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NR2A-Containing NMDARs in the Prefrontal Cortex
Are Required for Working Memory and Associated with
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Working memory, the ability to temporarily maintain representational knowledge, is a foundational cognitive process that can become
compromised in aging and neuropsychiatric disease. NMDA receptor (NMDAR) activation in prefrontal cortex (PFC) is necessary for the
pyramidal neuron activity believed to enable working memory; however, the distinct biophysical properties and localization of NMDARs
containing NR2A and NR2B subunits suggest unique roles for NMDAR subtypes in PFC neural activity and working memory. Experi-
ments herein show that working memory depends on NR2A- but not NR2B-NMDARs in PFC of rats and that NR2A-NMDARs mediate the
majority of evoked NMDAR currents on layer 2/3 PFC pyramidal neurons. Moreover, attenuated expression of the NR2A but not the NR2B
subunit in PFC associates with naturally occurring working memory impairment in aged rats. Finally, NMDAR currents and working
memory are enhanced in aged rats by promoting activation of the NR2A-enriched synaptic pool of PFC NMDARs. These results implicate
NR2A-NMDARs in normal working memory and suggest novel treatment strategies for improving working memory in cognitive disor-
ders.
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Introduction
Working memory is a flexible form of short-term memory used to
guide ongoing, goal-directed behavior (Baddeley, 1986). Working
memory is supported by the prefrontal cortex (PFC) and is believed

to rely on the ability of pyramidal neuron networks to persist in firing
even after a to-be-remembered stimulus is removed from the envi-
ronment (Goldman-Rakic, 1995). Ionotropic glutamate receptors
of the NMDA subtype (NMDARs) are expressed on PFC pyramidal
neurons and altered activity at these receptors has been implicated in
working memory deficits associated with both psychiatric disorders
and normal aging. Indeed, blockade of NMDARs interferes with
persistent activity of pyramidal neurons after the presentation of a
sensory stimulus (Wang et al., 2013) and systemic administration of
NMDAR antagonists reliably impairs performance on behavioral
tasks that are used across species to evaluate working memory
(Smith et al., 2011; Wang et al., 2013).

NMDARs are tetramers comprised of two obligatory NR1 and
two regulatory NR2A or NR2B subunits. Expression of the NR2
subunit is developmentally regulated. Specifically, NR2B sub-
units commonly expressed in the immature brain are progres-
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Significance Statement

Working memory, the ability to hold information “in mind,” requires persistent activity of pyramidal neurons in prefrontal cortex
(PFC) mediated by NMDA receptor (NMDAR) activation. NMDAR loss in PFC may account for working memory impairments in
aging and psychiatric disease. Our studies demonstrate that NMDARs containing the NR2A subunit, but not the NR2B subunit, are
required for working memory and that loss of NR2A predicts severity of age-related working memory impairment. The impor-
tance of NR2A to working memory is likely due its abundant contribution to pyramidal neuron activity and location at synaptic
sites in PFC. This information is useful in designing new therapies to treat working memory impairments by enhancing the
function of NR2A-containing NMDARs.
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sively replaced by NR2A subunits that become dominant in adult
brain (Sheng et al., 1994; Sans et al., 2000). These changes in NR2
subunits across the lifespan have significant consequences for
neural transmission because NR2A- and NR2B-containing
NMDARs differ with respect to biophysical properties (Vicini
et al., 1998; Erreger et al., 2005; Hansen et al., 2014), synaptic
localization (Townsend et al., 2003; Groc et al., 2006), activity-
dependent trafficking (Barria and Malinow, 2002), and con-
tributions to synaptic plasticity (Liu et al., 2004; Massey et al.,
2004). Unique characteristics conferred by each NR2 subunit
favor a preferred role in working memory. For example, the
slower decay kinetics of the NR2B subunit relative to NR2A (Vi-
cini et al., 1998; Erreger et al., 2005; Hansen et al., 2014) could
facilitate the summation of excitatory inputs necessary for persis-
tent firing after sensory stimulation (Wang et al., 2008, 2013).
Conversely, NR2A-NMDARs are most commonly anchored at
the synapse (Tovar and Westbrook, 1999; Townsend et al., 2003;
Groc et al., 2006), where they are well positioned to support
activity-dependent signaling, including recurrent excitation that
enables working memory. Defining the respective contributions
of NR2A- and NR2B-NMDARs to working memory could in-
form new therapeutic approaches to treat cognitive disorders;
however, no studies to date have directly evaluated working
memory after blockade of individual NMDAR subtypes within
the PFC.

Across species, working memory impairment is a hallmark of
the normal aging process (Oscar-Berman and Bonner, 1985;
Dunnett et al., 1988; Rapp and Amaral, 1989; Bachevalier et al.,
1991; Lamar and Resnick, 2004; Beas et al., 2013). Although most
extensively studied within the context of the hippocampus and
long-term memory (Burke and Barnes, 2010; Foster, 2012), re-
duced NMDAR expression and activity are also observed in
the aged PFC (Magnusson, 2000; Magnusson et al., 2002; Zhao
et al., 2009; Zamzow et al., 2013; Guidi et al., 2015). It is
unknown, however, the extent to which altered NMDAR ex-
pression in aged PFC contributes to working memory decline
and if modulating NMDARs in the aged PFC can improve
cognition in older subjects.

The goals of this study were threefold. First, we tested the
effects of acute pharmacological blockade of distinct PFC
NMDAR subtypes on working memory performance in young
rats. Second, we determined the degree to which attenuated ex-
pression of NMDAR subunits associates with working memory
decline among aged rats. Third, we determined whether acute
positive modulation of PFC NMDARs in aged rats is sufficient to
improve working memory performance. Broadly, our findings
implicate the NR2A subunit in normal working memory func-
tion and reduced PFC expression of the NR2A subunit in the
decline of working memory that accompanies the aging process.
These findings suggest targeting of NR2A-NMDARs as a novel
therapeutic strategy for treating cognitive decline at advanced
ages.

Materials and Methods
Subjects
Male young adult (4 – 6 months old, n � 58) and aged (22–26 months
old, n � 30) Fischer 344 rats were acquired from the National Institute on
Aging Rodent Colony (housed at Charles River Laboratories). In Exper-
iment 1, n � 40 young rats were used for behavioral pharmacological
experiments that assessed working memory performance after blockade
of medial PFC (mPFC) NR2A or NR2B receptors, n � 7 young rats were
used for patch-clamp electrophysiology experiments that evaluated the
relative contributions of NR2A and NR2B receptors to the overall
NMDAR-mediated evoked EPSC in mPFC pyramidal neurons, and n �

3 young rats were used for coimmunoprecipitation experiments to de-
termine NR2A–PSD95 associations in mPFC. In Experiment 2, n � 8
young and n � 13 aged rats were used to evaluate age-related changes in
mPFC expression of excitatory signaling proteins and their relationship
with individual differences in working memory ability. In Experiment 3,
n � 11 aged rats were used to test the effects of modulation of NMDAR
activity on working memory performance and n � 6 aged rats were used
for patch-clamp electrophysiology experiments to evaluate the effects of
a D-amino acid oxidase inhibitor on evoked NR2A-NMDAR currents.
Across experiments, rats were housed individually with ad libitum access
to food and water except during behavioral testing as described below. All
animal procedures were approved by the Institutional Animal Care and
Use Committee of the University of Florida and conformed to the Na-
tional Institutes of Health’s animal welfare guidelines.

Experiment 1: Determining the role of NMDAR subtypes in
working memory and mPFC neural physiology
Surgical procedures. Rats were anesthetized with isofluorane gas and fixed
into a stereotaxic frame (Kopf Instruments) fitted with atraumatic ear
bars. The incisor bar was set at �3.3 mm relative to the interaural line to
provide a flat skull position. A midline incision was made and the skin
and fascia over the skull were retracted. Burr holes were drilled in the
skull over the mPFC for placement of three stainless steel screws. Bilateral
guide cannulae, consisting of a plastic body holding two 22-gauge stain-
less steel cannulae spaced 1.4 mm apart (Plastics One) were implanted to
target mPFC at the coordinates (in mm) AP: �2.7 from bregma, ML:
�0.7 from bregma, DV: �3.8 from the skull surface. Cannulae were
secured to the skull with stainless steel screws and dental acrylic and wire
stylets were placed in the guide cannulae to prevent infection. Rats re-
ceived injections of buprenorphine (1 mg/kg/d for 2 d postoperatively)
and meloxicam (2 mg/kg/d for 3 d postoperatively) and topical triple
antibiotic ointment (as needed) for analgesia and to prevent infection.
Rats were given a 2 week recovery period before beginning behavioral
testing.

Behavioral testing apparatus. Testing in the delayed response task
(DRT) used to assess working memory was conducted in eight identical
standard rat behavioral test chambers (30.5 � 25.4 � 30.5 cm; Coul-
bourn Instruments) with metal front and back walls, transparent Plexi-
glas side walls, and a floor composed of steel rods (0.4 cm diameter)
spaced 1.1 cm apart. Each test chamber was housed in a sound-
attenuating cubicle and was equipped with a recessed food pellet delivery
trough located 2 cm above the floor in the center of the front wall. The
trough was fitted with a photobeam to detect head entries and a 1.12 W
lamp for illumination. A single 45 mg grain-based food pellet (5TUM;
TestDiet) was delivered to reward correct responses. Two retractable
levers were located to the left and right of the food trough (11 cm above
the floor). An additional 1.12 W house light was mounted near the top
of the rear wall of the sound attenuating cubicle. Behavioral test
chambers were connected to a computer running Graphic State 3.01
software (Coulbourn Instruments) that controlled experiments and
recorded responses.

Habituation and initial shaping of operant procedures. Before the start
of behavioral testing, rats were reduced to 85% of their free-feeding
weights over the course of 5 d and maintained at these weights for the
duration of behavioral testing. Rats progressed through three stages of
shaping before the start of the DRT, with a new stage beginning on the
day immediately after completion of the previous stage. On the day be-
fore Shaping Stage 1, each rat was given five 45 mg food pellets in its home
cage to reduce neophobia to the food reward used in the task. Shaping
Stage 1 consisted of a 64 min session of magazine training, involving 38
deliveries of a single food pellet with an intertrial interval of 100 � 40 s.
Shaping Stage 2 consisted of lever press training, in which a single lever
(left or right, counterbalanced across animals) was extended and a press
resulted in delivery of a single food pellet. After reaching a criterion of 50
lever presses in 30 min, rats were then trained on the opposite lever using
the same procedures. During Shaping Stage 3, the left or right lever
(counterbalanced across trials in this stage of testing) was extended into
the chamber and each press resulted in a single food pellet delivery. Rats
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were trained in Shaping Stage 3 until achieving 80 lever presses in a 30
min session.

DRT behavioral procedures. The DRT (Fig. 1) is modeled after that
described by Sloan et al. (2006)) and has been used in our laboratory
previously to demonstrate age-related working memory impairments in
Fischer 344 rats (Beas et al., 2013; Bañuelos et al., 2014; McQuail et al.,
2015). The duration of each session was 40 min and the house light was
illuminated throughout the entire session except during timeout periods
(see below). Rats received one test session per day. The extension of a
single lever (the “sample” lever) into the chamber served to initiate a trial,
with the left/right position of the sample lever randomized within each
pair of trials. A lever press caused the sample lever to retract and initiated
the delay period timer. Rats were required to nose poke into the central
food trough during the delay interval. The first nose poke after expiration
of the delay interval initiated the “choice” phase of the task in which both
levers extended into the chamber. If the rat pressed the same lever as that
pressed during the sample phase (a correct response), both levers were
retracted and a single food pellet was delivered. Entry into the food
trough to collect the food pellet initiated a 5 s intertrial interval, after
which the next trial was initiated. If the rat pressed the opposite lever
from that chosen during the sample phase (an incorrect response), both
levers were retracted and the rat received a 5 s “timeout” period during
which the house light was extinguished. The next trial began immediately
upon conclusion of the timeout period. During initial sessions in this
task, there were no delays between the sample and choice phases and a
correction procedure was used such that the sample lever was repeated
on the same side after an incorrect response to prevent development of
side biases. Once rats reached a criterion of 80% correct choices across a
session for two consecutive sessions, this correction procedure was dis-
continued and a set of seven delays was introduced. The presentation of
delay durations was randomized within each block of seven trials such
that each delay was presented once per block. Upon establishing �80%
correct performance across two consecutive sessions at a set of delays,
rats were progressed to the next set: Set 1: 0, 1, 2, 3, 4, 5, 6 s; Set 2: 0, 2, 4,
8, 12, 16 s; and Set 3 (“final set”): 0, 2, 4, 8, 12, 18, and 24 s. Before drug
microinjections, rats were trained on the final set of delays for at least 1
week (during which they were required to complete at least 65 trials per
session).

Drug preparation and administration. NVP-AAM077 tetrasodium
hydrate (NVP; PEAQX or [(1S)-1-(4-bromophenyl)ethyl]amino](1,2,3,4-
tetrahydro-2,3-dioxo-5-quinoxalinyl)methyl] phosphonic acid tetraso-
dium hydrate), a competitive NR2A-preferring antagonist (Auberson et al.,
2002; Frizelle et al., 2006; Neyton and Paoletti, 2006), was obtained from
Sigma-Aldrich (catalog #P1999). NVP was dissolved in 10% DMSO (Fisher

Scientific) in artificial CSF (aCSF; Harvard Apparatus) to concentrations of
0.3, 1, or 3 �g per 0.5 �l. These doses were based on prior studies showing
that intracerebral microinjection of NVP impairs fear learning (Walker and
Davis, 2008; Zhang et al., 2008). TCN-201 (TCN;3-chloro-4-fluoro-N-[4-
[[2-(phenylcarbonyl)hydrazino]carbonyl]benzyl]benzenesulfonamide), a
noncompetitive NR2A-selective antagonist (Bettini et al., 2010; Edman et al.,
2012; Hansen et al., 2012), was purchased from Tocris Bioscience (catalog
#4154). TCN was initially dissolved in pure DMSO and diluted with aCSF to
concentrations of 0.23, 2.3, and 23 fg per 0.5 �l; the final concentration of
DMSO was 0.1% (v/v). These doses were selected based on a previous report
(Gipson et al., 2013) showing that 2.3 and 23 fg of TCN microinjected into
the nucleus accumbens reduces cue-induced nicotine seeking. Ro 25–6981
maleate (Ro 25; (�R,�S)-�-(4-hydroxyphenyl)-�-methyl-4-(phenylm-
ethyl)-1-piperidinepropanol maleate), a noncompetitive NR2B-selective
antagonist (Fischer et al., 1997), was purchased from Tocris Bioscience (cat-
alog #1594) and dissolved in aCSF at final concentrations of 2, 6, and 18 �g
per 0.5 �l. These doses were based on prior studies showing that 2.5 �g of Ro
25 microinjected into the rodent mPFC impairs odor span memory and
reversal learning (Brigman et al., 2013; Davies et al., 2013). Ifenprodil hemi-
tartrate ((1R*,2S*)-erythro-2-(4-benzylpiperidino)-1-(4-hydroxyphenyl)-
1-propanol hemitartrate), also a noncompetitive NR2B-selective antagonist
(Gallagher et al., 1996; Fischer et al., 1997), was purchased from Tocris Bio-
science (catalog #545). Ifenprodil was dissolved in 2% (w/v) (2-hydroxypro-
pyl)-�-cyclodextrin (Sigma-Aldrich) in aCSF and diluted to final
concentrations of 1.2, 4, and 12 �g per 0.5 �l. These doses were selected
based on previous studies showing that intra-mPFC microinjection of 2 �g
of ifenprodil blocks fear conditioning and extinction (Laurent and West-
brook, 2008; Sotres-Bayon et al., 2009).

Within each cohort of rats (NVP: n � 9; TCN: n � 11; Ro 25: n � 11;
ifenprodil: n � 9), doses were administered using a randomized, within-
subjects design such that each rat received each dose of the drug and
vehicle, with a 48 h washout period between successive doses. Drugs were
administered 10 min before the start of behavioral testing each day using
10 �l syringes mounted on a syringe pump (Pump 11 Elite; Harvard
Apparatus) and connected to injection needles by a length of PE-20
tubing. For microinjections, rats were gently restrained by hand, the
stylets removed from the guide cannulae, and bilateral microinjection
needles (Plastics One) that extended 1 mm beyond the guide cannulae
were inserted. Drugs were administered in a volume of 0.5 �l/hemi-
sphere delivered over 1 min and injection needles were left in place for an
additional minute after the injection to allow for drug diffusion.

Histological verification of cannula placements. After completion of be-
havioral testing, rats were administered a lethal injection of Euthasol
(sodium pentobarbital and phenytoin solution; Virbac) and then per-
fused with 0.1 M PBS followed by 4% paraformaldehyde in 0.1 M PBS (all
chemicals purchased from Fisher Scientific). Brains were removed and
postfixed in 4% paraformaldehyde overnight and cryoprotected in 20%
sucrose in PBS. Brains were then flash frozen and sliced coronally at 50
�m on a cryostat (Leica Jung Frigocut 2800E). Every second section was
mounted on charged glass slides and stained with thionin. Cannula tip
placements were visualized using a microscope under conventional
bright-field illumination and mapped onto standardized coronal sec-
tions of the rat brain (Paxinos and Watson, 2005). Only those rats with
placements found to terminate within the boundaries of the prelimbic or
infralimbic cortex were included in the behavioral analysis. The place-
ments of cannulae for each cohort are shown in Figures 2 and 3.

Electrophysiology methods. Whole-cell patch-clamp experiments were
performed to isolate the individual contributions of NR2A- and NR2B-
containing NMDARs to the overall NMDAR-mediated evoked EPSC
(Massey et al., 2004; Liu et al., 2004; eEPSC). All chemicals used for
electrophysiology were obtained from Tocris Bioscience, Sigma-Aldrich,
or Fisher Scientific. Young adult rats (n � 7) were anesthetized with an
intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine
and then perfused transcardially with sucrose-laden aCSF containing the
following (in mM): 206 sucrose, 2 KCl, 25 NaHCO3, 1.2 NaH2PO4, 1
CaCl2, 1 MgSO4, 0.01 glycine, and 10 D-glucose saturated with 95% O2

and 5% CO2. After perfusion, animals were decapitated, the brains ex-
tracted, and 300-�m-thick coronal slices were made through the mPFC
in ice-cold aCSF using a Leica VT1000s vibratome. Slices were trans-

Figure 1. Schematic of the DRT of working memory. The DRT includes three phases in each
trial. In the sample phase, one lever (either left or right, pseudorandomly varied between trials)
is extended into the chamber. Once the rat presses the lever, it is retracted and a delay phase is
initiated (pseudorandomly varied from 0 to 24 s) in which the rat must continuously nose poke
in the centrally located food trough. After the delay period, the choice phase involves the
extension of both levers (left and right) into the chamber. The rat must remember the lever
presented during the sample phase and choose that lever to receive a food reward
(� � positively reinforced/correct choice; � � nonreinforced/incorrect choice).
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ferred to an incubator containing sucrose-free aCSF containing the fol-
lowing (in mM): 124 NaCl, 2.5 KCl, 25 NaHCO3, 1.23 NaH2PO4, 1 CaCl2,
3 MgSO4, and 10 D-glucose saturated with 95% O2 and 5% CO2 that was
preheated to 30 –35°C for 30 min and then equilibrated to room temper-
ature for a least 60 min before experimental use. After incubation, slices
were transferred to a recording chamber where they were perfused at 2
ml/min with magnesium-free aCSF containing the following (in mM):
129 NaCl, 3 KCl, 25 NaHCO3, 1.2 NaH2PO4, 2.4 CaCl2, and 11 D-glucose
saturated with 95% O2 and 5% CO2 and temperature was maintained at
30 � 2°C. To record evoked EPSCs (eEPSCs), the patch electrode inter-
nal solution contained the following (in mM): 130 K-Glu, 10 KCl, 5 NaCl,
2 MgCl2, 0.1 EGTA, 2 Na2-ATP, 0.3 Na-GTP, 10 HEPES, and 10 phos-
phocreatine and electrode tip resistance was 3–5 M�. In addition, a 1 mM

concentration of the chloride channel blocker 4,4	-dinitrostilbene-2,2	-
disulfonic acid (DNDS) was added to the internal solution; this elimi-
nated the GABAA activity of the patched cell while leaving the GABA
signaling of the rest of the slice intact, thus avoiding epileptiform activity.
Cells selected for patching were visualized with infrared differential in-
terference contrast microscopy using an Olympus BX51WI microscope.
Access resistance, membrane resistance, and whole-cell capacitance were
measured in voltage-clamp mode in response to a �10 mV hyperpolar-
izing step delivered every 10 s. Cells were discarded if access resistance
changed by 
30% or more during the course of an experiment. To
generate eEPSCs, a theta tip glass electrode filled with extracellular solu-
tion was connected to a constant current stimulus isolator (World Pre-
cision Instruments) and placed in layer 2/3 (L2/3). Stimuli lasting 0.1 ms
were delivered at a frequency of 0.1 Hz. Voltage-clamp recordings were
performed using an Axon Multiclamp 700B amplifier (Molecular De-
vices). Data were sampled at 20 kHz, filtered at 2 kHz, and digitally
recorded by a Digidata 1440 A/D converter using Clampex version 10
(Molecular Devices). Bath application of 10 �M NBQX was maintained
throughout the experiment to block AMPAR-mediated currents. After a
5 min stable baseline, the NMDAR-mediated current was blocked by the
sequential addition of 1 �M Ro 25– 6981 (Tocris Bioscience, catalog
#1594), followed 10 min later by 0.4 �M NVP-AAM077 (Sigma-Aldrich,
catalog #P1999).

Tissue preparation, coimmunoprecipitation, and Western blotting of
PSD-95-bound proteins. The mPFC was dissected from previously frozen
brain tissue (n � 3 young adult rats; 4 – 6 months). The frontal cortex was
sectioned at a nominal thickness of 360 �m and tissue punches from the
mPFC were made using a 1 mm biopsy punch and stored at �80°C.
Tissue punches were pooled, weighed, and then homogenized in 10 vol-
umes of ice-cold buffer (320 mM sucrose and 1 mM EDTA in 10 mM Tris,
pH 7.4) supplemented with Halt protease inhibitors (Fisher Scientific).
The homogenate was centrifuged at 1000 � g for 10 min at 4°C. The
supernatant was transferred to a fresh tube and lysed by the addition of
0.1 volume of 10% (w/v) sodium deoxycholate in 500 mM Tris, pH 9.0,
with agitation at 37°C for 45 min. After adding 0.1 volume of 10 �
immunoprecipitation (IP) buffer (1 � � 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA in 50 mM Tris, pH 7.4), the sample was
cleared by centrifugation at 12,000 � g for 20 min at 4°C. The sample was
then precleared with 50 �l of IgG accompanied by gentle rocking for 1 h
at 4°C. Bound proteins were collected with Pierce Protein A/G Magnetic
Beads and discarded. The cleared lysate was then split between two mi-
crotubes, one containing 5 �g of anti-PSD-95 (made in mouse; Milli-
pore) and the other containing 5 �g of mouse IgG (Santa Cruz
Biotechnology). Both reactions were incubated for 48 h at 4°C with gentle
rocking. Bound proteins were collected with Pierce Protein A/G Mag-
netic Beads and washed 4 times with 1 � IP buffer. Captured protein
complexes were eluted from beads with heating in Laemmli buffer at
65°C for 15 min.

Precipitates (or input, diluted threefold) were electrophoretically sep-
arated on 4 –15% polyacrylamide Tris-HCl gels (Bio-Rad) at 200 V for 40
min and then transferred to nitrocellulose membranes. Blots were
blocked for 1 h in blocking buffer (Rockland) and then incubated over-
night at �4°C with primary antibodies diluted in blocking buffer supple-
mented with 0.1% Tween 20. Primary antibodies were anti-NR2A
(Millipore catalog #05–901R, made in rabbit; diluted 1:5000) and anti-
PSD-95 (Millipore catalog #MAB1598, made in mouse; 1:2000). The

NR2A immunizing peptide shares only 35% sequence homology with
the NR2B subunit, suggesting low cross-reactivity between subunits. The
specificity of each antibody was confirmed by the detection of a single
band at the predicted molecular weight. Blots were then washed 3 times
with Tris-buffered saline (pH 7.4; TBS; Sigma-Aldrich) and incubated
with IR-Dye 680LT-conjugated donkey anti-rabbit IgG (diluted
1:20,000) and IR-Dye 800CW-conjugated donkey anti-mouse IgG (di-
luted 1:15,000) (both secondary antibodies were purchased from LI-
COR Biosciences) in 50% (v/v) blocking buffer in 0.1% Tween 20 in TBS
for 1 h. Control experiments in which the primary antibodies were omit-
ted revealed no bands, verifying the specific binding of labeled secondary
antibodies. Excess antibody was removed by 3 washes of TBS with 0.1%
Tween 20 followed by 3 additional washes with TBS. Blots were scanned
on an Odyssey imaging system (LI-COR).

Statistical analyses. The primary measure of behavioral performance in
the DRT was choice accuracy (the percentage of correct responses). For
these analyses, in which rats in a given cohort (NVP, TCN, Ro 25, or
ifenprodil) were microinjected with each drug dose and appropriate ve-
hicle using a counterbalanced within-subjects design, a 2-way repeated-
measures ANOVA was conducted to test the effects of dose (4 levels:
vehicle and 3 doses of drug) and delay (7 levels: 0, 2, 4, 8, 12, 18, and 24 s
delays). Unless otherwise noted, all data are reported as the mean � SE.
For this and all subsequent experiments, statistical analyses were con-
ducted using SPSS 23 software and p � 0.05 was considered statistically
significant. Significant main effects of dose were examined using Fisher’s
least significant difference tests to compare each dose of drug with vehi-
cle. Dose � delay interactions were further examined using repeated-
measures ANOVA that compared each dose of the drug to vehicle.
Comparisons between various doses of each drug were not tested to
reduce the number of comparisons. The number of trials completed in
each session was analyzed by one-way ANOVA to determine whether
drug administration altered non-mnemonic aspects of task performance.

Electrophysiological data were analyzed using custom software writ-
ten in OriginC (OriginLab) by C.J.F. NR2B-mediated current was calcu-
lated by subtracting the average eEPSC measured in the presence of Ro 25
from the baseline response; the NR2A-mediated current was calculated
by subtracting the mean eEPSC observed in Ro 25 � NVP from that
obtained in Ro 25 alone. A paired-samples t test was used to compare the
amplitude of the isolated Ro 25- and NVP-sensitive currents.

Experiment 2: Determining the relationship between excitatory
signaling protein expression in aged mPFC and working memory
decline
Behavioral shaping and testing. Young (n � 8) and aged (n � 13) rats were
trained on the DRT described above. Rats were trained on the final set of
delays for at least 1 week before obtaining performance measures used for
comparisons of mPFC protein expression.

Homogenate preparation. Two weeks after testing, rats were decapi-
tated, the brains were extracted from the skull, and the mPFC was dis-
sected from surrounding tissues on an ice-cold plate. Dissected samples
were stored at �80°C until tissue was harvested from all animals in the
study. Homogenates were prepared from microdissected mPFC accord-
ing to our previously published methods (McQuail et al., 2012; Bañuelos
et al., 2014). Frozen mPFC samples were weighed and homogenized in 10
volumes of ice-cold buffer (1 mM EDTA, 1 mM EGTA in 50 mM HEPES,
pH 7.4; reagents purchased from Sigma-Aldrich) supplemented with
Halt protease inhibitors and centrifuged at 10,000 � g for 20 min at 4°C.
The supernatant, comprising soluble proteins, was retained and the in-
soluble pellet, comprising the membrane fraction, was resuspended in 40
ml of the same buffer and incubated on ice for 30 min. Membranes were
sedimented by centrifugation at 32,500 � g for 10 min and resuspended
in 1 volume of 50 mM HEPES, pH 7.4. Aliquots were stored at �80°C
until used for Western blotting. Protein concentrations of all samples
were determined by the Pierce Coomassie (soluble fraction) or BCA
(membrane fraction) protein assay kit (both from Fisher Scientific).

SDS-PAGE and immunoblotting. Proteins were denatured and reduced
in Laemmli sample buffer with 5% (v/v) �-mercaptoethanol (bio-
WORLD) and heated at 95°C for 5 min. Unless otherwise noted, all
equipment and reagents used for gel electrophoresis were purchased
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from Bio-Rad and all steps were performed at room temperature. Five
micrograms of protein per lane were electrophoretically separated on
4 –15% polyacrylamide Tris-HCl gels at 200 V for 40 min and then trans-
ferred to nitrocellulose membranes. Blots were blocked for 1 h in Rock-
land blocking buffer and then incubated overnight at 4°C with primary
antibodies (for details, see Table 1) diluted in blocking buffer supple-
mented with 0.1% Tween 20. The specificity of each antibody was con-
firmed by the detection of a single band at the predicted molecular
weight. The dilution used for each antibody was optimized indepen-
dently to produce a linear range of detection for 1.25–10 �g of total
mPFC protein. Blots were then washed 3 times with Tris-buffered saline
(pH 7.4; TBS; Sigma-Aldrich) and incubated with IR-Dye 680LT-
conjugated donkey anti-rabbit IgG (diluted 1:20,000) and IR-Dye
800CW-conjugated donkey anti-mouse (diluted 1:15,000) (both sec-
ondary antibodies were purchased from LI-COR Biosciences) in 50%
(v/v) blocking buffer in 0.1% Tween 20 in TBS for 1 h. Excess antibody
was removed by 3 washes of TBS with 0.1% Tween 20 followed by 3
additional washes with TBS. Blots were scanned on an Odyssey imaging
system (LI-COR). Samples were replicated on different gels, counterbal-
anced across lanes, for a total of four separate replications/sample. In
addition to detection of specific proteins of interest, all blots were probed
for GAPDH to ensure equality of loading across samples and experi-
ments (independent-samples t tests comparing GAPDH in young versus
aged: (t(19) � �0.864 – 0.141, p � 0.248 – 0.889; data not shown). The
intensity of immunoreactive bands was measured using ImageStudio
software. Technical replicates were averaged for each sample and raw
intensities were transformed to percentage protein level of young (i.e.,
mean expression of young � 100%).

Statistical analysis. To compare working memory abilities of young
and aged rats, a 2-factor mixed measures ANOVA testing age as a
between-subjects factor (2 levels: young adult or aged) and delay as a
within-subjects factor (7 levels: 0, 2, 4, 8, 12, 18, and 24 s delays) was
conducted on data averaged across the last 5 d of performance in the
DRT. Because performance at shorter delays (0 – 4 s) was �90% correct
in both age groups, accuracy at 8, 12, 18, and 24 s was averaged for each
rat to provide the individualized measure of DRT choice accuracy for use
in correlational analyses. Independent-samples t tests were used to com-
pare young and aged choice accuracy and mPFC expression of proteins of
interest. Relationships between protein expression and choice accuracy
were tested using Pearson’s r correlation coefficient. To avoid conflating
the effects of age on behavioral and molecular measures in these analyses,
a standard bivariate correlation was performed only in the aged group.

Experiment 3: Determining whether enhancement of NR2A-
NMDAR signaling in aged mPFC improves working memory
performance in aged rats
Electrophysiology methods. Acute mPFC tissue slices were prepared from
n � 6 aged rats using the same procedures described in Experiment 1
above. Baseline was established in the presence of NBQX (10 �M) and Ro
25 (1 �M) to block AMPARs and NR2B-NMDARs, respectively. After 10
min, the D-amino acid oxidase (DAAO) inhibitor 3-methylpyrazole-5-
carboxylic acid (MPC; Sigma-Aldrich, catalog # 644927) was added to
the bath for 20 min at a concentration of 10 �M. By inhibiting the enzy-
matic activity of DAAO, MPC increases levels of serine, an endogenous

NMDAR coagonist that is localized to the synaptic cleft (Adage et al.,
2008; Papouin et al., 2012). Finally, 0.4 �M NVP was added for 15 min to
block NR2A-NMDARs.

Surgical and behavioral testing procedures. Aged rats (n � 11) received
surgery to implant guide cannulae into the mPFC exactly as described
above in Experiment 1. After recovery from surgery, aged rats were
trained on the DRT at the final set of delays for at least 1 week before drug
testing as in Experiment 1.

Drug microinjections. Microinjection procedures were identical to
those described in Experiment 1. MPC was initially dissolved in pure
DMSO before dilution with aCSF to doses of 0.1, 1, and 10 �g per 0.5 �l
in 20% DMSO in aCSF. To our knowledge, no studies have investigated
the behavioral effects of intracerebral microinjection of MPC; however,
intrathecal injection of 3 or 10 �g MPC attenuates sensitivity to pain after
either sleep deprivation or formalin injection, suggesting that this range
of doses produces physiologically and behaviorally detectible effects in
neural tissues (Gong et al., 2011; Wei et al., 2013).

Histological verification of cannula placements. After completion of be-
havioral testing, rats were killed and perfused as described in Experiment
1 for histological verification of cannula placements. Cannula tip place-
ments were visualized using a microscope under conventional bright-
field illumination and mapped onto standardized coronal sections of the
rat brain (Paxinos and Watson, 2005). Only those rats with placements
found to terminate within the boundaries of the prelimbic or infralimbic
cortex were included in the behavioral analysis. Locations of cannula
placements are shown in Figure 8.

Data analysis. Electrophysiological data were analyzed using one-
sample t tests that compared the normalized post-MPC and post-NVP
responses (eEPSC amplitude or area under the curve) to test value � 1
(i.e., no change from baseline). Behavioral data in Experiment 3 were
analyzed using the same procedures as in Experiment 1.

Results
Experiment 1: NR2A-containing, but not NR2B-containing,
NMDARs in mPFC are critical for working memory
Behavioral pharmacology
Intra-mPFC administration of the NR2A-preferring antagonist
NVP-AAM077 (NVP) significantly reduced DRT choice accu-
racy (main effect of dose: F(3,24) � 7.683, p � 0.001; Fig. 2B) in a
non-delay-dependent manner (dose � delay: F(18,144) � 0.578,
p � 0.911). Post hoc comparisons determined that choice accu-
racy was lower at all doses tested compared with vehicle (0.3 �g
NVP: p � 0.018; 1 �g NVP: p � 0.006; 3 �g NVP p � 0.002).
Intra-mPFC administration of the NR2A-selective antagonist
TCN-201 (TCN) also impaired accuracy (main effect of dose:
F(3,30) � 4.105, p � 0.016; Fig. 2D), albeit in a delay-dependent
fashion (dose � delay: F(18,180) � 1.740, p � 0.036). Post hoc
2-way repeated-measures ANOVAs determined that each dose
impaired accuracy compared with vehicle (main effects of dose;
0.23 fg of TCN: p � 0.005; 2.3 fg of TCN: p � 0.009; 23 fg of TCN:
p � 0.023). A significant interaction with delay was detected after
injection of 23 fg of TCN (p � 0.005) and a trend toward an
interaction with delay was detected after injection of 0.23 fg of
TCN (p � 0.058); a dose � delay interaction was not detected
after injection of 2.3 fg of TCN (p � 0.156).

To determine whether these NR2A antagonists influenced
non-mnemonic aspects of task performance, the number of trials
completed was also analyzed. NVP modestly but reliably reduced
the number of completed trials (F(3,24) � 3.864, p � 0.022). Post
hoc comparisons determined that, compared with vehicle (119 �
3 trials), rats completed fewer trials after infusion with 0.3 �g of
NVP (111 � 5 trials, p � 0.030) or 3 �g of NVP (103 � 6 trials,
p � 0.022), but not 1 �g of NVP (115 � 5 trials, p � 0.453). In
contrast, TCN did not influence the number of trials completed
(F(3,30) � 0.632, p � 0.582; data not shown). The non-mnemonic
impairments induced by NVP, especially those observed at

Table 1. Antibodies used for immunoblotting

Target Made in Supplier Part no. Dilution

GAPDH Rb Santa Cruz Biotechnology sc-25778 2000
GluR1 Rb Millipore ABN241 1000
GluR2 Ms Millipore MABN71 5000
MAP2 Rb Millipore AB5622 2000
NR1 Rb Millipore AB9864 2000
NR2A Rb Millipore 05-901R 5000
NR2B Ms Millipore 05-920 2000
PSD-95 Ms Millipore MAB1598 2000
Spinophilin Rb Millipore 06-852 2000
VGluT1 Ms Millipore MAB5502 1000

Rb, Rabbit; Ms, mouse.
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higher doses (non-delay-dependent im-
pairment in accuracy, reduced trial com-
pletion rate), may be due to off-target
effects that influence processes other than
working memory. In fact, the highest dose
of NVP (3 �g) impairs accuracy even at
the 0 s delay (97.93 � 0.86% vs 80.98 �
4.00%; paired t test, t(8) � 3.397, p �
0.009). The more selective NR2A antago-
nist TCN, however, impairs accuracy in a
delay-dependent fashion without influ-
encing non-mnemonic aspects of perfor-
mance. Overall, these data provide strong
evidence that selective NR2A blockade
impairs working memory.

In marked contrast to the impairing ef-
fects of NR2A antagonists, intra-mPFC
administration of two NR2B-selective an-
tagonists, Ro 25– 6981 (Ro 25; Fig. 3B)
and ifenprodil (Fig. 3D), failed to affect
DRT performance. Neither NR2B antag-
onist produced a main effect of dose (Ro
25: F(3,30) � 1.031, p � 0.393; ifenprodil:
F(3,24) � 0.310, p � 0.818) or a dose �
delay interaction (Ro 25: F(18,180) � 0.335,
p � 0.995; ifenprodil: F(18,144) � 0.861,
p � 0.627). Notably, similar doses have
been shown previously to impair other as-
pects of mPFC-dependent behavior (Lau-
rent and Westbrook, 2008; Sotres-Bayon
et al., 2009; Brigman et al., 2013; Davies et
al., 2013). Neither Ro 25 (F(3,30) � 0.634
p � 0.297, data not shown) nor ifenprodil
(F(3,24) � 0.615, p � 0.612, data not
shown) influenced the number of com-
pleted trials. Considered alongside the
impairing effects of NR2A-preferring an-
tagonists, these NR2B-selective antago-
nist data collectively suggest that mPFC
NR2A, but not NR2B, containing, NMDARs are predominant
mediators of working memory.

Electrophysiology
Given these findings and the role of persistent pyramidal neuron
activity in working memory (Goldman-Rakic, 1995; Wang et al.,
2013), it could be predicted that NR2A receptors are significant
contributors to NMDAR currents on mature pyramidal neurons.
Figure 4, A–C, shows representative and averaged NMDAR-
eEPSCs recorded from L2/3 mPFC pyramidal neurons under
baseline conditions and after sequential application of Ro 25 and
NVP to isolate the NR2B and NR2A-mediated components of
the NMDAR-eEPSC. Across 10 cells, only 21.4 � 5.5% of the
total NMDAR-eEPSC was blocked by Ro 25, whereas 78.6 �
5.5% was blocked by subsequent NVP application (t(9) � 5.219,
p � 5.50E-4, n � 10 cells; Fig. 4D). The pronounced contribution
of NR2A-NMDARs to the eEPSC may reflect the preferential
localization of NR2A-NMDARs to the synaptic zone (Townsend
et al., 2003; Groc et al., 2006), where they would be well posi-
tioned to summate synaptic inputs necessary for persistent firing
and, by extension, working memory. To verify synaptic localiza-
tion of NR2A in the mPFC, protein complexes were immunopre-
cipitated from mPFC homogenates using an antibody against
PSD-95, the synaptic NMDAR scaffold. Precipitates were subse-

quently probed for NR2A, revealing its physical association with
PSD-95 in the mPFC (Fig. 4E). Control reactions substituting
an irrelevant IgG for anti-PSD-95 validated the specificity of
these protein:protein interactions. Collectively, data from
electrophysiology and coimmunoprecipitation studies strongly
suggest that the majority of NMDARs in cortical pyramidal neu-
rons contain at least one NR2A subunit and that this subunit is
found at synaptic sites in the mPFC.

Experiment 2: Reduced NR2A expression in mPFC correlates
with age-related working memory decline
In agreement with previous findings (Beas et al., 2013; Bañuelos
et al., 2014), Figure 5A shows that DRT performance of aged rats
is less accurate than that in young rats, particularly at longer
delays (age � delay interaction: F(6,114) � 3.813, p � 0.002).
Indeed, both young and aged rats demonstrate a high degree of
accuracy (�90% correct) at short delays (0 – 4 s), whereas aged
rats show disproportionate reductions in accuracy at longer de-
lays. It is notable that, as shown in Figure 5B, not all aged rats were
impaired to the same degree and some maintained performance
on par with the young cohort. Figure 6A shows representative
expression of excitatory signaling proteins evaluated by Western
blot in homogenates prepared from microdissected mPFC from
these rats. As shown in Figure 6B, expression of the NMDAR

Figure 2. Blocking mPFC NR2A-NMDARs impairs working memory in rats. A, C, Placements of cannulae in mPFC of each rat
included in this experiment (schematic illustration modified from Paxinos and Watson, 2005). Intra-mPFC microinjections of
NR2A-preferring antagonists NVP (n � 9; B) and TCN (n � 11; D) significantly impaired accuracy on the DRT relative to vehicle;
main effects of dose of NVP or TCN: p � 0.05. All individual doses of NVP or TCN are significantly different from their respective
vehicle ( p � 0.01– 0.05). Data are mean percentage correct choices (y-axis) � SEM plotted as a function of delay (in seconds;
x-axis) and dose (separate lines).
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subunits NR1 (t(19) � 2.200, p � 0.040), NR2A (t(19) � 2.174, p �
0.043), and NR2B (t(19) � 2.853, p � 0.010) was significantly
reduced with age. In contrast, expression of AMPA receptor sub-
units in the same cohort was only marginally and not reliably
reduced (GluR1: t(19) � 1.971, p � 0.064; GluR2: t(19) � 1.780,
p � 0.091). Bivariate correlations were performed on individual
data from aged rats to determine whether protein expression was
associated with mean DRT choice accuracy (data plotted in Fig.
5B). This analysis revealed a significant, positive association be-
tween working memory performance and NR2A (r � 0.66, p �
0.01; Fig. 7B), but not for any of the other receptor subunits
examined (r � �0.04 – 0.42, p � 0.15– 0.75; Fig. 7). Notably, the
relationship between NR2A and impaired working memory did
not appear secondary to an overall loss of excitatory synapses.
Aging did not influence the expression of PSD-95, spinophilin, or
MAP2 (t(19) � 0.35–1.69, p � 0.107– 0.729; Fig. 6D), surrogate
markers of postsynaptic density, spines, and dendrites, respec-
tively. Although the expression of vesicular glutamate transporter
1 (VGluT1), a cortex-specific marker of excitatory terminals, was
significantly reduced with age (t(19) � 2.352, p � 0.030; Fig. 6D),
attenuated VGluT1 expression was not associated with choice
accuracy (r � �0.043, p � 0.888; Fig. 7F) or NR2A expression
(r � �0.16, p � 0.597; data not shown).

Experiment 3: Blocking serine
breakdown in the mPFC prolongs
NR2A-NMDAR activity and enhances
working memory in aged rats
Electrophysiology
If the reduced NR2A expression re-
ported here is a critical mediator of
working memory impairment in aged
rats, it might be predicted that enhancing
activity at remaining NR2A-NMDARs in
the mPFC of aged rats should improve
working memory performance. NR2A-
specific agonists suitable for use in vivo
do not currently exist; however, as de-
scribed above, the importance of NR2A-
NMDARs to working memory may be
attributable to their primary localiza-
tion at synaptic sites where they are well
positioned to mediate recurrent excita-
tion (Fig. 4E, Tovar and Westbrook,
1999; Townsend et al., 2003; Erreger et
al., 2005; Groc et al., 2006). Recent in
vitro electrophysiological data indicate
that serine acts preferentially as an en-
dogenous coagonist at synaptic NMDARs,
whereas glycine preferentially occupies
this site on extrasynaptic NMDARs
(Papouin et al., 2012). Based on these
findings, in vitro electrophysiological
experiments were performed in the cur-
rent study to determine whether in-
creasing endogenous serine with a
DAAO inhibitor specifically enhances
NR2A-NMDAR activity in aged rat mPFC.
In acute slices, NR2A-NMDAR-eEPSCs
were isolated with the addition of antago-
nists to AMPA and NR2B-NMDARs.
Evoked EPSCs were measured both be-
fore and after the application of MPC, a
DAAO inhibitor that prevents the deg-

radation of endogenous serine. Figure 8 shows that bath ap-
plication of MPC significantly enhances the area of the
NMDAR-mediated eEPSC in the presence of both DNQX and Ro
25 (t(11) � 2.658, p � 0.022). The subsequent inhibition by NVP
(t(11) � 13.498, p � 0.001) further indicates that this effect is
likely mediated by increased charge transfer through NR2A-
containing receptors capable of responding to synaptically re-
leased glutamate.

Behavioral pharmacology
Figure 8D shows the performance of aged rats after intra-mPFC
administration of MPC. MPC significantly enhanced performance
of aged rats in a delay-dependent manner (dose � delay interaction:
F(18,180) � 1.857, p � 0.022). Post hoc comparisons with vehicle
performance determined that 1 �g of MPC significantly improved
aged rat performance in a delay-dependent fashion (F(6,60) � 4.321,
p�0.001). Performance after 0.1 �g MPC and 10 �g MPC doses did
not reliably differ from vehicle (main effect of dose: F�0.642–1.374,
p � 0.268–0.442; dose � delay: F � 0.373–1.344, p � 0.252–0.893).
MPC did not affect the number of trials completed (F(3,30) � 0.708,
p � 0.555), suggesting that the behavioral improvement observed
with the 1 �g dose of MPC was not due to effects on non-mnemonic
aspects of task performance.

Figure 3. Blocking mPFC NR2B-NMDARs does not influence working memory in rats. A, C, Placements of cannulae in
mPFC of each rat included in this experiment (schematic illustration modified from Paxinos and Watson, 2005). Intra-mPFC
microinjections of NR2B-selective antagonists Ro 25 (n � 11; B) and ifenprodil (n � 9; D) did not influence DRT choice
accuracy. Data are mean percentage correct choices (y-axis) � SEM plotted as a function of delay (in seconds; x-axis) and
dose (separate lines).
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Discussion
Contributions of NR2A- and NR2B-
containing NMDARs to
working memory
To our knowledge, this study is the first to
empirically differentiate the individual
contributions of NR2A-NMDARs and
NR2B-NMDARs in PFC to working
memory. Significant impairments in
choice accuracy were observed in young
rats after acute blockade of NR2A in the
mPFC by local infusion of either the
NR2A-preferring antagonist NVP (Aub-
erson et al., 2002; Frizelle et al., 2006; Ney-
ton and Paoletti, 2006) or the more
selective NR2A antagonist TCN (Bettini
et al., 2010; Edman et al., 2012; Hansen et
al., 2012). This finding contrasts with a
prior study that investigated NMDAR
subtype contributions to DRT perfor-
mance using systemic drug administration. In this prior study,
NVP had no effect, but the NR2B antagonist Ro 25 impaired
choice accuracy (Smith et al., 2011). Notably, however, a second
NR2B-selective antagonist (CP 101– 606) tested in the same
study failed to impair performance. Moreover, systemic admin-
istration of these drugs induced significant changes in non-
mnemonic measures of performance (Smith et al., 2011),
complicating the ability to isolate effects on PFC-supported cog-
nition. Intra-mPFC administration of NR2A antagonists in the

current study produced no (TCN) or very modest (NVP) effects
on non-mnemonic performance measures, and choice accuracy
was unchanged after intra-mPFC administration of Ro 25 or if-
enprodil two highly selective NR2B antagonists (Gallagher et al.,
1996; Fischer et al., 1997). Importantly, even the lowest doses
tested for both Ro 25 and ifenprodil were reported previously to
impair other forms of mPFC-dependent cognition, including
odor span memory, reversal learning, fear conditioning, and ex-
tinction learning (Laurent and Westbrook, 2008; Sotres-Bayon et

Figure 4. NR2A-NMDARs are major contributors to eEPSCs on L2/3 pyramidal neurons and associate with synaptic scaffolds in rat mPFC. A, Representative NMDAR-eEPSCs from a L2/3
pyramidal neuron in the mPFC at baseline (predrug) and after addition of 1 �M Ro 25 and Ro 25 � 0.4 �M NVP. Each trace shown is an average of 18 individual traces recorded
consecutively over a 3 min period in the stated conditions. B, Subtraction of raw traces (baseline � Ro 25, and Ro 25 � NVP) reveals the isolated NR2B- and NR2A-mediated components
of the eEPSC, respectively. C, Population data (n � 10 cells from 7 rats) over time illustrating the effect of Ro 25 and NVP on eEPSC amplitude. D, Summary data indicating the percentage
of the total NMDAR-eEPSC that is blocked by Ro 25 and NVP (after subtraction of Ro 25). Error bars represent SEM. ***p � 0.001. E, When a PSD-95-specific antibody was used to
immunoprecipitate protein complexes from mPFC homogenates (n � 3 rats, pooled), NR2A is present in the precipitate (“PSD-95 IP”). As a negative control, an irrelevant IgG did not
precipitate either PSD-95 or NR2A (“IgG IP”).

Figure 5. DRT performance in young and aged rats. A, DRT choice accuracy of aged rats (n � 13; black circles) is reduced relative
to young (n � 8; white circles) at longer delays (age � delay interaction: p � 0.05). Data are mean percentage correct choices
(y-axis) � SEM plotted as a function of delay (in seconds; x-axis). B, Choice accuracy (averaged across 8, 12, 18, and 24 s delays) of
individual young and aged rats.
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al., 2009; Brigman et al., 2013; Davies et al., 2013). In the current
study, working memory accuracy was unchanged even at doses of
Ro 25 and ifenprodil that were an order of magnitude higher
those used in these previous studies.

The failure of intra-mPFC NR2B antagonist administration to
impair DRT performance contrasts with prior suggestions that the

slower channel kinetics of NR2B make this
subunit particularly well suited to support
the excitatory dynamics of dorsolateral PFC
(dlPFC) pyramidal neurons necessary for
maintaining information in working mem-
ory stores (Wang et al., 2008). Although
some characteristics of the highly evolved
primate dlPFC are not necessarily present in
the rodent mPFC (Caetano et al., 2012),
other previous reports from both nonhu-
man primate and rat (Liu et al., 2007; Gon-
zalez-Burgos et al., 2008; Wang et al., 2008)
agree with the electrophysiological data re-
ported here demonstrating that NR2B-
NMDAR blockade only partially reduces
NMDAR-eEPSC amplitude on L2/3 pyra-
midal neurons in young PFC. Significantly,
the current study is the first to show that
subsequent application of NVP at a dose
that preferentially inhibits NR2A-NMDARs
(Liu et al., 2004; Massey et al., 2004) blocks
the majority (
80%) of the NMDAR-eE-
PSC, indicating a predominant role for the
NR2A subunit in modulating pyramidal
neuron excitability. Indeed, among the var-
ious features that specify contributions of
NR2A to neural function and cognition, the
most pertinent may be its stable localiza-

tion within the synaptic zone (Townsend et al., 2003; Groc et
al., 2006). At this location, NR2A-NMDARs are well posi-
tioned to summate a variety of synaptic inputs necessary to
support the persistent firing required for working memory.
Although the electrophysiological measures used here do not

Figure 6. Expression of excitatory receptor subunits and synaptic markers in the mPFC of young and aged rats. A, Representa-
tive immunoreactive bands from mPFC homogenates prepared from young and aged rats. To prepare this image, two independent
pairs of immunoreactive bands (one young and one aged from adjacent lanes) were selected from each immunoblotting experi-
ment and image acquisition/presentation parameters including laser intensity, pixel resolution, brightness, and contrast were
applied equally. B, Expression of NR1, NR2A, and NR2B was lower in aged compared with young rats. C, GluR1 and GluR2 levels
were marginally lower with age. D, Although there was a significant reduction of VGluT1 in aged mPFC, levels of PSD-95, spinophi-
lin, and MAP2 were unchanged. B–D, Protein expression (100% � mean expression of young group; y-axis) of young (n � 8;
white bars) and aged (n � 13; black bars); *p � 0.05.

Figure 7. Relationship between mPFC protein levels and working memory performance in aged rats. A–C, Among NR1, NR2A, and NR2B, only NR2A expression (B) is positively
associated with working memory among aged rats (n � 13). D–F, There was no relationship between level of GluR1, GluR2, or VGluT and working memory in aged rats. For all panels,
each black circle represents a single aged rat plotted as a function of protein expression (100% � mean expression of young group; y-axis) and accuracy (percentage correct; x-axis) with
line of best fit. Inset, Pearson’s r and p.
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rule out contributions of extrasynaptic
receptors, a complementary biochemi-
cal experiment confirmed that NR2A-
NMDARs localize to synaptic sites in
mPFC by demonstrating that NR2A as-
sociates physically with the synaptic
scaffolding protein PSD-95. It should be
noted, however, that NR2B has been ob-
served at synaptic sites in L3 of the mon-
key dlPFC (Wang et al., 2013) and
partitions into the crude synaptosomal
fraction of rodent mPFC homogenates,
where it associates with PSD-95 and
NR2A (Zamzow et al., 2013). Such syn-
aptic NR2B may be primarily attributable to
triheteromeric NMDAR complexes that
contain both NR2A and NR2B. These
NR1/NR2A/NR2B triheteromers have
been identified in cortex (Luo et al., 1997)
and exhibit reduced sensitivity to subunit-
selective antagonists relative to NR1/
NR2B diheteromers (Hatton and Paoletti,
2005; Hansen et al., 2014). Therefore,
whereas the current data indicate that
pure NR1/NR2B diheteromers play a
minimal role in working memory, the
possible contributions to cognition of
NR2B subunits via triheteromeric com-
plexes remain an important avenue of fu-
ture study.

Relevance of NR2A to age-related
working memory impairment and
its treatment
The current findings demonstrate that re-
duced expression of NR2A is a key molecu-
lar correlate of age-related working memory
impairment, a finding that has implications for therapeutic ap-
proaches designed to rescue cognition at advanced ages. In agree-
ment with prior findings across species (Oscar-Berman and Bonner,
1985; Dunnett et al., 1988; Rapp and Amaral, 1989; Bachevalier et al.,
1991; Lamar and Resnick, 2004; Beas et al., 2013), working memory
performance of aged rats in the current study was significantly less
accurate than that of young, particularly as the delay interval during
which they were required to remember the correct response lever
increased. The finding of significant age-related reductions detected
across all NMDAR subunits corroborates prior molecular, biochem-
ical, and physiological findings in aged mPFC (Magnusson, 2000;
but see Sonntag et al., 2000; Magnusson et al., 2002; Liu et al., 2008;
Zhao et al., 2009; Zamzow et al., 2013; Guidi et al., 2015). It is also
notable that the age-related reduction in VGluT1 expression agrees
with substantial prior evidence indicating that excitatory synapse
loss is a consistent feature of PFC aging (Masliah et al., 1993; Peters et
al., 2008; Dumitriu et al., 2010; Bloss et al., 2013). Importantly, the
current study is the first to report that reduced NR2A expression in
mPFC may be particularly critical for mediating working memory
impairment among aged subjects. Indeed, NR2A was the sole excit-
atory signaling protein examined that reliably associated with work-
ing memory ability in aging. In contrast, individual differences in
NR2B, AMPAR subunits, and a variety of surrogate markers of syn-
aptic integrity did not relate to working memory ability among aged
rats. This pattern of results makes it highly unlikely that the relation-
ship between NR2A and working memory in aged rats is mediated

simply by excitatory synapse loss. Nevertheless, age-related reduc-
tions in excitatory synapses may interact with decline in affiliated
signaling elements observed here to exacerbate working memory
impairments (Dyall et al., 2007; Majdi et al., 2009; Dumitriu et al.,
2010; Bloss et al., 2013). Future experiments are required to elucidate
the full nature of excitatory signaling alterations that contribute to
age-related cognitive decline.

The relationship between reduced mPFC NR2A expression and
working memory decline in aged rats implicates enhancement of
NR2A-NMDAR activity as a strategy for improving cognition in
aged rats. With no available NR2A-selective potentiators suitable for
use in vivo, we pursued the hypothesis that the importance of NR2A-
NMDARs in working memory is attributable to their primary local-
ization at synaptic sites (Fig. 4E and also Tovar and Westbrook, 1999;
Townsend et al., 2003; Erreger et al., 2005; Groc et al., 2006). Serine is
an endogenous NMDAR coagonist that is enriched in the synaptic
cleft, where NR2A-NMDARs are most prevalent (Mothet et al.,
2000; Papouin et al., 2012). Inhibition of DAAO should thus pro-
mote serine availability preferentially at NR2A-enriched synaptic
NMDARs. Consistent with this rationale, we demonstrated that
the DAAO inhibitor MPC prolongs synaptically evoked NR2A-
NMDAR activity on aged mPFC pyramidal neurons. As mentioned
previously, cellular models of working memory posit that prolonged
NMDAR signaling is advantageous to working memory because it
affords greater opportunity to integrate excitatory inputs and sustain
persistent firing (Goldman-Rakic, 1995; Wang et al., 2013). Indeed,

Figure 8. Potentiating synaptic mPFC NMDAR activity improves working memory in aged rats. A, Population data (n�12 cells from 6
aged rats) over time illustrating the effect of MPC and NVP on eEPSC area. B, NMDAR-EPSC area (pA*msec) of individual cells is significantly
increased by the application of MPC in the presence of Ro 25. C, Placements of cannulae in mPFC of each rat (n � 11) included in this
experiment (schematic illustration modified from Paxinos and Watson, 2005). D, Intra-mPFC microinjection of MPC significantly improves
choice accuracy relative to vehicle in a delay-dependent manner (dose � delay interaction: p � 0.05). Data are mean percentage correct
choices (y-axis) � SEM plotted as a function of delay (in seconds; x-axis) and dose (separate lines).
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when MPC was infused into the mPFC of aged rats, working mem-
ory was significantly improved. These data strongly suggest that
potentiation of synaptic NR2A-NMDARs comprises a feasible ap-
proach to rescue depressed PFC neural activity and working mem-
ory. Future work in which MPC is coadministered with other NR2
subtype antagonists will nevertheless be important to verify the pre-
cise mechanism by which this compound acts in vivo to improve
working memory. Alternatively, novel NR2A-selective positive allo-
steric modulators were recently synthesized and characterized in
vitro (Hackos et al., 2016). Although not yet optimized for use in
vivo, such a class of drugs could provide more selective and reliable
potentiation of NR2A over the indirect methods used here and else-
where (Dunlop and Brandon, 2015) to ultimately achieve more sub-
stantial rescue of cognition in aging and disease states.

Conclusion
Although current theories favor contributions from NR2B-
NMDARs to PFC neural physiology and working memory, here we
provide converging evidence that NR2A-NMDARs are necessary for
working memory and associate with cognitive status in aging. These
new findings should direct future studies toward further investiga-
tion of the properties and contributions of NR2A to normal neural
function and cognition. A better understanding of the role of NR2A-
NMDARs in PFC may advance treatment options for cognitive im-
pairment in conditions associated with altered PFC glutamatergic
neurotransmission, including normal aging and neuropsychiatric
conditions such as schizophrenia.

References
Adage T, Trillat AC, Quattropani A, Perrin D, Cavarec L, Shaw J, Guerassi-
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