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GluN2B and GluN2A-containing
NMDAR are differentially
involved in extinction memory
destabilization and restabilization
during reconsolidation

Andressa Radiske!, Maria Carolina Gonzalez'?, Diana A. Ndga?, Janine I. Rossato’3,
Lia R. M. Bevilaqua® & Martin Cammarota®**

Extinction memory destabilized by recall is restabilized through mTOR-dependent reconsolidation
in the hippocampus, but the upstream pathways controlling these processes remain unknown.
Hippocampal NMDARs drive local protein synthesis via mTOR signaling and may control active
memory maintenance. We found that in adult male Wistar rats, intra dorsal-CA1 administration of
the non-subunit selective NMDAR antagonist AP5 or of the GIuN2A subunit-containing NMDAR
antagonist TCN201 after step down inhibitory avoidance (SDIA) extinction memory recall impaired
extinction memory retention and caused SDIA memory recovery. On the contrary, pre-recall
administration of AP5 or of the GIuN2B subunit-containing NMDAR antagonist RO25-6981 had no
effect on extinction memory recall or retention per se but hindered the recovery of the avoidance
response induced by post-recall intra-CAl infusion of the mTOR inhibitor rapamycin. Our results
indicate that GIuN2B-containing NMDARs are necessary for extinction memory destabilization
whereas GIuN2A-containing NMDARs are involved in its restabilization, and suggest that
pharmacological modulation of the relative activation state of these receptor subtypes around the
moment of extinction memory recall may regulate the dominance of extinction memory over the
original memory trace.

Recall reactivates memories that lay dormant and may affect their strength and endurance. When triggered by a
single brief re-presentation of the conditioned stimulus in the absence of the unconditioned stimulus, recall can
destabilize well-consolidated memories, which must then undergo protein synthesis-dependent reconsolidation
to persist. Conversely, repetitive non-reinforced recall events may induce extinction, a protein synthesis-depend-
ent process that generates a new memory that prevents the original one from continuing to control behavior.
Notably, extinction memory may also re-enter an instability phase upon recall and must be reconsolidated to
maintain its dominance over the extinguished original trace’. In the case of fear-motivated avoidance, the
reconsolidation of extinction memory requires mTOR-dependent BDNF expression in the dorsal hippocampus®%,
but the upstream pathways controlling this process remain largely unknown.

N-methyl-D-aspartic acid receptors (NMDARs) are heterotetrameric ionotropic receptors formed by co-
assembly of seven subunits (GluN1, GluN2A-D, and GluN3A-B) that mediate a Ca?"-permeable component of
glutamatergic neurotransmission. Most native NMDARs contain two obligatory GIuN1 subunits and two GluN2
subunits, which confer distinctive channel, ligand-binding and signaling properties to NMDAR subtypes and
enable them to fulfill specific physiological functions. In particular, GluN2A- and GluN2B-containing NMDARs
control bidirectional synaptic plasticity®, play key roles in memory consolidation and extinction®’, and underlie
the destabilization and restabilization of different memory types during reconsolidation®*. Here, we analyzed
whether hippocampal NMDARs are necessary for extinction memory reconsolidation by assessing the effect
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Figure 1. Post-recall NMDAR blockade hinders SDIA extinction memory and induces SDIA memory recovery.
(a) Animals were trained in SDIA (TR; 0.4 mA/2 s) and beginning 24 h later they were submitted to one daily
extinction training trial for 5 consecutive days. Twenty-four hours after the last extinction training trial, SDIA
extinction memory was reactivated (RA) and, 5 min thereafter, the animals received bilateral intra-dorsal CA1
infusions of vehicle (VEH; 1% DMSO in saline) or the NMDAR antagonist AP5 (5 ug/side). Retention was
assessed 1 day and 7 days later (Test). (b) Animals were treated as in A except that they received intra-CA1
infusions of VEH or AP5 6 h after RA. (c) Animals were treated as in A, except that RA was omitted (No RA).
(d) Animals were treated as in A, but a group of them received VEH or AP5 5 min after a pseudo-reactivation
extinction session (pRA) carried out in an SDIA training box modified to be non-aversive (NA) for SDIA-
trained animals (test latency in SDIA: Median =162 s; IQR =74-244.5 s; test latency in NA: Median: 10 s;
IQR=7.5-17.5 5; U=3.00, p=0.0003, SDIA vs NA in Mann-Whitney test). The non-aversive box was similar
in dimensions to the SDIA-training apparatus but was painted gray and the elevated platform was made of
transparent plexiglass instead of wood. Data are expressed as median + IQR. (***) p<0.001 versus VEH in
Mann-Whitney test; n=10-12 animals per group.

of the intra-dorsal CA1 administration of non-subunit specific and subunit-specific NMDAR antagonists at
different time points around the moment of step-down inhibitory avoidance (SDIA) extinction memory recall.

Results

Post-recall intra-CA1 administration of the non-subunit specific NMDAR antagonist AP5 hin-
ders SDIA extinction memory and induces SDIA memory renewal. To study the role of hippocam-
pal NMDARs in the reconsolidation of extinction memory, we first trained adult male Wistar rats in one-trial
step-down inhibitory avoidance (SDIA; 0.4 mA/2 s foot shock), a learning task that induces a long-lasting hip-
pocampus dependent fear-motivated avoidance memory'*!® and then, beginning one day post-training, we re-
exposed the animals to the SDIA training apparatus in the absence of the foot shock once daily for 5 consecutive
days. This procedure generates a hippocampus dependent SDIA extinction memory'¢~® resistant to spontaneous
recovery, renewal and reinstatement'’. Twenty four hours after the last extinction training trial, we submitted
the animals to an extinction memory reactivation session (RA), and 5 min or 6 h later they received bilat-
eral intra-dorsal CA1 infusions of vehicle (VEH; 1% DMSO in saline) or the non-subunit specific NMDAR
antagonist D(-)-2-Amino-5-phosphonopentanoic acid (AP5; 5 ug/side). Retention was evaluated twice, 1 day
and 7 days after RA. We found that AP5 impaired SDIA extinction memory retention and recovered the SDIA
response when injected 5 min but not 6 h after RA (Fig. 1a,b, 1 day after RA: U=1, p<0.0001, VEH vs AP5;
7 days after RA: U=0, p<0.0001, VEH vs AP5 5 min after RA in Mann-Whitney test). AP5 did not affect SDIA
extinction memory when given 24 h after the last extinction training trial in the absence of RA (Fig. 1¢) or when
administered 5 min after a pseudo-RA session carried out in a non-aversive training box (Fig. 1d, RA: U=0,
p<0.0001, VEH vs AP5; pRA: U=42.50, p=0.5875, VEH vs AP5 in Mann—Whitney test).

Pre-recall intra-CA1 administration of the non-subunit specific NMDAR antagonist AP5 does
not affect SDIA extinction memory expression or retention but hampers the amnesic effect of
reconsolidation blockers. To evaluate the effect of pre-recall hippocampal NMDAR inhibition on SDIA
extinction memory, we submitted SDIA-trained animals to the extinction protocol described above. Twenty-four
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Figure 2. Pre-recall NMDAR blockade does not affect SDIA extinction memory but impedes the amnesic
effect of reconsolidation inhibition. (a) Animals were trained in SDIA (TR; 0.4 mA/2 s) and beginning 24 h
later they were submitted to one daily extinction training trial for 5 consecutive days. One day after the last
extinction training trial, animals received bilateral intra-CA1 infusions of vehicle (VEH; 1% DMSO in saline)
or the NMDAR antagonist AP5 (5 ug/side), and 20 min thereafter, SDIA extinction memory was reactivated
(RA). Retention was assessed 1 day and 7 days later (Test). (b) Animals were treated as in A except that they
received intra-CAl infusions of VEH or rapamycin (RAP; 0.02 pg/side), an inhibitor of mammalian target

of RAP (mTOR) 5 min after RA. (c) Animals were treated as in A and ,5 min after RA, they received bilateral
intra-dorsal CA1 infusions of VEH or RAP. (d) Animals trained in SDIA received bilateral intra-CA1 infusions
of VEH or AP5 one day post-training and, 20 min later, were submitted to a SDIA memory retention test. Data
are expressed as median +IQR. (**) p<0.01, (***) p<0.001 versus VEH in Dunn’s multiple comparisons after
Kruskal-Wallis test; n=9-12 animals per group.

hours after the last extinction training trial the animals received bilateral intra-dorsal CA1 infusions of VEH or
AP5 and 20 min later were submitted to RA. We found that pre-RA AP5 did not affect SDIA extinction memory
recall or retention (Fig. 2a) but impeded the recovery of avoidance induced by post-RA intra-CA1 administra-
tion of rapamycin (RAP; 0.02 ug/side), an inhibitor of mammalian target of RAP (mTOR), a kinase that regulates
synaptic protein synthesis through the phosphorylation of eukaryotic initiation factor 4E-binding protein 1 and
p70 ribosomal S6 kinase' and is required for SDIA extinction memory reconsolidation in the hippocampus*
(Fig. 2b, 1 day after RA: U=0, p<0.0001, VEH vs RAP; 7 days after RA: U=0, p<0.0001, VEH vs RAP in Mann-
Whitney test; Fig. 2¢, 1 day after RA: H=17.73, p=0.0005; p<0.01 for VEH + VEH vs VEH + RAP, p<0.01 for
VEH +RAP vs AP5+ VEH, p <0.05 for VEH + RAP vs AP5 + RAP; 7 days after RA: H=17.74, p=0.0005; p <0.01
for VEH + VEH vs VEH + RAP, p<0.01 for VEH + RAP vs AP5+ VEH, p<0.05 for VEH + RAP vs AP5+RAP in
Dunn’s multiple comparisons after Kruskal-Wallis test). At the dose used in our experiments, AP5 did not affect
SDIA memory recall (Fig. 2d).

Hippocampal GIuN2B-containing NMDARs mediate SDIA extinction memory destabilization
during recall whereas GIuN2A-containing NMDARs are necessary for SDIA extinction memory
reconsolidation. GluN2A-containing and GluN2B-containing NMDAR regulate different cellular events
in the amygdala during fear memory reconsolidation, controlling restabilization and destabilization phases,
respectively'*?. Therefore, because our results with AP5 are consistent with a dual role of hippocampal NMDAR
in extinction memory reconsolidation, we analyzed whether GluN2A-containing NMDAR and GluN2B-con-
taining NMDAR also mediate SDIA extinction memory restabilization and destabilization differentially. To
evaluate the involvement of these two NMDAR subtypes in extinction memory restabilization, we submitted
SDIA-trained animals to the SDIA extinction protocol, as described above. One day after the last extinction
training session, SDIA extinction memory was reactivated and 5 min later the animals received bilateral intra-
dorsal CA1l infusions of VEH, the GluN2B-containing NMDAR antagonist RO25-6981 (RO; 2.5 pg/side), or
the GluN2A-containing NMDAR antagonist TCN201 (TCN; 0.05 pg/side). As can be seen in Fig. 3, TCN, but
not RO, impaired extinction memory retention and induced SDIA memory recovery 1 day and 7 days post-RA
(Fig. 3a, 1 day after RA: H=20.10, p<0.0001; p <0.001 for VEH vs TCN, p <0.01 for RO vs TCN; 7 days after RA:
H=21.51, p<0.0001; p<0.001 for VEH vs TCN, p<0.001 for RO vs TCN in Dunn’s multiple comparisons after
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Figure 3. GluN2A-NMDARs are required for SDIA extinction memory restabilization. (a) Animals were
trained in SDIA (TR; 0.4 mA/2 s) and, beginning 24 h later, they were submitted to one daily extinction training
trial for 5 consecutive days. Twenty-four hours after the last extinction training trial, SDIA extinction memory
was reactivated (RA) and, 5 min thereafter, the animals received bilateral intra-dorsal CA1 infusions of vehicle
(VEH; 0.1% DMSO in saline), the GluN2B-containing NMDAR antagonist RO25-6981 (RO; 2.5 pg/side), or the
GluN2A-containing NMDAR antagonist TCN201 (TCN; 0.05 pg/side). Retention was assessed 1 day and 7 days
later (Test). (b) Animals were treated as in A except that RA was omitted (No RA). (c) Animals were treated
asin A, but a group of them received bilateral intra-CA1 infusions of VEH, RO or TCN 5 min after a pseudo-
reactivation extinction session (pRA) carried out in an SDIA training box modified to be non-aversive (NA) for
SDIA-trained animals. The non-aversive box was similar in dimensions to the SDIA-training apparatus but was
painted gray and the elevated platform was made of transparent plexiglass instead of wood. Data are expressed
as median+IQR. (***) p<0.001 versus VEH in Dunn’s multiple comparisons after Kruskal-Wallis test; n=10-12
animals per group.

Kruskal-Wallis test). Neither RO nor TCN affected extinction memory retention when administered 24 h after
the last extinction training trial in the absence of RA (Fig. 3b) or when given 5 min after a pseudo-RA session
carried out in a non-aversive training box (Fig. 3¢, RA: H=19.30, p <0.0001; p <0.001 for VEH vs TCN, p <0.01
for RO vs TCN; pRA: H=2.006, p=0.3667 in Dunn’s multiple comparisons after Kruskal-Wallis test). We next
evaluated whether GIuN2B and GluN2A-containing NMDAR mediate SDIA extinction memory destabiliza-
tion. To that end, SDIA-trained animals were submitted to the SDIA extinction protocol and 24 h after the last
extinction training trial received bilateral intra-dorsal CA1 infusions of VEH, RO or TCN. SDIA extinction
memory was reactivated 20 min after the injections and 5 min thereafter the animals received VEH or RAP in
dorsal CAl. Retention was assessed 24 h post-RA. TCN did not affect extinction memory recall 20 min post-
injection but TCN, RAP and TCN +RAP impaired SDIA extinction memory retention 1 day and 7 days after
RA, causing the reappearance of the SDIA response (Fig. 4a, 1 day after RA: H=20.65, p=0.0001; p <0.001 for
VEH + VEH vs VEH+RAP, p<0.001 for VEH + VEH vs TCN + VEH, p <0.05 for VEH + VEH vs TCN + RAP;
7 days after RA: H=19.96, p=0.0002; p<0.001 for VEH+VEH vs VEH+RAP, p<0.01 for VEH+VEH vs
TCN+VEH, p<0.01 for VEH + VEH vs TCN + RAP in Dunn’s multiple comparisons after Kruskal-Wallis test).
RO did not affect extinction memory recall 20 min post-injection either but had no effect per se on reten-
tion and blocked the recovery of avoidance induced by post-RA RAP administration (Fig. 4b, 1 day after RA:
H=21.18, p<0.0001; p<0.001 for VEH+ VEH vs VEH+RAP, p<0.01 for VEH+RAP vs RO+ VEH, p<0.05
for VEH + RAP vs RO +RAP; 7 days after RA: H=22.77, p<0.0001; p<0.001 for VEH+ VEH vs VEH + RAP,
p<0.01 for VEH+RAP vs RO+ VEH, p<0.05 for VEH+RAP vs RO +RAP in Dunn’s multiple comparisons
after Kruskal-Wallis test). Neither RO nor TCN affected SDIA memory recall or locomotor activity when given
in dorsal CA1 20 min before a SDIA memory retention test (Fig. 4c) or a 5 min-long free-exploration ses-
sion in an open-field arena, respectively (Fig. 4d; F(8, 92)=1.710, p=0.1065 for interaction; F(2, 23)=0.02170,
p=0.9786 for treatment effect; F(4, 92) =50.11, p<0.0001 for time effect in two-way RM ANOVA).

Discussion

Our findings confirm that extinction learning does not erase SDIA memory but creates a new trace that com-
petes with it for controlling behavior, and corroborate that SDIA extinction memory enters an instability phase
when recalled and must be restabilized through reconsolidation to maintain the learned avoidance response
inhibited. Importantly, our data demonstrate that SDIA extinction memory destabilization and restabilization
necessitate hippocampal NMDARSs activation and indicate that GluN2B- and GluN2A-containing NMDAR
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Figure 4. GluN2B-NMDARs are required for SDIA extinction memory destabilization. (a) Animals were
trained in SDIA (TR; 0.4 mA/2 s) and, beginning 24 h later, they were submitted to one daily extinction training
trial for 5 consecutive days. One day after the last extinction training trial, animals received bilateral intra-CA1l
infusions of vehicle (VEH; 0.1% DMSO in saline) or the GluN2A-containing NMDAR antagonist TCN201
(TCN; 0.05 pg/side), and 20 min later, SDIA extinction memory was reactivated (RA). Five minutes after

RA, rats received bilateral intra-dorsal CA1 infusions of VEH or rapamycin (RAP; 0.02 pg/side), an inhibitor
of mammalian target of RAP (mTOR). Retention was assessed 1 day and 7 days later (Test). (b) Animals

were treated as in A except that 20 min before RA they received bilateral intra-CA1 infusions of VEH or the
GluN2B-containing NMDAR antagonist RO25-6981 (RO; 2.5 ug/side). (c) Animals trained in SDIA received
bilateral intra-CALl infusions of VEH, RO or TCN one day post-training and, 20 min later, were submitted to

a SDIA memory retention test. (d) Animals received bilateral intra-dorsal CA1 infusions of VEH, TCN or RO
and 20 min later were submitted to a 5 min-long open field arena exploration session to determine locomotor
activity. Representative traces show locomotor activity from rats that received VEH, TCN or RO. Data are
expressed as median + IQR or mean + SEM. (*) p<0.05, (**) p<0.01, (***) p<0.001 versus VEH in Dunn’s
multiple comparisons after Kruskal-Wallis test; n=9-13 animals per group.

subtypes, respectively, are differentially involved in these processes. This assertion is based on experiments show-
ing that post-recall infusion of AP5 and TCN, but not of RO, impaired extinction memory retention lastingly
and induced the recovery of avoidance in a time-dependent manner whereas pre-recall administration of AP5
and RO, but not of TCN, rendered the reactivated extinction memory trace resistant to the amnesia caused by
mTOR inhibition. Our conclusions are further supported by the fact that neither AP5 nor TCN affected extinc-
tion memory when its reactivation was omitted or when they were given after exploration of a non-aversive
environment, as well as by results showing that pre-recall infusion of AP5, TCN and RO had no effect on SDIA
memory expression. Moreover, our data agree with reports that pre-recall administration of non-subunit selective
or GluN2B-selective NMDAR antagonists prevents contextual fear memory updating'®*! and others showing that
destabilized memories require GluN2A-containing NMDAR upregulation to regain stability and persist'>?>%°.
Milton and coworkers'? attributed the differential involvement of GluN2B and GluN2A-containing NMDARs in
the destabilization and restabilization of reconsolidating memories to the fact that GluN2B-NMDARs regulate the
activation state of the protein degradation system that modulates memory lability** whereas GluN2A-NMDARs
promote CREB phosphorylation® and long-term potentiation®, which are associated with memory re-encoding
and maintenance”%.

Psychotherapeutic interventions based on memory extinction are initially effective in reducing the exac-
erbated recall of traumatic events that afflicts post-traumatic stress disorder (PTSD) patients. However, PTSD
symptoms usually return spontaneously, or due to unexpected triggers, after the end of psychotherapy. Therefore,
most research on the psychopharmacology of extinction has revolved around the search for tools to improve
extinction learning, based on the premise that this could prevent fear recovery. Because it has been repeatedly
shown that NMDAR blockade impairs extinction retention whereas NMDAR function enhancement facilitates
fear extinction in experimental animals®*~33, NMDARs have taken center stage in this enterprise. In this regard,
it has been reported that the NMDAR partial agonist d-cycloserine (DCS) increases exposure therapy effects**—,
although the available data are inconclusive®”*® and experimental animals as well as humans treated with DCS
during extinction learning show substantial recovery of learned fear, suggesting that DCS may not prevent
PTSD relapse®2. These studies, together with several others, suggest that extinction can indeed be modulated

by drugs, but not lastingly**-**. Our findings that SDIA memory is still able to assume control of behavior after

Scientific Reports |

(2021) 11:186 | https://doi.org/10.1038/s41598-020-80674-7 nature research



www.nature.com/scientificreports/

undergoing an extinction procedure that generates an extinction memory resistant to spontaneous recovery,
renewal and reinstatement but sensitive to recall-induced GluN2B-containing NMDAR-dependent destabiliza-
tion indicate that it is this destabilization what enables the reappearance of avoidance, and lead us to propose
that blockers of these receptors might be suitable tools to prevent PTSD relapse. It is crucial to emphasize here
that memory destabilization can result not only from explicit recall, but also from exposure to subtle signals and
cues unable to elicit discernible behavioral responses®. In addition, it is important to consider that because of
local animal housing regulations and facility constraints our experiments were carried out exclusively on adult
male rats although sex and age related differences in NMDAR endogenous modulation and subunit composition
have been reported*’-*, women are twice as likely to develop PTSD than men>**!, and PTSD management in
children might require a differential therapeutic approach®>>.

Methods

Animals. We used 3-month-old male Wistar rats, weighing 300-350 g at the start of the experiments. They
were housed in groups of 5 with free access to water and food in a holding room maintained at 22-23 °C on a
normal light cycle (12 h light:12 h dark; lights on at 6.00 A.M.). Experiments were performed during the light
phase of the cycle. All procedures were performed in accordance with the USA National Institutes of Health
Guidelines and Regulations for Animal Care and were approved by the local institutional ethics committee
(Comissio de Etica no Uso de Animais—CEUA, Federal University of Rio Grande do Norte).

Surgery and drug infusion procedures. Animals were submitted to stereotaxic surgery and implanted
with 22-gauge guides aimed at the CA1 region of the dorsal hippocampus (coordinates in mm: anteroposterior,
—4.2; laterolateral, + 3.0; dorsoventral, —3.0). Experiments began 1 week after surgery. At the time of drug deliv-
ery, infusion cannulas were fitted into the guides and injections (1 ul/side) performed during 60 s with a micro-
injection pump. Cannulas were left in place for 60 additional seconds to minimize backflow. Cannula placement
was verified postmortem. To do that, 2-4 h after the last behavioral test we infused 1 pl of 4% methylene-blue
as described above; the extension of the dye 30 min thereafter was taken as an indicator of drug diffusion. Only
data from animals with correct implants were analyzed (see Supplementary Fig. S1).

Step-down inhibitory avoidance (SDIA) training. The SDIA training box (50 x 25X 25 cm) consisted
of a Plexiglas chamber with a grid floor through which a scrambled electric shock could be delivered to the rat’s
feet and a wooden platform (5x 8 x 25 cm) at the left end of the grid floor. For training (TR), each animal was
placed on the platform and when it stepped down and placed its four paws on the grid, received a mild foot shock
(0.4 mA/2 s). Immediately thereafter the rat was withdrawn from the training box.

SDIA memory extinction protocol. To extinguish SDIA memory, animals were submitted to five daily
extinction sessions during which they were placed on the training box platform and allowed to freely explore the
apparatus for 30 s after stepping down to the grid. To reactivate the SDIA extinction memory (RA), the animals
were placed on the platform and after stepping down from it were immediately removed from the training box.

Drugs. D(-)-2-Amino-5-phosphonopentanoic acid (AP5; 5 pg/side), RO 25-6981 (RO; 2.5 pg/side), TCN
201 (TCN; 0.05 pg/side) and rapamycin (RAP; 0.02 ug/side) were dissolved according to the manufacturer’s
instructions and stored protected from light at —20 °C until use. Aliquots were thawed and diluted to working
concentration in 1% DMSO in sterile saline (pH 7.2) on the day of the experiment. The doses used were deter-
mined based on pilot experiments and previous studies showing the behavioral and biochemical effects of each
compound®*>**>. An equal volume of 1% DMSO in sterile saline served as vehicle control.

Data analysis. Statistical analyses were performed using GraphPad Prism 8 software. Significance was set
at p<0.05. A 300 s ceiling was imposed on retention test session latency. Data were analyzed using two-tailed
Mann-Whitney U test, Kruskal-Wallis test followed by Dunn’s post hoc comparisons, or two-way RM ANOVA
followed by Bonferroni’s multiple-comparisons test.

Data availability
Data are available upon request by contacting the corresponding author.

Received: 25 September 2020; Accepted: 24 December 2020
Published online: 08 January 2021

References
1. Rossato, J. I, Bevilaqua, L. R., Izquierdo, I., Medina, J. H. & Cammarota, M. Retrieval induces reconsolidation of fear extinction
memory. Proc. Natl. Acad. Sci. USA 107, 21801-21805 (2010).

. Garcia-Delatorre, P, Rodriguez-Ortiz, C. J., Balderas, I. & Bermudez-Rattoni, F. Differential participation of temporal structures
in the consolidation and reconsolidation of taste aversion extinction. Eur. J. Neurosci. 32, 1018-1023 (2010).

. Radiske, A. et al. Requirement for BDNF in the reconsolidation of fear extinction. J. Neurosci. 35, 6570-6574 (2015).

. Radiske, A. et al. mTOR inhibition impairs extinction memory reconsolidation. Learn. Mem. 28, 1-6 (2021).

. Rebola, N, Srikumar, B. N. & Mulle, C. Activity-dependent synaptic plasticity of NMDA receptors. J. Physiol. 588, 93-99 (2010).

. Morris, R. G. NMDA receptors and memory encoding. Neuropharmacology 74, 32-40 (2013).

. Radulovig, J., Ren, L. Y. & Gao, C. N-methyl D-aspartate receptor subunit signaling in fear extinction. Psychopharmacology 236,
239-250 (2019).

8. Przybyslawski, J. & Sara, S. J. Reconsolidation of memory after its reactivation. Behav. Brain Res. 84, 241-246 (1997).

[SS]

NN U W

Scientific Reports |

(2021) 11:186 | https://doi.org/10.1038/s41598-020-80674-7 nature research



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

. Sadler, R., Herzig, V. & Schmidt, W. J. Repeated treatment with the NMDA antagonist MK-801 disrupts reconsolidation of memory

for amphetamine-conditioned place preference. Behav. Pharmacol. 18, 699-703 (2007).

Ben Mamou, C., Gamache, K. & Nader, K. NMDA receptors are critical for unleashing consolidated auditory fear memories. Nat.
Neurosci. 9, 1237-1239 (2006).

Lopez, J., Gamache, K., Schneider, R. & Nader, K. Memory retrieval requires ongoing protein synthesis and NMDA receptor
activity-mediated AMPA receptor trafficking. J. Neurosci. 35, 2465-2475 (2015).

Finnie, P. S. & Nader, K. The role of metaplasticity mechanisms in regulating memory destabilization and reconsolidation. Neurosci.
Biobehav. Rev. 36, 1667-1707 (2012).

Milton, A. L. et al. Double dissociation of the requirement for GluN2B- and GluN2A-containing NMDA receptors in the desta-
bilization and restabilization of a reconsolidating memory. J. Neurosci. 33, 1109-1115 (2013).

Bernabeu, R. et al. Learning-specific, time-dependent increase in [3H]phorbol dibutyrate binding to protein kinase C in selected
regions of the rat brain. Brain Res. 685, 163-168 (1995).

Paratcha, G. et al. Involvement of hippocampal PKCbetal isoform in the early phase of memory formation of an inhibitory avoid-
ance learning. Brain Res. 855, 199-205 (2000).

Cammarota, M. et al. Relationship between short- and long-term memory and short- and long-term extinction. Neurobiol. Learn.
Mem. 84, 25-32 (2005).

Rossato, J. L. et al. On the participation of hippocampal p38 mitogen-activated protein kinase in extinction and reacquisition of
inhibitory avoidance memory. Neuroscience 143, 15-23 (2006).

Bonini, J. S. et al. Histamine facilitates consolidation of fear extinction. Int. J. Neuropsychopharmacol. 14, 1209-1217 (2011).

. Hay, N. & Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 18, 1926-1945 (2004).

Holehonnur, R. et al. Increasing the GluN2A/GluN2B ratio in neurons of the mouse basal and lateral amygdala inhibits the modi-
fication of an existing fear memory trace. J. Neurosci. 36, 9490-9504 (2016).

Haubrich, J. et al. Reconsolidation allows fear memory to be updated to a less aversive level through the incorporation of appetitive
information. Neuropsychopharmacology 40, 315-326 (2015).

Wells, A. M. et al. Contribution of an SFK-mediated signaling pathway in the dorsal hippocampus to cocaine-memory reconsoli-
dation in rats. Neuropsychopharmacology 41, 675-685 (2016).

Hafenbreidel, M., Rafa Todd, C. & Mueller, D. Infralimbic GluN2A-containing NMDA receptors modulate reconsolidation of
cocaine self-administration memory. Neuropsychopharmacology 42, 1113-1125 (2017).

Lee, J. L. Memory reconsolidation mediates the strengthening of memories by additional learning. Nat. Neurosci. 11, 1264-1266
(2008).

Hardingham, G. E. & Bading, H. Coupling of extrasynaptic NMDA receptors to a CREB shut-off pathway is developmentally
regulated. Biochim. Biophys. Acta 1600, 148-153 (2002).

Liu, L. et al. Role of NMDA receptor subtypes in governing the direction of hippocampal synaptic plasticity. Science 304, 1021-1024
(2004).

Mamiya, N. et al. Brain region-specific gene expression activation required for reconsolidation and extinction of contextual fear
memory. J. Neurosci. 29, 402-413 (2009).

Clarke, J. R., Cammarota, M., Gruart, A., Izquierdo, I. & Delgado-Garcia, J. M. Plastic modifications induced by object recognition
memory processing. Proc. Natl. Acad. Sci. USA 107, 2652-2657 (2010).

Okubo-Suzuki, R. et al. Frequency-specific stimulations induce reconsolidation of long-term potentiation in freely moving rats.
Mol. Brain 9, 36 (2016).

Falls, W. A., Miserendino, M. J. & Davis, M. Extinction of fear-potentiated startle: blockade by infusion of an NMDA antagonist
into the amygdala. J. Neurosci. 12, 854-863 (1992).

Burgos-Robles, A., Vidal-Gonzalez, I., Santini, E. & Quirk, G. J. Consolidation of fear extinction requires NMDA receptor-
dependent bursting in the ventromedial prefrontal cortex. Neuron 53, 871-880 (2007).

Lee, J. L., Milton, A. L. & Everitt, B. ]. Reconsolidation and extinction of conditioned fear: inhibition and potentiation. J. Neurosci.
26, 10051-10056 (2006).

Walker, D. L., Ressler, K. J., Lu, K. T. & Davis, M. Facilitation of conditioned fear extinction by systemic administration or intra-
amygdala infusions of D-cycloserine as assessed with fear-potentiated startle in rats. J. Neurosci. 22, 2343-2351 (2002).
Heresco-Levy, U. et al. Placebo-controlled trial of D-cycloserine added to conventional neuroleptics, olanzapine, or risperidone
in schizophrenia. Am. J. Psych. 159, 480-482 (2002).

Difede, J. et al. D-cycloserine augmentation of exposure therapy for post-traumatic stress disorder: a pilot randomized clinical
trial. Neuropsychopharmacology 39, 1052-1058 (2014).

Rodrigues, H. et al. Does D-cycloserine enhance exposure therapy for anxiety disorders in humans? A meta-analysis. PLoS ONE
9, 93519 (2014).

Davis, M. NMDA receptors and fear extinction: implications for cognitive behavioral therapy. Dialogues Clin. Neurosci. 13, 463-474
(2011).

Tart, C. D. et al. Augmentation of exposure therapy with post-session administration of D-cycloserine. J. Psychiatr. Res. 47, 168-174
(2013).

Woods, A. M. & Bouton, M. E. D-cycloserine facilitates extinction but does not eliminate renewal of the conditioned emotional
response. Behav. Neurosci. 120, 1159-1162 (2006).

Guastella, A. J., Lovibond, P. E, Dadds, M. R., Mitchell, P. & Richardson, R. A. randomized controlled trial of the effect of
D-cycloserine on extinction and fear conditioning in humans. Behav. Res. Ther. 45, 663-672 (2007).

Mickley, G. A. et al. Acute, but not chronic, exposure to d-cycloserine facilitates extinction and modulates spontaneous recovery
of a conditioned taste aversion. Physiol. Behav. 105, 417-427 (2012).

Hofmann, S. G. et al. Effect of d-cycloserine on fear extinction training in adults with social anxiety disorder. PLoS ONE 14,
€0223729 (2019).

Fitzgerald, P.]., Seemann, ]. R. & Maren, S. Can fear extinction be enhanced? A review of pharmacological and behavioral findings.
Brain Res. Bull. 105, 46-60 (2014).

Goode, T. D., Holloway-Erickson, C. M. & Maren, S. Extinction after fear memory reactivation fails to eliminate renewal in rats.
Neurobiol. Learn. Mem. 142, 41-47 (2017).

Chalkia, A. et al. No persistent attenuation of fear memories in humans: A registered replication of the reactivation-extinction
effect. Cortex 129, 496-509 (2020).

Gisquet-Verrier, P. & Riccio, D. C. Memory reactivation effects independent of reconsolidation. Learn. Mem. 19, 401-409 (2012).

. Honack, D. & Loscher, W. Sex differences in NMDA receptor mediated responses in rats. Brain Res. 620, 167-170 (1993).

Zhao, X. et al. The effects of aging on N-methyl-D-aspartate receptor subunits in the synaptic membrane and relationships to
long-term spatial memory. Neuroscience 162, 933-945 (2009).

Magnusson, K. R. Declines in mRNA expression of different subunits may account for differential effects of aging on agonist and
antagonist binding to the NMDA receptor. . Neurosci. 20, 1666-1674 (2000).

Tolin, D. E. & Foa, E. B. Sex differences in trauma and posttraumatic stress disorder: a quantitative review of 25 years of research.
Psychol. Bull. 132, 959-992 (2006).

Velasco, E. R., Florido, A., Milad, M. R. & Andero, R. Sex differences in fear extinction. Neurosci. Biobehav. Rev. 103, 81-108 (2019).

Scientific Reports |

(2021) 11:186 |

https://doi.org/10.1038/s41598-020-80674-7 nature research



www.nature.com/scientificreports/

52. Najjar, E, Weller, R. A., Weisbrot, J. & Weller, E. B. Post-traumatic stress disorder and its treatment in children and adolescents.
Curr. Psych. Rep. 10, 104-108 (2008).

53. Kaminer, D., Seedat, S. & Stein, D. J. Post-traumatic stress disorder in children. World Psych. 4, 121-125 (2005).

54. Go, B. S, Barry, S. M. & McGinty, J. F. Glutamatergic neurotransmission in the prefrontal cortex mediates the suppressive effect
of intra-prelimbic cortical infusion of BDNF on cocaine-seeking. Eur. Neuropsychopharmacol. 26, 1989-1999 (2016).

55. Gipson, C. D. et al. Reinstatement of nicotine seeking is mediated by glutamatergic plasticity. Proc. Natl. Acad. Sci. USA 110,
9124-9129 (2013).

Acknowledgements

This study was supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnoldégico (CNPq, Brazil)
and Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES, Brazil). A.R. is a postdoctoral
research fellow supported by CAPES. D.A.N. holds a CAPES doctoral research fellowship through Programa de
Pés-Graduagdo em Psicobiologia at Universidade Federal do Rio Grande do Norte (UFRN, Brazil).

Author contributions
AR, M.C.G, D.AN. and J.LR. performed research; A.R., M.C.G., D.AN,, J.L.R,, LR.M.B. and M.C. analyzed
data; L.R.M.B. and M.C. designed and supervised research. A.R., M.C.G. and M.C. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-80674-7.

Correspondence and requests for materials should be addressed to M.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:186 | https://doi.org/10.1038/s41598-020-80674-7 nature research


https://doi.org/10.1038/s41598-020-80674-7
https://doi.org/10.1038/s41598-020-80674-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	GluN2B and GluN2A-containing NMDAR are differentially involved in extinction memory destabilization and restabilization during reconsolidation
	Results
	Post-recall intra-CA1 administration of the non-subunit specific NMDAR antagonist AP5 hinders SDIA extinction memory and induces SDIA memory renewal. 
	Pre-recall intra-CA1 administration of the non-subunit specific NMDAR antagonist AP5 does not affect SDIA extinction memory expression or retention but hampers the amnesic effect of reconsolidation blockers. 
	Hippocampal GluN2B-containing NMDARs mediate SDIA extinction memory destabilization during recall whereas GluN2A-containing NMDARs are necessary for SDIA extinction memory reconsolidation. 

	Discussion
	Methods
	Animals. 
	Surgery and drug infusion procedures. 
	Step-down inhibitory avoidance (SDIA) training. 
	SDIA memory extinction protocol. 
	Drugs. 
	Data analysis. 

	References
	Acknowledgements


