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Abstract

NMDA receptor subunits change during development and their synaptic expression is modified rapidly after synaptic
plasticity induction in hippocampal slices. However, there is scarce information on subunits expression after synaptic
plasticity induction or memory acquisition, particularly in adults. GluN1, GluN2A and GluN2B NMDA receptor subunits were
assessed by western blot in 1) adult rats that had explored an open field (OF) for 5 minutes, a time sufficient to induce
habituation, 2) mature rat hippocampal neuron cultures depolarized by KCl and 3) hippocampal slices from adult rats where
long term potentiation (LTP) was induced by theta-burst stimulation (TBS). GluN1 and GluN2A, though not GluN2B, were
significantly higher 70 minutes –but not 30 minutes- after a 5 minutes session in an OF. GluN1 and GluN2A total
immunofluorescence and puncta in neurites increased in cultures, as evaluated 70 minutes after KCl stimulation. Similar
changes were found in hippocampal slices 70 minutes after LTP induction. To start to explore underlying mechanisms,
hippocampal slices were treated either with cycloheximide (a translation inhibitor) or actinomycin D (a transcription
inhibitor) during electrophysiological assays. It was corroborated that translation was necessary for LTP induction and
expression. The rise in GluN1 depends on transcription and translation, while the increase in GluN2A appears to mainly
depend on translation, though a contribution of some remaining transcriptional activity during actinomycin D treatment
could not be rouled out. LTP effective induction was required for the subunits to increase. Although in the three models
same subunits suffered modifications in the same direction, within an apparently similar temporal course, further
investigation is required to reveal if they are related processes and to find out whether they are causally related with
synaptic plasticity, learning and memory.
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Introduction

NMDA (N-methyl-D-aspartate) receptors (NMDAR) are het-

erotetramers composed by two GluN1 obligatory subunits and two

regulatory subunits: GluN2 (A–D) or GluN3 (A–B) [1]. Most

NMDAR contain GluN2 subunits [2], with GluN2A and GluN2B

being the major regulatory subunits in the forebrain, particularly

in the hippocampus. These two subunits have different pharma-

cological and biophysical properties [3] and are believed to play a

determining role in synaptic plasticity. Their expression changes in

the forebrain during postnatal development in rodents: GluN2B is

first predominant and then declines two weeks after birth [4,5].

GluN2A is weakly expressed at birth, rapidly increases at two

weeks and then continues to rise progressively [5–7]. Since sensory

deprivation retards this developmental shift, it was suggested that

this shift is guided by experience [4,5,8,9].

It is accepted that NMDARs become less plastic after

development [10]. Nevertheless, electrophysiologically assessed

changes in NMDAR after long term potentiation (LTP) induced

by strong tetanic stimulation has been reported [11]. Later on, it

was shown that the NMDAR subunits expression can be modified

in adulthood by synaptic plasticity [10,12–14], long term exposure

to stressors [15] or corticosterone administration [16–18].

Grosshans et al. [19] reported an enhancement of GluN1 and

GluN2A surface expression after LTP induction in mini-slices

from adult rat hippocampus, with a concomitant decrease in

intracellular levels. However, NMDAR expression after a behav-

ioral experience is only scarcely documented [20,21]. Steele et al.

[22] reported that NMDA binding to chicken brain synaptosomal

membranes increased after a passive avoidance task. Recently,

Henderson et al. [20] reported that one and three weeks after

training, there was an increase in cortical GluN1 and GluN2A

NMDAR subunits.

Since the proposal of the NMDA-LTP hypothesis by Morris

[23] and its involvement in memory processing, the relationship of

NMDAR with synaptic plasticity (see [23]) and memory (see [21])
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has been widely investigated. NMDAR membrane expression also

changes immediately (seconds/minutes) after LTP induction by

‘‘tetanizing’’ high-frequency stimulation. Those changes were

attributed to transport along the membrane from extrasynaptic

sites and/or vesicular delivery from subsynaptic pools

[10,12,14,19,24].

In this work our goal was to investigate if the expression of the

major NMDAR subunits undergoes changes driven by behavioral

experience and synaptic plasticity in adult rats. GluN1, GluN2A

and GluN2B were analyzed by western blot or immunofluores-

cence in three different experimental models: 1) in vivo in adult rats

that explored for 5 minutes an open field (OF), 2) in vitro in mature

primary cultures of rat hippocampal neurons stimulated by KCl

and 3) in vitro in fresh hippocampal slices from adult rats, where

LTP was induced by theta burst stimulation (TBS). Similar

modifications in NMDAR subunits were found in the three

models. Then, we started to explore the putative mechanisms that

would underlie those changes in hippocampal slices.

Methods

Behavioral Task
Male Wistar rats (180–250 g) were exposed to an OF (60.0 cm

long 6 40.0 cm wide 6 50.0 cm high) for 5 minutes or just for 1

minute (as control for exposure to a new environment). The

number of crossings from one quadrant (15.0 cm 6 13.3 cm) to

another, designed in the floor and the number of rearings per

minute were recorded and compared to evaluate habituation to

the environment. After the OF session, rats were sacrificed at

different time points (0, 30 or 70 minutes), hippocampi were

dissected and homogeneized for NMDAR subunits analysis by

western blot.

Other rats were also left to explore the OF for either 1 or 5

minutes, and were exposed to the same arena either after 40

minutes or 24 hours (h) to assess short and long term memory

(STM and LTM), respectively.

As controls of locomotion and exploratory behavior, NMDAR

subunits were analyzed in the hippocampus of rats twice exposed

for 5 minutes to the OF in two consecutive days and sacrificed 70

minutes after the second session.

All the procedures involving animals were carried out in

accordance to the guidelines of the USA National Institutes of

Health Guide for the Care and Use of Laboratory Animals and

were approved by the Animal Care and Use Committees of the

University of Buenos Aires.

Primary Neuron Cultures, Culture Stimulation and
Immunofluorescence

Hippocampal neuron cultures were performed as described by

Kaech & Banker [25] with some modifications. In brief, both

hippocampi were dissected from embryonic Wistar rats (E18) and

digested with trypsin (Sigma, Sigma-Aldrich Co, MO, USA). Cells

were plated onto poly-L-lysine (Sigma) -coated glass coverslips

(Waldemar Knittel Glasbearbeitungs - GmbH, Germany) and

incubated with D-MEM (Sigma), supplemented with 10% fetal

bovine serum (FBS) (Natocor, Cordoba, Argentina). After 6 h,

media was changed for Neurobasal (NB; Invitrogen, Life

Technologies Corporation, CA, USA) supplemented with B27

(Invitrogen) and glutamine (Invitrogen) (complete NB). Cultures

were maintained in complete NB at 37uC and 5% CO2.

Stimulation with 55 mM KCl was carried out as described by

Wu et al. [26]. Cultures were fixed in paraformaldehyde 4%-

sucrose 4% (Sigma) in phosphate buffer saline (PBS), immediately,

30 or 70 minutes after stimulation.

For immunofluorescence assays, coverslips were permeabilized

in 0.1% Triton X-100 in PBS and blocked with 5% normal sheep

serum-0.05% Tween-20 in PBS. Then, coverslips were incubated

with anti-GluN1 (rabbit polyclonal, 1:100, Sigma), anti-GluN2A

(rabbit polyclonal, 1:100, Chemicon, Millipore, MA, USA) or anti-

GluN2B (rabbit polyclonal, 1:100, Chemicon) antibody. Cover-

slips were then incubated with Cy2-conjugated anti-rabbit

secondary antibody (1:300, Jackson ImmunoResearch Laborato-

ries, Inc., PA, USA).

Image Analysis
Images from immunofluorescence assays were obtained under

an Olympus-IX81 microscope and a FV300 Olympus Confocal

microscope (Olympus CO, Tokyo, Japan). Images were analyzed

by ImageJ software (ImageJ, NIH, Bethesda, MA, USA, http://

imagej.nih.gov/ij/). Total immunofluorescence was quantified in

400X field images; immunofluorescence of each neuronal body

was measured by ImageJ and plotted individually. To evaluate

changes in NMDAR subunits at dendrites, 1000X images were

used. Puncta were counted in isolated dendrites and were

normalized to 10 mm. Each experiment was performed by

triplicate.

Electrophysiology
Hippocampal slices were prepared from Wistar rats (P42–60)

using standard techniques [27]. Briefly, transverse slices from

hippocampus (400 mm thick) were obtained with a vibratome

(Electron Microscopy Sciences, EMS 5000) using chilled modified

artificial cerebrospinal fluid (mACSF: 248 mM sucrose, 26 mM

NaHCO3, 1.25 mM NaH2PO4, 5 mM KCl, 3 mM MgSO4,

1 mM CaCl2 and 10 mM D-glucose at pH 7.4), that was

continuously bubbled with 5% CO2, 95% O2. Slices were then

maintained at room temperature in an incubation chamber with

regular artificial cerebrospinal fluid (ACSF: 125 mM NaCl,

26 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM KCl, 1.3 mM

MgSO4, 2.5 mM CaCl2 and 10 mM D-glucose at pH 7.4),

continuously bubbled with 5% CO2, 95% O2. After at least 1 h

incubation, slices were transferred to an immersion recording

chamber perfused with ACSF at a 2 ml/min flow rate.

Both the stimulating tungsten bipolar electrode and the

recording glass microelectrode filled with ACSF, were placed at

CA1 stratum radiatum about 200 mm apart from each other. Field

excitatory postsynaptic potentials (fEPSPs) were evoked by pulses

at a 0.33 Hz stimulation frequency and with an intensity that was

able to elicit a 50% the maximal fEPSP response. The fEPSP

initial slope fEPSPs was analyzed. Baseline was determined after at

least 30 minutes of stability. LTP was induced with a TBS protocol

of three trains separated by 10 s. Each train consisted of 25 bursts

of 4 pulses at 100 Hz, 200 ms apart (5 Hz). Drugs (40 mg/ml

cycloheximide or 40 mM actinomycin D) were perfused from 3

minutes before TBS delivery until the end of the assay. At the end

of the assay, each slice was homogeneized individually for western

blot analysis.

Western Blot (WB)
Each slice used in fEPSP recording assays, as well as both

hippocampi from each animal exposed to the OF were separately

homogenized in a Teflon glass potter (561599) in 100 mM NaCl,

0.2% Triton X-100, 1 mM EGTA, antiproteases cocktail (Sigma),

20 mM HEPES (pH 7.4) buffer; and then incubated on ice 30

minutes to led to a complete lysis of the tissue. To avoid

overloading the gel, protein concentration was preliminary

estimated using the BCA kit (Sigma) in highly diluted (.100

folds) aliquots. In each experiment, to determine the actual

NMDAR Subunits Change after OF Exposure and LTP
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amount of NMDAR subunits, the intensity of the NMDAR

subunit band was relativized to the corresponding GAPDH band

used as internal control. Samples were resuspended in Laemmli

buffer and cracked at 100uC for 5 minutes. All samples were

processed and analyzed individually. Protein samples were

separated on a 10% SDS-PAGE gel and transferred to a

polyvinylidenedifluoride membrane (Immobilon-P, Millipore).

Blots were blocked with 3% non-fat milk-0.05% Tween-20 in

Tris buffer saline (TTBS) and incubated with primary antibodies:

anti-GluN1 (rabbit polyclonal 1:1000, Sigma), anti-GluN2A

(rabbit polyclonal, 1:1000 Chemicon) or anti-GluN2B (rabbit

polyclonal, 1:1000 Chemicon); and anti-GAPDH (1:5000, Sigma).

After wash-out, blots were incubated with HRP-conjugated anti-

rabbit secondary antibody (1:2000; Amersham Biosciences, GE

Healthcare, NJ, USA) or HRP-conjugated anti-mouse secondary

antibody (1:5000; Sigma), developed in SuperSignal West Pico

Chemiluminescent Substrate solution (Thermo Scientific, MA,

USA) and exposed to film (Agfa-Gevaert NV, Belgium).

Statistical Analysis
Analysis was performed either by Student’s t test or by ONE

WAY ANOVA, as indicated in the figures legends for each set of

experiments. The ONE WAY ANOVA was followed by post-hoc

analysis via Newman-Keuls or Dunnett tests when appropriate. All

data are expressed as mean 6 SEM. Behavioral data were

analyzed using non parametric statistic (Kruskal Wallis Test or

Mann Whitney) and expressed as medians with their interquartile

ranges.

Results

1.- Hippocampal NMDAR Subunit Levels after Exposure
to a New Arena

It has been shown that 5 minutes but not 1 minute exploration

of a new environment induces hippocampus dependent habitua-

tion, which persists as STM and LTM [28,29]. In this work, rats

were exposed to the OF for either 1 or 5 minutes. Habituation was

assessed by counting and comparing number of crossings and

rearings every minute. Rats which spent 5 minutes in the OF

evidenced habituation since there was a significant decrease in the

recorded exploratory parameters: the number of crossings were

significantly lower in the third, fourth and fifth minute compared

with the first minute in the OF, while the number of rearings

decreased significantly in the fifth minute compared with the first

minute (Figure 1A). Thus, it was corroborated that rats recognized

the new environment showing habituation to it. Other rats were

exposed to the OF for 1 or 5 minutes and were tested in a second

OF session performed either 40 minutes or 24 h later, to evaluate

STM or LTM respectively. The number of crossings were

significantly lower in the second session only for those animals

which were exposed for 5 minutes in the first session (* p,0.05, at

40 minutes; *** p,0.001 at 24 h; Mann-Whitney test) (Figure 1B).

The total number of crossings for rats exposed for just 1 minute to

the OF did not show any significant decrease when evaluated

either 40 minutes or 24 h later (Figure 1B). These results showed

that a 5 minutes OF session led to both STM and LTM formation

and expression, while a 1 minute session did not.

Then, WB analysis of NMDAR subunits was carried out in

hippocampal protein extracts of those rats exposed only once to

the OF for 5 minutes (Figure 1C) and sacrificed at three different

times: immediately after the OF session (59–09), 30 minutes (59–

309) or 70 minutes (59–709) later (Figure 1C). WB analysis was also

carried out in a fourth group corresponding to rats exposed once

to the OF for 1 minute and sacrificed 70 minutes later (19–709).

Figure 1. NMDAR subunits changes after OF habituation. A.
Habituation to the OF of rats exposed to a 5 minutes OF session
(n = 16). Graphs show number of crossings (left panel) and rearings

NMDAR Subunits Change after OF Exposure and LTP

PLOS ONE | www.plosone.org 3 February 2013 | Volume 8 | Issue 2 | e55244



Both GluN1 and GluN2A protein levels were significantly

higher (about two fold) 70 minutes after 5 minutes in the OF (59–

709), compared to 59-09, 59–309 and 19–709 groups, while GluN2B

level did not show any significant modification (Figure 1C). There

were not significant differences in NMDAR subunits between 59-

09 and 19–709 groups. This result showing that there were no

changes in the subunits of rats exposed only 1 minute to the OF

(19–709), suggests that the rise in GluN1 and GluN2A subunits in

the hippocampus of those rats which spent 5 minutes in the OF

(59–709), would not be related to exposure to novelty.

To evaluate if habituation to a new environment, exploration or

locomotion could be responsible for GluN1 and GluN2A changes,

NMDAR subunits were analyzed in the hippocampus of rats twice

exposed to 5 minutes OF sessions 24 h apart and sacrificed 70

minutes after the second session. These results were compared

with those from rats exposed to a unique 5 minutes OF session and

sacrificed either immediately, 70 minutes or 24 h later. As it is

shown in Figure 1D, 70 minutes after the second 5 minutes session

(Test), GluN1 and GluN2A levels were similar to those in 59-09

rats and in rats sacrificed 24 h after the OF, without a second OF

session. Therefore, NMDAR subunits change observed 70 minutes

after a single 5 minutes OF session was not observed in rats that

explored twice the OF for 5 minutes each. These results confirmed

that there were selective increases in hippocampal GluN1 and

GluN2A subunits after a unique 5 minutes session in the OF and

showed that these increases were transient since NMDAR subunits

levels were similar to control rats in the following day (Figure 1D).

Since rats exploring twice the same OF for 5 minutes have similar

subunits levels than control animals, this strongly suggests that

habituation, rather than just exploration or locomotion, would be

related to the NMDAR subunits increase.

2.- NMDAR Subunits Change in Primary Cultured
Neurons after KCl Stimulation

In order to find out whether similar changes like those observed

after in vivo assays could take place in isolated neurons and to

investigate where these changes would be localized, immunocy-

tochemistry was carried out in mature hippocampal neuron

cultures.

To induce ‘‘plastic-like’’ changes, repeated pulses of KCl were

applied [26,30–32]. First, it was verified that the already reported

LTP-induced increase of NMDAR puncta in dendritic spines of

hippocampal neurons [12], also took place in neurites in the KCl

stimulated cultures. As it is shown in Figure 2A, GluN1 and

GluN2A puncta increased significantly at neurites 30 and 70

minutes after KCl treatment, compared to controls fixed

immediately after KCl treatment (Figure 2A, photos). There were

about 1.5 and 2 fold increases of GluN1 puncta in neurites, 30 and

70 minutes after KCl pulses respectively (861 puncta/10 mm

neurite in control cultures, 1261 puncta/10 mm neurite in 30

minutes cultures and 1562 puncta/10 mm neurite in 70 minutes

cultures), indicating that a ‘‘plastic-like’’ change was already

established in these neurons (Figure 2A).

GluN2 expression is required for GluN1 membrane expression

[12]. Accordingly, after repeated depolarization by KCl there was

also a significant increase of GluN2A puncta in neurites (1361

and 1461 puncta/10 mm neurite after 30 and 70 minutes,

respectively, compared to 1061 puncta/10 mm neurite immedi-

ately after depolarization [control]) (Figure 2A).

Then, total immunofluorescence was also assessed immediately

(control), 30 and 70 minutes after KCl stimulation (Figure 2B).

GluN1, GluN2A and GluN2B immunofluorescence in control

cultures was not statistically different from cultures without

stimulation (data not shown). Conversely, total immunofluores-

cence significantly increased for GluN1 (1.4260.06 fold) and

GluN2A (1.2660.04 fold) 70 minutes after stimulation, compared

to control cultures (Figure 2B). There was no significant difference

in total immunofluorescence for any subunit 30 minutes after KCl

stimulation. In addition, there were not significant changes in

GluN2B total immunofluorescence at the times analyzed

(Figure 2B).

These results indicate that changes in total immunofluorescence

for each subunit in mature cultures are analogous to those

observed after habituation to the OF. On the other hand, it must

be noticed that the increase in puncta in neurites was already

evident 30 minutes after stimulation, while there were not

significant differences in total immunofluorescence.

3.- GluN1 and GluN2A but not GluN2B, Increase after LTP
Induction and Expression

NMDAR subunits were analyzed after LTP induction at CA1

synapses in fresh hippocampal slices from adult rats. WB analysis

for GluN1 was performed in the following samples: 1) fresh slices

only stimulated with 0.33 Hz pulses over 100 minutes to evoke

fEPSPs (2TBS) (Figure 3B); 2) fresh slices receiving TBS, where

LTP was effectively induced as corroborated by recordings

performed over the following 70 minutes (+TBS+LTP)

(Figure 3A and B); and 3) slices under similar conditions as those

in (2), but where TBS failed to induce LTP (+TBS-LTP) (Figure 3A

and B). A protein extract from slices without any treatment was

also analyzed by WB.

As it is shown in Figure 3B, there was a significant increase of

about 50% in GluN1 band density, assessed 70 minute after TBS

delivery in +TBS+LTP slices compared to 2TBS slices or +TBS-

LTP slices. In addition, results from 2TBS slices were not

significantly different from +TBS-LTP slices (Figure 3B) or from

slices without any treatment (data not shown).

In an independent set of experiments, GluN1 and both GluN2

subunits were quantified either at 30 or 70 minutes after LTP

induction (Figure 3C and D). There was an increase in GluN2A

(6.160.5 fold) and in GluN1 levels (4.762.2 fold), in +TBS+LTP

slices compared to 2TBS slices, assessed 70 minutes after TBS

delivery (Figure 3D). However, there were not significant changes

(right panel) per minute (bars indicates median with interquartile
ranges). Crossings decreased significantly after 3 minutes, while
rearings were only significantly decreased in the fifth minute. ***
p,0.0001, ** p,0.01 by Friedman test followed by Dunn’s Multiple
Comparison Test. B. Total crossings from rats exposed to the OF for 1 or
5 minutes (Training) and tested for STM 40 minutes later (n = 12) or LTM
24 h later (n = 16). There were significant differences in total number of
crossings in the second session compared to the first, only in rats which
spent 5 minutes in the OF in the training session, for STM (* p,0.05) as
well as for LTM (*** p,0.0001) (Mann Whitney test). C. NMDAR subunits
in the hippocampus of rats after OF exposure. Four groups of rats were
analyzed: rats as in A, which were sacrificed at 0, 30 and 70 minutes
after the task (59-09, 59–309 and 59–709 groups); and rats exposed for 1
minute to the OF, sacrificed 70 minutes later (19–709 group). WB analysis
showed about a one fold increase in GluN1 and GluN2A level for 59–709
group, in 3 independent experiments (* p,0.05, ONE WAY ANOVA,
Newman-Keuls Multiple Comparison Post-Test). Insert on top: represen-
tative WB bands for GluN1, GluN2A and GluN2B NMDAR subunits and
GAPDH (internal control). D. NMDAR subunits analysis in the
hippocampus of rats after two OF sessions. 4 groups of rats were
analyzed: rats exposed to the OF 5 minutes and sacrificed immediately
(59-09), 70 minutes (59–709), 24 h later (59–24 h), or tested in the OF and
sacrificed 70 minutes later (709 postest-TE). * p,0.05 ONE WAY ANOVA,
Dunnett’s Post-Test. Insert on top: representative WB bands for GluN1
and GluN2A NMDAR subunits and GAPDH (internal control).
doi:10.1371/journal.pone.0055244.g001

NMDAR Subunits Change after OF Exposure and LTP
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in these subunits 30 minutes after TBS (Figure 3D). In the same

slices, GluN2B bands were not significantly different compared to

2TBS slices (Figure 3D).

In accordance with in vivo and in vitro results reported above

(Results sections 1 and 2), there were significant increases of both

GluN1 and GluN2A subunits but not in GluN2B at 70 minutes,

Figure 2. NMDAR subunits immunofluorescence in mature hipocampal neuron cultures stimulated by KCl. A. Quantification of NMDAR
subunit puncta at dendrites (n = 100 neurites/culture). A significant increase in GluN1 and GluN2A puncta was observed at 30 and 70 minutes after
KCl stimulation (** p,0.05, *** p,0.001, Kruskal-Wallis test followed by Dunn’s Multiple Comparison Post-Test). Insert on the top of each bar:
representative dendrite for each condition (bar: 2 mm). B. Total fluorescence quantification 30 and 70 minutes after KCl stimulation. There were
significant increases in GluN1 and GluN2A 70 minutes after stimulation. There were no significant changes in GluN2B total immunofluorescence (*
p,0.05, *** p,0.001, ONE WAY ANOVA, Dunnet Post-Test). Right: representative neurons for each condition.
doi:10.1371/journal.pone.0055244.g002

NMDAR Subunits Change after OF Exposure and LTP
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Figure 3. NMDAR subunits change after LTP induction and expression. A. Evoked fEPSPs normalized slopes from fresh hippocampal slices
corresponding to the first pulse of paired stimulation, before and after TBS (arrow). Plots represent the average of three independent experiments
over 90 minutes of recording (n = 6 for each group). Insert on top: average traces of 10 individual recordings from a +TBS+LTP and a +TBS-LTP slices
(black: 5 minutes before TBS; grey: 5 last minutes of recording). B. WB band densities quantification of samples from same slices that in A. A
significant increase was only observed for +TBS+LTP slices (** p,0.01; *** p,0.001 ONE WAY ANOVA, Dunnet Post-Test; n = 6 for each group). Insert
on top: (from left to right): representative GluN1 and GAPDH WB bands from: a 2TBS slice, a +TBS-LTP slice and a +TBS+LTP slice. C. Evoked fEPSPs
slopes corresponding to the first pulse of the paired stimulation before and after TBS (arrow). Plots represent the average of fEPSPs slopes over 50
and 90 minutes of recording, respectively (n = 6 for each group). Right: average traces of 10 individual recordings from a LTP-slice after 30 and 70

NMDAR Subunits Change after OF Exposure and LTP
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while there were no significant changes in total levels of NMDAR

subunits 30 minutes after induction of plasticity.

4.- What are Changes in GluN1 and GluN2A Levels in
Hippocampal Slices Depending on?

To start to investigate if transcription and/or translation could

be involved in the NMDAR subunit changes observed after LTP

induction, fresh hippocampal slices were treated either with the

translation inhibitor cycloheximide (CHX) or with the transcrip-

tion inhibitor actinomycin D (ActD). Electrophysiological assays in

slices perfused either with ActD or CHX and WB analysis (see

Results section 3) were carried out.

Slices perfused with 40 mM ActD developed LTP after TBS

induction (Figure 4A). In contrast, LTP was not effectively induced

by TBS in slices perfused with CHX (Figure 4A). This result is in

agreement with previous reports showing that LTP is a translation-

dependent process [14,33–36]. In CHX perfused slices, there was

neither a significant increase in GluN1 nor in GluN2A after TBS

(Figure 4B). These results indicate that in the hippocampal slices,

the observed changes in both subunits depend on translation

mechanisms. In addition, since the subunits appeared to remain

unchanged in those slices that received TBS but did not develop

LTP (+TBS-LTP slices; Figure 4C), our results suggest that the

modifications would be related to LTP induction and expression.

In slices treated with 40 mM ActD, in spite of an effective LTP

induction and expression for at least 70 minutes (in agreement

with previous reports [14,37]), GluN1 level did not increase after

TBS, being not significantly different from that in +TBS-LTP

slices (Figure 4C); whereas the GluN2A band density was as high

as in +TBS+LTP slices (without any drug treatment) (Figure 4B

and C). Hence, at least with the concentration of ActD and the

conditions used here, GluN1 increase was blocked while GluN2A

increase was not affected. Therefore, as it is shown in Figure 4C,

GluN1/GAPDH ratio did not significantly increase in +TBS+LTP

slices treated with either ActD or CHX.

Altogether, these results suggest that both, transcription and

translation appear to be involved in GluN1 rise after TBS. On the

other hand, GluN2A/GAPDH ratios in +TBS+LTP slices without

any drug or treated with ActD were significantly higher than those

in CHX treated slices, strongly suggesting that translation would

be responsible for TBS-LTP-GluN2A induced increase

(Figure 4C).

Discussion

1.- Hippocampal GluN1and GluN2A Proteins Increase
in vivo after 5 Minutes in the OF

NMDARs antagonists administered after training caused

retrograde amnesia for habituation as well as for other spatial

and aversive memories [21,23,38]. Packard and Teather [39] had

reported that NMDARs inhibition up to 2 h after training, though

no later, impaired consolidation of spatial memory.

There is only scarce information concerning NMDAR subunits

differential participation in learning and memory. Overexpres-

sion of GluN2B subunits led to facilitation of LTP induction and

to an improvement in spatial memory [40]. However, after

selective blockade of GluN2B containing receptors, Guscott et al.,

[41] did not observe any effect on learning and memory; whereas

Ge et al. [42] have shown that the GluN2B blockade inhibited

long term depression (LTD) and impaired spatial memory in

freely moving rats, suggesting a crucial role for these receptors in

memory consolidation. These results also confirmed those

obtained with mutants mice with GluN2B deletion in CA1

hippocampal and cortical pyramidal neurons [43]; there was a

loss of LTD, a partial deficiency of LTP (a threshold increase)

and profound cognitive deficits on hippocampal dependent tasks.

GluN2B deletion in CA1 cells and dentate gyrus granule cells

impaired some (spatial reversal and working memory) but not all

(spatial reference) hippocampus dependent learning [44]. On the

other hand, GluN2A deletion impaired performance in some

hippocampal dependent tasks [45]. Thus, it was proposed that

the combined loss of GluN2B and GluN2A (or GluN1 per se) in

CA1 is necessary to produce memory deficits in some spatial

learning tasks [43].

As it was previously reported [28,29], rats exposed during 5

minutes to an OF showed spatial habituation, which persisted as

STM as well as LTM. Here we showed that after a unique 5

minutes session in the OF –though not after a 1 minute session-,

there was an increase in GluN1 and GluN2A subunits. These

results indicate that just the exposure to novelty –1 minute

session- was not able to elicit those changes. Habituation were

assessed and corroborated minute after minute in the first 5

minute session, and in a second session performed 40 minutes or

24 h later to evaluate STM and LTM, respectively. Since rats

exposed twice to the OF in two consecutive days did not show

statistically significant modifications in the NDMAR subunits

analyzed, this strongly suggests that habituation, rather than just

exploration or locomotion, was related to those changes and

shows that they were transient. Further investigation is necessary

to find out the possible relevance of subunits increase for learning

and memory.

2.- GluN1 and GluN2A Increase in Cultured Neurons after
KCl Stimulation

LTP induces NMDAR mobility from cell body and

dendrites to the synapses, as revealed by an increase in

NMDAR puncta in dendritic spines [12,46]. Here we showed

that after repeated depolarization of hippocampal neuron

cultures, GluN1 and GluN2A puncta significantly increased in

neurites when assessed 30 and 70 minutes after stimulation.

Total immunofluorescence for both subunits increased at 70,

but not at 30 minutes. Therefore, differential transport from

the cell body and the subsynaptic pool [10,12,14] would

account for the 30 minutes increase in puncta in neurites, since

each subunit total amount appeared to remain unchanged at

this time. On the other hand, the increase in total immuno-

fluorescence at 70 minutes would require protein synthesis.

The increase in the corresponding puncta strongly suggests

that new NMDARs containing GluN2A subunits have been

assembled and expressed in the surface both at 30 and at 70

minutes. Accordingly, after 30 minutes of LTP induction,

Grosshans et al. [19] reported an intracellular decrease and a

surface increase of both, GluN1 and GluN2A subunits.

In mature neuron cultures (22–30 days in vitro), NMDAR

activity tonically suppressed GluN2B translation, while long-

lasting pharmacological blockade of NMDAR released that

minutes TBS (black: 5 minutes before TBS; grey: 5 last minutes of recording). D. NMDAR subunits quantification by WB. Samples analyzed: slices used
in C. (processed 30 or 70 minutes after TBS) and in 2TBS slices (Control). Analysis of WB bands showed a significant increase in GluN1 and GluN2A
level for the 70 minutes group in three independent experiments (* p,0,05; *** p,0,001 ONE WAY ANOVA-Dunnet Test). Insert on top:
Representative WB bands for GluN1, GluN2A and GluN2B NMDAR subunits and GAPDH (internal control).
doi:10.1371/journal.pone.0055244.g003
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Figure 4. NMDAR subunits modification in hippocampal slices after transcription or translation inhibition during LTP induction. A.
Left: Normalized slopes of evoked fEPSPs recorded as those in Figure 3, corresponding to the first pulse of the paired stimulation applied before and
after TBS (arrow). Plots represent the average of five independent experiments over 90 minutes of recording (n = 5 for each group). Black line: drug
perfusion. Insert on top: average traces of 10 individual recordings from a control slice and slices treated with ActD or CHX (black: 5 minutes before
TBS; grey: 5 last minutes of recording). Right: Bars represent averages of normalized first pulse slopes of the 5 last minutes of recording for each
group. LTP induction was blocked by 40 mg/ml CHX treatment (* p,0.05, one sample t test) compared to basal transmission (line referred to 1 in the
graph). B. NMDAR subunits were evaluated by WB in same slices that in A. CHX treatment blocked GluN1 and GluN2A increase, while 50 mg/ml ActD
only blocked GluN1 increase (* p,0,05 ONE WAY ANOVA, Dunnet Post-Test; n = 5 for each group). Insert on top: (from left to right): Representative
GluN1 and GluN2A WB bands of +TBS+LTP slices (control), CHX and ActD +TBS+LTP slices treated slices. C. Table indicates mean 6 SEM for GluN1/
GAPDH (first row) or GluN2A/GAPDH (second row) in +TBS-LTP slices (n = 6) and +TBS+LTP slices without any drug treatment (Control in B, n = 9), or
treated with ActD (n = 5) or CHX (n = 5) (*** p,0.0001; ONE WAY ANOVA - Newman Keuls Test).
doi:10.1371/journal.pone.0055244.g004
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suppression [47]. Hence, our results are in agreement with the fact

that neuronal activity facilitates GluN2A expression and suppress-

es GluN2B translation in mature neurons, both leading to an

increase in GluN2A/GluN2B ratio in response to neural activity.

3.- GluN1 and GluN2A Proteins Increase after LTP
Induction in Hippocampal Slices

GluN1 and GluN2A but not GluN2B, significantly increased

after LTP effective induction in adult rat hippocampal slices. Since

the amount of NMDAR subunits in slices without TBS was not

different from that in slices that did not express LTP after TBS

(+TBS-LTP), it can be concluded that LTP effective induction is

required for the subunits increase. The results obtained in

hippocampal slices are coherent with the increases observed in

NMDAR subunits both in vivo in rats and in vitro in neuron

cultures. Grosshans et al. [19] reported an enhanced GluN1 and

GluN2A surface expression 15 and 30 minutes after LTP

induction in CA1 mini-slices from adult rat; since the intracellular

subunits levels concomitantly decreased, they proposed that

GluN1 and GluN2A were recruited from available pools and

suggested that this could represent a persistent postsynaptic

modification since the change was present after 180 minutes.

Accordingly, in hippocampal slices we did not find any significant

change in subunits level at 30 minutes, though in the neurons

culture there was an increase in puncta at neurites. In addition,

here we reported a significant increase of both subunits at 70

minutes that could account for a long term modification.

NMDAR activation mediates a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) membrane insertion

and this was proposed as a main mechanism for hippocampal

NMDAR-dependent LTP. Interestingly, NMDAR activation has

differential effects on AMPAR trafficking depending on its subunit

composition: in cultured neurons, GluN2A promoted whereas

GluN2B inhibited surface expression of AMPARs [48].

4.- GluN1 and GluN2A Increases in Hippocampal Slices
Depend on Different Mechanisms

Transcriptional and translational regulation of NMDAR

subunits has been mostly investigated during early postnatal

development in rodents. In early postnatal stages, brain stem,

hippocampus and neocortex showed enhanced glun2a transcrip-

tion, which was proposed to be driven by activity-dependent

activation of GluN2B-containing NMDARs; this enhanced

expression increases the GluN2A/GluN2B ratio [46,49].

Translation and transcription can be separated mechanisms in

neurons. Some mRNAs can be stored in the cytoplasm as

ribonucleoparticles (RNPs). Some of these RNPs are stored and

are translated only when an appropriate stimulus arrives [1,21,50].

We have shown that after perfusion of hippocampal slices with

CHX there was neither increase in GluN1 nor in GluN2A, and

there was not LTP expression following TBS delivery. The latest

was expectable as it was already shown that both memory

acquisition and LTP induction are translation dependent processes

[33–36,51–53]. Hence, our results corroborated that LTP

induction requires protein synthesis and indicated that translation

and LTP effective induction are required for the increase in

NMDAR subunits.

Yin et al. [14] reported that late LTP (L-LTP) in slices from

mice was inhibited, though with distinct kinetic profiles, by both

anisomycin and ActD. They showed that perfusion of 40 mM

ActD 30 minutes before high frequency stimulation (HFS), did not

seem to produce modifications in potentiation until about 75

minutes after HFS; however, L-LTP started to decrease later on;

this inhibition became statistically significant at about 210 minutes

after induction [14]. Hence, it was proposed that this early LTP

(E-LTP) or even the ‘‘early steps of L-LTP’’ were independent on

transcription [14,37]. Accordingly, in our experiments with the

same ActD concentration, LTP was effectively induced and its

expression persisted for at least 70 minutes after TBS. It was

shown that ActD rapidly inhibited the induction of transcription

(i.e. suppressing BDNF-induced upregulation of Arc [54]).

Although we cannot fully discard some remaining transcriptional

activity during ActD perfusion, GluN1 increase was blocked while

GluN2A increase was not affected with the concentration of ActD

used in this work. Hence, we have shown that the rise in GluN2A

in the slices seems to mainly depend on translation, while at

present we cannot discard some transcriptional contribution. On

the other hand, GluN1 increase would depend on both

transcription and translation mechanisms.

Therefore, NMDAR subunits increase after LTP induction in

hippocampal slices requires protein synthesis. Although this

increase in translation -and may be in transcription- might be

interpreted as a consequence –instead of a cause- of the subunits

synaptic recruitment, the levels remained significantly higher than

controls, suggesting that, at least for a while, a new steady state

could have been reached.

Our results indicate that translation of already transcribed

mRNAs was necessary. Although gene expression appeared not to

be required for LTP induction and expression over at least 70

minutes (E-LTP?) [14,54], with the actual data we could not

discard the contribution of some remaining transcription during

ActD perfusion. Since a GluN1 pool is retained in the endoplasmic

reticulum (ER) [55,56], NMDAR could still increase at the surface

without de novo expression of GluN1, whenever GluN2 subunits are

available [12]. Changes in NMDAR would be –at least partially-

supported by GluN1 present in ER and translation of GluN2A

from already transcribed mRNAs [21,55]. In silico analysis of

GluN2A mRNA revealed that there are 6 upstream open reading

frames (uORFs) present in glun2A 59UTR [57]. This is a known

regulatory mechanism of translation which might be responsible

for GluN2A mRNA ordinary translation at a slow rate in non-

active neurons and of its translation enhancement after certain

synaptic stimulus (when only specific plasticity-related mRNAs

would be translated).

5. NMDAR Subunits Undergo Similar Changes in the
Experimental Models Analyzed

In the three models used, GluN1 and GluN2A increased after

30 and before 70 minutes following induction of plasticity or

exposure to the OF, whereas no changes were observed in

GluN2B. This happened in vivo, in adult rats, and in vitro both in

hippocampal slices of adults and in mature cultures of hippocam-

pal neurons. Although these results are similar, further investiga-

tion is required to reveal if the mechanisms involved in each case

reflect related processes and to find out whether they are causally

related with synaptic plasticity, learning and memory.

Changes in NMDAR subunits were first reported during early

post-natal development in mammals [4,51,58], when NMDAR

subunit expression switches from GluN2B-containing receptors to

GluN2A-receptors predominance [21]. These changes are slowly

developed over the course of days and are dependent on

transcription, translation and activity [12]. In rat hippocampal

slices different activity-dependent mechanisms regulate synaptic

delivery of each NMDAR subunit. In general, activity would lead

to an increase in GluN2A and a decrease in GluN2B synaptic

membrane expression, as was assessed by changes of currents

kinetic in voltage-clamp recordings in organotypic cultures or in

NMDAR Subunits Change after OF Exposure and LTP
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fresh slices [10,12,14,24,59]. These increases in GluN2A/GluN2B

ratio occured very quickly and seemed to be independent of either

protein synthesis or gene expression [10,24].

GluN2B-NMDARs appear to be necessary for LTP induction,

with higher affinity for Calcium/Calmodulin-Dependent Protein

Kinase II (CaMKII) than GluN2A [60] and higher capacity to

carry two fold the charge for a single synaptic event than GluN2A-

containing receptors [61,62]. However, it was reported that the

selective blockade of GluN2B-NMDARs abolished the induction

of LTD but not of LTP [42,43]. In contrast, preferential inhibition

of GluN2A-NMDARs prevented LTP induction [63]. But Foster

et al. [59] suggested that an excess of GluN2A could inhibit LTP

induction in cultured slices. Furthermore, it was reported that

activation of GluN2B-NDMARs (but not of GluN2A) leads to

excitotoxicity and cell death [64]. Thus, an increase in GluN2A/

GluN2B ratio could likely be neuroprotective.

Concluding Remarks and Perspectives
Here we showed that after a novel experience leading to

habituation (in vivo), as well as after TBS-LTP induction in

hippocampal slices and following KCl stimulation in neurons

culture (in vitro), there was a significant increase in both GluN1 and

GluN2A levels. The rise in GluN1 following LTP induction in

slices depends on transcription and translation, whereas the

concomitant rise in GluN2A seems to mainly depend on

translation, though the contribution of putatively remaining

transcription during ActD perfusion could not be ruled out. In

the presence of 40 mM ActD, LTP was established for at least the

first 70 minutes.

LTP effective induction is required for the increase in NMDAR

subunits. Translation from pre-existing mRNAs is required for

LTP induction and expression.

Our results open several questions about the functional

significance of such NMDAR subunits changes: Are rises in both

GluN1 and GluN2A causally related to synaptic plasticity

establishment/persistence, i.e., contributing to the transition from

E-LTP to L-LTP in a time well after the induction? Are these

changes related to later phases of memory storage/consolidation,

leading to LTM or to later plasticity involved in memory

persistence? Could an increase in GluN2A/GluN2B ratio be a

compensatory/homeostatic consequent adaptation once a synapse

undergoes a plastic change like potentiation, i.e., by decreasing the

probability of further synaptic plasticity or even preventing

excitotoxicity?

Author Contributions

Conceived and designed the experiments: MVB. Performed the experi-

ments: MVB MVO MCC MS AIA. Analyzed the data: MVB MVO MS.

Contributed reagents/materials/analysis tools: MVB MVO MCC MS

AIA DAJ. Wrote the paper: MVB MVO DAJ.

References

1. Paoletti P, Neyton J (2007) NMDA receptor subunits: function and
pharmacology. Curr Opin Pharmacol 7: 39–47.

2. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH (1994)

Developmental and regional expression in the rat brain and functional
properties of four NMDA receptors. Neuron 12: 529–540.

3. Cull-Candy SG, Leszkiewicz DN (2004) Role of distinct NMDA receptor
subtypes at central synapses. Sci STKE 2004: re16.

4. Quinlan EM, Philpot BD, Huganir RL, Bear MF (1999) Rapid, experience-

dependent expression of synaptic NMDA receptors in visual cortex in vivo. Nat
Neurosci 2: 352–357.

5. Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY (1994) Changing subunit
composition of heteromeric NMDA receptors during development of rat cortex.

Nature, 368(6467), 144–7.

6. Flint AC, Maisch US, Weishaupt JH, Kriegstein AR, Monyer H (1997) NR2A
subunit expression shortens NMDA receptor synaptic currents in developing

neocortex. J Neurosci 17: 2469–2476.

7. Mierau SB, Meredith RM, Upton AL, Paulsen O (2004) Dissociation of

experience-dependent and -independent changes in excitatory synaptic trans-
mission during development of barrel cortex. Proc Natl Acad Sci U S A 101:

15518–15523.

8. Nase G, Weishaupt J, Stern P, Singer W, Monyer H (1999) Genetic and

epigenetic regulation of NMDA receptor expression in the rat visual cortex.
Eur J Neurosci 11: 4320–4326.

9. Roberts EB, Ramoa AS (1999) Enhanced NR2A subunit expression and

decreased NMDA receptor decay time at the onset of ocular dominance
plasticity in the ferret. J Neurophysiol 81: 2587–2591.

10. Bellone C, Nicoll RA (2007) Rapid bidirectional switching of synaptic NMDA
receptors. Neuron 55: 779–785.

11. Aniksztejn L, Ben-Ari Y (1995) Expression of LTP by AMPA and/or NMDA

receptors is determined by the extent of NMDA receptors activation during the
tetanus. J Neurophysiol 74: 2349–2357.

12. Barria A, Malinow R (2002) Subunit-specific NMDA receptor trafficking to
synapses. Neuron 35: 345–353.

13. Sobczyk A, Svoboda K (2007) Activity-dependent plasticity of the NMDA-

receptor fractional Ca2+ current. Neuron 53: 17–24.

14. Yin X, Takei Y, Kido MA, Hirokawa N (2011) Molecular motor KIF17 is

fundamental for memory and learning via differential support of synaptic
NR2A/2B levels. Neuron 70: 310–325.

15. Krugers HJ, Koolhaas JM, Bohus B, Korf J (1993) A single social stress-

experience alters glutamate receptor-binding in rat hippocampal CA3 area.
Neurosci Lett 154: 73–77.

16. Gourley SL, Kedves AT, Olausson P, Taylor JR (2009) A history of
corticosterone exposure regulates fear extinction and cortical NR2B, GluR2/

3, and BDNF. Neuropsychopharmacology 34: 707–716.

17. Kamphuis PJ, Gardoni F, Kamal A, Croiset G, Bakker JM, et al. (2003) Long-
lasting effects of neonatal dexamethasone treatment on spatial learning and

hippocampal synaptic plasticity: involvement of the NMDA receptor complex.

FASEB J 17: 911–913.

18. Tse YC, Bagot RC, Hutter JA, Wong AS, Wong TP (2011) Modulation of

synaptic plasticity by stress hormone associates with plastic alteration of synaptic

NMDA receptor in the adult hippocampus. PLoS One 6: e27215.

19. Grosshans DR, Clayton DA, Coultrap SJ, Browning MD (2002) LTP leads to

rapid surface expression of NMDA but not AMPA receptors in adult rat CA1.

Nat Neurosci 5: 27–33.

20. Henderson AK, Pittman QJ, Teskey GC (2012) High frequency stimulation

alters motor maps, impairs skilled reaching performance and is accompanied by

an upregulation of specific GABA, glutamate and NMDA receptor subunits.

Neuroscience 215: 98–113.

21. Yashiro K, Philpot BD (2008) Regulation of NMDA receptor subunit expression

and its implications for LTD, LTP, and metaplasticity. Neuropharmacology 55:

1081–1094.

22. Steele RJ, Stewart MG, Rose SP (1995) Increases in NMDA receptor binding

are specifically related to memory formation for a passive avoidance task in the

chick: a quantitative autoradiographic study. Brain Res 674: 352–356.

23. Morris RG, Hagan JJ, Rawlins JN (1986) Allocentric spatial learning by

hippocampectomised rats: a further test of the ‘‘spatial mapping’’ and ‘‘working

memory’’ theories of hippocampal function. Q J Exp Psychol B 38: 365–395.

24. Lau CG, Zukin RS (2007) NMDA receptor trafficking in synaptic plasticity and

neuropsychiatric disorders. Nat Rev Neurosci 8: 413–426.

25. Kaech S, Banker G (2007) Culturing hippocampal neurons. Nat Protoc 1: 2406–

2415.

26. Wu GY, Deisseroth K, Tsien RW (2001) Spaced stimuli stabilize MAPK

pathway activation and its effects on dendritic morphology. Nat Neurosci 4:

151–158.

27. Huang YY, Colino A, Selig DK, Malenka RC (1992) The influence of prior

synaptic activity on the induction of long-term potentiation. Science 255: 730–

733.

28. Izquierdo I, da Cunha C, Rosat R, Jerusalinsky D, Ferreira MB, et al. (1992)

Neurotransmitter receptors involved in post-training memory processing by the

amygdala, medial septum, and hippocampus of the rat. Behav Neural Biol 58:

16–26.

29. Vianna MR, Alonso M, Viola H, Quevedo J, de Paris F, et al. (2000) Role of

hippocampal signaling pathways in long-term memory formation of a

nonassociative learning task in the rat. Learn Mem 7: 333–340.

30. Ataman B, Ashley J, Gorczyca M, Ramachandran P, Fouquet W, et al. (2008)

Rapid activity-dependent modifications in synaptic structure and function

require bidirectional Wnt signaling. Neuron 57: 705–718.

31. Baez MV, Luchelli L, Maschi D, Habif M, Pascual M, et al. (2011) Smaug1

mRNA-silencing foci respond to NMDA and modulate synapse formation. J Cell

Biol 195: 1141–1157.

32. Wang S, Polo-Parada L, Landmesser LT (2009) Characterization of rhythmic

Ca2+ transients in early embryonic chick motoneurons: Ca2+ sources and effects

of altered activation of transmitter receptors. J Neurosci 29: 15232–15244.

33. Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N (2009) Translational

control of long-lasting synaptic plasticity and memory. Neuron 61: 10–26.

NMDAR Subunits Change after OF Exposure and LTP

PLOS ONE | www.plosone.org 10 February 2013 | Volume 8 | Issue 2 | e55244



34. Klann E, Dever TE (2004) Biochemical mechanisms for translational regulation

in synaptic plasticity. Nat Rev Neurosci 5: 931–942.
35. Klann E, Antion MD, Banko JL, Hou L (2004) Synaptic plasticity and

translation initiation. Learn Mem 11: 365–372.

36. Quevedo J, Vianna MR, Roesler R, de-Paris F, Izquierdo I, et al. (1999) Two
time windows of anisomycin-induced amnesia for inhibitory avoidance training

in rats: protection from amnesia by pretraining but not pre-exposure to the task
apparatus. Learn Mem 6: 600–607.

37. Kelleher RJ 3rd, Govindarajan A, Jung HY, Kang H, Tonegawa S (2004)

Translational control by MAPK signaling in long-term synaptic plasticity and
memory. Cell 116: 467–479.

38. Davis M (1993) Pharmacological analysis of fear-potentiated startle. Braz J Med
Biol Res 26: 235–260.

39. Packard MG, Teather LA (1997) Posttraining injections of MK-801 produce a
time-dependent impairment of memory in two water maze tasks. Neurobiol

Learn Mem 68: 42–50.

40. Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA et al. (1999) Genetic
enhancement of learning and memory in mice. Nature 401: 63–69.

41. Guscott MR, Clarke HF, Murray F, Grimwood S, Bristow LJ, et al. (2003) The
effect of (+/2)-CP-101,606, an NMDA receptor NR2B subunit selective

antagonist, in the Morris watermaze. Eur J Pharmacol 476: 193–199.

42. Ge Y, Dong Z, Bagot RC, Howland JG, Phillips AG, et al. (2010) Hippocampal
long-term depression is required for the consolidation of spatial memory. Proc

Natl Acad Sci U S A 107: 16697–16702.
43. Brigman JL, Wright T, Talani G, Prasad-Mulcare S, Jinde S, et al. (2010) Loss of

GluN2B-containing NMDA receptors in CA1 hippocampus and cortex impairs
long-term depression, reduces dendritic spine density, and disrupts learning.

J Neurosci 30: 4590–4600.

44. von Engelhardt J, Doganci B, Jensen V, Hvalby Ø, Göngrich C, et al. (2008)
Contribution of hippocampal and extra-hippocampal NR2B-containing NMDA

receptors to performance on spatial learning tasks. Neuron 60: 846–860.
45. Bannerman DM, Niewoehner B, Lyon L, Romberg C, Schmitt WB, et al. (2008)

NMDA receptor subunit NR2A is required for rapidly acquired spatial working

memory but not incremental spatial reference memory. J Neurosci 28: 3623–
3630.

46. Hoffmann H, Gremme T, Hatt H, Gottmann K (2000) Synaptic activity-
dependent developmental regulation of NMDA receptor subunit expression in

cultured neocortical neurons. J Neurochem 75: 1590–1599.
47. Chen WS, Bear MF (2007) Activity-dependent regulation of NR2B translation

contributes to metaplasticity in mouse visual cortex. Neuropharmacology 52:

200–214.
48. Kim CH, Takamiya K, Petralia RS, Sattler R, Yu S, et al. (2005) Persistent

hippocampal CA1 LTP in mice lacking the C-terminal PDZ ligand of GluR1.
Nat Neurosci 8: 985–987.

49. Barria A, Malinow R (2005) NMDA receptor subunit composition controls

synaptic plasticity by regulating binding to CaMKII. Neuron 48: 289–301.

50. Richter JD, Klann E (2009) Making synaptic plasticity and memory last:

mechanisms of translational regulation. Genes Dev 23: 1–11.

51. Klann E, Sweatt JD (2008) Altered protein synthesis is a trigger for long-term

memory formation. Neurobiol Learn Mem 89: 247–259.

52. Morris RG, Frey U (1997) Hippocampal synaptic plasticity: role in spatial

learning or the automatic recording of attended experience? Philos Trans R Soc

Lond B Biol Sci 352: 1489–1503.

53. Nguyen PV, Abel T, Kandel ER (1994) Requirement of a critical period of

transcription for induction of a late phase of LTP. Science 265: 1104–1107.

54. Messaoudi E, Ying SW, Kanhema T, Croll SD, Bramham CR (2002) Brain-

derived neurotrophic factor triggers transcription-dependent late phase long-

term potentiation in vivo. J Neurosci 22: 7453–7461.

55. Scott DB, Blanpied TA, Swanson GT, Zhang C, Ehlers MD (2001) An NMDA

receptor ER retention signal regulated by phosphorylation and alternative

splicing. J Neurosci 21: 3063–3072.

56. Standley S, Roche KW, McCallum J, Sans N, Wenthold RJ (2000) PDZ domain

suppression of an ER retention signal in NMDA receptor NR1 splice variants.

Neuron 28: 887–898.

57. Araujo PR, Yoon K, Ko D, Smith AD, Qiao M et al. (2012) Before It Gets

Started: Regulating Translation at the 59 UTR. Comp Funct Genomics 2012:

475731.

58. Barth AL, Malenka RC (2001) NMDAR EPSC kinetics do not regulate the

critical period for LTP at thalamocortical synapses. Nat Neurosci 4: 235–236.

59. Foster KA, McLaughlin N, Edbauer D, Phillips M, Bolton A, et al. (2010)

Distinct roles of NR2A and NR2B cytoplasmic tails in long-term potentiation.

J Neurosci 30: 2676–2685.

60. Strack S, Colbran RJ (1998) Autophosphorylation-dependent targeting of

calcium/calmodulin-dependent protein kinase II by the NR2B subunit of the N-

methyl- D-aspartate receptor. J Biol Chem 273: 20689–20692.

61. Dravid SM, Erreger K, Yuan H, Nicholson K, Le P, et al. (2007) Subunit-

specific mechanisms and proton sensitivity of NMDA receptor channel block.

J Physiol 581: 107–128.

62. Sobczyk A, Scheuss V, Svoboda K (2005) NMDA receptor subunit-dependent

[Ca2+] signaling in individual hippocampal dendritic spines. J Neurosci 25:

6037–6046.

63. Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang, etal. (2004) Role of NMDA

receptor subtypes in governing the direction of hippocampal synaptic plasticity.

Science 304: 1021–1024.

64. Taghibiglou C, Martin HG, Lai TW, Cho T, Prasad S, et al. (2009) Role of

NMDA receptor-dependent activation of SREBP1 in excitotoxic and ischemic

neuronal injuries. Nat Med 15: 1399–1406.

NMDAR Subunits Change after OF Exposure and LTP

PLOS ONE | www.plosone.org 11 February 2013 | Volume 8 | Issue 2 | e55244


