Cia.,
Buenos Aires, Argentina). The doses used were determined
based on previous studies showing the effect of each com-
pound on learning or behavioral performance [12, 13].

Surgical and Intracerebral Infusion Procedures

Each rat was anesthetized with a mix of ketamine and xylazine
administered intraperitoneally (i.p.) and placed in a stereotaxic
frame. The skull was exposed and leveled (flat skull, lambda,
and bregma at the same elevation degree). 22-G guide cannu-
lae (measuring 1 cm length) for intracerebral infusions were
bilaterally implanted aimed at different structures. The stereo-
taxic coordinates used were as follows for the different struc-
tures according to [14]: for VTA: AP, + 5.3 mm/L ± 1 mm/
DV, − 8.2 mm; for mPFC: AP, + 3.20 mm/ L, ± 0.75 mm/ DV,
− 3.20 mm; for NAc: AP, + 1.5 mm/ L, ± 1.2 mm/ DV, −
7.4 mm; for hippocampus (HP): AP, + 3.90 mm/ L, ±

3.00 mm/ DV, − 3.00 mm; and for basolateral amygdala
(BLA): AP − 2.8 mm/ L, ± 4.6 mm/ DV, − 6.6 mm from breg-
ma (Fig. S1). Cannulae were fixed to the skull with acrylic
cement. After surgery, animals were injected with a single
dose of meloxicam (0.2 mg/kg) as analgesic and animals were
left on their homecage to recover for 1 week. For intracerebral
infusions, 30-G needles of 1.1 cm connected to Hamilton
syringes were used. The infusions were always bilateral with
1 μl per side as volume infusions for hippocampus and 0.5 μl
for the other structures (injection rate, 1 μl/30 s). The needle
was left in place for an additional minute after infusion to
allow diffusion and to prevent reflux. At the end of each ex-
periment, cannulae placement was verified by infusions of
1 μl of 4% methylene blue in saline for hippocampus and
0.5 μl for the other structures. Animals were killed after
15 min by decapitation, and histological localization of the
infusion site was established. The extension of the dye infused
was taken as indicative of the presumable diffusion of the
drugs previously given to each animal. Infusions spread with
a radius of ranging from 1 to 1.5 mm3 depending on the
volume infused. Animals with both cannulae in the correct
place were included in the analysis.

Behavioral Paradigm

Place conditioning experiments were carried out using a three-
compartment apparatus [12]; the central compartment was a
short-connecting passageway between two other compart-
ments. One of them had black walls, white square patterns
and grid floor, whereas the other one had white walls, black
lines pattern, and perforated floor. All the experiments were
independent and carried out with different groups of animals,
but they shared part of the protocol, consisted on three phases
(Fig. 1a): a pretest phase in which the animals were allowed to
explore the entire apparatus freely for 15 min and the prefer-
ence for each compartment was determined measuring time
spent in each compartment, a conditioning phase 24 h after the
pretest in which they were restricted to one of the compart-
ments (black compartment) immediately after saline i.p. injec-
tions and, on the next day, confined to the other compartment
(white compartment) immediately after saline/cocaine i.p in-
jections. Immediately or 12 h after removing them from this
compartment, animals were infused with SCH 23390, SKF
38393, SKF 83822, or muscimol into the VTA, mPFC, hip-
pocampus, NAc, or BLA according to the experiment. Results
were analyzed using the score corresponding to time spent in
the compartment that was followed by a drug infusion in the
brain minus time spent in that compartment on the pretest. For
the food-CPP experiment, the first conditioning session was
made with nothing on the compartment (no food) while the
second session was made with 50 fruitloop cereals on the
compartment. For a multiple trial protocol, animals were con-
ditioned three or four times on subsequent days, for cocaine or
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food protocol, respectively. As the animals receive saline or
no food in the black compartment 1 day, cocaine or food in the
white compartment on the following day the multi-trial

protocol lasts 6 or 8 days in total depending on the conditioned
stimulus used. Exploration time was measured with timers by
a blind subject seated near the apparatus at a distance where

Fig. 1 D1R signaling in the VTA induces active forgetting of cocaine-
associated memory. a Schema of the protocol used. b Animals condi-
tioned with a weak cocaine training protocol show memory at 24 h but
not at 7 days (n = 18 and 10, respectively for each group). c Infusion of
D1R antagonist SCH 23390 in the VTA immediately after conditioning
promotes a cocaine-associated weak memory at 7 days (n = 8 per group).
d Animals conditioned with a weak food training show memory at 24 h
but not at 7 days (n = 7 per group). e Infusion of D1R antagonist SCH
23390 in the VTA immediately after conditioning promotes a weak food

memory at 7 days (n = 10 per group). f Infusion of D1R antagonist SCH
23390 in the VTA immediately after conditioning, impairs memory ex-
pression at 24 h (n = 9 per group). g Stimulation of VTAGs-coupled D1R
by the specific agonist SKF 83822 immediately after conditioning in-
duces attenuation of cocaine-associated memory durability (n = 9 per
group). Asterisks indicate significant statistical differences between
groups (Tukey, *p < 0.05; **p < 0.01; ***p < 0.001). COC, cocaine;
SAL, saline
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rats cannot see it directly. The intracerebral injections were
performed on a separate table, away from the CPP apparatus,
while there were no animals being conditioning at that mo-
ment. Conditioning drug and modulating drug are the two
statistical factors with a 2 × 2 design. Finally, the test
phase was made at 24 h or 7 days, in which the animals
were allowed again to explore freely the entire apparatus
for 15 min in a drug-free state, where time spent in each
compartment was also measured. During the pretest
phase, animals that spend less than 90 s in any of the
compartments were excluded from the study. Four ani-
mals out of 520 were excluded for this reason.

Immunoblots Assays

Animals were divided into three groups: naïve, cocaine
conditioned with vehicle infusion or cocaine conditioned
with SCH infusion. For the experiments in which we an-
alyzed protein expression at time 0, animals were killed
15 min after drug infusion. For the analysis of the hippo-
campus at 12 h, animals were killed 12 h after drug infu-
sion. For both cases, tissue was processed and stored im-
mediately after the sacrifice. Tissue from VTA and hippo-
campus was homogenized in ice-chilled buffer; 7.5 μg of
proteins for hippocampus or 12 μg for VTA (determined
by BCA assay, ThermoFisher Scientific, USA) were sub-
jected to SDS-PAGE (polyacrylamide 10%) [15]. Proteins
were transferred to polyvinylidene (PVDF) membranes
overnight at 4 °C. Membranes were incubated first with
anti-p-ERK1/2 antibody (1:9000, Cell Signaling, MA,
USA), then stripped and incubated with anti-ERK1/2 an-
tibody (1:9000, Cell Signaling, MA, USA). Antigen-
antibody complexes were visualized by a fluorescent
method using ECF substrate (GE Healthcare Life
Sciences, UK) and fluorescence-measuring equipment
(STORM scanner, GE Healthcare Life Sciences, UK).
Densitometry analysis was performed using ImageQuant
Analyzer (GE Healthcare Life Sciences, UK).

Statistical Analysis

Data is presented as a score in seconds (s) calculated as the
time spent in the cocaine-associated compartment minus time
spent in the to-be cocaine-associated compartment during the
pretest. Results were presented as mean ± SEM. Data was
analyzed using two-way analysis of variance (ANOVA) or
Student’s t test according to the case. In cases of significant
interaction, post hoc analysis was made with Tukey test when
one or two factors p value was significant. In cases with non-
significant interaction, a main effect ANOVA was made. A
result was considered significant when p < 0.05. All data
was analyzed using Graphpad and InfoStat software.

Results

Single pairing of cocaine-place conditioning induces a weak
memory lasting 1 day, but neither three [12] nor 7 days
(Fig. 1b, Student’s t test, COC vs. SAL, p = 0.0008 for 24 h
and p = 0.2868 for 7 days). Given that cocaine exposure re-
sulted in changes in extracellular DA levels in the VTA and
the activation of VTA D1R modulates the firing rate of DA-
releasing neurons [11], we infused into the VTA the D1R
antagonist SCH 23390 (0.5 μl per side) immediately after
single pairing of cocaine-place association. As shown in
Fig. 1c, the inhibition of VTAD1R prolongsmemory duration
to 7 days (Tukey post hoc analysis after two-way
ANOVA(1,18), F(condit ioned drug) = 8.216, p = 0.0103,
F(modulating drug) = 6.413, p = 0.0209, F(interaction) = 5.501, p =
0.0307, n = 8). To substantiate the hypothesis that dopamine
transmission in the VTA controls the duration of positive va-
lence memories and that the prolonging action of SCH 23390
on memory storage is not only a cocaine-dependent effect, we
developed a food preference task using fruitloops as reward-
ing agent to get a short-lasting appetitive LTM. Therefore,
using a 4-pairings protocol memory is evident at 24 h but
not at 7 days after the last conditioning session (Fig. 1d,
Student’s t test no food vs. food for 24 h, p = 0.0382; no food
vs. food for 7 days, p = 0.9332, n = 7). The intra-VTA infusion
of D1R antagonist immediately after each pairing induces an
increase in the persistence of food-place association (Fig. 1e,
Tukey post hoc analysis after two-way ANOVA(1,29),
F(conditioned drug) = 11.17, p = 0.0023, F(modulating drug) = 1.313,
p = 0.2612, F(interaction) = 6.373, p = 0.0173, n = 10) which is
consistent with the findings obtained using cocaine as reward-
ing agent. Considering that cocaine-place association protocol
is a much simple and reliable learning paradigm than food-
place association task, we decided to use it in the next exper-
iments. In addition, we were able to develop our food-CPP
protocol that generates a weak short-lasting LTM at 24 h, but
we were not able to develop a protocol to get a strong long-
lasting memory. Two main possibilities may explain our cur-
rent findings: (1) D1R in the VTA is necessary for active
forgetting or (2) D1R activation provokes an attenuation of
memory consolidation. Thus, we assessed whether the effect
of SCH 23390 observed at 7 days is due to the blockade of an
intrinsic forgetting mechanism in the VTA or to an increased
consolidation or expression of cocaine-associated LTM. We
trained animals using a single-pairing protocol and infused the
D1R antagonist in the VTA and tested at 24 h after condition-
ing. An impairment of memory expression was found (Fig. 1f,
Tukey post hoc analysis after two-way ANOVA(1,31),
F(conditioning drug) = 2.252, p = 0.1436, F(modulating drug) =
9.777, p = 0.0038, F(interaction) = 6.060, p = 0.0196, n = 9), in-
dicating that the blockade of D1R in the VTA around training
results in two main effects: (1) downregulation of recent
cocaine-place LTM expression; (2) upregulation of its
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durability, transforming a short-lasting LTM into a long-
lasting LTM, ruling out the possibility that VTA D1R neuro-
transmission is constraining LTM consolidation.

To give further support to the idea that an active forgetting
mechanism underlies the enhanced durability of cocaine-
associated LTM induced by the blockade of VTA D1R, we
infused the Gs-coupled D1R agonist SKF 83822, which spe-
cifically activates D1 but not D5 subtype [16], into the VTA
immediately after each pairing of 3-pairings cocaine-place
conditioning. This multiple pairing protocol gives a persistent
memory lasting at least 21 days [12]. We speculate that stim-
ulating this subtype of D1R would result in marked reduction
on the duration of memory storage. Figure 1g shows that
stimulation of VTA Gs-coupled D1R immediately after con-
ditioning abolished the persistent LTM because there is no
cocaine-associated memory observed at a 7-day test (Tukey
post hoc analysis after two-way ANOVA(1,29), F(conditioning

drug) = 2.357, p = 0.1356, F(modulating drug) = 2.124, p = 0.1557,
F(interaction) = 5.234, p = 0.0296, n = 9), endorsing the hypoth-
esis that dopamine neurotransmission in the VTA is crucial for
active forgetting of consolidated cocaine-place association.

The increase in the durability of cocaine-associated mem-
ory induced by the intra-VTA infusion of SCH 23390 is asso-
ciated with an increase in the phosphorylation state of VTA
ERK1/2 (Fig. 2a, b, Tukey post hoc analysis after one-way
ANOVA(2,24), F = 3.716 p = 0.0393, naïve vs. SCH, VEH vs.
SCH; for p42: Tukey post hoc analysis after one-way
ANOVA(2,22), F = 4.815 p = 0.0184, VEH vs. SCH, n = 4).
In pilots experiments, the blockade of VTA ERK activity by
the local infusion of the MEK inhibitor U0126 (0.8 μg/μl,
0.5 μl per side) immediately after cocaine conditioning did
not alter CPP performance at 7 days (mean ± SEM, VEH:
24 ± 8.1 s, U0126: 44.1 ± 18.5 s, Student’s t test, VEH vs.
U0126, p = 0.303, n = 6). The blockade of ERK1/2 activation

Fig. 2 D1R signaling in the VTA induces active forgetting of cocaine-
associated memory in an ERK1/2-dependent manner. a–b p44/42 MAP
kinases are augmented in the VTA 15 min after SCH 23390 infusion in
cocaine conditioned animals (n = 4 per group). c Memory promotion

induced by D1R antagonist SCH 23390 infusion is prevented when
ERK1/2 inhibitor U0126 is infused previously in the VTA (n = 9 per
group). Asterisk indicates significant statistical differences between
groups (Tukey, *p < 0.05)
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by U0126 co-infused immediately after training prevents the
effect of SCH 23390 on the persistence of cocaine-place as-
sociation (Fig. 2c, Tukey post hoc analysis after one-way
ANOVA(2,9), F(treatment) = 4.542, p = 0.0433, SCH vs. SCH +
U0126, n = 9). Our findings suggest that ERK1/2 signaling
cascade in the VTA is required for the increased durability
of cocaine-associatedmemory storage induced by D1R block-
ade, which is consistent with previous findings showing the
participation of ERK1/2 in memory maintenance of learning
tasks in rodents and Drosophila [17, 18].

Next, we examined whether D1R in regions receiving VTA
DA inputs contribute to maintaining memory storage of cocaine-
place association. We bilaterally infused SCH 23390 immediate-
ly after a single pairing of conditioning in the mPFC, BLA, or
dorsal hippocampus and tested CPP 7 days after. In contrast to
what it is observed in the VTA (Fig. 1c), no changes were found
in memory retention scores 7 days after training when the antag-
onist of D1R was microinjected in any of the structures studied
(Fig. 3a–c, two-way ANOVA, F(conditioned drug) = 4.233, p =
0.0602, F(modulating drug) = 1.440, p = 0.2414, F(interaction) =
0.1633, p= 0.6895, n= 8, for mPFC; F(conditioned drug) = 0.1419,
p = 0.7121, F(modulating drug) = 0.1811, p = 0.6769, F(interaction) =
0.8936, p= 0.3605, n = 5, for hippocampus; F(conditioned drug) =
0.2524, p = 0.6227, F(modulating drug) = 0.00193, p = 0.9655,
F(interaction) = 0.01739, p = 0.8968, n = 5, for BLA).

A single dose of cocaine, as the one used in this study,
results in synaptic plasticity changes in VTA DA neurons
lasting many hours to few days [19] and a single pairing of
cocaine-place association is accompanied by two surges of
DA in the hippocampus, an early increase lasting 4–5 h and
a late increase starting 13 h after conditioning that is associat-
ed with the control of memory duration ([12] and Fig. 4a,
Tukey post hoc analysis after two-way ANOVA(1,22),
F(conditioned drug) = 6.180, p = 0.0210, F(modulating drug) = 5.822,
p = 0.0246, F(interaction) = 12.42, p = 0.0019, n = 7). Therefore,
to further determine the role of VTA D1R on cocaine-
associated memory durability, we infused SCH 23390 12 h
after a single-pairing protocol and found that the blockade of
D1R activity late after training also prolonged memory dura-
tion (Fig. 4b, Tukey post hoc analysis after two-way
ANOVA(1,27), F(condit ioned drug) = 9.109, p = 0.0056,
F(modulating drug) = 1.199, p = 0.2837, F(interaction) = 4.639, p =
0.0407, n = 8). This finding is consistent with the idea that
VTA controls memory duration at two time points, immedi-
ately during acquisition and a dozen of hours later, to modu-
late what is being stored [3]. Consequently, we studied the
VTA-dorsal hippocampus relationship measuring changes in
ERK1/2 activation, which has been involved as a marker of
persistent memories within the hippocampus [17, 18]. We
made two experiments in which we trained animals with

Fig. 3 D1R inhibition has no effect on a weak cocaine CPP memory
when infused in other limbic or cortical structures. D1R antagonist
SCH 23390 has no effect at 7 days when it is infused immediately after

a cocaine conditioning in the mPFC (b), hippocampus (c), or BLA d (n =
8 for mPFC, n = 5 for BLA and hippocampus). COC, cocaine; SAL,
saline
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cocaine, we infused SCH 23390 or VEH immediately after the
conditioning session or 12 h after in the VTA, and we extract-
ed the hippocampus to analyze ERK1/2 phosphorylation. No
significant differences were found in the activation of ERK1/2
when the infusion of SCH 23390 was made immediately after
conditioning (Fig. 4c, d, one-way ANOVA(2,13), F(treatment) =
1.011, p = 0.3907, n = 4 for p44; F(treatment) = 0.9831, p =
0.4024, n = 4 for p42), but blockade of D1R in the VTA
12 h thereafter increases the phosphorylation state of hippo-
campal ERK1/2 suggesting a functional link between these

two structures at this late time point (Fig. 4e, f, for
p44:Duncan post hoc after two-way ANOVA(2,23), F = 3.52,
p(treatment) = 0.0464, n = 4; For p42: Duncan post hoc after
two-way ANOVA(2,24), F = 8.27, p(treatment) = 0.0019, n = 4).

Inactivation of VTA neural activity by infusing the
GABAA receptor agonist muscimol (0.5 μl per side) imme-
diately after single pairing conditioning blocked the formation
of cocaine-place LTM (Fig. 5a, Tukey post hoc analysis after
two-way ANOVA(1,31), F(conditioning drug) = 2.560, p = 0.1197,
F(modulating drug) = 6.043, p = 0.0198, F(interaction) = 5.011, p =

Fig. 4 D1R signaling regulates active forgetting 12 h after conditioning
of weak cocaine CPP memory. a D1R antagonist SCH 23390 infusion in
the HP 12 h after single-pairing cocaine conditioning promotes a long-
lasting cocaine-associated memory tested at 7 days (n = 8 per group). b
Similarly, D1R antagonist SCH 23390 infusion in the VTA 12 h after
cocaine conditioning promotes a long-term persistent memory at 7 days
(n = 8 per group). c–d p44/p42 MAP kinases showed no changes in the

HP 12 h after D1R antagonist SCH 23390 or VEH infusion in the VTA
immediately after cocaine conditioning (n = 4 per group). e–f p44/42
MAP kinases are increased in the HP immediately after D1R antagonist
SCH 23390 infusion in the VTA 12 h after cocaine conditioning (n = 4
per group). Asterisks indicate significant statistical differences between
groups (Tukey, *p < 0.05; **p < 0.01). COC, cocaine; SAL, saline
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0.0325, n = 9), extending the importance of VTA to one-trial
cocaine-associatedmemory. In contrast to what we found with
the infusion of SCH 23390, muscimol infused in the VTAwas
not able to prolong memory at 7 days (Fig. 5b, two-way
ANOVA(1,13), F(conditioning drug) = 0.0020, p = 0.9658,
F(modulating drug) = 0.8956, p = 0.3612, n = 5). In addition and
consistent with previous findings on the role of NAc shell
D1R on memory formation of classical conditioned place
preference [20, 21], we observed that the infusion of SCH

23390 into NAc shell immediately after single-pairing condi-
tioning totally blocked cocaine-associated memory tested at
24 h thereafter (Fig. 5c; Tukey post hoc analysis after two-way
ANOVA(3,34), F(conditioning drug) = 7.83, p = 0.0084, F(modulating

drug) = 7.91, p = 0.0081, F(interaction) = 13.75, p = 0.0007,. n =
10), having no changes when the animals were tested 7 days
after (Fig. 5d, two-way ANOVA(1,29), F(conditioning drug) =
0.9965, p = 0.3264, F(modulating drug) = 0.00827, p = 0.9281,
n = 9). The infusion of a D1R agonist (SKF 38393, 0.5 μl

Fig. 5 D1R modulation in the NAc and neural activity in the VTA are
necessary for cocaine-memories formation. a–b Reversible inactivation
of the VTA by infusing muscimol immediately after cocaine conditioning
impaired memory formation as shown at 24 h (n = 9 per group) and 7 days
(n = 5 per group). c Infusion of SCH 23390 in the NAc shell immediately
after conditioning impaired thememory at 24 h (n = 10 per group). d SCH

23390 has no effect at 7 days when it is infused immediately after a
cocaine conditioning in the NAc shell (n = 9 per group). e D1R agonist
SKF 38393 has no effect at 7 days when it is infused immediately after
cocaine conditioning in the NAc shell (n = 8 per group). Asterisks indi-
cate significant statistical differences between groups (Tukey, *p < 0.05;
***p < 0.001). COC, cocaine; SAL, saline
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per side) into NAc shell resulted in no effects on memory
duration (Fig. 5e, two-way ANOVA(1,21), F(conditioning drug) =
0.5721, p = 0.4578, F(modulating drug) = 0.7960, p = 0.3824, n =
8). Altogether, these findings suggest that VTA-NAc pathway
is important for appetitive memories formation and that NAc
shell D1R plays no important role in controlling the duration
of cocaine-associated memory.

Discussion

The main finding of the present study is that DA neurotrans-
mission in the VTA is critical for controlling the durability of
rewarding memories. Given that blocking VTAD1R prolongs
two consolidated rewarding memories and that stimulation of
D1R by a Gs-coupled D1R agonist abolishes the maintenance
of cocaine-associated memory storage, our findings indicate
that an active forgetting mechanism involving D1R activation
is present in the VTA.

Two hypotheses dominated the field of forgetting during
the last 50 years. One postulates that forgetting is mainly
caused by interference of different steps in memory process-
ing [22]. The other poses that forgetting is due to the passive
or active decay of the memory trace [23, 24]. In the last few
years, some neurobiological findings involving memory du-
rability have endorsed the idea that active forgetting plays an
important role in eroding memory storage [24–26]. Active or
intrinsic forgetting is referred to the mechanism or the se-
quence of events required for and sufficient to erase the sub-
strate of a memory [26]. Both requirements are fulfilled by the
present experiments.

Intrinsic forgetting has been demonstrated in Drosophila
mainly for nonconsolidated aversive memories [27, 28] and
also for memories lasting 6 h or more [28, 29]. Activation of
DA neurons in the fly triggers the activation of the DA recep-
tor DAMB (a receptor coupled to Gs and Gq signaling path-
ways; [30]) which is different to the dDA1—an homolog of
the mammalian D1 subtype—that modulates actin dynamics
in dendritic spines via several proteins (Rac1, Pak, cofilin,
Cdc42) leading to the erasure of the memory trace [28, 31,
32]. It appears that while the dDA1 is involved in memory
acquisition and consolidation [30, 33], DA receptor DAMB is
required for intrinsic forgetting in the fly [28]. The delayed
effect of intra-VTA infusion of SCH 23390 in prolonging
cocaine-associated memory storage parallels that found when
the antagonist of D1R was given in the dorsal hippocampus
(Fig. 4a and [12]). Therefore, during conditioning VTA DA
neurotransmission via activation of the Gs-coupled D1 recep-
tor subtype, together with a late postconditioning (12 h) D1R
activation in the VTA and dorsal hippocampus, play a crucial
role in the mechanism of intrinsic forgetting of cocaine-
associated memory. It is important to consider that the VTA
is not the only dopaminergic source that innervates the

hippocampus [34], and hippocampal activity might be also
regulated by dopaminergic innervations from the Locus
Coeruleus. This brain region has been involved in the en-
hancement of spatial memory, and recent studies have identi-
fied the noradrenergic fibers originating in this structure as an
additional source of neurotransmitter acting on dopaminergic
receptors in the hippocampus [35].

Considering that SCH 23390 might also act as an agonist at
serotonin 5HT2C receptors [36], it may be possible that the
prolonging effect of SCH 23390 on memory storage is par-
tially due to a serotoninergic effect. However, it has been
shown that the activation of these receptors by its specific
agonist lorcaserin is efficacious in decreasing multiple aspects
of cocaine motivation and reward [37]. In particular, this ag-
onist impairs food intake and cocaine-self administration
when it binds to the 5HT2C receptor [38]. These results indi-
cate that our present findings might not be explained by the
activation of 5HT2C receptors in the VTA.

Somatodendritic release of DA in the VTAmaymodulate D1
subtype present in glutamate andGABA afferents to the VTA [9,
10, 37]. Thus, it can affect local glutamate and GABA concen-
trations, which control DA neurons [11, 38]. Given the known
role of these DA cells in cocaine reward [2, 6, 39], any effect on
their activity will affect cocaine-place association. In this context,
it has been demonstrated that a single passive injection of co-
caine, like that used in the present study, increased calcium-
permeable AMPARs and reduced NMDAR EPSCs in VTA
DA neurons projecting to NAc shell for several days [19, 40].
The blockade of VTA D1R by SCH 23390 inhibited cocaine-
induced synaptic plasticity changes [19, 41] and consistent with
previous findings [39, 42] impaired cocaine-induced memory
measured 24 h after conditioning (Fig. 1f). Several groups have
demonstrated similar effects: SCH 23390 infusions in the VTA
impaired dopaminergic signaling on the NAc and blocked co-
caine sensitization [43]. In accordance with these results, same
infusions blocked acute motor-response to cocaine [44]. NAc
shell infusion of D1R antagonist during conditioning also im-
paired memory consolidation (Fig. 5c), without altering memory
persistence (Fig. 5d, e), and blocked accumbal ERK1/2 activa-
tion induced by cocaine-place association [45]. Therefore, VTA
and NAc shell DA neurotransmission via activation of D1R are
required for the formation of cocaine-associated LTM tested 24 h
after learning.

Several studies suggest that different functions of the VTA
are mediated by diverse subpopulations of VTA DA neurons
that are associated with distinct neuronal networks [46]. As it
has been reported, VTA DA neurons are heterogeneous in
their afferent but also efferent connectivity [47]. The present
study indicates that while VTA-NAc pathway regulates
cocaine-memories formation, VTA-hippocampus regulates
its forgetting. Taken together, our results suggest different
mechanisms regulating appetitive memory processing, and
those differences might be explained by VTA neural diversity.
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We also found that VTA ERK1/2 signaling cascade is ac-
tivated when VTA D1R is blocked during conditioning lead-
ing to persistent cocaine-associated memory. Cocaine-place
conditioning did not alter ERK1/2 activation in VTA which
is consistent with previous reports [44, 48]. More importantly,
the blockade of ERK1/2 activation by the infusion of the spe-
cific MEK inhibitor U0126 prevents the establishment of a
persistent memory induced by VTA D1R inhibition. A de-
layed ERK1/2 activation in the hippocampus accompanied
the promotion of a persistent cocaine-induced memory when
the antagonist of D1R was infused in the VTA many hours
(12 h) after conditioning (Fig. 4e–f). These findings support
the idea that ERK activation in selected brain regions is im-
portant for maintaining memory storage [17, 18].

DA neurotransmission in VTA and dorsal hippocampus is
one of several molecular events associated with intrinsic for-
getting. For instance, it has also been demonstrated that for-
getting is regulated in the rat hippocampus by NMDA recep-
tors and calcineurin [49]. In addition, similar to the findings
obtained in Drosophila, Liu and colleagues [50] demonstrated
that Rac1 is part of an intrinsic forgetting mechanism in the
mouse hippocampus. Inhibition of Rac1 activity in hippocam-
pal neurons prolonged object recognition memory for 5 days,
whereas stimulation of Rac1 induced forgetting of object rec-
ognition LTM. However, this mechanism of active forgetting
seems to be absent in two others hippocampus-dependent
learning tasks: contextual fear conditioning and trace fear con-
ditioning [50]. These findings suggest that Rac1-mediated
forgetting is not a general mechanism of time-dependent
memory loss. Also, we cannot rule out the possibility of a
response regulated by dendritic remodeling. In developing
neurons, the activation state of Rac1 influences lamellipodial
extensions of growth cones, while in adult neurons it influ-
ences the size and shape of synaptic spines by regulating actin
polymerization [51]. Another candidate that could regulate
memory decay is GluA2 receptor; recently, it has been suggest
that receptor endocytosis or AMPA receptor trafficking may
play an important role on forgetting [52].

In conclusion, we demonstrated the existence of intrinsic
time-dependent forgetting mechanisms involving VTA D1R
and ERK1/2 signaling that provides proper control for the
physiological expression of rewarding experiences. At the
time that the memory of cocaine-place association is being
formed [53], an active mechanism is triggered that promotes
the late postconditioning eroding of the memory trace. An
imbalance in these mechanisms or a failure in VTA active
forgetting mechanisms will generate aberrant, persistent
drug-associated memories which might be crucial in the tran-
sitional process between the recreational consumption of the
drug of abuse and its compulsive use. In this sense, we pro-
pose that appetitive memories need a biological control in
order to prevent addictive behaviors that are self-defeating
and cause a negative impact on humans and other animals.
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