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N-methyl-D-aspartate receptors (NMDAR) are thought to be responsible for switching synaptic activity
specific patterns into long-term changes in synaptic function and structure, which would support
learning and memory. Hippocampal NMDAR blockade impairs memory consolidation in rodents, while

Keywords: NMDAR stimulation improves it.

NMDAR Adult rats that explored twice an open field (OF) before a weak though overthreshold training in

t_‘l’_;g term memory inhibitory avoidance (IA), expressed IA long-term memory in spite of the hippocampal administration
of MK-801, which currently leads to amnesia.

Open field

Those processes would involve different NMDARs. The selective blockade of hippocampal GluN2B-
Anti-amnesic effect containing NMDAR with ifenprodil after training promoted memory in an IA task when the training
GIluN2A was weak, suggesting that this receptor negatively modulates consolidation.

GIuN1 In vivo, after 1 h of an OF exposure-with habituation to the environment-, there was an increase in
GluN1 and GluN2A subunits in the rat hippocampus, without significant changes in GluN2B. Coinciden-
tally, in vitro, in both rat hippocampal slices and neuron cultures there was an increase in GluN2A-
NMDARs surface expression at 30 min; an increase in GluN1 and GIuN2A levels at about 1 h after LTP
induction was also shown.

We hypothesize that those changes in NMDAR composition could be involved in the “anti-amnesic
effect” of the previous OF. Along certain time interval, an increase in GluN1 and GluN2A would lead to
an increase in synaptic NMDARs, facilitating synaptic plasticity and memory; while then, an increase
in GluN2A/GIuN2B ratio could protect the synapse and the already established plasticity, perhaps saving
the specific trace.

Inhibitory avoidance

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction oi-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid) and

NMDA receptor (NMDAR) (that responds to N-methyl-D-aspartate).

Glutamate mediates most of the excitatory neurotransmission
at the central nervous system (see Paoletti et al., 2013; see
Traynelis et al., 2010) by acting on both metabotropic and ionotro-
pic receptors. The latest have been classified in KA receptor (that
responds to kainic acid); AMPA receptor (AMPAR) (activated by
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AMPAR and NMDAR are co-expressed in prefrontal cortex, tempo-
ral lobe -particularly in the hippocampus- and in other central
association areas (see Paoletti et al., 2013). AMPAR supports ordin-
ary synaptic transmission and synaptic plasticity, i.e. contributing
to LTP establishment. At variance, most NMDARs are activated
when postsynaptic membrane depolarization and the release of
glutamate and glycine from the presynaptic side take place at the
same time (Nowak et al., 1984; Wang and MacDonald, 1995), con-
tributing to synaptic plasticity, i.e. by inducing LTP. Therefore,
NMDARs are thought to be responsible for switching specific
patterns of synaptic activity into long-term changes in synaptic
function and structure, which would be able to support learning
and memory (see Paoletti et al., 2013; see Traynelis et al., 2010).
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2. NMDAR subunits composition

NMDARs are heterotetramers composed by different subunits
depending on developmental stage, neuronal activity and CNS
region. There are 3 families of subunits: GluN1 (with 8 alternative
splicing isoforms) (Rumbaugh et al., 2000; Vance et al., 2012),
GIuN2 (A, B, C and D) and, in less proportion, GIuN3 (A and B).
GluN1 is ubiquitously expressed through all brain regions in the
adult rat since very early in development (Akazawa et al., 1994;
Monyer et al., 1994; Watanabe et al.,, 1992), while GluN2 and
GluN3 subunits show variable expression along time, development
and space (Akazawa et al., 1994; Monyer et al., 1994; Sheng et al.,
1994). NMDAR subunits composition changes also when neuro-
transmission patterns are impaired, like in stroke, epilepsy and
neurodegenerative disorders (Cull-Candy and Leszkiewicz, 2004;
Lacor et al.,, 2007; Paoletti et al., 2013; Tackenberg and Brandt,
2009; Traynelis et al., 2010).

Functional receptors are always composed by two “obligatory”
GIuN1 subunits and two GIuN2 or GluN3 “regulatory subunits”
(Cull-Candy and Leszkiewicz, 2004; see Traynelis et al., 2010).
Regulatory subunits composition determines physiological and
pharmacological NMDAR properties (i.e. GIuN2 subunit deter-
mines Mg?* affinity) (Clarke and Johnson, 2006; Dingledine et al.,
1999). GIuN2A and GIuN2B are the predominant regulatory sub-
units in the hippocampus and cerebral cortex of adult animals
(Akazawa et al., 1994; Monyer et al., 1994; Watanabe et al,,
1992). Recently, it has been suggested that about 2/3 of hippocam-
pal NMDARs population could be triheteromeric in rodents
(Rauner and Koéhr, 2011; Tovar et al., 2013).

NMDAR subunits are translated and assembled in the rough
endoplasmic reticulum (RER), then transported into vesicles to
the dendrites where NMDAR are inserted in the spines, sometimes
directly into the synaptic membrane, probably depending on the
stimulus. NMDARs are trafficked, inserted or removed from
the synapse through different mechanisms depending on their
subunit composition (Lavezzari et al., 2004; Tang et al., 2010;
Sanz-Clemente et al., 2010; Matta et al., 2011). Based on these data
there would be three different NMDAR pools: (i) the synaptic pool,
(ii) the extrasynaptic pool (NMDARs in the membrane near to the
synaptic membrane) and (iii) the non-synaptic pool (NMDARs
present in cell body and dendrites). There is a dynamic exchange
between them and their proportion seems to be related to activity
(Barria and Malinow, 2002; Grosshans et al., 2002; Tovar and
Westbrook, 2002; Groc et al., 2006; Bellone and Nicoll, 2007;
Harris and Pettit, 2007).

2.1. Hippocampal and neocortical NMDAR composition

During embryonic development in rodents, hippocampal
NMDARs are mainly composed by GIuN1 and GIuN2B subunits
(GluN2B-NMDAR) (see Paoletti et al., 2013). Coherently, immature
synapses bear mainly GluN2B-NMDAR. After birth there is an
increase in GIuN2A transcription and translation, while GIuN2B
expression remains constant from the second postnatal week; as
a consequence, GluN2A/GIuN2B ratio increases (Hoffmann et al.,
2000). The molecular and cellular mechanisms responsible for
GIuN2B to GIuN2A switch are not fully known, but it seems to be
driven by activity. However, there are some instances, like during
adolescence, when GIuN2B expression and activity remains at very
high levels in the prefrontal cortex. (Flores-Barrera et al., 2013;
lafrati et al., 2014).

In organotypic cultures of rat hippocampal slices, Barria and
Malinow (2002) have shown that synapses undergo an activity-
dependent replacement of GIuN2B-NMDAR by GluN2A-NMDAR.
An increase in GluN1 and GIuN2A surface expression was also

detected 30 min after LTP induction in hippocampal slices from
adult rat, with a concomitant decrease in intracellular levels
(Grosshans et al., 2002). These changes in NMDAR subunits compo-
sition were attributed to a dynamic exchange between non-
synaptic and/or extra-synaptic, and the synaptic pool, since there
were no changes in total NMDAR subunits level (Grosshans et al.,
2002). Later on, Bellone and Nicoll (2007) reported a rapid (sec-
onds) increase of GIuUN2A-NMDAR at the surface of CA1 neurons,
as revealed by electrophysiological recordings after high frequency
stimulation to induce LTP, in hippocampal slices from newborn
mice. This increase was attributed to lateral mobility of GIuN2A-
NMDAR from an extrasynaptic pool. In the same model, Matta
et al. (2011) have shown that the switch of GluN2 subunit compo-
sition during LTP induction depends on activity. In addition, it has
recently been shown that local translation and assembling of new
GluN2A-NMDAR could also be involved; these events take place at
about 60 min after plasticity induction by glycine (Swanger et al.,
2013), KCI pulses (Baez et al., 2013) or by NMDA (Udagawa et al.,
2012).

On the other hand, it was reported that long-term depression
(LTD) induction by low frequency stimulation (LFS) would require
an increase in GluN2B-NMDAR and a decrease in GluN2A-NMDAR
in the synaptic pool, as shown in GluN2B knock-out mice (Brigman
et al., 2010) and by electrophysiological recordings in fresh slices
(Dalton et al., 2012; Yu et al., 2010).

3. NMDAR, learning and memory

The NMDAR antagonist APV ((2R)-amino-5-phosphonovaleric
acid) caused amnesia when infused into the hippocampus of rats
trained in the Morris water maze (Morris et al, 1986; Liang
et al,, 1994; Packard and Teather, 1997), and also when infused
into the hippocampus, amygdala or entorhinal, parietal or cingu-
late cortices immediately after training in other behavioral tasks
(Jerusalinsky et al., 1992; Liang et al., 1994; Hlindk and Krejci,
1995; Packard and Teather, 1997; Puma and Bizot, 1998;
Cammarota et al., 2004; Quinn et al., 2005). APV into the hippo-
campus also blocked LTP induction in vivo (Kim et al, 1991;
Morris et al., 1986). Based on these results, Morris and colleagues
postulated the LTP-NMDAR-hypothesis, which gave further sup-
port to the relationship between hippocampal LTP and spatial
learning and memory (Morris and Frey, 1997; Morris et al., 2003;
Kemp and Manahan-Vaughan, 2004; Eichenbaum and Fortin,
2005; Uzakov et al., 2005; Hasselmo et al., 2010), strongly stimu-
lating further investigations in the field.

We currently assess the spontaneous and exploratory behaviour
of rats in a novel open field (OF). This hippocampus dependent task
can also be used to evaluate locomotion and anxiety-like behaviour
(Prut and Belzung, 2003). It is expected that exploration of a new
environment leads to habituation of the animal to the arena,
whenever the session lasts enough to allow some trace record-
ing/encoding for memory formation.

It is assumed that there is habituation to the OF when explor-
atory behaviour parameters significantly decrease intra-session,
leading to short term memory (STM) and in the 2nd exposure to
the arena, 24 h later, leading to long term memory (LTM).

The NMDAR antagonist APV resulted amnesic when injected
into the rat hippocampus immediately after IA training
(Jerusalinsky et al., 1992) and also impaired habituation after a
unique OF exposure (Vianna et al., 2001). Similar results were
found when hippocampal NMDAR expression was knocked-down
(Cheli et al., 2002; Adrover et al., 2003; Cheli et al., 2006). These
results suggest that NMDAR expression in CA1 pyramidal neurons
is necessary for LTM formation of both experiences. However, the
administration of MK-801, a non-competitive NMDA receptor
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antagonist, during IA early consolidation though not before acqui-
sition, caused amnesia (Jamali-Raeufy et al., 2011) when given
either systemically (Venable and Kelly, 1990; Harrod et al,
2001), intraamygdala (Kim and McGaugh, 1992) or intrahippocam-
pal (Fig. 1). Although NMDARs in the dorsal hippocampus are
required during IA consolidation, GluN2B-NMDAR seems to nega-
tively modulate this process. When hippocampal GluN2B-NMDARs
were blocked with the selective antagonist Ifenprodil immediately
after a weak IA training with an under-threshold stimulus (0.3 mA)
which currently does not give place to LTM formation, there was
expression of IA-LTM. As can be seen in Fig. 2, animals injected
with Ifenprodil showed test latencies significantly higher than
those injected with vehicle. Therefore, we suggest that there was
a “promotion” of the trace formation and propose that GIuN2B-
NMDAR would act as a negative modulator during early consolida-
tion of hippocampus-dependent memories, while GIuUN2A-NMDAR
would either contribute to or be required for memory
consolidation.

We have investigated putative changes in hippocampal NMDAR
subunits expression in vivo after habituation to an OF (Baez et al,,
2013). Adult male Wistar rats were left to freely explore an OF
for 5 min, which leads to habituation to the arena; this habituation
is expressed as both STM (40 min later) and LTM (24 h later)
(Izquierdo et al., 1992; Vianna et al., 2001). After the OF session,
rats were euthanized at times equivalent to those when changes
in NMDAR subunits resulted evident in the electrophysiological
assays, (Baez et al., 2013). Subunits analysis by western blot
showed that both GluN1 and GluN2A levels significantly increased
70 min after a single OF trial, while GIuN2B levels did not seem to
change. The hippocampus of rats that were exposed for only 1 min
to the OF (novelty) did not show significant changes in any of the
three NMDAR subunits. Therefore, we suggest that habituation,
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Fig. 1. Amnesia of an inhibitory avoidance task (IA) induced by MK-801 into the
hippocampus “was prevented” by the previous experience in an open field (OF).
Scheme on top: experimental design. Black boxes: 3 min OF sessions. Gray boxes: IA
sessions (Tr: training, Tt: long-term memory test [LTM test]). Arrow: vehicle
(saline) or MK-801, injected intrahippocampus immediately after IA training. Bar
diagram: IA performance of rats not exposed to the OF (no OF, empty bars) or
exposed to 2 OF sessions (2 OF, diagonal stripped bars). Bars represent medians of
latencies with interquartile ranges (25:75). Rats injected with vehicle, either
exposed or not to the OF and rats twice exposed to the OF, then injected with MK-
801 after IA Tr reached the learning criterion, while those not exposed to the OF
were amnesic. **p < 0.01; ***p < 0.001, Wilcoxon paired T test. No OF groups: vehicle
n=17; MK-801 n=13; 2 OF groups: vehicle n=13; MK-801 n=17.
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Fig. 2. Long-term memory of IA with a weak training “was promoted” by
intrahippocampal administration of ifenprodil. Scheme on top: experimental
design. Gray boxes: IA sessions (Tr: Training, Tt: LTM test). Arrow: intrahippocam-
pal injection of either vehicle (DMSO in saline, 1/1000) or ifenprodil immediately
after a weak training. Bar diagram: IA performance of rats injected into the dorsal
hippocampus with either vehicle (light bars) or ifenprodil 0.1 and 1 pg/pl (dark
bars) Bars represent medians of latencies with interquartile ranges (25:75).
Ifenprodil injected groups reached the learning criterion. *p <0.05; **p <0.01,
Wilcoxon paired T test. Vehicle n = 16; ifenprodil treated groups: 0.1 pg/ul, n=8;
1 pg/ul, n=12.

rather than exploration or novelty, would be related to the
reported changes in NMDAR subunits.

4. The “previous experience effect”

In the step-down (SD) version of IA, the adult rat is placed onto
an isolated platform on one side of the training box and is left to
explore it. Training latency is the time the rat takes to get down
with the four paws onto the grid-floor, where it gets a mild
foot-shock (Izquierdo and Ferreira, 1989; Izquierdo and Pereira,
1989; Izquierdo et al., 1999; Netto et al., 1985; Moncada and
Viola, 2007, Colettis et al., 2014). Test latency is the time to get
down from the platform in the test session (without foot-shock),
performed 24 h later to assess long term memory (LTM). The
learning criterion is reached when test latencies are significantly
higher than training latencies.

Several different effects were found when animals were
exposed to a new arena or to a simple behavioral task, before or
after being trained in a task involving associative learning. As
shown in Table 1, interaction between the OF and IA has been
reported by different authors. The 1st experience (OF) could lead
to interference in learning and memory of the 2nd task (IA)
(Izquierdo and Ferreira, 1989; Izquierdo and Pereira, 1989); could
lack of any significant effect (Izquierdo et al., 1999; Netto et al.,
1985); or, there is still another possibility when the 1st task pro-
moted encoding of a 2nd task (Moncada and Viola, 2007); i.e., OF
exposure around a weak IA training session (1 h before and either
15 min or 1h after training) with an under-threshold stimulus
which would not led to LTM formation, could promote the estab-
lishment of an IA-LTM (Moncada and Viola, 2007). An OF exposure
lasting 2 min, 1 h after IA training (with 0.4 or 1 mA foot-shock) or
two OF exposures 5 min before and 1 h after IA training interfered
with IA performance, as evidenced in the test session carried out
24 h later (Izquierdo et al., 1999). On the other hand, a shorter
OF session performed 2 h before IA training had no evident effect
on IA task (Netto et al., 1985). OF interference was evident when
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Table 1
Effect on IA performance of a behavioral task exposure (novel experience in most cases) near to the moment of IA training.
Model OF IA shock IA Tr-Tt Time interval between OF and IA Tr Effect References
duration intensity interval
Male rat 100 s 0.2 mA 6h OF 2 h after IA Tr © Interference Izquierdo and Pereira
(1989)
2 min 0.4 mA Oh,4h,48h, OF1h after IATr © Interference Izquierdo et al. (1999)
(1 mA) 72h,96h
(for each rat)
OF 6 h after IA Tr No effect
OF 5 h before IA Tr () No effect
OF 5 h before (1st) and 1 h after (2nd) [A  ® Interference
Tr ()
5 min 0.15mA 24h OF 2 h before 1A Tr No effect Moncada and Viola
OF 1 h before IA Tr Promote LTM (2007)
OF 30 min before IA Tr No effect
OF 15 min after IA Tr Promote LTM
OF 1 h after IA Tr
OF 2 h after IA Tr No effect
Male/female 3 min 0.5 mA 40 min OF 24 h (1st) and 1,5 h before (2nd) IATr  Overcome amnesia by IH Colettis et al., 2014
rat scopolamine
24h OF 24 h (1st) and 1,5 h before (2nd) IATr  Overcome IH/i.p. scopolamine
amnesia

OF 1.5 h before IA Tr

Symbols: () Significant interference was observed when the first OF exposure (1st) lasted 2 min (5 min before IA training). No inference was observed when this first OF

exposure (1st) lasted 5 min.

Abbreviations: 1A: inhibitory avoidance; OF: open field; Tr. IA training session: Tt: IA test session; ® Interference: negative interference. IH: intrahippocampal injection.

i.p.: intraperitoneal injection, 1st: first OF session, 2nd: second OF session.

rats were exposed up to 2 h after IA training, but not when they
were exposed 6 h after IA training (Izquierdo et al., 1999). Even
in an invertebrate animal model, after a weak training protocol
in which crabs did not expressed LTM, that memory could be facil-
itated by a single trial session (context and conditioned stimulus),
whenever this takes place contingent upon the consolidation per-
iod (Smal et al., 2011). These interactions have been explained by
the fact that both tasks depend, at least partially, on the same brain
structure. Nevertheless, the outcome seems to depend on the order
of the tasks, the interval between them, the intensity of training -
including the duration of each trial - and the intrinsic timing of the
encoding, associations and memory consolidation (Table 1).

Adult Wistar rats exposed to an OF for 3 or 5 min, evidenced
habituation to the OF, both intra-session and in the 2nd session per-
formed 24 h later (LTM) and compared to the 1st (Colettis et al.,
2014). Therefore, we interpret that the OF is no further novel at
the end of the 1st session. As mentioned in the previous section (3.
NMDAR, learning and memory), we currently left the animals to
freely explore twice (24 h apart) an OF for 5 min, performing the sec-
ond session about 90 min before training them in different behav-
ioral tasks. When rats exposed twice to the OF were then trained
in an IA task with a mild though overthreshold foot-shock
(0.5 mA), they showed an IA LTM 24 h later in spite of the adminis-
tration of scopolamine into the hippocampus immediately after IA
training. On the other hand, those rats treated with scopolamine that
were not exposed to the OF, resulted amnesic for IA as expected
(Colettis et al., 2014). When muscarinic receptor (MAChR) blockade
was accomplished by intraperitoneal administration of scopolamine
before IA training, animals previously exposed to the OF also
expressed a LTM, showing “prevention or overcoming” of amnesia
(see Section 3. NMDAR, learning and memory).

As previously mentioned, the blockade of hippocampal NMDAR
by MK-801 immediately after IA training (at early consolidation)
produced amnesia (Jamali-Raeufy et al., 2011). However, rats that
were previously exposed twice to the OF 24 h apart, then trained
in IA and injected with MK-801 immediately after training, were
able to express an IA-LTM (Fig. 1). Hence, the previous OF exposure
gives place to a LTM of IA in spite of the blockade of MAChRs or

24h

T

amnesic
drug

IA Tt

il
— IATr La IAT
[ or L

amnesic
drug

-~

70’

Fig. 3. Schematic representation of an “OF effect” hypothesis. Antagonists of
NMDAR and MAChR (amnesic drugs) injected into the hippocampus immediately
after IA training led to amnesia (top). If rats were exposed to another task, like
habituation to an OF (depending at least partially on the same CNS structure),
within a certain time window before IA training, the amnesia could be prevented or
overcome, i.e., an IA-LTM would be expressed (bottom). As GluN1 and GIluN2A
NMDAR subunits increased after 70 min of the OF session (from 20 min before IA
training to about 2 h later), we hypothesize that these modifications together with
other synaptic plasticity factors, could be involved in “metaplasticity” or in some
“synaptic tagging” induced by the OF habituation, contributing to rescue the IA
trace.

NMDARs, which usually caused amnesia (Figs. 1 and 3). Interest-
ingly, Roesler et al. (2005) have reported that the NMDAR antago-
nist APV injected into the dorsal hippocampus did not affect
retention of an IA task in animals pre-exposed to the IA box,
though APV impaired retention in rats pre-exposed to a different
environment. Based on those results, the authors suggested that
NMDARs in the dorsal hippocampus would mediate the contextual
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representation of the task environment. However, we have shown
here that the exposure to a different context, with habituation to it,
also contributes to IA memory, preventing the amnesia instigated
by the blockade of NMDAR in the dorsal hippocampus (Fig. 1).

The OF exposure would either promote a trace formation of IA,
which could have been absent or would facilitate consolidation of
an acquired trace. Our results strongly suggest that the OF would
“rescue the trace” during IA consolidation (Figs. 1 and 3) and allow
us to speculate that this effect appears to depend on some previous
memory processing (i.e., habituation), rather than just exposure or
novelty.

LTP and LTD are the main known forms of long-lasting synaptic
plasticity in the CNS of vertebrates and the putative substrates for
many learning and memory modalities. Most LTP and LTD require
the participation of the NMDAR (Collingridge and Bliss, 1987;
Lisman and McIntyre, 2001; Morris, 1989). Several studies sug-
gested a preferential role of GIuN2A for LTP and of GluN2B for
LTD (Barria and Malinow, 2005; Bartlett et al., 2007; Ge et al.,
2010; Massey et al., 2004; Sakimura et al., 1995). However, this
hypothesis is controversial since other authors reported that
GIuN2B appears to be critical for LTP but not necessarily for LTD
(Gardoni et al., 2009; Wang et al., 2009). These differences make
it difficult to link a single NMDAR subunit with a specific form of
synaptic plasticity.

Beyond the studies with pharmacological tools and transgenic
animals (reviewed in Paoletti et al., 2013; Sanz-Clemente et al.,
2013) to investigate the role of NMDAR subtypes in LTP and LTD,
little is known about changes in expression of NMDAR subunits
during synaptic plasticity induction and establishment. As already
mentioned, Grosshans et al. (2002) reported an enhanced expres-
sion of GluN1 and GIuN2A at the neuronal surface 30 min after
LTP induction in mini-slices from adult rat hippocampus; Bellone
and Nicoll (2007) found an increase in rapid currents just a few
seconds after stimulation for LTP induction in slices from newborn
rats. There also was an increase in dendritic expression of GIuN2A
30 min after LTP induction in cultured hippocampal slices (Barria
and Malinow, 2002).

Recently, we have studied GluN1, GluN2A and GIuN2B hippo-
campal levels in slices from adult rats, after theta burst stimulation
(TBS) to induce LTP. At 70 min there were significant increases of
both GluN1 and GluN2A subunits, though not of GluN2B only when
LTP had been effectively induced. There were not significant
changes in the level of each of the three subunits 30 min after
TBS (Baez et al., 2013).

As described above in Section 3, NMDAR subunits analysis in rat
hippocampus showed that GIuN1 and GluN2A levels significantly
increased 70 min after OF exploration for 5 min. while GIuN2B
levels did not change.

5. Discussion and concluding remarks

NMDARs are thought to be responsible for switching synaptic
activity specific patterns into long-term changes in synaptic func-
tion and structure, which would be able to support learning and
memory. This receptor suffers specific changes in subunits compo-
sition that seem to be driven by (synaptic) activity, along develop-
ment and along the whole life. NMDAR composition determines its
physiological and pharmacological properties, being extremely rel-
evant for circuitry activity; i.e. GluN2 subunit determines Mg>*
affinity (Clarke and Johnson, 2006; Dingledine et al., 1999).

During embryonic development of rodents, in the telencepha-
lon and particularly in the hippocampus, NMDAR contains GluN1
and GIuN2B subunits. After birth there is an increase in GIuN2A
transcription and translation that leads to an increase in GIuN2A/
GIuN2B ratio at the synaptic membrane; as a consequence, there

are more GluN2A-NMDARs than GIuN2B-NMDARs in a mature
synapse (see Paoletti et al., 2013; Sanz-Clemente et al.,, 2013).
The mechanisms responsible for GIuN2B to GIuN2A switch along
development are not fully known, though it seems to be driven
by activity (Hoffmann et al., 2000; Kubota and Kitajima, 2008;
Matta et al., 2011; Roberts and Ramoa, 1999), since NMDARs are
trafficked, inserted or removed from the synapse through different
mechanisms, depending on their subunits composition (see Lau
and Zukin, 2007; see Sanz-Clemente et al., 2013; see Yashiro and
Philpot, 2008).

In the adulthood, GIuN2A and GluN2B are the predominant reg-
ulatory subunits in the hippocampus and cerebral cortex (Akazawa
et al., 1994; Monyer et al.,, 1994; Watanabe et al., 1992) and the
subunit composition appears to be dynamically regulated. Several
authors in different models have shown that after plasticity induc-
tion, there is a rapid surface increase (in seconds to min) of
GluN2A-NMDARs, and there is also a GIuN2B to GIuN2A switch
in the membrane (Barria and Malinow, 2002; Bellone and Nicoll,
2007; Grosshans et al., 2002; Matta et al., 2011). All those NMDARs
changes reported above were interpreted as dynamic exchanges
between different pools.

GIuN1 and GIuN2A de novo expression increased in the adult rat
hippocampus about 1 h after (1) LTP induction in slices and (2)
habituation of adult rats to an OF, suggesting that NMDARs are
modified in the synapse, in accordance with other authors reports
(Baez et al., 2013; Barria and Malinow, 2002; Grosshans et al.,
2002).

In general, it is considered that an increase in GIuN2A/GIuN2B
ratio would contribute to synaptic maturation, including the
capacity for synaptic plasticity.

The systemic blockade of NMDARs (Harrod et al., 2001; Venable
and Kelly, 1990) or an antagonist infused into the hippocampus
(Jamali-Raeufy et al., 2011; Jerusalinsky et al., 1992) or the amyg-
dala (Kim and McGaugh, 1992) during IA early consolidation,
though not during acquisition, produced amnesia in adult rats.
Two previous OF sessions 24 h apart, prevented from the amnesia
of IA caused by hippocampal NMDARs blockade (Fig. 1), as well as
from the amnesia by MAChRs blockade. Since this “effect of the
previous experience” took place in habituated animals we can
speculate that some previous memory encoding (i.e., habituation)
would be required (Colettis et al., 2014). Habituation could also
be directly related to the increased expression of GluN1 and
GluN2A after OF exploration (Baez et al., 2013). It is possible that
in these cases, a LTM formation would require tags or other forms
of metaplasticity (see Yashiro and Philpot, 2008) generated by the
previous (OF) experience, which would contribute to encoding the
2nd task (IA), leading to consolidation whenever the traces of both
tasks are processed (at least partially) in the same structure
(sharing some circuits) (Ballarini et al., 2009; Moncada and Viola,
2007).

As reported above, we and others have shown that there were
similar changes in NMDAR subunits in hippocampal slices after
LTP induction and establishment (Baez et al., 2013; Barria and
Malinow, 2002; Bellone and Nicoll, 2007). Furthermore, we have
shown that the OF (in vivo) and the TBS (in hippocampal slices)
substantially modified hippocampal NMDARs in the same direc-
tion, within a similar timing (Baez et al., 2013). Hence, we hypoth-
esize that these modifications would be involved in facilitating
and/or preserving synaptic plasticity and memory formation.

Altogether, these results suggest some working hypothesis:
Synaptic tagging and/or metaplasticity and the related local
protein synthesis at dendrites - like that of GIuN2A after LTP
induction by TBS and after habituation to an OF-, could be among
the mechanisms involved in the rescue of a memory trace. Taking
into account that the increase in GluN1 and GluN2A following OF
habituation occurs from about 20 to 30 min before training in IA
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and lasts for longer, this could be one of the mechanisms underly-
ing the “anti-amnesic effect” of the previous experience. The
reported GIuN2A late increase into the hippocampus (at about
1 h of either the OF experience or LTP induction) could be a general
feature following LTP induction/establishment, that would contrib-
ute to synaptic plasticity stabilization, i.e. by protecting the
“tagged synapse” from further plasticity.

Along certain period, an increase in GluN1- and GluN2A-, would
lead to a rise in membrane NMDARs underlying synaptic plasticity
induction, while an increase of GIuN2A/GIuN2B ratio could also
protect the synapse and the already established plasticity, perhaps
stabilizing a specific trace during some time.
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