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Abstract

There are declines in the protein expression of the NR2B (mouse €2) and NR1 (mouse (1) subunits
of the N-methyl-D-aspartate (NMDA\) receptor in the cerebral cortex and hippocampus during aging
in C57BL/6 mice. This study was designed to determine if there is a greater effect of aging on subunit
expression and a stronger relationship between long-term spatial memory and subunit expression
within the synaptic membrane than in the cell as a whole. Male, C57BL/6JNIA mice (4, 11 & 26
months old) were tested for long-term spatial memory in the Morris water maze. Frontal cortex,
including prefrontal regions, and hippocampus were homogenized and fractionated into light and
synaptosomal membrane fractions. Western blots were used to analyze protein expression of NR2B
and NR1 subunits of the NMDA receptor. Old mice performed significantly worse than other ages
in the spatial task. In the frontal cortex, the protein levels of the NR2B subunit showed a greater
decline with aging in the synaptic membrane fraction than in the whole homogenate, while in the
hippocampus a similar age-related decline was observed in both fractions. There were no significant
effects of aging on the expression of the NR1 subunit. Within the middle-aged mouse group, higher
expression of both NR2B and NR1 subunits in the synaptic membrane was associated with better
memory. In the aged mice, however, higher expression of both subunits was associated with poorer
memory. These results indicate that aging could be altering the localization of the NR2B subunit to
the synaptic membrane within the frontal cortex. The correlational results suggest that NMDA
receptor functions, receptor subunit composition, and/or the environment in which the receptor
interacted in the hippocampus were not the same in the old animals as in younger mice and this may
have contributed to memory declines during aging.
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Memory is one of the earliest of the cognitive functions to show declines during aging (Albert
and Funkenstein, 1992). Memory deficits associated with aging are seen in humans and non-
human primates (see reviews (Gallagher and Nicolle, 1993, Gallagher and Rapp, 1997)), dogs
(Head et al., 1995) and rodents (Gage et al., 1984, Rapp et al., 1987, Barnes, 1988, Zyzak et
al., 1995). One type of memory that is important for how individuals cope with their
environment is spatial memory. Humans show 30% to 80% drops in performance in spatial
memory tasks as they age (Evans et al., 1984, Moore et al., 1984, Sharps and Gollin, 1987,
Kirasic and Bernicki, 1990, Cherry and Park, 1993, Moffat and Resnick, 2002). Mice and rats
also exhibit deficits in spatial memory during aging, in both short-term (working) and long-
term (reference) memory (Barnes, 1979, Gage et al., 1984, Pelleymounter et al., 1987, Rapp
et al., 1987, Barnes, 1988, Magnusson, 1998a, 2001, Magnusson et al., 2003). A long-term
spatial memory task was used in the present study to assess age-related memory declines
(Magnusson et al., 2007).

The N-methyl-D-aspartate (NMDA) receptor, a subtype of glutamate receptors, is particularly
important in neuronal plasticity (Morris and Davis, 1994). NMDA antagonists impair
formation of long-term memory (Morris et al., 1986, Alessandri et al., 1989, Mondadori et al.,
1989, Heale and Harley, 1990) and block the initiation of long-term potentiation (LTP) in the
hippocampus (Harris et al., 1984, Morris et al., 1986, Bashir etal., 1991) and neocortex (Artola
and Singer, 1994). These studies suggest that detrimental changes to the NMDA receptor
during the aging process should have a negative impact on memory.

Aging animals do exhibit declines in NMDA receptor binding densities and functions,
including memory. NMDA-stimulated release of transmitters is decreased with increasing age
(Gonzales et al., 1991, Pittaluga et al., 1993). LTP is also altered in aged rodents (Barnes and
McNaughton, 1985, Deupree et al., 1993). Age-related declines in binding of glutamate and
[()-2-carboxypiperazin-4-yl] propyl-1-phosphonic acid (CPP) to NMDA binding sites have
been reported in mice, rats, dogs, and monkeys (Kito et al., 1990, Pelleymounter et al., 1990,
Tamaru et al., 1991, Wenk et al., 1991, Magnusson, 2000, Magnusson et al., 2000). Humans
also exhibit declines with increased age in binding of [BH]MKB801 to the NMDA receptor
complex in the frontal cortex (Piggott et al., 1992). Declines during aging in NMDA binding
site densities within both frontal cortical regions (Magnusson, 1998a) and in the hippocampus
(Pelleymounter et al., 1990, Magnusson, 1998a) have been correlated with poor performance
in long-term memory tasks, such as those utilizing the Morris water maze. The different binding
sites on the NMDA receptor complex do not all show the same declines in binding density
within the brains of C57BL/6 mice during aging (Magnusson, 1995, 1998b). This suggests that
different portions, or possibly subunits, of the receptor are differentially affected by aging.

Functional subunits of the NMDA receptor complex have been cloned for rats (Moriyoshi et
al., 1991, Monyer et al., 1992, Ishii et al., 1993) and mice (lkeda et al., 1992, Kutsuwada et
al., 1992, Meguro et al., 1992, Yamazaki et al., 1992). Although, the original NMDA receptor
subunit families that were identified in mice were named zeta and epsilon (lkeda et al., 1992,
Kutsuwada et al., 1992, Meguro et al., 1992, Yamazaki et al., 1992), NR1 and NR2 are the
more commonly used names among other species (Moriyoshi et al., 1991, Monyer et al.,
1992, Ishii et al., 1993) and will be used in this paper. The NR1 (mouse (1) subunit has the
same distribution as NMDA-displaceable [3H]glutamate binding (Moriyoshi et al., 1991,
Meguro et al., 1992, Nakanishi, 1992). The four members of the NR2 family of subunits,
NR2A-D (mouse €1-4) (Ikeda et al., 1992, Kutsuwada et al., 1992, Meguro et al., 1992) each
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provide different agonist/antagonist affinities to NR1/NR2 heteromeric receptors (Kutsuwada
etal.,, 1992, Yamazaki et al., 1992). These NR2 subunits also produce different gating
behaviors, responses to Mg**, and 1/V curves (Monyer et al., 1992, Ishii et al., 1993).

There are effects of aging on some of the subunits of the NMDA receptor. The density of
mMRNA expression for the NR2B subunit declines with increasing age in the cerebral cortex
and dentate gyrus of male C57BL/6 mice (Magnusson, 2000). These changes in NR2B mRNA
expression correlate significantly with age-related changes in binding of agonist to NMDA
sites across both cortical and hippocampal regions (Magnusson, 2000) and within frontal
cortical regions (Magnusson, 2001). Some of the age-related decline in the NR2B subunit
mRNA and protein expression in the adult brain appears to be due to a continuation of the
decline that begins during development (Ontl et al., 2004). This pattern is also seen functionally
in electrophysiological responses of NMDA receptors across development and aging in rats
(YYang et al., 2008). There is also an overall decrease during aging in mRNA expression of the
NR1 subunit across cortical and hippocampal regions, but to a lesser degree than seen with the
NR2B subunit (Magnusson, 2000).

C57BL/6 mice show significant declines during aging in the protein expression of NR2B and
NR1 subunits in homogenates from the whole cerebral cortex (Magnusson et al., 2002) and in
crude synaptosomes from frontal cortex (Magnusson et al., 2007). Significant declines during
aging in protein expression in hippocampal homogenates are also seen in the NR1 and NR2B
subunits in both mice (Magnusson et al., 2002) and Fisher 344 rats (Eckles-Smith et al.,
2000, Clayton and Browning, 2001). Fisher344xBrown Norway F1 (F344BN) rats show
significant declines in protein expression of the NR2B and NR2A subunits, but not the NR1
subunit in the hippocampus (Sonntag et al., 2000). Homogenates of only frontal cortex from
mice show a significant age-related decrease in the protein expression of the NR2B subunit
alone (Ontl et al., 2004). In a separate study using crude synaptosomes from mouse frontal
cortex (Magnusson et al., 2007), the declines in the NR2B subunit protein expression were
greater than seen in the homogenates (Ontl et al., 2004). One aim of the current study was to
determine whether there are greater changes during aging in the expression of NMDA receptor
subunits in the synaptic membrane than in the whole tissue. We subfractionated the tissue into
synaptosomal membrane and light membrane (containing Golgi apparatus and endoplasmic
reticulum) fractions and compared these to the total homogenate (Dunah and Standaert,
2001). We also addressed the hypothesis that the relationships between the NR2B and NR1
subunits of the NMDA receptor and memory ability would be strongest with the protein
expressed in the synaptic membrane, since those receptors should be directly involved in
neurotransmission.

EXPERIMENTAL PROCEDURES

Animals

Thirty-four, male C57BL/6JNIAHSD mice (National Institute on Aging, Bethesda, MD, USA)
from 3 different age groups (4, 11, and 26 months of age at time of behavioral testing and
euthanasia) were used. Mice were ad libitum-fed and housed under 12/12 hour light/dark
conditions for 1.5 months prior to and during behavioral testing at University of Idaho. All
animal procedures were approved by the Institutional Animal Care and Use Committee at
University of ldaho and conformed to NIH guidelines.

Behavioral testing

Apparatus: A 1.2 meter diameter metal tank was filled with water (~18-20°C), made opaque
with non-toxic paint, to 1 cm above the level of the platform. The spatial cues consisted of
posters and geometric figures located high on the walls of the room and tank. There were
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platform positions in the center of each quadrant and 3 positions that each differed from all
other positions in their distance from the wall. One of three entry points, within the non-
platform quadrants, were randomly assigned for each trial. Trials were videotaped with a
Panasonic color CCD camera and VCR and path tracings were captured and analyzed with the
use of a SMART Video Tracking System (San Diego Instruments, San Diego, CA, USA) and
a Dell computer. Pretraining occurred during the 2 days prior to place training and consisted
of an animal swimming for 60 seconds in the tank without the platform and then being trained
to remain on a platform located in the center of the tank for 30 seconds each day. This platform
location was not the one used for the long-term memory testing. Mice then underwent place
training and probe testing to assess long-term memory, followed by control cued trials.

Place training & probe trials: A two-day task for long-term spatial memory was adapted for
mice (Magnusson et al., 2007) (Fig. 1) from a one-day task developed by Gallagher and
coworkers (Berry et al., 1997). On day 1, mice underwent one naive probe trial, one block of
4 place training trials with a 60 second inter-trial interval in a cage between each trial, 30
minutes of cage rest, another block of 4 place training trials with 60 second inter-trial intervals,
1 hour of cage rest, and a final probe trial (Fig. 1). Day 2 was the same except that there was
no probe trial at the beginning of training (Fig. 1). The platform remained in the same quadrant
(NE) for all the place training trials. During each place training trial, a mouse was placed in
the tank facing the wall, and was allowed to search for the platform for 60 seconds. If the animal
did not find the platform by the end of that time, it was lead to the platform. The mouse remained
on the platform for 30 seconds before being removed to a cage to rest. The probe trials were
designed to assess the animal’s memory or spatial bias for the platform location (Gallagher et
al., 1993). The naive probe trial was used to determine if there were any pre-existing biases
and to be able to show improvement in subsequent probe trial performances. The platform was
not present during the probe trials and the animal was allowed to search for 30 seconds and
then was removed to a drying cage under heat lamps.

Cued trials: On the day following long-term memory testing, the cued trials were run. The
platform was submerged, but was marked by a 20.3 cm tall support with a flag. There were six
different platform positions used for the six cued trials. The platform locations for the cued
trials were as follows: 1 — South (close to the wall), 2 — Center of tank, 3 — NE, 4 — North (half
of the distance between a quadrant position and the wall), 5 - SE and 6 - NW. For each trial,
the animal was placed into the tank, facing the wall at one of the entry points, and was allowed
to search for the platform for 60 seconds. If the animal did not find the platform by the end of
that time, it was lead to the platform. Each animal was tested at one platform position and then
the platform was moved. This continued until all 6 positions were used. Cued trials were
designed to test visual acuity, physical ability, and motivation for the task.

Analysis: Average distance was calculated by the SMART video tracking system according
to the method of Gallagher et al. (Gallagher et al., 1993). Briefly, the animal’s distance from
the platform, or proximity, was measured by the computer every frame (0.2 sec) for the duration
of the animal’s swim. The SMART system added the distance measures together and divided
by the number of samples to obtain an average distance for the trial. Cumulative proximity and
correction for start position were calculated and applied with the use of Excel software
(Microsoft Corp., Seattle, WA, USA). The average distance was multiplied by the number of
samples in the trial in order to obtain a cumulative proximity for each animal’s place and cued
trials. With the use of an Excel macro, the average speed, starting point, platform center point
and Pythagorean theorem (a2 + b2 = ¢2) were used to calculate the cumulative proximity for
an ideal path. This ideal cumulative proximity was subtracted from the cumulative proximity
for the same trial to obtain a corrected cumulative proximity. For the probe trials, the corrected
cumulative proximity for the trial was divided by the corrected sample number (obtained by
subtraction of the sample number from the ideal path from the trial sample number) in order
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to obtain a corrected average proximity. Learning index scores were calculated from the probe
trial data as previously described (Gallagher et al., 1993). The mean corrected average
proximity for the young mice in the naive probe trial (probe trial 0) was divided by the mean
average proximity for the young mice in each separate probe trial in order to obtain a multiplier
for each probe trial. The multipliers obtained were as follows: 1.00, 1.189, and 1.329 for probe
trials 0-2, respectively. For each mouse, the average proximity for each trial was multiplied
by the respective multipliers for each trial and the products were summed to obtain a learning
index score for that mouse.

For both cumulative and average proximity and learning index scores, higher values
represented poorer search accuracy and lower values indicated better search accuracy.
Corrected proximity measures were used to assess memory in these studies because they are
less influenced by swim speed differences than latency to reach the platform (Gallagher et al.,
1993, Magnusson, 1998a, Magnusson et al., 2007), more sensitive to alternative, non-spatial
strategies (Gallagher et al., 1993), and more sensitive to group differences than other measures,
such as quadrant or zone dwell time and platform crossings (Maei et al., 2009). The learning
index score provides similar information to traditional measurements of time spent in the
correct quadrant, but has the added advantage of providing a single value that can represent
the spatial bias in multiple probe trials and also reflect the learning curve by being weighted
to reward those animals who acquire the task faster (Gallagher et al., 1993).

Tissue preparation

Within 2 hours of the end of cued testing, the mice were euthanized by exposure to CO»,
followed by decapitation. The brains were removed, frozen on dry ice, and stored in a —80°C
freezer until dissection. The brain was warmed to —20°C, placed in a plastic brain mold
(Braintree Scientific, Braintree, MA, USA) on ice, and cut in the coronal plane. The rostral 3
mm of both hemispheres of the cortex were dissected and used for semi-quantitation of the
protein expression of the NR1 and NR2B subunits of the NMDA receptor and glyceraldehyde
3-phosphate dehydrogenase (GADPH; loading control) by Western blotting. These frontal
cortex dissections included orbital, limbic, insular, cingulate, primary and association motor
and sensory cortices (Franklin and Paxinos, 1997). Olfactory bulb, caudate nuclei and
brainstem were dissected away from the cortex and discarded. The hippocampus was isolated
from the cerebral cortex, removed, and used to analyze the same proteins described above. The
remaining caudal cortices (including parietal, occipital and temporal cortices) from the 4-
month-old mice were used to produce standard curves for protein analysis. Brains were
randomly assigned to an assay group, which consisted of multiple representatives of each age.
The brains within an assay group were processed and assayed at the same time.

Preparation of homogenate and light and synaptosomal membrane fractions

The frontal cortex and hippocampus were homogenized separately. A portion of this
homogenate was subfractionated into synaptosomal membrane and light membrane fractions
as previously described (Dunah and Standaert, 2001) with some modifications. The caudal
cortices from the 4-month-old mice were processed along with the samples of frontal cortex
and hippocampus and then combined prior to the protein assay for use as cortical standards.
Dissected brain regions were placed in Dounce homogenizers containing ice-cold TE buffer
(10mM Tris HCI, ImM EDTA, 1 mM EGTA, pH 7.4) plus a protease inhibitor cocktail (P.1.,
2 ul/ml buffer; Sigma, St. Louis, MO, USA) and 320 mM sucrose and homogenized by hand.
An aliquot of this homogenate was saved and centrifuged at 13,000 X g for 42 minutes in a
Savant puSpeedfuge SFR13K refrigerated centrifuge with RSR-20 rotor (Thermo Fisher
Scientific, Waltham, MA, USA). The pellet was resuspended in TE buffer plus P.I. and was
used to represent the homogenate. The remaining original homogenates were centrifuged at
1000 X g for 3 minutes in the Savant centrifuge. The pellet (P1) was discarded. The supernatant
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(S1) was centrifuged at 9000 X g for 11 minutes in the Savant centrifuge to obtain supernatant
(S2) and pellet (P2). The S2 supernatant was centrifuged at 164,170 X g in a Beckman Optima
TL tabletop ultracentrifuge with a TLA 120.1 rotor for 24 minutes to obtain the light membrane
fraction (P3). The P3 fraction was resuspended in TE buffer plus P.I. The P2 pellet (crude
synaptosomal fraction) was reconstituted in TE buffer plus P.1., as described above, and 35.6
mM sucrose and incubated on ice for 30 minutes to induce hypo-osmotic lysis. The lysed P2
pellet was centrifuged at 13,000 X g for 27 minutes in the Savant centrifuge and the pellet
(LP1) was resuspended in TE buffer plus P.I. to obtain the synaptosomal membrane fraction.
Each resuspended fraction received an equal volume of 2X lysis buffer (10mM Tris HCI, pH
6.8; 20% glycerol, 2 % sodium dodecy! sulfate (SDS)) and was tested for protein concentration
using the DC Protein Assay kit (Bio-Rad Laboratories; Hercules, CA, USA). Each fraction
was diluted in 1X lysis buffer to 2 to 5 mg/ml protein, aliquoted and stored at —80°C.

Western blots

Western blotting was performed as previously described (Dunah and Standaert, 2001) with
some modifications. The homogenate and different fractions were each assayed separately.
The caudal cortex used for standards was processed the same as the samples being assayed
(e.g., homogenate of caudal cortex used as standards for homogenate samples). Aliquots of
standards and samples were thawed, diluted in 1X lysis buffer, 2 mM dithiothreitol, 2 mg/ml
bromophenol blue and boiled for 5 minutes. Four different amounts of protein (1.5 — 12 pg)
from the caudal cortex were loaded on each gel as standards along with 6-10 pg of protein
from the frontal cortex or hippocampus from each animal in one assay group. SDS-
polyacrylamide gels (7.5%) were run in triplicate and transferred to Sequi-Blot Polyvinylidene
Fluoride (PVDF) membrane (Towbin et al., 1979). The positions of representatives for each
age group were alternated across the gel. Strips of each gel containing the appropriate molecular
weight range for each protein of interest were cut and blotted separately. The membranes were
blocked in a blocking buffer (Odyssey Blocking Buffer (Li-Cor Biotechnology, Lincoln, NE,
USA\) diluted 1:1 with Tris-buffered saline (TBS; 20 mM Tris-HCI, 140 mM NaCl, pH 7.2))
for 1 hour at room temperature and were incubated overnight at 4°C in blocking buffer
containing primary antibodies. The antibodies to identify the NR1 and NR2B subunits of the
NMDA receptor were purchased from Zymed (So. San Francisco, CA, USA) and Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA), respectively. The GAPDH antibody was obtained
from Calbiochem (EMD Chemicals, Inc., Gibbstown, NJ, USA). The membranes were rinsed
5times for a total of 35 minutes in TBS with 0.05% Tween-20 (TBS-T), incubated with infrared
dye-conjugated secondary antibody (IR800dye, Rockland, Gilbertsville, PA, USA; Alexa
Flour 680, Molecular probes (Invitrogen, Carlsbad, CA, USA)) diluted in blocking buffer plus
20% SDS for 1 hour at room temperature, rinsed 5 times for 35 minutes total in TBS-T and
rinsed 1 time for 15 minutes in TBS. Membranes were scanned by an Odyssey scanner (Li-
Cor Biotechnology, Lincoln, NE, USA) and integrated intensities of bands were obtained with
Odyssey image analysis software (Li-Cor Biotechnology, Lincoln, NE, USA). Standard curves
were obtained with the use of Prism software (GraphPad Software, San Diego, CA, USA) using
a linear regression fit. Sample bands were analyzed, interpolated from the standard curve and
expressed as pg cortical protein equivalents. Sample bands that had densities within the
saturated portion of the standard curve were not used. The pg cortical protein equivalents for
NR1 and NR2B subunits were divided by the pg cortical protein equivalents for GAPDH from
the same gel lane to correct for differences in gel loading. Each NR2B and NR1 subunit/
GAPDH value within the homogenate or fraction was then expressed as a percentage of the
average 4 month old expression for the respective homogenate or fraction in order to allow
better comparisons between whole tissue and fractions.
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Data analysis

For place training trials, the data from each consecutive pair of trials were averaged to obtain
a single value for blocks of two trials before performing statistical analysis. Statistical analysis
for behavior was performed by repeated measures analysis of variance (ANOVA; age X trial),
followed by Fisher’s protected least significant difference (LSD) post-hoc test where
applicable. Age-related differences in protein expression for homogenate or fractions and
protein were analyzed by one-way ANOVA (age), followed by Fisher’s protected LSD where
indicated. ANOVA and post-hoc tests were performed with the use of Statview software (SAS
Institute, Inc., Cary, N.C., USA).

Correlations between behavioral measurements and protein expression were examined using
Pearson correlation coefficients. The behavioral measurement used for the place training trials
was the mean cumulative proximity for all blocks of place trials. The learning index score was
used for the probe trials. Correlations were performed with individuals within an age group.
To correct for the number of comparisons, a recently developed method, p_ACT version 1.0
(Conneely and Boehnke, 2007) was run using R statistics software version 2.6.1 (R
Development Core Team, R Foundation for Statistical Computing, Vienna, Austria) with the
package mvtnorm version 0.8-1 (Genz et al., 2007). This method of adjustment adjusts for p-
values of different correlation tests sequentially and is based on a procedure described
previously (Holm, 1979). The correction was applied by setting the value of alpha to .05 to
comparisons within a hypothesis and/or comparisons potentially related to each other.

RESULTS

Behavioral testing results

There was a significant main effect of age (F (2,31) = 7.5, P =.002) and trial block (F (7,217)
=11.6; P <.0001) on corrected cumulative proximity in the place training trials (Fig. 2A, B).
The 26-month-old mice had significantly higher corrected cumulative proximity than both the
4- (P =.002) and 11- (P = .017) month-old mice when data was averaged across all blocks of
place trials (Fig. 2B). The 4- (P =.0003) and 11- (P =.0002) month-old mice had significantly
lower corrected cumulative proximities on the last place trial block as compared to the first
(Fig. 2A). The 26 month olds did not show any significant difference in corrected cumulative
proximities between the first and last trial blocks (P = .41; Fig. 2A).

There was no significant main effect of age (F(2,31) = 1.3, P = .29), but a significant main
effect of trial (F(2,62) = 8.5, P =.0006) on corrected average proximity in the probe trials (Fig.
2C). The 4-month-old mice had a significantly lower corrected average proximity in the last
probe trial (P2) as compared to the naive trial (PO; P = .016; Fig. 2C). The 11- and 26-month-
old mice did not show a significant difference in corrected average proximities between the
firstand last probe trials (P =.07; Fig. 2C). There was no significant effect of age on the learning
index score (P = .26; Fig. 2D). There was no significant main effect of age (F(2,31) = .8, P =.
46) on cumulative proximity in the cued control trials (Fig. 2E).

Protein expression

The synaptosomal membrane fraction (LP1) showed more expression of post-synaptic density
protein-95 (PSD-95) than the homogenate (H) and light membrane (P3) fractions (Fig. 3A).
Syntaxin was found in all three fractions (Fig. 3A). In some homogenates and fractions, there
were 4 bands for the NR1 subunit between 110 and 130 kDa (Fig. 3B, C). The two bands near
110 kDa were analyzed for this study. The upper bands were not consistently present across
animals and did not appear to be associated with specific ages.
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NR2B subunit—There was no significant main effect of age on NR2B subunit/GAPDH
expression in either the homogenate (F(2,31) = 1.5, P = .23) or light membrane fraction (F
(2,31) =.7; P = .50) in the frontal cortex (Fig. 3B,4A). There was a significant main effect of
age on the expression of the NR2B subunit/GAPDH in the synaptosomal membrane fraction
from the frontal cortex (F(2,31) = 5.0; P = .01; Fig. 3B,4A). Both the 4- (P =.004) and 11-
(P =.03) month-old mice had significantly higher subunit expression than the 26 month olds
(Fig. 3B,4A).

There was a significant main effect of age on NR2B subunit/GAPDH expression in the
homogenate (F(2,31) = 8.1, P =.0015) from the hippocampus (Fig. 3C,4B). The 4-month-old
mice had significantly higher NR2B subunit/GAPDH expression than both the 11- (P =.02)
and 26- (P =.0004) month-old mice in the hippocampal homogenate (Fig. 3C,4B). There were
no significant main effects of age on the light membrane (F(2,31) = 2.2, P = .13) or
synaptosomal membrane (F(2.31) = 2.4, P = .10) fractions from the hippocampus (Fig. 3C,
4B). The 4-month-old mice had significantly greater NR2B subunit/GAPDH expression in the
synaptosomal membrane fraction from the hippocampus than the 26 month olds (P = .036; Fig.
3C,4B).

NR1 subunit—There was no significant main effect of age on NR1 subunit/GAPDH
expression in either the homogenate (F(2,31) = 1.1, P = .35) or synaptosomal membrane
fraction (F(2,31) = .3, P =.72) of the frontal cortex (Fig. 3B,5A). The bands present at 110
kDa on blots from the light membrane fraction of the frontal cortex were too light to analyze
(Fig. 3B). There was no significant main effect of age on NR1 subunit/GAPDH expression in
either the homogenate (F(2,31) = 2.1, P =.14), light membrane fraction (F(2,31) = .4, P = .67)
or synaptosomal membrane fraction (F(2,31) = 1.0, P = .37) from the hippocampus (Fig. 3C,
5B).

Correlations between behavior and subunit expression in old mice

There was no significant correlation (P = .44) between the mean corrected cumulative
proximities for all place training trial blocks and the learning index scores obtained from all
probe trials for the old mice, so each behavioral measure was analyzed separately. There were
no significant correlations found in the frontal cortex (Table 1). There were significant positive
correlations between both NR2B and NR1 subunits/fGAPDH in the synaptosomal membrane
fraction from the hippocampus of 26-month-old mice and learning index scores (Fig. 6A, C;
Table 1). There was also a positive correlation between NR1 subunit/GAPDH in the
homogenate fraction from the hippocampus of 26-month-old mice and mean cumulative
proximity in the place training trials (Table 1). Because higher proximities and learning index
scores indicated more time spent away from the platform location, a positive correlation with
these measurements reflected a negative correlation between subunit expression and memory
in the 26-month olds. The 4- and 11-month-old mice were then examined for the same
comparisons. The only significant correlations were negative correlations in the 11-month-old
mice between the expression of both NR2B subunit and NR1 subunit/GAPDH in the
synaptosomal membrane fraction and learning index scores (Fig. 6B, D).

DISCUSSION

There were 4 major findings in this study. 1) The results of this study support the hypothesis
that there was a greater decline during aging in the protein expression of the NR2B subunit
within the synaptic membrane of the frontal cortex than in the tissue as a whole. 2) In the
hippocampus, the expression of the NR2B subunit showed similar declines between whole
homogenate and synaptic membranes. 3) Both the NR2B and NR1 subunits of the NMDA
receptor within the synaptic membranes of the hippocampus in the old mice showed a negative
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relationship to performance in the long-term memory task; i.e., high expression levels of the
two subunits were found in the worst performers. 4) In the middle-aged mice, this relationship
was reversed, with high expression of both subunits associated with better performance.

The significant decline in place learning performance between the 4- and 26-month-old mice
was similar to our previous results with 3 and 26 month old C57BL/6 mice using the same 2
day task (Magnusson et al., 2007). These results were also similar to performance differences
seen in a 12-day reference memory task using this strain of mice (Magnusson, 1998a, 2001,
Magnusson et al., 2003). All ages of mice in this study performed similarly in the cued control
task, so the age-related deficits seen in place training were most likely to reflect problems with
long-term spatial memory.

Probe trials can indicate the spatial bias for the former platform location developed by the
animal (Gallagher et al., 1993). There were no significant differences in overall performance
between the different age groups in the probe trials in the current study. This is in contrast to
our previous results in which 26 month old C57BL/6 mice performed significantly worse than
3 month olds in a similar task (Magnusson et al., 2007). The 4-month-old mice in this study
did not show as much of an improvement between the naive and last probe trial (25%
improvement) as the 3 month old mice did (42% improvement) in the previous study
(Magnusson et al., 2007). This suggests that the young mice may not have developed a strong
enough spatial bias in the present study. Old mice showed similar improvements in both studies
(18% versus 13.4% (Magnusson et al., 2007)). The young mice in the current study were 1.5
months older than in the previous study (Magnusson et al., 2007) and behavioral testing was
performed at different institutions with slightly different room organizations. However, the
similar results for the place training trials between the two studies suggest that these factors
did not affect all aspects of performance. The young mice in the current study did show a
significant improvement between the first and last probe trials that wasn’t seen in the middle-
aged and old mice, so there was some indication of an age difference in spatial memory reflected
in the probe trials.

Many other studies showing memory declines during aging in mice report the use of between
1 and 12 days to assess long-term memory (Forster et al., 1996, Haroutunian et al., 1996, Frick
et al., 2000, Buhot et al., 2003, Frick and Fernandez, 2003, Frick et al., 2003, Trinchese et al.,
2004, van Praag et al., 2005). It should be noted, however, that Calhoun and co-workers found
no effect of aging on male C57BL/6 mice performing a long-term memory task in the water
maze for 5 days (Calhoun et al., 1998). Thus, the length of acquisition doesn’t seem to
adequately account for differences in sensitivity in different studies. In addition, although three
out of four experiments in our laboratory using a 12-day training period showed that old
C57BL/6 mice were impaired in both place training and probe trials. (Magnusson, 1998a,
2001, Das and Magnusson, 2008), one study showed deficits in only the place training trials
(Magnusson et al., 2003). This suggests that the place training trials may be more sensitive
than probe trials for detecting age-related differences in long-term memory.

The synaptosomal membrane fraction (LP1) showed a higher expression of the post-synaptic
density protein (PSD-95) than the whole homogenate or light membrane fraction (P3). This

was similar to the results reported within the rat cortex with the use of the same subfractionation
protocol (Dunah and Standaert, 2001). The presence of PSD-95 indicated that the synaptosomal
membrane fraction was enriched in a protein associated with the synaptic membrane (Sierralta
and Mendoza, 2004), which contains the proteins involved in receptor anchoring, signaling

and modulation (Kennedy, 1993, Ziff, 1997). Syntaxin, a protein that is involved in the docking
of synaptic vesicles (Bennett et al., 1992, Barinaga, 1993), was found in all three fractions in
both the frontal cortex and hippocampus (not shown) in this study, similar to that seen in the
striatum of rats (Dunah and Standaert, 2001). The extremely light signal for the NR1 subunit
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in the light membrane fraction in the frontal cortex was also similar to that reported in the rat
cerebral cortex (Dunah and Standaert, 2001). These results indicate that the subfractionation
technique produced the light membrane and synaptosomal membrane fractions as expected.
The PSD-95 and syntaxin results suggest that the synaptosomal membrane fraction was
probably enriched in NMDA receptors that are located within the synaptic membrane, as
compared to the homogenate or light membranes, but may also have contained some receptors
associated with post-synaptic vesicles.

In the frontal cortex, there was a greater decline in the expression of the NR2B subunit in the
synaptic membrane than in the cell as a whole or the light membranes. This is consistent with
the findings of a greater percent decline during aging in a study that used crude synaptosomes
(synaptic membrane + vesicle-enriched compartment) (Magnusson et al., 2007) than in another
study using whole homogenate (Magnusson et al., 2002) from C57BL/6 mice. We have
previously reported significant declines in the mRNA expression of the NR2B subunit in the
frontal cortex (Magnusson, 2000, 2001, Ontl et al., 2004), suggesting that some of the decline
in NR2B subunit expression in frontal cortex is due to a loss of message. The present results
indicate that there may be an additional effect of aging on NR2B subunit localization within
the synaptic membranes of the frontal cortex. There are several mechanisms that affect normal
expression of NR2B subunits within the synaptic membrane, including transportation of
assembled receptors within vesicles to the vicinity of the synaptic membrane, insertion into
the synaptic membrane or removal of the NR2B-containing receptors from the synaptic
membrane for destruction or recycling (Carroll and Zukin, 2002, Prybylowski et al., 2005, Lau
and Zukin, 2007). Aging may be acting on one or more of these. There might also be an increase
in the density of NR2B subunits found within the extra-synaptic membrane (Tovar and
Westbrook, 1999, Barria and Malinow, 2002, Thomas et al., 2006).

In the hippocampus, the effects of aging on protein expression of the NR2B subunit appeared
to be similar between the synaptic membranes and the cells as a whole. This suggests that it
was the same mechanism acting on both. Significant declines in mRNA expression of the NR2B
subunit in the dentate gyrus of C57BL/6 mice (Magnusson, 2000) and a trend for a decline in
the subunit protein in the light membrane fraction, indicate that the effect of aging on the NR2B
subunit within the hippocampus might involve protein production. These results show that
aging differentially affected the expression of the NR2B subunit in the frontal cortex as
compared to the hippocampus.

Both regions showed a decrease in NR2B subunit expression within the synaptic membrane
in the old mice. The NR2B subunit is normally found both in the synaptic and extra-synaptic
membrane (Barria and Malinow, 2002, Prybylowski et al., 2005, Thomas et al., 2006). An age-
related decline in the NR2B subunit within the synapse, with little or no change in the NR2A
(Magnusson, 2000, Magnusson et al., 2002) and NR1 subunits could lead to a synaptic
population of NMDA receptors that have decreased agonist affinity, faster kinetics, and
reduced LTP associated with binding of calcium calmodulin kinase Il (Kutsuwada et al.,
1992, Monyer et al., 1992, Yamazaki et al., 1992, Ishii et al., 1993, Barria and Malinow,
2005) than in the young adult. If there was a shift to more extra-synaptic localization of NR2B
subunits in the frontal cortex of aged animals, there could also be an increase in long-term
depression (LTD) (Massey et al., 2004) and/or activation of a CREB shut-off pathway that
interferes with induction of brain-derived neurotrophic factor (BDNF) and leads to a loss of
mitochondrial membrane potential and cell death (Hardingham et al., 2002). Thus the aging
changes seen in synaptic membrane expression of the NR2B subunit could be associated with
changes in subunit composition and function of the synaptically-active NMDA receptors and/
or a change in the interaction of NMDA receptors with other proteins involved in synaptic
plasticity.
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The present study showed some differences from our previous studies with respect to age-
related changes in the NR2B subunit in the hippocampus and NR1 subunit in the frontal cortex
(Magnusson et al., 2002, Magnusson et al., 2007). The hippocampal differences may be due
to better dissection techniques used in the present study that increased the probability of
extracting only hippocampus. The hippocampus was dissected out with the cortex, visualized,
and then separated. The current hippocampal results are consistent with reports of significant
declines in the protein expression of the NR2B subunit of Fisher 344 and F344BN rats within
homogenates during aging (Eckles-Smith et al., 2000, Sonntag et al., 2000, Clayton et al.,
2002b). Some of the differences between studies may be explained by the use of GAPDH as
a loading control in the present study. Age-related changes in NR1 subunit protein were
detected in mice in studies in which the subunit expression was not corrected for loading
(Magnusson et al., 2002, Magnusson et al., 2007), but the subunit did not show aging changes
when corrected for loading with syntaxin (Ontl et al., 2004). However, it should also be noted
that variability in the effects of aging seems to be a characteristic of the NR1 subunit both
within strains and between strains and species. Aged Fisher 344 rats show significant declines
in NR1 subunit in the hippocampus (Eckles-Smith et al., 2000, Clayton et al., 2002b), but do
not show any significant decline in the basal surface expression of this subunit (Clayton et al.,
2002a). Long-Evans and F344BN rats do not show any significant changes in the NR1 subunit
protein in the hippocampus during aging (Sonntag et al., 2000, Adams et al., 2001). This
variability in NR1 subunit expression may be influenced by other factors during aging, such
as behavioral experience (Das and Magnusson, 2008).

The middle-aged mice showed that good spatial memory was associated with higher
expressions of the NMDA receptor subunits in the synaptic membrane of the hippocampus.
This fits with the importance of hippocampal NMDA receptors in acquisition of spatial memory
shown in younger animals (Morris, 1989, Heale and Harley, 1990, Steele and Morris, 1999).
In contrast, within the group of old mice, the highest levels of expression of both NR2B and
NR1 subunits in the hippocampal synaptic membrane were found in the aged mice with the
poorest spatial memory. The range of NMDA receptor subunit expressions was similar between
the old and middle-aged mice, so the negative relationship with memory in the old mice was
not simply due to the subunit expression falling below a certain threshold. This suggests that
a change occurred in the functioning of NMDA receptors in the synaptic membrane between
11 and 26 months of age in C57BL/6 mice. This could be due to compensatory changes induced
by the decline in NMDA receptor expression that occurred at later ages than 11 months and/
or aging changes that affect other molecules that interact with NMDA receptors.

There was also an association of high NR1 subunit expression in the hippocampal homogenate
and poor performance in the place training trials in the old mice, although the opposite
relationship was not seen with the younger mice. It is not clear why there should be separate
relationships between whole cell expression and place trials and synaptic membrane expression
and probe trials. A majority of studies show no role for hippocampal NMDA receptors in
retrieval of spatial memories (Morris, 1989, Heale and Harley, 1990, Riekkinen and Riekkinen
Jr., 1997, Steele and Morris, 1999), so both trials should reflect NMDA receptor involvement
during acquisition of the memory. It is possible that extra-synaptic NMDA receptors, which
should be present primarily in the homogenate, may play more of a role in place trial
performance than in probe trials.

There is other evidence of a change in the role of NMDA receptors in aged animals. High
densities of NMDA receptor binding within old rats in regions of the hippocampus have been
shown to be associated with poor long-term memory retention in the water maze (Topic et al.,
2007) and in dorsomedial striatium are related to poor attentional set shifting (Nicolle and
Baxter, 2003). Aged rats that were unimpaired in a spatial memory task showed greater age-
related declines in MK801 binding in the cortex and hippocampus than the impaired ones (Le
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Jeune et al., 1996). NMDA receptor antagonists, including mementine, a therapeutic used for
Alzheimer’s disease; improve memory (Norris and Foster, 1999, Danysz and Parsons, 2003,
Dias et al., 2007, Pieta Dias et al., 2007, Beracochea et al., 2008) and increase neurogenesis
(Nacher et al., 2003) in aged individuals. Some evidence suggests that the blockade of the
NMDA receptor may be protecting against excitotoxicity and oxidative damage (Pieta Dias et
al., 2007). There is an increased responsiveness in aged animals to NMDA receptor-dependent
low frequency stimulations leading to LTD, as compared to young (Norris et al., 1996, Huang
and Kandel, 2006). Non-NMDA receptor-dependent LTP and LTD are more associated with
good memory in aged rats than NMDA receptor-dependent (Lee et al., 2005, Boric et al.,
2008). It has been suggested that the decline in NMDA receptor contribution to plasticity in
aged animals may prevent the overwriting of old information (Yang et al., 2008). All of these
studies suggest that the NMDA receptors present in aged animals function differently from
those in young. It remains to be seen whether this could or should be reversed or prevented.

In conclusion, there were differences in the effects of aging on expression of the NR2B subunit
within frontal cortex versus the hippocampus. In the frontal cortex there appeared to be an
effect of aging on the localization of the NR2B subunit of the NMDA receptor to the synaptic
membrane that was greater than changes in whole cell expression. The changes in synaptic
expression of the NR2B subunit in the hippocampus appeared to be more related to declines
throughout the cell, suggesting a problem with production. In the hippocampus, there was also
a switch from high expression of the NR1 and NR2B subunits being associated with good
memory in middle-aged mice to being related to poor memory in the aged mice. These data
suggest that NMDA receptor functions, receptor subunit composition, and/or the environment
in which the receptor interacted were not the same in the old mice as in younger mice and this
may have contributed to the memory declines seen during aging. It is unclear at this time
whether or not preventing age-related declines in NMDA receptor expression would be
beneficial to memory in aged individuals.
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Day 1 of place learning

Probe Place trials 1-4 Place trials 5-8 Probe
trial 0 @ 60s max.swim @ 60s max. swim trial 1
30s swim 30s on platform 30s on platform 30s swim
60s| 60s | 60s | 60s| .5 hour | 60s| 60s| 60s 1 hour cage rest times

Day 2 of place learning

Place trials 9-12 Place trials 13-16 Probe
@ 60s max. swim @ 60s max. swim trial 2
30s on platform 30s on platform 30s swim
60s| 60s | 60s| .5 hour | 60s| 60s| 60s 1 hour cage rest times

Fig. 1.
Diagram of the protocol for long-term spatial memory testing over a two-day period, including
both place training and probe trials. s, seconds; max., maximum.
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Effects of age on long-term memory and cued tasks in the Morris water maze. A, B) Graphs
showing the performance, measured as cumulative proximity in cm, of 4-, 11- and 26-month-
old mice within blocks of 2 place training trials (A) and averaged across all place training trials
(B). C) Graph showing the performance, measured as average proximity in cm, of 4-, 11-and
26-month-old mice within individual probe trials. D) Individual learning index scores with the
horizontal bar indicating the mean for each age group. E) Graph showing the performance,
measured as cumulative proximity in cm, of 4-, 11- and 26-month old mice within cued trials.
Proximity measures were corrected for start position. * indicates P < .05 for difference from
4 month olds and # indicates P < .05 for difference from 11 month olds (ANOVA and Fisher’s
protected least significant difference). N = 12 for 4 and 11 months olds. N = 10 for 26 month
olds. Error bars represent SEM.
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Fig. 3.

Representative bands of protein from different cellular fractions of frontal cortex and
hippocampus. A) Representative bands of post-synaptic density-95 (PSD-95) and syntaxin
proteins in homogenate (H), light membrane (P3), and synaptosomal membrane (LP1) fractions
from caudal cortex. B, C) Representative bands of NR2B and NR1 subunit proteins of the
NMDA receptor and GAPDH protein from homogenate, light membrane fraction and
synaptosomal membrane fraction for frontal cortex (B) and hippocampus (C) from 4-, 11- and
26-month-old mice. Note: The scanned bands were in color when analyzed. The images were
converted to grayscale for publication purposes. For each protein and fraction shown, the
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images of bands representing the three different age groups were all obtained from the same
gel and were adjusted for brightness and contrast as a group.
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Effects of age on protein expression of the NR2B subunit of the NMDA receptor in different
cellular fractions. A, B) Graphs of protein expression of the NR2B subunit of the NMDA
receptor from homogenate and light and synaptosomal membrane fractions; corrected for
loading by GAPDH protein expression within the same lane and expressed as a percentage of
the average for 4-month-olds, in the frontal cortex (A) and hippocampus (B) from 4-, 11- and
26-month-old mice. * indicates P < .05 for difference from 4 month olds and # indicates P< .
05 for difference from 11 month olds (ANOVA and Fisher’s protected least significant
difference). N = 12 for 4 and 11 months olds. N = 10 for 26 month olds. Error bars represent

SEM.
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Effects of age on protein expression of the NR1 subunit of the NMDA receptor in different
cellular fractions. A, B) Graphs of protein expression of the NR1 subunit of the NMDA receptor
from homogenate, light membrane (hippocampus only) and synaptosomal membrane
fractions; corrected for loading by GAPDH protein expression within the same lane and
expressed as a percentage of the average for 4-month-olds, in the frontal cortex (A) and
hippocampus (B) from 4-, 11- and 26-month-old mice. N = 12 for 4 and 11 months olds. N =
10 for 26 month olds. Error bars represent SEM.
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Relationships between long-term memory and protein expression of NMDA receptor subunits.
Correlation graphs of NR2B subunit/GAPDH (A, B) and NR1 subunit/GAPDH (C, D) protein
expression in the synaptosomal membrane fraction of the hippocampus versus learning index
scores for probe trials for 26-month-old mice (A, C) and 11-month-old mice (B, D). corrected
P, P values corrected by p_ACT statistical method.
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Table 1

Pearson correlation coefficients (R) for protein expression of NMDA receptor subunits in homogenate or
synaptosomal membrane and measurements of long-term spatial memory in 26-month-old mice.

Place trials (cum. prox.) Probe trials (learning index)
Homogenate Synaptosomal membrane Homogenate Synaptosomal membrane
Frontal Cortex
NR2B/GAPDH +.05 +.05 +.51 +.43
NR1/GAPDH +.05 +.70 -.20 -.12
Hippocampus .
NR2B/GAPDH +.52 +.05 -43 +.73
NR1/GAPDH +76" -.18 -33 +01°"

*
corrected P< .05;

Kk
corrected P< .01 (p_ACT correction for multiple comparisons); Correlations include individual mice from the 26 month old group. N = 9-10. Place

trials (cum. prox.); corrected cumulative proximities averaged across all place trials. Probe trials (learning index), learning index calculated from all probe
trials.
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