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Abstract
The GluN2B subunit of the N-methyl-D-aspartate (NMDA) receptor shows age-related declines in
expression across the frontal cortex and hippocampus. This decline is strongly correlated to age-
related memory declines. This study was designed to determine if increasing GluN2B subunit
expression in the frontal lobe or hippocampus would improve memory in aged mice. Mice were
injected bilaterally with either the GluN2B vector, containing cDNA specific for the GluN2B
subunit and enhanced Green Fluorescent Protein (eGFP); a control vector or vehicle. Spatial
memory, cognitive flexibility, and associative memory were assessed using the Morris water
maze. Aged mice, with increased GluN2B subunit expression, exhibited improved long-term
spatial memory, comparable to young mice. However, memory was rescued on different days in
the Morris water maze; early for hippocampal GluN2B subunit enrichment and later for the frontal
lobe. A higher concentration of the GluN2B antagonist, Ro 25-6981, was required to impair long-
term spatial memory in aged mice with enhanced GluN2B expression, as compared to aged
controls, suggesting there was an increase in the number of GluN2B-containing NMDA receptors.
In addition, hippocampal slices from aged mice with increased GluN2B subunit expression
exhibited enhanced NMDA receptor-mediated excitatory post-synaptic potentials (EPSP).
Treatment with Ro 25-6981 showed that a greater proportion of the NMDA receptor-mediated
EPSP was due to the GluN2B subunit in these animals, as compared to aged controls. These
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results suggest that increasing the production of the GluN2B subunit in aged animals enhances
memory and synaptic transmission. Therapies that enhance GluN2B subunit expression within the
aged brain may be useful for ameliorating age-related memory declines.
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1. Introduction
Aging is associated with multiple functional declines, including declines in strength,
balance, motor coordination, cognitive flexibility and memory [1, 2]. One of the earliest
cognitive functions to show declines with increasing age is memory; deterioration is evident
by the fifth decade in humans and is associated with significant impairment in memory
recall [3, 4]. Spatial memory, which is responsible for the navigation of organisms within
their environment, is particularly affected by the aging process [5–7]. In particular, spatial
long-term and delayed short-term memory, as well as cognitive flexibility (i.e. the ability to
switch a behavioral response according to the context of a situation), decline with age [8–
13].

Specific brain regions are important for the acquisition, consolidation and retrieval of spatial
memory, including the hippocampus and the prefrontal cortices within the frontal lobe [14–
20]. Specifically, the medial and orbital prefrontal cortices are important for both spatial
long-term and short-term memory in the radial arm and Morris water mazes [20, 21]. The
frontal lobe has also been shown to be necessary for the encoding of delayed short-term
memories, as well as contributing to long-term memory by maintaining the learned
information [22, 23]. The medial prefrontal cortex has also been shown to be important for
the retrieval of spatial information stored in the hippocampus [24]. The frontal lobe,
including the orbital and medial prefrontal cortices, has also been shown to be important for
cognitive flexibility [25–28]. In contrast, the hippocampus is responsible for the
consolidation of less stable short-term memories into more stable long-term memories,
which can be stored in the frontal lobe [19, 29, 30]. In particular, spatial long-term memory
has been shown to require the hippocampus in a variety of studies using hippocampal
lesions [14, 31–33]. In particular, selective electrolytic lesions of the entorhinal projection to
the CA1 disrupt the consolidation of long-term memory [15]. In contrast, lesions of the
dentate gyrus (DG) and CA3, suggest that these regions of the hippocampus may be
important for the acquisition of spatial memory [16, 17]. The caudate nucleus is also
believed to be involved in the acquisition and consolidation of spatial memory in the Morris
water maze [34–36]. However, the striatum and medial temporal lobe are also believed to be
involved in the formation of associative memory, which does not appear to be affected by
aging [37, 38].

One subtype of glutamate receptor, the N-methyl-D-aspartate (NMDA) receptor, is highly
expressed throughout the frontal lobe, caudate nucleus and hippocampus [39, 40] and has
been shown to be important for learning and memory [41, 42]. Specifically, NMDA
receptors are especially important for spatial memory [43] and are also thought to be
involved in cognitive flexibility [44]. Antagonists of the receptor block initiation of long-
term potentiation (LTP), a cellular mechanism believed to underlie learning and memory, in
both the hippocampus and regions of the frontal lobe [45–51]. Memory and learning,
including spatial memory, are also impaired by use of NMDA receptor specific antagonists
such as AP5, MK801, ketamine and Ro 25-6981 [43, 52–60]. In addition, correlations have
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been seen between NMDA-displaceable [3H] glutamate binding and NMDA subunit
expression and spatial memory performance in the Morris water maze [61–67].

Aging animals exhibit declines in NMDA receptor binding densities. A number of binding
studies, employing [3H]glutamate or glutamate analogs, have shown that the NMDA
receptors are more susceptible to the effects of aging than any other type of glutamate
receptor in the ventrolateral frontal cortex, including orbital and insular cortices, and in the
hippocampus of the mouse brain [68–71]. Similar results were also observed in other
species, including rats [11, 44, 72], canids [65], non-human primates [66] and humans [73].
Several studies have used spatial memory tasks to characterize the relationship between age-
related declines in memory and NMDA receptor expression [8–12, 61, 62, 67, 74–78].
Specifically, the age-related decline in densities of NMDA receptor binding and expression
of its subunits in regions of the frontal lobe and hippocampus of the rodent brain have been
shown to be associated with declines in spatial memory, including spatial long-term and
delayed short-term memory, during aging [8–12, 44, 61, 62, 67, 78].

NMDA receptors are heteromeric tetramers composed of combinations of subunits from
different families of proteins, now termed GluN1 (NR1), GluN2 (NR2) and GluN3 (NR3)
subunit families [79, 80]. Of the NMDA receptor subunits, the GluN2B subunit is most
affected by the aging process. The GluN2B subunit mRNA has been shown to be especially
vulnerable to the effects of aging in the cerebral cortex and dentate gyrus of the
hippocampus [63, 65]. Significant declines in GluN2B mRNA expression have also been
observed in the prefrontal cortex and caudate nucleus of aged macaques and in the
hippocampus of aged rats [81, 82]. In the frontal lobes of C57BL/6 mice, it appears that the
decline in mRNA during adult aging may be a continuation of the developmental decline
and, therefore, may be programmed [64]. Protein expression of the GluN2B subunit also
declines with age across regions of the frontal lobe and hippocampus [9, 81, 83]. However,
the protein levels of the GluN2B subunit show a greater decline with age within the synaptic
membrane of the frontal lobe than in the tissue as a whole [12]. Within the hippocampus,
there is a significant decline in GluN2B subunit expression in the synapse with age, similar
to the tissue changes [12]. Functional studies of NMDA receptors also suggest that aging
results in a decrease in or loss of functional GluN2B-containing receptors. Specifically,
NMDA receptors from aged animals appear to be less sensitive to ifenprodil, a GluN2B
specific antagonist, and have an increased rate of deactivation (faster channel closing) [84,
85].

The GluN2B subunit has also been shown to be important for spatial memory. Its decrease,
via experimental manipulation, has been shown to be sufficient to account for the degree of
spatial long-term memory impairment seen in aged rodents [86]. Moreover, aging studies
have shown that there is a significant correlation between decreased GluN2B subunit
expression and impaired spatial long-term memory in aged animals [9]. Specifically, age-
related decreases in the protein expression of the GluN2B subunit within crude
synaptosomes of the frontal cortex of C57BL/6 mice show a relationship to the declines in
performance in the long-term spatial memory task across age groups. However, those
expressing the highest levels of the GluN2B subunit within the synaptic membrane of the
hippocampus, among aged mice, are the poorest performers in the same task [12]. Previous
research has shown that increasing GluN2B subunit expression throughout multiple brain
regions from birth is beneficial to memory, including spatial long-term and delayed short-
term memory, and remains beneficial even into middle-age (18 months) [87, 88]. These data
suggest that maintaining higher levels of the GluN2B subunit during aging, than are seen in
normal aged mice, could be beneficial for memory.
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The present paper explored the effects of increasing the expression of the GluN2B subunit
within the frontal lobe or the hippocampus of aged mice using a replication deficient
adenoviral vector to deliver cDNA specific to the GluN2B subunit. The orbital cortex was
targeted because the ventrolateral frontal cortex, which includes the orbital and insular
cortices, exhibits consistent declines in GluN2B subunit mRNA during aging in C57BL/6
mice [65] and shows significant relationships between age-related declines in NMDA
receptor binding and spatial memory [61]. In addition, the orbital cortex is centrally located
within the frontal lobe, which provided the best target for enhancement throughout the lobe.

Adenoviral vectors have previously been used to effectively deliver genes to the central
nervous system (CNS) [89]. An adenoviral vector was chosen because of its size (packaging
capacity) [90]. Specifically, the GluN2B vector expresses two transgenes, GluN2B and
eGFP, from two independent promoters. This cannot be accomplished in an adeno-
associated viral vector because the packaging capacity is too small [91]. A lentivector, such
as feline immunodeficiency virus (FIV), can be engineered to express two transgenes using
an internal ribosomal entry site (IRES) sequence; however, the expression levels of the gene
under the control of the IRES is much lower [92]. Finally, higher infectious titers can be
obtained with adenoviral vectors, as compared to lentivectors [93].

The purpose of the present study was to determine whether the decline in spatial memory
and cognitive flexibility observed during aging could be improved by regionally increasing
the expression of the GluN2B subunit within the aged brain. This would help determine
whether a therapy aimed at enhancing the number of NMDA receptors that contain the
GluN2B subunit during old age would be beneficial to cognitive functions.

2. Methods
2.1 Injection solutions

2.1.1 Adenoviral vectors—Custom adenoviral vectors were designed by Viraquest, Inc.
(North Liberty, IA). A plasmid containing the cDNA for the GluN2B subunit, a gift from
Dr. M. Mishina, University of Tokyo; was subcloned into a human replication deficient type
5 adenoviral vector with cytomegalovirus (CMV) promoters and reporter gene for enhanced
green fluorescent protein (eGFP). The GluN2B vector contains the cDNA of the GluN2B
subunit gene and eGFP. The control vector contains only the cDNA of eGFP. The GluN2B
vector and control vector were diluted with the A195Viraquest buffer to give a final
concentration of approximately 2.0 ×10^8 PFU/mL. Animals meant for vehicle alone were
injected with equivalent volumes of the A195Viraquest buffer.

2.1.2 GluN2B Antagonist—The GluN2B antagonist, Ro 25-6981 (Sigma Aldrich, St.
Louis, MO, USA), was diluted in 100% Dimethyl sulfoxide (DMSO) (Sigma Aldrich, St.
Louis, MO, USA) to a final concentration of 5 or 10 mg/mL, as previously published [58].
Each mouse received a subcutaneous injection of either 5 or 10 mg/kg Ro 25-6981 or an
equivalent volume of DMSO 30 minutes prior to beginning each block of 4 place trials or
cued trials. Each mouse received 1–2 injections per day, depending on the task.

2.1.3 Lipopolysaccharide—Adenoviral vectors have been shown to elicit inflammatory
responses within the brain [94], so an LPS-induced inflammation model was used as a
positive control for assessing inflammation. Lipopolysaccharide from Escherichia coli
(Sigma Aldrich, St. Louis, Mo) was diluted in sterile water to give a final concentration of
1mg/mL and then stored at −80°C until used.
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2.2 Transfection of cells
A laboratory generated cell line of rabbit skin cells were transfected with 2.0×10^9 PFU/mL
of either the control vector or the GluN2B vector, followed by an overnight incubation. GFP
expression was monitored using a Leica DM LB microscope (Leica Microsystems, Wetzlar,
Germany). To visualize GluN2B expression, cells were fixed with methanol and then
stained for the GluN2B subunit (refer to section 2.7).

2.3 Animals
A total of two-hundred and thirty-seven male C57BL/6 mice (National Institute on Aging,
NIH, Bethesda, MD and The Jackson Laboratories, Bar Harbor, ME) representing 2
different age groups (3 and 22–26 months of age) were used for this study. The animals
were fed ad libitum and housed individually in micro-isolator cages on a 12/12 hour light/
dark cycle. The animals within each age group were randomly divided into two injection
groups (frontal or hippocampal) and 3 vector treatment groups, which were injected
bilaterally with either: vehicle, control vector, or GluN2B vector. The mice with frontal
injections were tested for spatial long-term (2 days) and delayed short-term memory,
cognitive flexibility and associative memory (Figure 1). Following hippocampal injections,
mice were tested for spatial long-term memory (3 days), cognitive flexibility and associative
memory (Figure 1). A separate group of aged mice, which had received bilateral injections
of either the GluN2B vector or vehicle solution into the frontal lobe, were randomly divided
into 3 antagonist treatment groups. The antagonist treatment groups received subcutaneous
injections of 5mg/kg Ro 25-6981, 10mg/kg Ro 25-6981 or DMSO alone 30 minutes prior to
every block of 4 place trials for 2 days for spatial long-term memory testing and before the 6
cued trials for associative memory. Following behavioral testing (see below), all of the mice
described above were euthanized by exposure to CO2, followed by decapitation. The brains
were removed, frozen on dry ice, and stored at −80°C.

Another separate group of aged mice, which had received bilateral injections of either the
GluN2B vector, control vector or vehicle into the hippocampus, were shipped overnight to
University of Florida five days post-surgery. Beginning on day 7 after shipping, one mouse
per day was euthanized by exposure to isoflurane (Abbott Laboratories, North Chicago, IL)
and swiftly decapitated. The hippocampi were removed and used for electrophysiological
recording.

2.4 Stereotaxic surgery
All mice underwent stereotaxic surgery and received bilateral injections centered on the
orbital cortex, as described by Das et al. with some modifications [95], or the dorsal
hippocampus. Anesthesia was induced with 4% isoflurane (Vet One, distributed by MWI,
Meridian, ID) and maintained with 1.5–2.25% isoflurane. Holes (1–2 mm) were drilled in
the skull using the stereotaxic coordinates 2.58 mm rostral to bregma and ±1.5 mm lateral to
the longitudinal suture for the frontal lobe or 1.70 mm caudal to bregma and ±1.0 mm lateral
to the longitudinal suture for the hippocampus. Injections were delivered 2.3 mm ventral to
the skull surface for the left and right ventral orbital cortices and 2.5 mm ventral to the skull
surface for the right and left hippocampi. Injections consisted of equivalent volumes (orbital
cortices: 5μl per injection and hippocampi: 3μl per injection) and equivalent concentrations
of GluN2B vector, control vector or vehicle. For the mouse receiving lipopolysaccharide,
the volume per injection was 1μL (1μg lipopolysaccharide). The mouse receiving
lipopolysaccharide was treated with buprenorphine (0.1mg/kg) every 12 hours until
euthanized 4 days post-injection.
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2.5 Behavioral testing
2.5.1 Acclimation—Six to seven days post-surgery, mice were acclimated to the water
maze for two consecutive days. Each session consisted of each mouse swimming for 60
seconds in the tank without the platform and then being placed on the platform in the tank
and trained to remain there for 30 seconds. This platform position was different from those
used for memory testing.

2.5.2 Memory and cognitive flexibility testing—Spatial long- and delayed short-term
(frontal lobe injections only) memory, cognitive flexibility and associative memory were
assessed using the Morris water maze as described previously with some modifications
(Figure 1) [95]. Briefly, following acclimation, mice underwent 2 (frontal lobe injections) or
3 (hippocampal injections) days of long-term spatial memory testing and one day of reversal
task, in order to assess cognitive flexibility [95]. A delayed short-term spatial memory task
was then performed [8], but only for mice who received injections into the frontal lobe. The
task consisted of two daily sessions of 4 place trials each. The platform position changed for
each session. Trials consisted of a naïve trial (Tnaïve) followed by a trial after a 10 minute
delay, called Tdelay and 2 more trials at 2 minute delays (not used for evaluation). Trials
consisted of 60 seconds maximum in the water searching for the platform and 30 seconds on
the platform. Following either the cognitive flexibility task or the delayed short-term spatial
memory task, an associative (control) memory task [95] was employed to test motivation,
visual acuity, and physical ability for memory testing. For mice that received hippocampal
injections, the Atlantis platform (HVS Image Ltd, Twickenham, Middlesex, UK) was used
for the escape platform.

2.6 Electrophysiology
2.6.1 Hippocampal slice preparation—The procedure for hippocampal slice
preparation and recording has been published previously [96, 97]. Briefly, mice were
anesthetized with isoflurane (Abbott Laboratories, North Chicago, IL) and swiftly
decapitated. The brains were rapidly removed and the hippocampi were dissected.
Hippocampal slices (~ 400 μm) were cut parallel to the alvear fibers using a tissue chopper.
The slices were incubated in a holding chamber at room temperature containing artificial
cerebrospinal fluid (ACSF) (in mM): NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 2, CaCl2 2,
NaHCO3 26, and glucose 10. Thirty to sixty min before recording, 2–3 slices were
transferred to a standard interface recording chamber (Harvard Apparatus, Boston, MA); the
chamber was continuously perfused with standard oxygenated (95% O2, 5% CO2) ACSF at
a flow rate of 2 ml/min. The pH and temperature were maintained at 7.4 and 30 ± 0.5°C,
respectively. Humidified air (95% O2, 5% CO2) was continuously blown over the slices.

2.6.2 Extracellular recordings—Extracellular field potentials from stratum radiatum of
CA1 were recorded with glass micropipettes (4–6 MΩ) filled with recording medium
(ACSF) as published previously [96–105]. Briefly, stimulating electrodes (outer pole:
stainless steel, 200 μm diameter; inner pole: Platinum/Iridium, 25 μm diameter, FHC,
Bowdoinham, ME) were positioned on either side (approximately 1 mm) of a recording
electrode localized to the middle of stratum radiatum and single diphasic stimulus pulses
were alternated between pathways such that each pathway was activated at 0.033 Hz. A
single diphasic stimulus pulse of 100 μsec was passed via a stimulator (SD9 Stimulator,
Grass Instrument Co, West Warwick, RI) to the Schaffer collateral commissural pathway to
evoke field potentials at 0.033 Hz. The signals were amplified, filtered between 1 Hz and 1
kHz and stored on computer disk for off-line analysis. To obtain the NMDA receptor-
mediated component of the field EPSP, slices were incubated in ACSF containing low
extracellular Mg2+ (0.5 mM), 6,7-dinitroquinoxaline-2,3-dione (DNQX, 30 μM), and
picrotoxin (PTX, 10 μM) [96, 106]. For analyzing the influence of Ro 25-6981 (4 μM) on
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NMDA receptor-mediated EPSP, a stable baseline for at least 10 minutes was collected and
then Ro-25-6981 was bath applied. The NMDA receptor-mediated synaptic response was
obtained for the last 5 min following 60 min bath application of Ro 25-6981.

2.7 Immunohistochemistry
2.7.1 Tissue sectioning—The brain of each animal was cut in half longitudinally and
one half (alternating sides across animals) was sectioned coronally using a Leica CM1850
UV Cryostat (Leica Microsystems Inc., Bannockburn, IL). The 20 μm sections were cold-
mounted onto plus slides (Thermo Fisher Scientific, Waltham, MA). Brain sections
representing at least one animal from each experimental group (age by treatment) were
placed on each slide and the order was determined by block design. Slides were kept at −80
degrees Celsius until further processing.

2.7.2 Peptide and antibodies—Representative coronal tissue sections from each animal
were labeled with either 20 μg/mL biotin-conjugated isolectin B4 (Sigma Aldrich, St. Louis,
MO) to visualize microglia (inflammation marker), a 1:100 dilution of an anti-NMDA ε2
(GluN2B) goat polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA), and/or a
1:500 dilution of an anti-glial fibrillary acidic protein (GFAP) antibody (Abcam, Cambridge,
MA) to visualize astrocytes or a 1:500 dilution of an anti-neurofilament antibody (Abcam,
Cambridge, MA) to visualize neurons or a 1:500 dilution of an anti-GFP antibody (Sigma
Aldrich, St. Louis, MO). Secondary antibodies used for visualization included rhodamine-
conjugated donkey anti-goat antibody (Millipore, Billerica, MA), fluorescein-conjugated
goat anti-rabbit antibody (Millipore, Billerica, MA) or Alexa Fluor 350 goat anti-rabbit
antibody (Molecular Probes, Eugene, OR).

2.7.3 Staining protocol—Slides were fixed in 4% paraformaldehyde for 15 min. Slides
were treated with 0.3% H2O2 solution for 15 min, followed by a 1 hour block in 0.1% BSA
(isolectin B4) or 5% serum (GluN2B or GFAP). Slides were then either incubated in primary
antibody or isolectin B4 for 48 hours. Slides were then treated with either 1:1000 dilution of
secondary antibody and/or 1:800 avidin-biotin complex solution (Vectastain Elite ABC kit,
Vector Laboratories, Burlingame, CA) for 1 hour each. Slides were visualized with 3,3′-
Diaminobenzidine (DAB) (Sigma Fast DAB, Sigma Aldrich, St. Louis, MO) by incubation
for either 5 min (isolectin B4) or 30 min (GluN2B subunit). Nonspecific slides were
incubated in either the absence of biotin-conjugated isolectin B4 or primary antibody.
Images were captured using a Leica DM LB microscope and SPOT camera (Diagnostic
Instruments Incorporated, Sterling Heights, MI).

2.8 Injection site mapping
Representative coronal (rostral to caudal) sections from each animal were used to map the
location of the injection site and the distribution of increased GluN2B expression (or to
verify its absence in control animals). All representative sections used for mapping were
labeled for GluN2B and visualized with DAB staining.

2.9 Data Analysis
The data for each memory task was analyzed as described earlier with a few modifications
[67]. Briefly, the distance of the animal from the platform was measured every 0.2 seconds
by the computer for the whole duration of the trial. Cumulative proximity was calculated by
summing those distances. Correction for start position was performed using a macro in
Excel software (Microsoft Corp., Seattle, WA). A cumulative proximity measurement for
the ideal path using the start position, average swim speed and platform position was
calculated with the use of this macro. This cumulative proximity measure for the ideal path
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was subtracted from the cumulative proximity score for the whole track to obtain the
corrected cumulative proximity scores for the place trials in the long-term spatial memory
and cognitive flexibility tasks and all trials in delayed short-term and associative memory
(control) task. The difference between naïve and delayed trials was calculated from their
respective corrected cumulative proximity measurements in the delayed short-term memory
tasks. The data for electrophysiology was analyzed as described earlier with a few
modifications [96, 97]. Briefly, the input-output curve for the NMDA receptor-mediated
EPSP was constructed by measuring the maximum amplitude of the responses for increasing
stimulation intensities. Changes in NMDA receptor-mediated EPSP induced by application
of Ro 25-6981 were calculated as the percent change from the averaged baseline responses
collected 10 min before drug application. Animals were removed from the study if they
consistently floated throughout trials (1 mouse), performed significantly worse in cued trials
from the rest of the animals (greater than the mean plus two standard deviations; 5 mice) or
if there was considerable difference in injection location and protein expression from their
counterparts (15 mice). These excluded animals were from both ages and most treatment
groups.

2.10 Statistical Analysis
The data for memory tasks were statistically analyzed by Analysis of Variance (ANOVA) or
one sample T- test using Statview software 5.0 (SAS Institute). Performance in long-term
spatial memory, cognitive flexibility, delayed short-term spatial memory and associative
memory tasks were analyzed separately by repeated measures ANOVA and two-way
ANOVA followed by Fisher’s protected least significant difference post-hoc analysis as
indicated. Analysis of place trials within days was planned because of previous work
showing greater age differences on day 2 [9]. The response variable was performance in
behavioral trials while the independent variables were age and/or treatment. NMDA
receptor-mediated EPSP responses in hippocampal slices were analyzed separately by
repeated measures ANOVA and two-way ANOVA followed by Fisher’s protected least
significant difference post-hoc analysis or one sample T-test as indicated. The response
variable was NMDA receptor-mediated EPSP response or percent change from NMDA
receptor-mediated EPSP response compared to baseline while the independent variable was
treatment. For all comparisons, only p≤0.05 were considered statistically significant.

3. Results
3.1 Effect of the GluN2B vector in the frontal lobe on spatial and associative memory

There was an overall effect of age on cumulative proximity scores in place trials within the
long-term spatial memory task, with young animals spending more time closer to the
platform than aged animals (F(1,76)=26.3, p<0.0001; young=6546±1092 cm,
aged=9435±1172 cm). There was also an age by treatment interaction (F(2,76)=4.7, p=0.01).
For the cognitive flexibility task, where the location of the platform was moved to the
opposite quadrant from that used in the long-term spatial memory task, there was an overall
significant effect of age on cumulative proximity scores (F(1,76)=3.8, p=0.05;
young=4443±957 cm, aged=5581±988 cm), with young animals spending more time closer
to the platform. The average difference in cumulative proximity between Tnaïve and Tdelay
trials over 16 sessions was used to evaluate spatial short-term memory with a 10 minute
delay. There was an overall significant effect of age on cumulative proximity (F(1,76)=11.3,
p=0.0012; young=2231±299 cm, aged=1103±506 cm), with young animals having greater
differences between the naïve and delayed trials than old. Within the associative memory
(control) task, all spatial cues were removed and the platform position was made visible with
a flag as a cue to its position for the cued trials. For this control task, there was no overall
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significant effect of treatment across ages (F(1,76)=0.6, p=0.44; young=870±243 cm,
aged=874±275 cm).

There was a significant interaction between age and treatment in place trials and probes
(F(2,75)=3.5, p=0.03). Therefore, the young and aged mice were analyzed separately for
treatment effects. Comparisons between aged treatments and young vehicle treatment were
included to assess the degree of improvement. There were no significant effects of treatment
on the young mice in any of the behavioral tasks (Supplemental Table 1 p=0.15–0.87), with
the exception of the probe trial at the end of the first day of spatial long-term memory.
Young mice treated with the GluN2B vector showed a higher average proximity to the
platform location compared to either young control group by the end of the first day
(p=0.02–0.025; vehicle= 37±3 cm, control vector= 38±2 cm, GluN2B vector= 55±9 cm).
However, their average proximity scores for the platform location were similar to the young
control animals by the end of the second day (p=0.60–0.79, vehicle= 33±3 cm, control
vector= 31±2 cm, GluN2B vector= 36±10 cm).

For aged mice, there was an overall significant effect of treatment across blocks of four
place trials (Fig. 2A, F(2,37)=3.3, p=0.05) and a significant interaction between treatments
and blocks of place trials (Fig. 2A, F(6,111)=3.8, p=0.0016). Aged mice treated with the
GluN2B vector had significantly lower cumulative proximity scores than both of the aged
control groups by the second day of long-term spatial memory trials (Fig. 2B, p=0.001–
0.015). The cumulative proximity scores of the aged GluN2B vector-treated mice were
similar to the cumulative proximity scores of the young vehicle-treated mice by the second
day (Fig. 2B, F(1,27)=0.6, p=0.44). Young vehicle-treated mice had significantly lower
proximity scores than aged control vector-treated mice in day 1 of long-term spatial memory
trials and significantly lower proximity scores than both aged control groups by the second
day (Fig. 2B, p≤0.0001–0.0016).

Within probe trials, aged mice treated with the GluN2B vector exhibited lower average
proximity to the platform location compared to either aged control group by the end of the
second day (Fig. 2C, Pr2; p=0.0006–0.05). The average proximity to the platform location
of aged mice treated with the GluN2B vector was similar to young vehicle-treated animals
by the end of the second day (Fig. 2C, F(1,27)=0.45, p=0.51). There was no significant effect
of treatment in aged mice on average swim speed (F(2,37)=2.3, p=0.11; aged vehicle:
14.4±0.3 cm/sec, aged control vector: 15.1±0.5 cm/sec, aged GluN2B vector: 15.8±0.5 cm/
sec).

There were no significant effects of treatment on cumulative proximity in reversal trials in
the aged animals (Fig. 2D, F(2,37)=0.01, p=0.99). There was no overall significant effect of
treatment on the average difference in cumulative proximity between trials with a 10 minute
delay in aged animals (Fig. 2E, F(2,37)=0.3, p=0.73). Within the associative memory
(control) task, there was no significant effect of treatment within aged animals (Fig. 2F,
F(2,37)=2.3, p=0.12). There was also no overall significant difference in the cumulative
proximity scores in the control task between young vehicle-treated animals and aged
GluN2B vector-treated animals (Fig. 2F, F(1,27)=1.0, p=0.33) or aged controls (p=0.13–
0.54).

3.2 Effect of a GluN2B antagonist on long-term spatial and associative memory
Aged mice, treated with either GluN2B vector or vehicle within their frontal lobe, were
treated systemically with the GluN2B specific antagonist, Ro 25-6981. This was designed to
determine whether the increased expression of the GluN2B subunit was responsible for the
improved long-term spatial memory observed in aged mice. Systemic delivery of this
GluN2B specific antagonist has previously been shown to impair object recognition memory
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[58]. Due to the previous results with enhanced GluN2B expression in the frontal lobe, the
focus for the antagonist study was on the second day of spatial long-term memory testing.
There were overall significant effects of antagonist treatment (Fig. 3A–B, F(2,47)=4.5,
p=0.02), and a significant vector by antagonist interaction (Fig. 3A–B, F(2,47)=3.1, p=0.05).
Aged vehicle-treated animals that received 5mg/kg Ro 25-6981 had significantly higher
cumulative proximity scores than vehicle-treated dimethyl sulfoxide (DMSO) animals (Fig.
3B, p=0.002) in the second day. However, aged GluN2B vector-treated animals that
received 5mg/kg Ro 25-6981 had similar cumulative proximity scores to GluN2B vector-
treated DMSO animals (Fig. 3B, p=0.22). There was a near significant difference in
cumulative proximity between aged vehicle-treated animals that received 5mg/kg Ro
25-6981 compared to GluN2B vector-treated animals that received the same dose of Ro
25-6981, with GluN2B vector treated- animals spending more time closer to the platform
than vehicle-treated animals (Fig. 3B, F(1,15)=3.5 p=0.08). Aged GluN2B vector-treated
mice that received a higher dose of Ro 25-6981 (10 mg/kg) spent less time near the platform
than either aged GluN2B vector-treated DMSO (Fig. 3B, p=0.002) or aged GluN2B vector-
treated animals that received a lower dose of Ro 25-6981 (5 mg/kg) (Fig. 3B, p=0.03). Aged
GluN2B vector-treated animals that received the higher dose of Ro 25-6981 (10 mg/kg) had
similar cumulative proximity scores to aged vehicle-treated mice that received the lower
dose of Ro 25-6981 (5 mg/kg) (Fig. 3B, F(1,12)=0.63, p=0.44). Within the associative
memory (control) task, there were no significant effects of either vector treatment (Fig. 3C,
F(1,45)=0.05, p=0.83) or antagonist treatment (Fig. 3C, F(2,45)=0.08, p=0.93) and no
significant vector by antagonist interaction (Fig. 3C, F(2,45)=0.01, p=0.99).

3.3 Effect of the GluN2B vector in the hippocampus on spatial and associative memory
There was an overall effect of age on cumulative proximity in the long-term spatial memory
task, with young animals spending more time closer to the platform than aged animals
(F(1,59)=28.9, p<0.0001; young=4702±737 cm, aged=6863±835 cm). For the cognitive
flexibility task, there was an overall significant effect of age on cumulative proximity
(F(1,59)=27.2, p<0.0001; young=3982±1036 cm, aged=6448±1043 cm), with young animals
having lower proximity scores than aged animals. Within the associative memory (control)
task, all spatial cues were removed and the platform position was cued with a flag. There
was no overall significant effect of age (F(1,58)=0.77, p=0.38; young=3057±880 cm;
aged=2663±752 cm) or treatment (F(2,58)=0.33, p=0.72) across associative memory trials.

There were significant interactions between age or treatment and blocks of place trials in the
spatial long-term memory trials (p=0.0003–0.004). In order to make comparison between
treatments, each age group was analyzed separately. Comparisons between aged treatments
and young vehicle treatment were included to assess the degree of improvement. There were
no significant effects of treatment on the young mice in any of the behavioral tasks
(Supplemental Table 1 p=0.11–0.97).

Within aged mice, there was no overall effect of treatment across blocks of four place trials
(Fig. 4A–B, F(2,33)=0.66, p=0.52) but there was a significant interaction of treatment by
blocks of four place trials (Fig. 4A–B, F(10,165)= 3.1, p=0.0012). Aged mice treated with the
GluN2B vector had lower cumulative proximity scores than both of the aged control groups
in the first day of long-term spatial memory trials (Fig. 4B, p=0.002–0.05). The cumulative
proximity scores of aged mice treated with the GluN2B vector for the first day were not
significantly different from those of young vehicle-treated mice (Fig. 4B, F(1,26)=1.2,
p=0.29). However, for aged mice treated with the GluN2B vector there was a trend for
higher cumulative proximity scores in later trials compared to aged controls (Fig. 4A). For
days 2 and 3, aged GluN2B vector-treated mice had higher cumulative proximity scores, as
compared to young vehicle-treated animals (Fig. 4A–B, p=0.004–0.03). For probe trials,
there was no overall effect of treatment on average proximity scores for aged animals (Fig.
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4C, p=0.06–0.77). In the flexibility task, there was no significant effect of treatment on
cumulative proximity scores within aged animals (Fig. 4D, F(2,33)=0.68, p=0.52). There was
no significant effect of treatment on cumulative proximity scores within aged (Fig. 4E,
F(2,33)=0.29, p=0.75) in the associative memory (control) task.

3.4 Effect of the GluN2B vector in the hippocampus on NMDA receptor-meditated EPSP
There was an overall effect of treatment on NMDA receptor-mediated EPSPs in
hippocampal slices, with slices from aged GluN2B vector-treated animals exhibiting higher
NMDA receptor-mediated EPSP than those from aged controls (Fig. 5A, F(2,28)=7.6,
p=0.0024). There was also a significant interaction of treatment by stimulation strength (Fig.
5A, F(22,308)= 5.7, p<0.0001). Hippocampal slices from aged mice treated with the GluN2B
vector had greater NMDA receptor-mediated EPSP than either of the aged controls at higher
stimulation strengths (14–32 volts; Fig. 5A, p=0.002–0.02) but not at lower stimulation
strengths (4–12 volts; Fig. 5A, p=0.07–0.2). One sample t-tests were used to examine
changes in the NMDA receptor-mediated synaptic response for the last 5 min following 60
min bath application of Ro 25-6981. The results reveal that only mice treated with the
GluN2B vector exhibited a significant (p = 0.03) decrease compared to baseline (Fig. 5B).

3.5 Effect of vectors on GluN2B protein expression
The efficacy of the adenoviral vectors used was first confirmed in vitro. Rabbit skin cells
were transfected with the GluN2B vector and expressed both the GluN2B subunit and GFP,
which co-localized (Supplemental Fig. 1A–C). Rabbit skin cells transfected with the control
vector only expressed GFP only (Supplemental Fig. 1D–E). In vivo, there was increased
GluN2B immunoreactivity within the frontal lobe, corpus callosum, and caudate nucleus for
the frontal lobe injections and within the hippocampus and corpus callosum for the
hippocampal injections in mice treated with the GluN2B vector as compared to endogenous
expression (Fig. 6C, F; Fig. 7C, F, I, J, K). Preliminary studies showed peak expression in
vivo around day 10 post-surgery (data not shown). Neither control treatments, vehicle (Fig.
6A, D; Fig. 7A, D, G) or control vector (Fig. 6B, E; Fig. 7B, E, H) elicited a change in
GluN2B immunoreactivity from endogenous expression. Increased GluN2B expression was
visible in, but was not restricted to, neurons and neuronal processes (Fig. 6C, F; Fig. 7C, F,
I, J, K; Fig. 8). GFAP-positive cells also showed enhanced GluN2B immunoreactivity (Fig.
6F; Fig. 7I, J, K). There was lipofuscin (yellow profiles) present in the images of aged brains
(Fig. 6A–F, Fig. 7A–I). Injection site mapping of strongly labeled cells following the frontal
lobe injections indicated that increased GluN2B expression was predominantly localized to
the frontal lobe, including the orbital and motor cortices, but was also seen in the corpus
callosum, the caudate nucleus and in the ependymal cells lining the lateral ventricles (Fig.
9). Injection site mapping of strongly labeled cells following the hippocampal injections
indicated that increased GluN2B expression was restricted to the corpus callosum,
subregions of the hippocampus, including the dentate gyrus and CA1 region, and in the
ependymal cells lining the dorsal 3rd ventricle and lateral ventricles (Fig. 10).

3.6 No effect of vectors on inflammation
Since adenoviral vectors have been shown to elicit an inflammatory response within brain
tissue [94], representative coronal sections from each age and treatment were stained with an
isolectin specific for microglia [107]. Microglia are a marker of inflammation, and is evident
in tissue from the frontal lobe of a young mouse (positive control) that received bilateral
injections of lipopolysaccharide from Escherichia coli into the frontal lobe (Fig. 11D). There
was no appreciable difference in inflammation within the injection sites across brain regions
or treatments (Fig. 11A–C, E–G). Tissue from vector-treated animals exhibited
inflammation comparable to vehicle-treated animals (Fig. 11A–C, E–G). There was no
visible difference between aged or young vehicle-treated animals (data not shown).
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4. Discussion
This study provides compelling evidence that increasing the expression of the GluN2B
subunit of the NMDA receptor within the frontal lobe, caudate nucleus and hippocampus of
aged mice can improve synaptic transmission and memory. Aged mice with enhanced
GluN2B expression across these brain regions exhibited superior long-term spatial memory
over their aged counterparts, and exhibited memory similar to young mice, but on different
days of training for the different injection regions. In the hippocampus, enhancing the
expression of the GluN2B subunit increased NMDA receptor-mediated synaptic
transmission. This suggests that increasing expression of the GluN2B subunit can improve
synaptic function and plasticity in the aged brain.

Aged mice with enhanced GluN2B expression across the frontal lobe and rostrodorsal
caudate nucleus improved learning in the second day of long-term memory training, as
compared to aged controls, and the improved performance was similar to that seen in young
vehicle-treated mice. By the end of the second day of the long-term spatial memory task,
these aged mice showed a stronger bias for the platform location compared to either aged
control and, in fact, showed a similar bias for the platform location as compared to young
vehicle-treated mice. In contrast, aged mice with increased GluN2B expression in the
hippocampus exhibited improved early learning in the first day of the long-term spatial
memory task compared to aged controls, and performed similarly to young vehicle-treated
mice only on the first day. However, enhanced expression of the GluN2B subunit within the
hippocampus of the aged brain did not improve spatial bias development. This could be due
to the fact that memory was enhanced early in learning trials but plateaued by the end of the
second day. Immunohistochemistry revealed increased GluN2B expression within cells with
either neuronal or glial characteristics across the frontal lobe, caudate nucleus and
hippocampus of aged mice treated with the GluN2B vector compared to control treatments.
Multiple neuronal processes showed enhanced GluN2B expression, suggesting that it was
enriched within dendrites, which is where excitatory synapses predominate. Aged mice with
enhanced GluN2B subunit expression in the hippocampus exhibited enhanced NMDA
receptor-mediated EPSP responses and a larger proportion of that EPSP was blocked by
antagonism of GluN2B subunits than was seen with the controls. Together, these data
suggest that the adenoviral vector effectively induced increased production of the GluN2B
subunit and that aged animals with enhanced expression of the GluN2B subunit exhibited
enhanced NMDA receptor-mediated EPSP responses as well as improved learning and
retention in a long-term spatial memory task, comparable to young mice.

To confirm and expand these findings, a highly selective and activity-dependent GluN2B
antagonist specific for GluN2B-containing receptors, Ro 25-6981 [108] was administered
directly to hippocampal slices or systemically to aged mice with enhanced GluN2B subunit
expression. This was done in order to determine whether the increased expression of the
GluN2B subunit was responsible for the enhanced NMDA receptor mediated EPSP
responses observed or improved memory observed in aged mice with enhanced GluN2B
subunit expression. Ro 25-6981 has previously been shown to reduce NMDA receptor-
mediated EPSP responses and LTP in hippocampal slices or hippocampal slice cultures
[109–112]. Direct injection and/or systemic delivery of Ro 25-6981 has previously been
shown to impair memory performance in the Morris water maze and object recognition tasks
[52, 58–60]. However, it should be noted that other studies suggest that systemic delivery of
Ro256981 may not impair spatial learning in the Morris water maze or object recognition
memory [113, 114].

Aged mice with enhanced GluN2B subunit expression in the hippocampus exhibited
enhanced NMDA receptor-mediated EPSPs. Treatment with the GluN2B antagonist, Ro
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25-6981, showed that a greater proportion of the NMDA receptor-mediated EPSP was due
to GluN2B subunit component in aged animals with enhanced GluN2B expression
compared aged controls. A dose of 5mg/kg of Ro 25-6981 was sufficient to impair spatial
long-term memory in aged vehicle-treated mice compared to control on the second day of
trials. However, an increased dose (10mg/kg) was required to impair spatial long-term
memory in aged mice with enhanced GluN2B expression in the frontal lobe compared to
control, and to impair memory similarly to aged vehicle-treated mice that received only a
5mg/kg dose of Ro 25-6981. The lack of difference between the GluN2B vector- and
vehicle-injected mice treated with DMSO appeared to be due to trends for a change in
performance of both groups from the first experiment. This may be due to the administration
of subcutaneous injections of DMSO, which can increase nociception [115]. Also, increased
expression of the GluN2B subunit has been associated with increased sensitization to pain in
GluN2B-enhanced animals [116], which may explain the worsening of performance in the
GluN2B vector-injected mice. There was, however, an overall trend for better performance
in the GluN2B vector-treated animals injected with the 5 mg/kg dose of Ro 25-6981 than the
vehicle-treated animals receiving the same antagonist dose. In addition, a higher
concentration of the GluN2B antagonist, Ro 25-6981, was required to impair long-term
spatial memory in aged mice with enhanced GluN2B expression, as compared to aged
controls. Antagonism with Ro 25-6981 in hippocampal slices suggests that the observed
enhancement in NMDA receptor-mediated EPSP response in aged animals was due to
enhanced GluN2B subunit expression. The need for a higher dose of Ro 25-6981 to impair
memory in aged mice with enhanced GluN2B expression in the frontal lobe provides further
evidence that it was the increased expression of the GluN2B subunit within the brains of
aged mice that was responsible for superior memory. These data also suggest that there was
an enhancement of GluN2B-containing NMDA receptors within the aged brain.

Memory tasks in the Morris water maze involve acquisition, consolidation and/or retrieval
of spatial memories [117]. The acquisition of long-term memories has been shown to occur
early in training sessions in the Morris water maze and can be blocked by the application of
protein synthesis inhibitors prior to training sessions [118]. In contrast, consolidation of
long-term memories has been shown to occur within several hours to days after a training
session for a memory task and can be extinguished by the application of protein synthesis
inhibitors following training sessions [119]. The NMDA receptor has been shown to be
involved in both the acquisition and consolidation of spatial memories in the Morris water
maze by blockade with the NMDA receptor antagonist 2-amino-5-phosphonopentanoic acid
[120]. Specifically, NMDA receptors within the CA1 region of the hippocampus have been
shown to be necessary to the acquisition of spatial memories. This may suggest that the
improvement in learning seen within the first day of long-term spatial memory trials (2 hour
period) in aged mice with enhanced GluN2B subunit expression in the hippocampus was the
result of improved acquisition. By contrast, lesions studies within the orbital cortex have
been shown to impair consolidation of spatial memory within the Morris water maze
suggesting a role for the frontal lobe in memory consolidation [121]. Moreover, transgenic
mice designed to express high levels of the GluN2B subunit throughout the brain, including
all regions of the frontal lobe and caudate nucleus, exhibit improved learning on the second
day of learning trials [87]. These data may suggest that the enhanced learning observed in
the second day of long-term spatial memory trials in aged with increased GluN2B
expression in the frontal lobe and caudate nucleus was the result of improved consolidation.
Our results suggest that enhancing GluN2B subunit expression within the hippocampus of
aged mice might improve early learning, possibly memory acquisition, while expression in
the frontal lobe and caudate nucleus might help with later learning, possibly memory
consolidation and/or later acquisition. A more global enhancement of this subunit
throughout the brain may improve both phases of learning and will be the focus of future
studies.
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The GluN2B subunit of the NMDA receptor is important to channel kinetics and in
regulation of glutamate transmission at developing synapses [122, 123]. Pharmacological
and genetic blockade of the GluN2B subunit within the prefrontal cortex results in
diminished LTP and impaired fear conditioning [124]. Region specific knockouts of the
GluN2B subunit show that expression of the GluN2B subunit within the neocortex and CA1
region of the hippocampus contributes to NMDA receptor-mediated EPSP responses and is
necessary for LTP and long-term depression (LTD), and learning and memory in spatial and
fear conditioning tasks [125]. Moreover, transgenic mice designed to express higher levels
of the GluN2B subunit from birth also exhibit enhanced NMDA receptor-mediated EPSP
responses and LTP as well as possess superior memory across adulthood to middle-age [87,
88]. Based on the above findings, the enhanced expression of GluN2B subunit within the
aged brain could account for the enhanced NMDA receptor-mediated EPSP responses and
superior memory observed in aged mice in this study.

There was no significant effect of treatment on the performance of young mice in any
memory task; and enhanced expression of the GluN2B subunit did not improve cognitive
flexibility or delayed short-term spatial memory in aged mice. However, transgenic mice
designed to express high levels of the GluN2B subunit during development through
adulthood possess superior memory compared to wild type [87]. In addition, both the frontal
lobe and hippocampus have been shown to be important for cognitive flexibility in rodents
[25, 126] and both the NMDA receptor and the GluN2B subunit have been shown to be
necessary for cognitive flexibility [44, 127]. Regions of the frontal lobe, such as the
dorsomedial prefrontal cortex, have also been shown to be important to delayed short-term
spatial memory [128]. Increased expression of the GluN2B subunit across brain regions has
been implicated in improved short-term spatial memory [109, 129]. In light of these data, the
present results could suggest that the increase in GluN2B expression, or its localization, was
not sufficient to improve memory in young mice or improve short-term spatial memory and
cognitive flexibility in aged animals.

4.1 Conclusions
In conclusion, increasing the expression of the GluN2B subunit of the NMDA receptor in
the frontal lobe or hippocampus appeared to restore long-term spatial memory of aged mice
back to the level of young, rescuing it in different phases of learning in a region specific
manner. Moreover, aged mice with enhanced GluN2B subunit expression in the
hippocampus exhibited enhanced NMDA receptor-mediated EPSP responses. This study
further substantiates the important role of the GluN2B subunit in long-term memory and its
potential region-specific role in learning and memory. The present work also shows the
importance of the decline of the GluN2B subunit to the memory loss that occurs with aging.
Moreover, the evidence provided by this study suggests that a therapeutic aimed at
enhancing the number or function of the GluN2B containing NMDA receptors in old age
could potentially be used to effectively ameliorate memory loss.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Enhanced GluN2B expression improves memory in aged animals, similar to
young.

• Enhanced GluN2B expression in the frontal cortex improves later long-term
memory.

• Enhanced GluN2B expression in the hippocampus improves early long-term
memory.

• Enhanced GluN2B expression increases NMDA receptor-mediated synaptic
transmission.

• Enhancement of GluN2B expression in the aged brain may have therapeutic
potential.

• Future studies will elucidate how enhanced GluN2B expression is being
beneficial for memory.
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Fig. 1.
Schematic of the various memory tasks used to assess memory in the Morris water maze.
Tasks used include the spatial long-term memory task, the spatial delayed short-term
memory task, the cognitive flexibility task and the associative memory (control) task. *Only
mice that received hippocampal injections had a 3rd day of spatial long-term memory
testing. **Only mice that received the frontal lobe injections were characterized in the
spatial delayed short-term memory task. s= seconds; m= minutes; hr= hour; max= maximum
time; Pr= probe trial; P= place trial; R= reversal trial; T= short-term memory trial; C= cued
trial; Bl= block of 4 place trials.
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Fig. 2.
The effects of enhanced GluN2B expression in the frontal lobe on the performance of aged
mice in memory tasks in the Morris water maze. Graphs A–F show the effects of the
GluN2B vector or 2 control (control vector or vehicle) treatments on learning performance.
In graphs A–D and F, lower proximity scores represent better performance. In graph E,
greater differences between naïve and delayed trials represent better performance. The
performance of young vehicle-treated mice is included for comparison. (A) Performance
across blocks of four place trials for the two-day long-term spatial memory task. (B)
Performance averaged across place trials for each individual day of the two-day long-term
spatial memory task. (C) Performance within probe trials of the two-day long-term spatial
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memory task. (D) Performance across blocks of two reversal trials for the flexibility task.
(E) Differences in performance between Tnaïve and Tdelay trials, averaged over delayed
short-term spatial memory sessions, over eight days. (F) Performance in 6 cued trials for the
associative memory task. * p≤0.05 for differences from aged GluN2B vector-treated mice
and # p≤0.05 for differences from young vehicle-treated mice as determined by repeated
measures and two-way ANOVA, followed by Fisher’s protected least significant difference
post-hoc analysis. N=12–14. Bl = block of 4 place trials, Pr = probe trials, Pr0= naïve probe
trials, R= reversal trials, C= cued trials. Error bars = standard error of the mean (SEM).
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Fig. 3.
The effects of the GluN2B antagonist, Ro 25-6981, on the performance of aged mice with
enhanced GluN2B expression in two memory tasks in the Morris water maze. Graphs A–C
show the effects of Ro 25-6981 antagonism on the performance of aged mice receiving
frontal lobe injections of GluN2B vector or vehicle, with lower proximity scores
representing better performance. (A) Learning performance of aged mice across blocks of
place trials for the two-day long-term spatial memory task. (B) Learning performance of
aged mice averaged across place trials for day 2 of the two-day long-term spatial memory
task. (C) Performance of aged mice in 6 cued trials for the associative memory task. *
p≤0.05 for differences in performance between treatment groups indicated as determined by
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repeated measures and two-way ANOVA, followed by Fisher’s protected least significant
difference post-hoc analysis. N=4–16. Bl = blocks of 4 place trials, C= cued trials. Error
bars = standard error of the mean (SEM).
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Fig. 4.
The effects of enhanced GluN2B expression in the hippocampus on the performance of aged
mice in memory tasks in the Morris water maze. Graphs A–E show the effects of the
GluN2B vector or 2 control (control vector or vehicle) treatments on learning performance.
In graphs A–E, lower proximity scores represent better performance. (A) Performance
within blocks of four place trials for the three-day long-term spatial memory task. (B)
Performance averaged across place trials for individual days for the three-day long-term
spatial memory task. (C) Performance within probe trials of the three-day long-term spatial
memory task. (D) Performance across blocks of two reversal trials for the flexibility task.
(E) Performance in 6 cued trials for the associative memory task. * p≤0.05 for differences
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from aged GluN2B vector-treated mice and # p≤0.05 for differences from young vehicle-
treated mice as determined by repeated measures and two-way ANOVA followed by
Fisher’s protected least significant difference post-hoc analysis. N=7–15. Bl = blocks of 4
place trials or 2 reversal trials, Pr = probe trials, Pr0= naïve probe trials, C= cued trials.
Error bars = standard error of the mean (SEM).

Brim et al. Page 29

Behav Brain Res. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 5.
The effects of enhanced GluN2B subunit expression in the hippocampus of aged mice on the
NMDA receptor-mediated EPSP responses in hippocampal slices. (A) Input-output curves
for the mean NMDA receptor-mediated EPSP amplitude versus stimulus intensity. GluN2B
vector treated slices exhibited significant increase in NMDA receptor-mediated EPSP for
higher stimulus intensities compared to 2 control (control vector or vehicle) treatments. (B)
Percent change in NMDA receptor-mediated EPSP compared to baseline (dotted line) for
the last 5 min following 60 min bath application of Ro 25-6981. *p≤0.05 for differences in
responses from control vector and vehicle treatment groups determined by (A) Fisher’s
protected least significant difference between GluN2B and controls for each intensity or
§p≤0.05 for differences in response from baseline (B) one sample t-test. N=3–14. Error bars
=standard error of the mean (SEM).
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Fig. 6.
Enhanced GluN2B subunit expression in vivo in the frontal lobe. Representative images of
coronal sections showing GluN2B subunit, GFP (vector reporter) and GFAP (glial marker)
protein expression within the frontal lobe in different treatments: (A, D) vehicle, (B, E)
control vector and (C, F) GluN2B vector within aged mice. Panels D–F are higher
magnification images of areas shown in panels A–C, respectively. Green= GFP (in vivo),
Red= GluN2B subunit, Blue= GFAP, Yellow= lipofuscin, co-localized GFP and GluN2B =
orange, co-localized GFAP and GluN2B= purple, GluN2B subunit in neuronal-like cells
(arrows), GluN2B subunit in astrocytes (arrowheads). Bar= 25 μm.
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Fig. 7.
Enhanced GluN2B subunit expression in vivo in the hippocampus. Representative images of
coronal sections showing GluN2B subunit, GFP (vector reporter) and GFAP (glial marker)
protein expression within the hippocampus in different treatments: (A, D, G) vehicle, (B, E,
H) control vector and (C, F, I, J, K) GluN2B vector in aged mice. Panels D–K represent
higher magnification images of areas shown in panels A–C, respectively. Green= GFP (in
vivo), Red= GluN2B subunit, Blue= GFAP, Yellow= lipofuscin, co-localized GFP and
GluN2B = orange, co-localized GFAP and GluN2B= purple, GluN2B subunit in neuronal-
like cells (arrows), GluN2B subunit in astrocytes (arrowheads). I) CA1 stratum radiatum. J)
CA1 stratum pyramidale. K) dentate gyrus molecular layer, upper blade. Bar= 25 μm.
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Fig. 8.
Enhanced GluN2B subunit expression in vivo in neurons. Representative image of a coronal
section showing GluN2B subunit and neurofilament (neuronal marker) protein expression
within the frontal lobe of an aged mouse treated with GluN2B vector. Panel A shows
neurofilament only and Panel B shows GluN2B subunit only. Panel C shows GluN2B
subunit with neurofilament. Red= GluN2B subunit, Green= neurofilament, co-localized
neurofilament and GluN2B= orange, Bar= 5 μm.
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Fig. 9.
Brain regions with enhanced GluN2B expression in the frontal lobe and caudate nucleus.
Representative diagrams of coronal sections (adapted from [130]) show the locations of cells
that were intensely labeled for the GluN2B subunit across the frontal lobe and caudate
nucleus. cc= corpus callosum; Cg= cingulate cortex; CN= caudate nucleus; fmi= forceps
minor of the corpus callosum; I=insular cortex; IL= infralimbic cortex; LO=lateral orbital
cortex; LV= lateral ventricle; M1=primary motor cortex M2=secondary motor cortex;
MO=medial orbital cortex; PrL= prelimbic cortex; S= somatosensory cortex; VO= ventral
orbital cortex.
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Fig. 10.
Brain regions with enhanced GluN2B expression in the hippocampus. Representative
diagrams of coronal sections (adapted from [130]) show the location of cells intensely
labeled for the GluN2B subunit across the hippocampus. CA1= Cornu Ammonis 1; CA2=
Cornu Ammonis 2; CA3= Cornu Ammonis 3; cc= corpus callosum; D3V= dorsal 3rd

ventricle; LV= lateral ventricle; RSA= retrosplenial agranular cortex, RSG= retrosplenial
granular cortex; S= somatosensory cortex; V= visual cortex.
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Fig. 11.
Inflammation in vector-treated mice was not increased over vehicle-treated mice in the
frontal lobe or hippocampus. Panels A–G show isolectin B4 staining of microglia in
representative coronal sections taken at the injection site in the frontal lobe or hippocampus.
(D) Inflammation was visible in a lipopolysaccharide-treated brain (positive control) and, to
a lesser extent, equally across the different treatments, within the injection sites only: (A, E)
vehicle, (B, F) control vector and (C, G) GluN2B vector. Bar=50 μm.
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