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Caloric Restriction Increases Learning Consolidation and
Facilitates Synaptic Plasticity through Mechanisms
Dependent on NR2B Subunits of the NMDA Receptor
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Sergio Antonio Sierra-Dominguez,' Guillermo Lopez-Lluch,? José Maria Delgado-Garcia,' and Angel Manuel Carrién!
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One of the main focal points of aging research is the search for treatments that will prevent or ameliorate the learning and memory
deficiencies associated with aging. Here we have examined the effects of maintaining mature mice on along-term intermittent fasting diet
(L-IFD). We found that L-IFD enhances learning and consolidation processes. We also assessed the long-term changes in synaptic
efficiency in these animals. L-IFD mice showed an increase in low-theta-band oscillations, paired-pulse facilitation, and facilitation of
long-term synaptic plasticity in the hippocampus with respect to mice fed ad libitum. In addition, we found an increase in the expression
of the NMDA receptor subunit NR2B in some brain areas of L-IFD mice. Specific antagonism of this subunit in the hippocampus reversed
the beneficial effects of L-IFD. These data provide a molecular and cellular mechanism by which L-IFD may enhance cognition, amelio-

rating some aging-associated cognitive deficits.
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Introduction

Aging is associated with impairments in learning and memory.
Anatomical and electrophysiological studies indicate that the
hippocampus of aged rodents sustains a loss of synapses, a de-
crease in NMDA receptor (NMDAR) responses, and alterations
in calcium homeostasis. These changes may contribute to the
observed age-related impairments in synaptic plasticity and in
learning and memory processes (Rosenzweig and Barnes, 2003 ).
Hence, an important aspect of aging research has been the quest
for treatments preventing or ameliorating memory deficits asso-
ciated with aging.

It has been proposed that a moderate reduction in caloric
intake [caloric restriction (CR)] might slow aging, reduce age-
related chronic diseases, and extend the life span (Weindruch and
Walford, 1988; Lane et al., 1999; Lin et al., 2000; Masoro, 2000;
Stern et al., 2001; Berrigan et al., 2002; Barger et al., 2003; Hurst-
ing et al., 2003; Ingram et al., 2004; Roth et al., 2004). Moreover,
studies in humans indicate that some metabolic markers of aging
improve with CR diets (Walford et al., 1992, 2002; Verdery and
Walford, 1998; Heilbronn and Ravussin, 2003).

Long-term plastic synaptic changes have been postulated as a
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putative building block for memory formation (Daoudal and
Debanne, 2003; Gruart et al., 2006), and long-term potentiation
(LTP) could be a model of neural changes underlying learning
mechanisms. In the CA1 region of the hippocampus, the opening
of NMDARSs seems to be necessary for memory formation (Bliss
et al., 2003). Functional NMDAR complexes are composed of
NRI1 and NR2 subunits and of adaptor, signaling, cytoskeletal,
and cell-adhesion proteins (Husi et al., 2000; Walikonis et al.,
2000). It is known that the NR2A and NR2B subunits predomi-
nate in the adult forebrain (Monyer et al., 1994; Loftis and
Janowsky, 2003), although many brain regions contain predom-
inantly NR2A subunits (e.g., the hippocampus). Both NR2A and
NR2B subunits play important roles in LTP and associative learn-
ing (Sakimura et al, 1995; Kim et al, 2005; Valenzuela-
Harrington et al., 2007). During aging, a switch from NR2B to
NR2A in NMDARs is commonly observed in many brain regions
(Monyer et al., 1994; Sheng et al., 1994), and it may contribute to
areduction in adult brain plasticity (Barria and Malinow, 2005).

It is well established that CR decreases aging-related deficien-
cies in cognitive processes (Idrobo etal., 1987; Ingram et al., 1987;
Stewart et al., 1989; Pitsikas and Algeri, 1992). However, the mo-
lecular and cellular bases of these effects remain unclear. Here, we
show that intermittent fasting diet (IFD; a variant of CR) en-
hances learning and memory processes in mature mice when
compared with mice fed ad libitum (AL). Hippocampal activity in
IFD mice shows an increase in low-theta-band oscillations,
paired-pulse facilitation (PPF), and enhanced synaptic plasticity.
Some brain areas, including the hippocampus, of IFD mice dis-
played an increase in NR2B subunit of NMDAR expression when
compared with those from AL mice. Finally, infusion of NR2B
antagonist in the hippocampus reversed the IFD-induced en-
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hancement of cognitive processes and hippocampal function.
These results suggest that the increase in NR2B could be respon-
sible for IFD-induced improvement in cognition.

Materials and Methods

Animals

Eight-week-old male Swiss mice, weighing between 25 and 30 g, were
maintained under a 12 h light/dark cycle. The animals were divided into
two groups, one of which was fed ad libitum and the other of which was
fed on alternate days (i.e., with dietary restriction). The mice were main-
tained on this feeding regimen for 6—8 months [long-term IFD (L-IFD)].
Total intake (weekly) and activity were similar to those described previ-
ously (Anson et al., 2003; de los Santos-Arteaga et al., 2003). Mice were
kept to the same diet schedule during behavioral and electrophysiology
experiments. All behavioral and electrophysiological studies were con-
ducted in accordance with the guidelines of the European Union Council
(86/609/EU) and following Spanish regulations for the use of laboratory
animals in chronic experiments (BOE 67/8509-12, 1988). Furthermore,
all the experiments were approved by the local institutional animal care
committee.

Drug administration
R-(R,S)-a-(4-hydroxyphenyl)-B-methyl-4-(phenylmethyl)-1-
piperidine propranol (Ro25-6981) (Sigma-Aldrich, Madrid, Spain), a
potent antagonist of the NR2B subunit, was dissolved in DMSO (vehicle)
at a concentration of 5 mg/ml. Mice received subcutaneous injections of
R025-6981 at 5 mg/kg or an equivalent volume of vehicle. For the local
administration of the drug, the animals were anesthetized, secured in a
stereotaxic frame, and implanted bilaterally with guide cannulas directed
at the hippocampus or at the perirhinal cortex. Two stainless-steel guide
cannulas were implanted through burr holes in the skull, using the fol-
lowing coordinates (relative to bregma): for hippocampus, anteroposte-
rior (AP), —2.2 mm; lateral (L), = 1.5 mm; and ventral (V), —1.1 mm; for
perirhinal cortex, AP, —3.4 mm; L, £4 mm; and V, —1.8 mm. The guide
cannulas were anchored to the skull by two stainless-steel skull screws
and dental cement. Between infusions, the cannulas were closed by
dummy cannulas. Mice were allowed to recover for at least 10 d before
habituation to the testing arena began. Ten minutes before behavior
tests, 0.5 ul of a 50 uM solution of Ro25-6981 was microinjected over 60 s
through each cannula, and the infusion cannulas were left for an addi-
tional 60 s to minimize back-flow. Cannula placement was verified post-
mortem: 2—4 h after the last behavioral test, mice were killed and brains
were processed for Nissl staining. Only data from animals with correct
cannula implants were included in statistical analyses.

Behavioral learning studies

The motor learning test. The rotarod (Ugo Basile Biological Research
Apparatus, Comerio, Italy) consists of a gritted plastic roller (3 cm in
diameter, 6 cm long) flanked by two round plates (30 cm in diameter) to
prevent the animal from escaping. To habituate mice to the rotarod, the
animals were placed on the roller at 20 rpm for 300 s. To assay motor
learning, animals were subjected to one daily session of 300 s on 4 con-
secutive days, with the roller being driven at 60 rpm. The number of trials
required for the animals to complete 300 s on the cylinder and the max-
imum time they remained on it were measured in each session.

Operant conditioning. Training was performed using a Skinner’s box
(Cibertec, Madrid, Spain). Two weeks before training, all the mice were
handled daily. The weight of the animals 10 d before training was used as
abaseline for the food restriction regimen. Animals were weighed daily to
maintain their body weight at 85% of the baseline. Mice were assayed
only on alternative days, so as not to disturb the IFD regimen.

Initially, all mice received a 10 d training to associate lever pressing
with food-pellet reinforcements. Once they had acquired this associa-
tion, mice were submitted to a 12 s fixed-interval reinforcement schedule
during 8 d (a single reinforcement was delivered if the mouse pressed the
bar at least once during the 12 s interval). In this schedule, reinforced
lever pressures were considered conditioned if, and only if, they occurred
during the second half of the selected interval (i.e., between seconds 7 and
12).
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Eyeblink classical conditioning. For recording and stimulating pur-
poses, a low-weight, four-channel wire was connected to the socket im-
planted on the animal’s head. Conditioned and unconditioned stimuli
(CSs and UsSs, respectively) consisted of 50 and 500 us cathodic electrical
pulses delivered through the pair of electrodes implanted in the right
upper periorbital region, close to the supraorbital nerve. CS and US
intensities (in mA) were determined experimentally for each animal be-
fore beginning the training, and selected values were not modified across
conditioning. CS and US intensities were defined according to criteria
described previously (Inda et al., 2005). A stimulus-free interval of 250
ms was interposed between the end of the CS and the onset of the US.
Eyelid responses were monitored from the electromyographic activity of
the orbicularis oculi muscle, recorded through the second pair of im-
planted eyelid electrodes. Additional details of this experimental para-
digm have been presented previously (Dominguez-del-Toro et al., 2004;
Inda et al., 2005).

The complete classical conditioning training consisted of 10 daily 40-
trial sessions: three habituation (CS-alone trials) and seven conditioning
(paired CS-US trials) sessions. The interval between trials was random-
ized between 25 and 35 s, and in all behavioral experiments, six to eight
animals per group were used.

Object recognition test. Mice were tested in a rectangular arena (55 X
40 X 40 cm) located in a room with dim lighting and constant back-
ground noise. In the object recognition protocol, two different objects
were placed in the arena during the training phase. After a delay of 1 or
24 h, one object was changed to a novel object. The aim was to test the
animal’s memory of the original objects by measuring the amount of
time spent exploring the novel object versus the familiar one. Selected
objects consisted of plastic pieces with different forms and were thor-
oughly cleansed between trials to ensure the absence of olfactory cues.
Before the experiment, mice were habituated to the arena in the absence
of objects for 20 min each day over 2 d; on the day of testing, mice were
permitted either 5 or 15 min to explore the two objects. Retention tests
were performed either 1 or 24 h later by placing the mice back in the arena
for a 10 min session and by randomly exchanging one of the familiar
objects with a novel one. The time spent exploring each object was re-
corded, and the relative exploration of the novel object was expressed by
a discrimination index [DI = (f,ve1 — framitiar)/ (faovel T framitiar) ]+ The
criteria for exploration were based strictly on active exploration, during
which the mouse had both forelimbs within a circle of 1.5 cm around the
object, with its head oriented toward it, or was touching it with its
vibrissae.

Analysis of mRNA by reverse transcription-PCR

Total RNA from brain tissue was extracted using Tripure reagent (Roche,
Basel, Switzerland). For reverse transcription (RT)-PCR, the primers
were the same as those used by Sheng et al. (1994). Arbitrary units of the
ordinate axes in Figure 4 were computed as the ratio between the optical
density of the gene under study in the 30th cycle of amplification and that
of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene in the
15th cycle.

Tissue preparation and immunohistochemistry

To analyze the expression of the NR2B subunit, five mice were taken
from each experimental group and killed by decapitation. The brain was
removed and placed on an ice-cold plate, and the tissue was fixed by
immersion in 4% paraformaldehyde in PBS for 24 h at 4°C. The tissue
was cryoprotected in 30% sucrose-PBS for 2 d at 4°C, embedded in 30%
sucrose, and then maintained at 4°C until cryotome sectioning. Coronal
brain sections (50 wm) were processed for free-floating immunohisto-
chemistry (de los Santos-Arteaga et al., 2003), using the specific anti-
serum raised against the NR2B subunit at a 1:250 dilution (AB1557P;
Millipore, Billerica, MA). To quantify the expression of this subunit, the
optical density of different cerebral areas was measured using Image]
software. To minimize the variability of this technique, at least five sec-
tions for animal were analyzed in at least two independent immunobhis-
tochemistry stains.
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Electrophysiological recordings

Animals were anesthetized with 0.8—-3% halothane delivered through a
home-made mask (AstraZeneca, Madrid, Spain). Halothane was admin-
istered from a calibrated Fluotec 5 (Fluotec-Ohmeda, Tewksbury, MA)
vaporizer at a flow rate of 1-4 L/min oxygen. Once anesthetized, the
animals were implanted with electrodes made of 50 uwm Teflon-coated
tungsten wires (Advent Research Materials, Eynsham, UK). With the
help of stereotaxic coordinates (Paxinos and Franklin, 2001), bipolar
stimulating electrodes were implanted on the Schaffer’s collateral-com-
missural pathway of the dorsal hippocampus (from bregma, AP, 1.5 mm;
L, 2.2 mm; depth from brain surface, 1.0-1.5 mm). Two recording elec-
trodes were also implanted in the ipsilateral stratum radiatum under-
neath the CAI area (from bregma, AP, 2.2; L, 1.2 mm; depth from brain
surface, 1.0—1.5 mm). The final position of the hippocampal stimulating
and recording electrodes was determined by on-line recording proce-
dures (see below). The four wires were connected to a four-pin socket
(RS-Amidata, Madrid, Spain), and the ground wire was connected to the
recording system with a single wire. A 0.1 mm bare silver wire was fixed
to the skull as a ground. Sockets were fixed to the skull with the help of
two small screws and dental cement [for more details, see Gruart et al.
(2006)]. Recordings were performed using Grass P511 differential am-
plifiers with a bandwidth of 0.1 Hz to 10 kHz (Grass-Telefactor, West
Warwick, RI).

All of the in vivo recordings were performed at least 7 d after surgery.
To evoke LTP, each animal received five-pulse trains (200 Hz, 100 ms) at
arate of 1/s. This protocol was administered either once or a total of three
times at intervals of 1 min. Hippocampal activity was stored digitally on
a computer through an analog/digital converter (1401 Plus; Cambridge
Electronic Design, Cambridge, UK) at a sampling frequency of 11-22
kHz and with an amplitude resolution of 12 bits. Computer programs
(Spike 2 and SIGAVG; Cambridge Electronic Design) were adapted to
represent extracellular synaptic field potential (fEPSP) recordings. The
slope of the evoked fEPSPs was collected as the first derivative (i.e., V/s)
of fEPSP records (V). For this, five successive evoked field synaptic po-
tentials at intervals of 5 min were averaged, and the mean value of the
slope was determined for the rise-time period (i.e., the period of the slope
between the initial 10% and the final 10% of the evoked field potential).

The power spectrum of the hippocampal field activity was calculated
using the fast Fourier transformation with a Hanning window. This pa-
rameter was expressed as the relative power and averaged across each
session. The average was analyzed and compared using the wide-band
model, considering the following bands: low theta (2—4 Hz) and theta
(4-9 Hz).

For paired-pulse facilitation, two stimuli of an intensity that evoked
35-40% of the maximum response of fEPSP were delivered with an
interstimulus interval of 20—-200 ms. The percentage of facilitation was
calculated as (slope S2/slope S1) X 100. Facilitation was considered
100% in the interstimulus interval with maximum facilitation, and the
other intervals were normalized with respect to the maximum facilitation
interval.

Statistical analysis

The results were processed for statistical analysis using the SPSS for Win-
dows package (SPSS, Chicago, IL). Unless otherwise indicated, data are
represented by the mean + SEM. Collected data were analyzed using a
two-way ANOVA test with time or session as the repeated measure,
coupled with a contrast analysis when appropriate. One-way ANOVA
allowed the statistical differences between the groups to be checked.

Results

L-IFD increases cognitive function in mature mice

CR ameliorates learning deficiencies in aging rodents (Idrobo et
al., 1987; Pitsikas and Algeri, 1992). Some studies report that [FD
mimics many of the biochemical aspects of CR (Anson et al.,
2003; Mattson et al., 2003), but it has not been studied yet
whether L-IFD in mature mice might produce beneficial effects
on cognitive function. We tested L-IFD and AL mice in a battery
of learning and memory tasks. Initially, we assessed the motor
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Figure1. L-IFDinducesan enhancement of learning and memory processes. A, Motor learn-

ing was assayed using a rotarod over four sessions. The percentage of mice (ordinate) and the
number of trials required (abscissa) to complete 5 min on a 60 rpm rotating cylinder is shown
(n =13 and 14 for AL and L-IFD mice, respectively). B, Number of conditioning responses per
session after training in 12 s fixed-interval operant conditioning. C, Percentage of conditioned
responses per session across the whole training using a trace electrical shock-SHOCK eyeblink
classical conditioning paradigm (n = 10 and 8 for the two groups in operant and classical
conditioning, respectively). D, The object recognition memory test was performed for 5 min and
15 min training sessions (n = 8 for both groups). Discrimination indices during training, STM,
and LTM sessions (1 and 24 h after training, respectively) are shown for each experimental
procedure. Black and gray colors represent AL and L-IFD mice, respectively. * Statistical signif-
icance of AL and L-IFD mice in the same session; *statistical significance of the different session
with respect to habituation in the same group. **p = 0.05; * ***p < 0.01; ¥ *p <
0.001. H, Habituation session; C1—(8, conditioning sessions 1-8.

coordination of the mice in the rotarod test. Mature mice were
given a daily session over 4 consecutive days (Fig. 1 A). We deter-
mined the number of trials required for the animals to complete
the session (i.e., to remain on the rotating rod for 5 min). Most
mice required multiple trials (more than five) on the first day,
although both AL and L-IFD mice were capable of learning the
task. However, by the fourth session, 93.33% of L-IFD mice com-
pleted the task in the first trial, compared with only 25% of the AL
mice. Because L-IFD and AL mice showed the same body weight,
muscular strength, and resistance on the rotarod (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material),
we concluded that L-TFD mice were clearly more capable of learn-
ing this test than were AL mice.

To test associative learning in the two groups of mice, fixed-
interval (12 s) operant conditioning and trace eyeblink classical



10188 - J. Neurosci., September 19, 2007 - 27(38):10185-10195

conditioning were used (Fig. 1B, C). In both conditioning para-
digms, AL and L-IFD mice learned the task in seven to eight
sessions (for operant conditioning, F s ) = 12.03, p < 0.001 and
Fla06) = 13.92,p < 0.001 for AL and L-IFD mice, respectively; for
eyeblink classical conditioning, Fs,4) = 12.778, p < 0.001 and
Fi00) = 6.19, p < 0.001 for AL and L-IFD mice, respectively).
However, L-IFD mice learned the two tasks faster than did the AL
mice (statistically significant differences were found in the second
to fourth sessions with both conditioning protocols; p < 0.05).
Subsequently, we studied the possible differences between AL
and L-IFD mice in object recognition memory (ORM) (Fig. 1 D)
using two different training protocols: after a 5 min training ses-
sion, only L-IFD mice remembered the information both 1 h after
training, reflecting short-term memory (STM; DI = 0.24 % 0.04;
p < 0.001) (Fig. 1D, left plot), and 24 h after training (DI =
0.179 * 0.02; p < 0.001), reflecting long-term memory (LTM).
In contrast, when a 15 min training protocol was performed, no
differences were observed between AL and L-IFD mice (Fig. 1D,
right plot). Furthermore, the exploration times in short and long
training for the object recognition test were not different for
L-IFD mice with respect to AL ones (see supplemental Table 1,
available at www.jneurosci.org as supplemental material). Taking
these data together, we concluded that learning and memory pro-
cesses were enhanced in mature mice that underwent L-IFD with
respect to mature mice fed AL, although the maximum learning
capacity of AL and L-IFD mice was similar.

L-IFD provokes changes in the basal activity of

the hippocampus

The hippocampus is a cortical region involved in information
processing and memory consolidation (Squire and Zola-
Morgan, 1991). To study the basal activity in the hippocampus,
we implanted a bipolar stimulation electrode in the Schaffer’s
collateral and a recording electrode in apical dendrites of the CA1
field (Fig. 2 A). The background hippocampal activity recorded in
mature AL and L-IFD mice showed no differences in the ampli-
tudes of the theta rhythm during exploratory behavior (58.45 *
3.88% and 58.6 = 4.13% of the relative spectrum in AL and
L-IFD mice, respectively; p = 0.95) (Fig. 2A—C). However, we did
detect an increase in the low-theta-band oscillations (from 1 to 4
Hz) in L-IFD mice (24.7 % 0.43%, against 18.86 * 1.7% in AL
mice; p < 0.001). Furthermore, we performed PPF with inter-
pulse intervals ranging from 20 to 200 ms, to study the basal
synaptic state (Fig. 2 D). In AL mice, the PPF was maximum at an
interpulse interval of 50 ms (97.63 = 1.37% of maximum facili-
tation), and it diminished at shorter and longer interpulse inter-
vals. In contrast, L-IFD mice did not show a decrease in the PPF at
any of the interpulse intervals examined (96.013 * 2.28,92.76 +
3.4,94.511 = 3.324, and 90.56 £ 2.04% maximum paired-pulse
facilitation at interpulse intervals of 20, 50, 100, and 200 ms,
respectively; F,q 3, = 0.686; p = 0.57), suggesting that the CA3—
CAL1 synapse was functionally affected in L-IFD mice. This alter-
ation may indicate that neuronal excitability to a second pulse is
augmented in hippocampal neurons in mice subjected to L-IFD
with respect to AL mice (percentage of maximum paired-pulse
facilitation in interpulse intervals of 200 ms was 49.70 = 9.61 and
84.63 = 5.11 in AL and IFD mice respectively; p < 0.001).

Long-term changes in synaptic efficacy are facilitated in
L-IFD mice

Because it appears that L-IFD affects functional capabilities of the
CA3—-CAL1 synapse, we examined the effects of L-IFD on LTP in
the Schaffer’s collateral-CA1 synapse in behaving mice. We first
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Figure2. L-IFDinduces alterations in basal electric oscillations and synaptic transmission in
the hippocampus. A, Schematic representation of sites at which the stimulating and recording
electrodes, aimed to activate CA3—CA1 synapses in the hippocampus, were implanted. Two
seconds of basal electrocorticogram recordings, from two selected AL and L-IFD mice, are also
shown (black for ALand gray for L-IFD mice). A, Anterior; P, posterior. B, Mean power spectra of
hippocampal local field activity recorded from the CA1 pyramidal layer of AL and L-IFD mice
during exploratory behavior. C, Relative spectrum quantification (mean == SEM) in the low-
theta and theta ranges for AL and L-IFD mice. D, Basal neurotransmission was measured by
paired pulses with interpulse intervals from 20 to 200 ms. The percentage of maximum paired-
pulse facilitation in each interpulse interval in AL and L-IFD mice is represented (n = 6 for each
group). " Statistical significance of AL and L-IFD mice in the same session; *statistical signifi-
cance of the different session with respect to 50 ms paired pulse (PP) interval in the same group.
p=0.05;*p=001; T T*p <0.001.

used high-frequency stimulation (HES; five-pulse trains of 200
Hz, 100 ms, at a rate of 1/s) at an intensity that evoked 35-40% of
the maximum response of fEPSPs. This protocol did not produce
any short- or long-term changes in synaptic efficacy in AL mice
(F203) = 0.81; p = 0.509) (Fig. 3A,B). However, the same pat-
tern of stimulation did produce an enhanced and sustained long-
lasting response in L-IFD mice (Fig. 3A,B) (F 53 = 16.76; p <
0.001; 30 min after HFS, 137.62 * 4.87% for L-IFD mice and
105.32 % 3.16% for AL mice; p < 0.001; 1 h after HFS, 141.84 *
0.84% for L-IFD mice and 104.91 * 4.24% for AL mice; p <
0.001; 2 h after HFS, 122.39 *= 4.34% for L-IFD mice and
108.93 = 7% for AL mice; p = 0.13). We also compared the
CA3—CA1 synapse response in AL and L-IFD mice to repeated
HFS trains, known to elicit a robust and prolonged change in
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*p = 0.05;**p = 0.01; T T < 0,001,

synaptic efficacy that involves nuclear-dependent processes
(Abel and Lattal, 2001; Kandel, 2001). The overall LTP produced
in L-IFD mice by three HFS trains was longer and more consis-
tent than that produced by a single HFS train (compare the
122.39 = 7% and 158.89 = 5.08% fEPSP slope in L-IFD mice 2 h
after one or three HFS trains, respectively; p = 0.0014). However,
this was similar to the LTP elicited by three HFS trains in AL mice
(Fig. 3C,D). From these data together, we concluded that long-
term synaptic plasticity evoked by HFS is facilitated in mature
mice subjected to L-IFD.

L-IFD provokes changes in NMDAR expression in the brain

Because NMDARs play a pivotal role in learning and long-term
changes of synaptic efficacy (Huerta et al., 2000) and their sub-
units expression change during rodents’ lifespan (Monyer et al.,
1994; Sheng et al., 1994), we analyzed the expression of the pre-
dominant NR subunits in the adult forebrain by performing
semiquantitative RT-PCR with specific primers for NR1, NR2A,
and NR2B NMDAR subunits on tissue from the hippocampal,
perirhinal, and somatosensory cortices of AL and L-IFD mature
mice (Fig. 4). In the hippocampus and perirhinal cortex, we de-
tected a significant ( p < 0.01) increase of 3.24 * 0.42and 1.99 =
0.121-fold, respectively, in the expression of NR2B subunits in
L-IFD mice with respect to AL mice (Fig. 4 A, C). We also detected
an increase of 1.87 % 0.152-fold in the NR1 subunit of NMDAR
in the perirhinal cortex of L-IFD mice with respect to AL mice
(p <0.01). However, no significant differences were detected in
somatosensory cortex regarding the expression of the different
NMDAR subunits analyzed (Fig. 4 B). The ratio of NR2B/NR2A
NMDAR subunits was statistically different between L-IFD and
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Early and late LTPis enhanced in L-IFD mice. A, A single HFS train [arrow; five pulses (200 Hz, 100 ms) at a rate of 1/5]
evoked LTP that lasts for up to 2 h in L-IFD mice (gray), but not in AL mice (black). B, Summary of the changes in fEPSP slope
(mean == SEM) at different times after a single HFS train. Representative fEPSP recordings, collected at the same time, from AL and
L-IFD mice are also shown. C, Three HFS trains (arrows) induced indistinguishable LTP (lasting >2 h) in AL and L-IFD mice. D,
Summary of changes in fEPSP slope (mean = SEM) at different times after three HFS trains. Representative fEPSP recordings,
collected at the same time, in AL and L-IFD mice are also shown (n = 6 for each group). * Statistical significance of AL and L-IFD
mice in the same session; *statistical significance of the different session with respect to baseline recording in the same group.
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[ [\/, I\/ AL animals only in hippocampus. We also
| \ performed immunohistochemistry on the
hippocampus to determine whether the
= expression of the NR2B subunit in L-IFD
mice was generalized or local. Densito-
metric analysis of the immunolabeling re-
vealed a significant increase in the accu-
I mulation of the NR2B subunit in the
dentate gyrus (DG) and CA1 field, in both
somatic and dendritic layers of L-IFD
mice with respect to those of AL mice (Fig.
4C) (p < 0.001 for the soma and den-
drites in the CAl field and for the soma of
the DG; p < 0.01 in the dendrites of DG
neurons). All these data point to a specific
increase in the NR2B subunits of synaptic
and extrasynaptic NMDAR in hippocam-
pus after L-IFD in mature mice.

120

The alterations in the basal activity of
the hippocampus induced by L-IFD
were restored by an NR2B antagonist
L-IFD provoked changes in the relative
spectral power of the low-theta-band os-
cillations in the hippocampus, as well as in
paired-pulse facilitation of CA3—CAL1 syn-
apses. Furthermore, we detected alter-
ations in the expression of the NR2B sub-
unit of NMDAR in the hippocampus of
L-IFD mice when compared with AL
mice. Therefore, we wanted to determine
whether the changes in NR2B expression
were related to the changes in basal hip-
pocampal activity observed in L-IFD mice. For this, we adminis-
tered a specific antagonist for NMDARs that contain the NR2B
subunit, Ro25-6981 (5 mg/kg), 30 min before recording. To test
the efficiency of Ro25-6981, the same doses described above
blocked learning of a 5 min training ORM task in 21-d-old mice,
an age at which high levels of NR2B subunit of NMDAR are
expressed (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). Administration of R025-6981 did not
alter the relative spectrum of the low-theta or theta range in AL
mice (Fig. 5A,B). However, the NR2B antagonist restored the
relative spectrum increase in the low-theta spectrum in the hip-
pocampus of L-IFD mice (Fig. 5A, B) (relative spectrum in the
low-theta range was 24.7 & 0.43%, 18.63 £ 1%, and 16.86 *
1.7% for L-IFD, L-IFD treated with R025-6981, and AL mice,
respectively; p < 0.001 for L-IFD against L-IFD plus Ro25-6981
mice). In contrast, Ro25-6981 administration did not affect the
relative spectral power of the theta band in L-IFD mice. We also
tested whether the NR2B subunit of the NMDAR was involved in
the increased PPF of CA3—CA1 synapses observed in L-IFD mice.
Administration of Ro25-6981 did not change the PPF at any in-
terpulse interval tested in AL mice (Fig. 5C). In contrast, this
antagonist induced a decrease in the PPF pattern when adminis-
tered to L-IFD mice, reducing it closer to the levels observed in AL
mice (Fig. 5C).

Together, these data suggest that the NR2B subunit of
NMDAR could be responsible for the change in hippocampal
oscillatory activity observed in L-IFD mice. However, this sub-
unit is unlikely to be fully responsible for the altered pattern of
hippocampal PPF found in these L-IFD mature mice.
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Figure4. L-IFD induces overexpression of the NR2B subunit of NMDAR in the hippocampus.
A-(, Basal expression of genes encoding different NMDAR subunits in hippocampal (4), so-
matosensory (B), and perirhinal (C) cortices of AL and L-IFD mice as assessed by semiquantita-
tive RT-PCR. The GAPDH mRNA served as an internal control. The graphs represent the relative
presence of specific PCR products in AL (black bars) and L-IFD (gray bars) mice. The NMDAR
NR2B/2A subunit ratio in each area for AL and IFD mice is also shown. D, Photomicrographs and
immunohistochemical analyses of the NR2B expression pattern in the hippocampus of AL and
L-IFD mice. The graphs represent the densitometric analysis of NR2B expression in the different
areas of hippocampus (n = 5 animals per group in all tests). s luc, Stratum lucidum; mol,
molecular layer; [mol, lacunosum moleculare layer; Molec, molecular layer; Lac mol, lacunosum
moleculare layer; 0.D., optical density. *p =< 0.01; **p < 0.01; ***p =< 0.001.

Ro025-6981 administration decreases the facilitation of
hippocampal synaptic plasticity in L-IFD mice

L-IFD produced a marked increase in the expression of the NR2B
subunit and in the NR2B/NR2A subunits ratio in hippocampus.
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Figure 5.  The NMDAR NR2B subunit antagonist, Ro25-6981 (Ro), partially restores the al-
tered basal hippocampal activity induced by L-IFD. A, Averages of the relative power spectra of
CA1 pyramidal layer field activity during exploratory behavior of AL and L-IFD mice 30 min after
administration of either vehicle or Ro25-6981 (5 mg/kg, s.c.). Inset, Two-second samples of
basal field activity recorded in AL and L-IFD mice under the same conditions (black for AL and
gray for L-IFD mice). B, Relative spectral power (mean == SEM) of low-theta and theta bandsin
AL and L-IFD mice 30 min after administration of either vehicle or Ro25-6981 (5 mg/kg, 5.c.). C,
Basal excitatory neurotransmission was measured using paired-pulse facilitation with inter-
pulse intervals from 50 to 200 ms in the presence or absence of Ro25-6981. Bars represent the
percentage of maximum paired-pulse facilitation as a function of interpulse interval in AL and
L-IFD mice (n = 6 for each group). PP, Paired pulse. **p =< 0.01; ***p < 0.001.

The NR2B subunit may be responsible for facilitating synaptic
plasticity in young mice and NR2B-overexpressing transgenic
mice. (Tang et al., 1999; Kohr et al., 2003; Barria and Malinow,
2005). Thus, we asked whether the increased NR2B expression in
the hippocampus of mice subjected to L-IFD might be responsi-
ble for the facilitation of LTP in CA3—CA1 synapses. To assess
this, we administered Ro25-6981 30 min before recording and 45
min before HES delivery to either AL or L-IFD mice. Adminis-
tration of the NR2B antagonist did not affect the synaptic plas-
ticity evoked by up to three HFS trains in AL mice (Fig. 6). In
contrast, Ro25-6981 administration in L-IFD mice reduced the
LTP induced by one HFS train (Fig. 6A,B) (F(53) = 3.95;p =
0.023): 30 min after HFS, 137.62 * 4.87 and 115.39 * 4.41% after
vehicle and R025-6981 administration in L-IFD mice, respec-
tively ( p = 0.006); 1 h after HFS, 141.84 = 0.84 and 114.37 =
0.64% for vehicle and Ro25-6981 administration in L-IFD mice,
respectively ( p < 0.001); and 2 h after HFS, 122.39 *+ 4.34 and
109.24 * 3.24% for vehicle and R025-6981 administration in
L-IFD mice, respectively (p = 0.11). In addition, Ro25-6981
administration to L-IFD mice did not produce any difference in
LTP induced by three HFS trains with respect to L-IFD mice
treated with vehicle. Moreover, the LTP after the two treatments
was indistinguishable from that in AL mice (Fig. 6C,D). To-
gether, these data indicate that the increase in expression of the
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Figure6. R025-6981 (Ro) reverses the facilitation of synaptic plasticity induced by L-IFD. A, Asingle HFS train [arrow; five pulses
(200 Hz, 100 ms) at a rate of 1/5] evokes an LTP at the CA3—CA1 synapse that lasts for up to 2 h in L-IFD mice (gray circles).
R025-6981 administration (gray squares) reverses this effect but does not affect the same synapse in AL mice (black circles and
squares). B, Summary of percentage change in fEPSP slope (mean == SEM) at different times after a single HFS train in ALand L-IFD
mice, in either the presence or absence of the specific NR2B antagonist. C, Three HFS trains (arrows) induce an indistinguishable LTP
(lasting >2 h) in AL and L-IFD mice, in either the presence or absence of Ro25-6981. D, Summary of the percentage change in
fEPSP slope (mean == SEM) at different times after three HFS trains in AL and L-IFD mice, in either the presence or absence of the
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tion in the 15 min training protocol in
L-IFD mice. After this extended training
period, the sensitivity to Ro25-6981 was
indistinguishable between AL and L-IFD
mice. These results indicate that the en-
hanced learning in L-IFD mice depends
on the expression of NR2B.

Hippocampal NR2B mediated IFD-
induced learning facilitation

There is some controversy on the role of
hippocampus and perirhinal cortex in
ORM (for review, see Brown and Aggle-
ton, 2001). To know the role of the two
brain areas in ORM learning facilitation,
we implanted bilateral cannulas in the
hippocampus or in the perirhinal cortex
of L-IFD mice (locations of infusion can-
nulas are illustrated in Fig. 7C). Ro25-
6981 infusion through cannulas directed
at the perirhinal cortex of L-IFD mice 5
min before the 5 min training protocol did
not affect either short-term or long-term
memory of ORM compared with values
obtained after saline infusion (F(s,, =
37.2; p < 0.001) (Fig. 7C). However,
NR2B antagonist infusion in the hip-
pocampus of L-IFD mice before the 5 min
training protocol blocked both short-

specific NR2B antagonist (n = 6 for each group). *p = 0.05; **p < 0.01; ***p =< 0.001.

NR2B subunit of NMDAR is necessary for the induction of LTP
after one HFS train in L-IFD mice, although it is not required to
induce LTP with three HFS trains.

Blockage of NR2B reduces learning enhancement in

L-IFD mice

As we have shown, L-IFD facilitates the acquisition and consoli-
dation of new information in mice. Furthermore, this treatment
evokes changes in hippocampal activity and synaptic plasticity in
an NR2B-dependent manner. Transgenic mice overexpressing
the NR2B subunit of NMDAR in the forebrain display enhanced
learning when compared with wild-type littermates (Tang et al.,
1999). Hence, to determine whether L-IFD-facilitated learning
was NR2B dependent, we used the eyeblink classical conditioning
and ORM tests as learning paradigms. To determine the role of
NR2B in the acquisition of the eyelid conditioning responses in
L-IFD and AL mice, R025-6981 was injected 30 min before each
classical conditioning session. Administration of the NR2B an-
tagonist did not cause any noticeable effects on classical condi-
tioning acquisition in AL mice (Fig. 7A), whereas in L-IFD mice,
R025-6981 administration slowed classical conditioning acquisi-
tion to the pattern found in AL mice. We found statistically sig-
nificant differences between the first and third sessions (p <
0.05) when comparing vehicle and Ro25-6981 administration in
L-IFD mice. To study the role of NR2B in ORM, we administered
the NR2B antagonist 30 min before the training session. Ro25-
6981 did not affect acquisition or consolidation of ORM in AL
mice (Fig. 7B), whereas in L-IFD mice, R025-6981 administra-
tion blocked ORM learning in the 5 min training protocol (F, 5 )
= 1.44 = 0.26; p = 0.26) (Fig. 7B). In contrast, administration of
the same drug did not change ORM acquisition and consolida-

term and long-term memories with re-
spect to those infused with saline (F(;s )
=1.29; p = 0.3). These data indicated that
overexpression of the NR2B subunit of NMDAR in the hip-
pocampus is required for the learning facilitation in L-IFD mice.

NR2B is necessary to facilitate consolidation in L-IFD mice

As seen above in the classical conditioning and ORM tests,
NR2B-containing NMDARs are necessary to facilitate learning in
L-IFD mice. Hence, we wanted to know if the NR2B subunit
contributes to consolidation of ORM in the 5 min training para-
digm in L-IFD mice. To address this issue, we injected 5 mg/kg
R025-6981 after the STM test, and 24 h later the retention of
ORM was tested (as evidence of the effect on the consolidation
process). When L-IFD mice were administered with vehicle, the
discrimination indices during short-term and long-term mem-
ory tests were indistinguishable (short-term and long-term
memory DI were 0.258 * 0.058 and 0.179 = 0.02, respectively;
p = 0.279). In contrast, when the specific antagonist of NR2B was
administered after the STM test, consolidation of ORM was
blocked (short-term memory and long-term memory DI were
0.258 = 0.058 and —0.011 * 0.04, respectively; p = 0.003). These
results suggest that processes dependent on NMDARs containing
NR2B subunits could be responsible for the consolidation facili-
tation in L-IFD mice.

Discussion

As mean life expectancy extends, the quality of life available to the
aged becomes an ever more important matter. The memory def-
icits commonly experienced in aging have been called age-
associated memory impairment (AAMI) (Crook et al., 1986).
Although the various cognitive deficits included in AAMI are
often subtle, they are nonetheless disturbing to those affected by
them (Backman et al., 2001). Research on these age-related cog-
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sal, saline.

nitive deficits and on drugs enhancing cognitive function may
lead to effective treatments for both AAMI and for other, more
severe cognitive impairments (McEntee and Larrabee, 2000).
CR restores synaptic plasticity and/or cognitive capabilities in
aged animals (Idrobo et al., 1987; Ingram et al., 1987; Stewart et
al., 1989; Pitsikas and Algeri, 1992; Pitsikas et al., 1992; Eckles et
al., 1997; Eckles-Smith et al., 2000). However, the molecular
bases underlying the amelioration of cognitive deficiencies in-
duced by CR in aged animals are not understood. Here, we have
demonstrated that mice submitted to L-IFD display improved
cognitive functions, as well as an increased synaptic plasticity in
hippocampal circuits, dependent on NMDARs containing NR2B
subunits. The benefits of IFD in mature mice may be a conse-
quence of modifications in the pattern of gene expression. In-
deed, aging modifies the expression of many genes related to
oxidative stress, inflammation (Lee et al., 2000; Park and Prolla,
2005), and neurotransmission. In many cases, the latter changes
are counteracted by CR (Mattson et al., 2001). Here, we report
that L-IFD causes an increase in the hippocampal expression of
the NR2B subunit of the NMDAR in mature mice, mimicking the
expression of NR2B found in young mice (Monyer et al., 1994;
Sheng et al., 1994). These findings indicate that IFD could be a
form of CR able to slow aging in rodents (Dubey et al., 1996;
Finch and Morgan, 1997; Bordone and Guarente, 2005).
Genetic (Tsien et al., 1996; Tang et al., 1999; Cui et al., 2005)
and pharmacological (Collingridge et al., 1983; Morris et al.,
1986) approaches have established that NMDARSs play a central
role in synaptic plasticity and in learning and memory processes.

Although there are four NR2 subunits (A-D), the NR2A and
NR2B subunits predominate in the forebrain. Each of the NR2
subunits imparts different functional characteristics to the
NMDARs: NR2A-containing NMDARs have rapid kinetics and
less-prolonged EPSPs than those containing NR2B (Monyer et
al., 1994; Erreger et al., 2005). The NMDAR opening time is an
important factor in the coincident detection of synaptic events
(Bourne and Nicoll, 1993; Tsien, 2000), considering the response
characterized by NR2B-rich receptors optimal for integration.
During postnatal development (Monyer et al., 1994; Sheng et al.,
1994) and in activity-dependent cortical development (Quinlan
et al., 1999; Barth and Malenka, 2001), the NR2A-NR2B ratio
changes, explaining the different decay kinetics of NMDAR-
mediated synaptic responses (Hestrin, 1992; Flint et al., 1997).
The role of NMDAR subunits in synaptic plasticity remains
unclear. It has been proposed that NR2A- and NR2B-type
NMDARs induce LTP and long-term depression, respectively
(Liu et al., 2004; Massey et al., 2004). In contrast, a role for NR2B
subunits in LTP has been demonstrated in mice with NR2B over-
expression in the forebrain (Tang et al., 1999; Wong et al., 2002;
Cao et al.,, 2007) or by overexpression of NR2B subunits in brain
slices (Barria and Malinow, 2005). Also, NR2B-dependent LTP
was observed in mice with no or impaired NR2A signaling
(Kiyama et al., 1998; Kohr et al., 2003) and when using NR2-
specific antagonists (Berberich et al., 2005). Our results show that
NR2B is involved in LTP facilitation only when a single HES train
was used. The fact that LTP induced in AL and L-IFD mice by
three trains of HFS was not affected by an NR2B-subunit antag-
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onist suggests that voltage-dependent Ca*" channel and/or
NR2A-containing NMDAR could be related to this process
(Morgan and Teyler, 1999; Gruart et al., 2006). Therefore, the
relative contribution of the NR2 subtypes in the induction of LTP
in CA1 neurons could be determined by the temporal pattern of
synaptic stimulation. Alternatively, our results could be ex-
plained by an alteration of the threshold of LTP induction caused
by an increase in NR2B/2A ratio, rather than an indication of an
absolute requirement of NR2B in LTP. Indeed, the observed
NR2B-dependent increase in PPF and low-theta oscillation may
contribute to the overall increase in excitability of these neurons
and hence the reduced threshold of single HFS-induced LTP.

Our results show that the increase in the expression of the
NR2B-containing NMDAR in hippocampus of L-IFD mice may
be one of the many changes that occur in L-IFD brain that drives
to a learning and memory enhancement. Mice overexpressing
NR2B subunit in forebrain also display enhancement in LTP and
learning with respect to control mice in healthy mice (Tang et al.,
1999, 2001; White and Youngentob, 2004) as well as in old mice
(Caoetal., 2007). Thus, the increase in expression and/or activity
of NR2B subunits could improve cognitive capabilities in mice.

Electrophysiological properties of the hippocampus are also
altered in L-IFD mice. Mouse hippocampal oscillation is in the
theta band (5-9 Hz) (Vanderwolf, 1969). However, although the
principal relative spectrum oscillation range of the theta rhythm
in the hippocampus of L-IFD mice was similar to that of AL mice,
an increase was observed in the relative spectrum <5 Hz (low-
theta oscillation). Surprisingly, the activity of the NR2B-
containing NMDARs was necessary for this increase within the
low-theta band in L-IFD mice. Theta rhythm has been correlated
with learning and memory (Klimesch, 1999; Kahana et al., 2001).
However, little is known about the role of the low-theta rhythm
in learning and memory processes. In humans, slow-wave-sleep
rich oscillations occurring in the first half of the night have a
positive influence on declarative memory consolidation and in a
spatial learning task (Plihal and Born, 1997, 1999). Furthermore,
the slow-wave-sleep period provokes coupling of neocortical and
hippocampal activities, an event required for information trans-
fer between the hippocampus and the neocortex, as occurs dur-
ing memory consolidation (Sirota et al., 2003). Our results indi-
cate that the increase in low-theta oscillation in L-IFD mice could
extend the temporal window for consolidation when compared
with AL mice, possibly resulting in an enhancement of memory
processes. Furthermore, our results suggest that NMDARs,
mainly those that contain the NR2B subunit, may be related to
the genesis of such hippocampal oscillatory activity.

Basal hippocampal neurotransmission revealed by paired-
pulse protocols is altered in L-IFD mice. Schaffer’s collateral—
CAL1 synapses in adult mice show maximum PPF in an interpulse
interval of ~50 ms. This facilitation decreases as the interpulse
interval increases. In contrast, L-IFD mice did not show any de-
crease in PPF in the assayed interpulse intervals. Moreover, the
PPF of L-IFD mice were partially dependent on NR2B-subunit-
containing NMDARSs. In L-IFD mice, this particular PPF may be
explained by presynaptic mechanisms in which BDNF can mod-
ify glutamatergic basal transmission through TrkB and CaMKII
phosphorylation (Crozier et al., 1999; Lin et al., 1999). In fact,
BDNF and NR2B NMDAR subunits are overexpressed in CR
mice (Mattson et al., 2004; Lee et al., 2002; this study). Other
presynaptic mechanisms may also participate in this phenome-
non; in fact, neurons of CR animals display alterations in calcium
homeostasis that could modify neurotransmitter release (Matt-
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son et al, 2001). Ongoing experiments will elucidate these
hypotheses.

There is some controversy about brain areas related to ORM.
Recent reviews (Brown and Aggleton, 2001; Dere et al., 2007)
argue that in ORM the perirhinal cortex is involved in object
familiarization, whereas the hippocampus is involved in the rela-
tionship established between objects and space cues and in con-
solidation of the learned task. In the last years, the differential role
of perirhinal cortex glutamate receptors in ORM has been estab-
lished (Winters and Bussey, 2005; Barker et al., 2006a,b): kainate
receptors are related to the fast-onset plasticity of the immediacy
and novelty of the response and STM, whereas NMDARs are
involved in the slow and long-lasting plasticity of familiar re-
sponses and LTM. On the other hand, the results of Rossato et al.
(2007) and ourselves show that hippocampus is related to object
familiarization (ORM acquisition in IFD and in young mice).
Changes in firing properties of hippocampal CA1 neurons during
associative learning (Munera et al., 2001) suggest that the hip-
pocampus encodes associative strength or predictive value. These
properties could be enhanced in the presence of high expression
of NMDAR containing NR2B subunit.

In summary, L-IFD mice show a clear facilitation in the acqui-
sition and consolidation of new tasks when compared with AL
mice. These findings could be attributed to a decrease in hip-
pocampal aging, as witnessed by the upregulation of NR2B
NMDAR subunit expression. Furthermore, NR2B expression
probably confers the hippocampus of L-IFD mice with a better
capacity for integrating information and for consolidation, prob-
ably as a result of changes in electric oscillatory patterns. To-
gether, these data suggest that procedures that enhance the
NR2B-containing NMDAR pathways could provide potential
therapeutic strategies to diminish the cognitive impairment that
occurs during normal aging or in disease.
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