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Abstract

Our elderly population is growing and declines in cognitive abilities, such as memory, can be
costly, because it can interfere with a person’s ability to live independently. The NMDA receptor
is very important for many different forms of memory and this receptor is negatively affected by
aging. This review examines the progress that has been made recently in characterizing selective
vulnerabilities of different subunits and splice variants of the NMDA receptor to normal aging in
C57BL/6 mice. Evidence is also presented for changes in the relationships of NMDA receptors to
plasticity across aging. Recent interventions show that enhancing NMDA receptors in aged
individuals is associated with improvements in memory, but mouse models of neurodegenerative
diseases suggest that finding the right balance between too little and too much NMDA receptor
activity will be the key to enhancing memory without inducing pathology.
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Aging & cognition

Our population is aging. The percentage of the population in the USA that is over the age of
65 years is projected to increase to 19% by 2030 [101]. With this increase will come a rising
financial burden to both families and society, unless we take measures to enhance the ‘health
span’ of our elderly population. Many different cognitive functions in people show declines
during aging [1]. One of the cognitive abilities that is affected early in aging is memory.
Humans in their late 40s already show significant declines in recall of information as
compared with their recall 10 years earlier [1]. These declines in memory can range in
severity from normal age-related memory declines and mild cognitive impairment to the
degenerative disorder Alzheimer’s disease (AD), which induces dementia and severe
declines in cognitive functions [2-4]. The causes of decreased memory during normal aging
or whether the aging brain has the ability to compensate for some declines in a way that is
beneficial for memory are not yet understood. A better understanding of the mechanisms
underlying these deficits will allow us to better develop interventions that could prevent or
repair cognitive deficits during aging. This will benefit the vast majority of aged individuals
and should also help to delay some of the debilitating effects of AD, by reducing the effects
of normal aging.
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The NMDA receptor

The NMDA receptor, a type of glutamate receptor, is expressed in high density in the
cerebral cortex and hippocampus and is very important in the initiation steps of learning and
memory [5,6]. NMDA receptors play a role in the performance of many different memory
tasks, including those using spatial, reference, working and passive avoidance memory, and
are crucial to long-term potentiation (LTP) in many different brain regions, a cellular
phenomenon that is believed to be involved in at least some types of memory [7-9].

NMDA receptor subunits

The NMDA receptor complex is believed to be comprised of four subunits; two GIuN1
subunits and two other subunits from two regulatory families, GluN2A-D and GIuN3A-B
[9-12]. There are eight different splice variants of the GIuN1 subunit that exist in the brain
(Figure 1)[12-17]. These are generated by alternative splicing of one N-terminal (N1; exon
5) and two C-terminal (C1 and C2; exons 21 and 22, respectively) cassettes in the mMRNA
[10,13,14,16]. The C2 cassette contains a translational stop codon and, in its absence, an
additional sequence, identified as C2”, with the next stop codon becomes part of the mature
MRNA [14]. We will use three subscripts to indicate the presence (1), absence (0) or either
condition (X) of the N1, C1 and C2 cassettes, in that order (Figure 1). The X is necessary
because our hybridization probes only identified the N terminal or C terminal splice forms,
not individual splice variants [18]. The eight different splice variants are important to
NMDA receptor function, as there is heterogeneity between variants with respect to agonist
and antagonist affinity, modulation and regional and developmental expression patterns
[12,15,19].

The GIuN2A and GIuN2B subunits of the NMDA receptor are highly expressed in the
cerebral cortex and hippocampus [20,21]. The GIuN2B subunit has higher affinity for the
transmitter, glutamate, and provides longer channel open times than the GIuUN2A subunit,
which confers faster kinetics and greater calcium-sensitive desensitization to NMDA
receptors [17,22—24]. The GIuN2B subunit is highly expressed at birth and declines during
development, while GIuN2A subunit-containing receptors increase across the same time
frame [25,26].

NMDA receptors & aging

The NMDA receptor shows declines in binding densities and functions with increasing age
in many species. This has been described in detail in a recent review [7]. Rats have provided
a rich array of details on age-related changes in NMDA receptor binding and
electrophysiological properties and related changes in behavior, including memory
[7,27,28]. With the use of C57BL/6 mice, it has been possible to identify that the NMDA
receptor is more susceptible to aging than other glutamate receptors and that the subunits
comprising the receptor also show different susceptibilities to the aging process [7]. This
review will expand on what the authors have learned more recently about the effects of
aging on the GIuN1, GIuN2A and GIuN2B subunits and the splice variants of the GIuN1
subunit, and how the relationships between some of these subunits and memory change with
advanced age in these mice. The authors were unable to detect aging changes in the GIuN2C
or GIuN2D subunits in the hippocampus or cortex of C57BL/6 mice [MAGNUSSON KR, uneusLishen
oata] and no other aging studies were found for GIuUN2C or GIUN2D or GIuN3A or GIuN3B,
so0 these subunits will not be considered further. The authors will also examine information
that has been garnered about NMDA receptors from transgenic and knockout mouse models
of altered lifespan and age-related disease. The goal is to identify potential targets involving
the NMDA receptor that could enhance memory in aged individuals without exacerbating
age-related neurodegenerative disorders.

Future Neurol. Author manuscript; available in PMC 2013 July 01.
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The GIuN2B subunit & aging

The GIuN2B subunit is the component of the NMDA receptor that is most affected by the
aging process, showing greater declines in mRNA and protein expression than the GIuN1 or
GIuN2A subunits [20,21,29,30]. It shows dramatic declines in mMRNA expression across
development from birth to adulthood [25,26]. In the frontal lobes of C57BL/6 mice, it
appears that the decline in mMRNA during adult aging may be a continuation of this
developmental decrease [29]. This suggests that the age-related decreases in the GIuN2B
subunit may be programmed. The changes across development and aging in the mRNA for
the GIUN2B subunit demonstrated a significant correlation with declines in the density of
glutamate binding to NMDA receptors [29], suggesting that alterations in the Glu2B subunit
are likely to account for some of the changes in binding density for the NMDA receptor.
Declines in the protein expression of both the GIuN2B and GIuN1 subunits in the frontal
lobe of mice are significantly associated with poor performance in a spatial, reference (long-
term) memory task across aging [21]. Following fractionation of brain tissue into whole-
tissue homogenate, light membranes (e.g., endoplasmic reticulum and the Golgi apparatus)
and synaptic membranes, the GIuUN2B subunit protein showed similar declines across
fractions in the hippocampus, suggesting that the alterations in mMRNA account for the aging
changes in protein subunit expression in this region [30]. However, in the frontal lobe, there
was a greater decrement in GIuN2B subunit protein expression within the synaptic
membrane than the other fractions [30]. This suggests that there is an additional effect of
aging on the localization of the GIUN2B subunit within the synaptic environ ment. In
middle-aged mice, high expression of the GIuN2B and GIluN1 subunits within the synaptic
membrane of the hippocampus is associated with good performance in a spatial reference
memory task involving the Morris water maze, as would be expected [30]. Unexpectedly,
however, this relationship is reversed in aged mice; despite declines from young adult levels,
those aged animals that retain the most GIUN2B and GIluN1 subunits are the worst learners
[30]. This suggests that there is a change in the NMDA receptor or associated signaling
complex that no longer makes the receptor good for memory. It is not known exactly when
this switch occurs or the cause. Since the GIUN2A subunit is relatively spared during aging,
it seems likely that there is a imbalance in the GIuN2A:GIuN2B ratio in the aged animal,
leading to more NMDA receptors that are less responsive to glutamate and that desensitize
faster than in the young adult [8]. Although the transgenic mice that over express the
GIuN2B subunit do show declines in protein expression across ages (from 3 to 18 months),
they still maintain a higher expression level and superior learning in fear conditioning and
spatial reference and working memory than the wild-type mice [31]. This indicates that
maintaining higher levels of the GIuN2B subunit than are seen in normal aged mice is
beneficial for memory.

GluN1 subunit splice variants & aging

The effects of aging on the GIuN1 subunit exhibit a great deal of variability between aging
studies in C57BL/6 mice, showing significant declines in some studies, but not in others
[18,32]. This may mean that the effects of aging on this subunit are more environmental than
genetic, which may mean that interventions will be more practical for this subunit. The
authors hypothesized that the variability was due to differential effects of aging on the eight
splice variants of the receptor. For mRNA, the GluN1y41 (GIuN1-1) splice variants show
declines with increasing age in the frontal lobe and hippocampus, regardless of whether
animals have had a behavioral experience or not and whether the GIuN1 subunit mRNA as a
whole showed significant declines or not [18]. It seems likely that these splice variants are
affected earlier in the aging process than the others. The mRNA for the GluN1gxx (GIuN1-
a) splice variants, which lack the N-terminal cassette, is increased in aged animals only
following a behavioral experience, involving 23 days of reference and working memory
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testing in the Morris water maze [18]. This increase appeared to be associated with better
performance in both reference and working memory tasks in old mice [18]. Blocking the
expression of these splice variants also impairs spatial reference memory in young animals,
providing further evidence for its importance to this cognitive function [33]. The 23-day
behavioral experience downregulated the mMRNA expression of the GluN1y1g (GIuN1-3)
splice variants and exacerbated the aging differences [18]. It is not clear whether the effects
of the behavioral experience were due to learning or just physical activity. The GIuN1;xx
(GluN1-b), GluNxg; (GluN1-2) and GluN1xqg (GIuN1-4) are not significantly changed
during the aging process [18,32], showing a heterogeneity in the effects of aging on the
GIuN?1 splice variant mRNA.

With respect to the protein cassettes of the GIuN1 subunit, there was no effect of aging or
experience on the expression of the N-terminal cassette [34]. The authors were unable to
determine whether the protein for the variants lacking this cassette showed an increase in
response to behavioral experience, like the GIuN1gxx (GluN1-a) mMRNA, due to the lack of
a specific antibody. There was no significant effect of behavioral experience on any of the
C-terminal cassettes [34]. There were significant declines in the protein expression of both
the C2 and C2” cassettes with increased age, despite the fact that the epitope identifying all
of the GluN1 splice variants did not show age-related decreases [34]. This is a conundrum.
Every GIuN1 splice variant should express either the C2 or C2” cassette. Thus, if the total
number of GIuN1 subunits does not decline with increased age and one sees a decline in, for
example, the C2 cassette expression, one would expect to see an increase in the expression
of the C2” cassette (Figure 1). The fact that both C2 and C2” cassettes decline in expression
suggests that there may be damage and/or post-translational modifications to the C terminal
tail of the GIuN1 subunits, which could alter the ability of the antibodies to identify the
cassettes. The splice variants expressing the C2” cassette appear to become more important
for good spatial reference memory in middle-aged mice than they were in young mice. This
significant relationship between the C2” cassette and memory is lost again in the aged mice
[34]. There was no significant effect of age on the protein expression of the C1 cassettes;
however, there were two populations of aged mice, low and high expressers of the C1
cassette. High expression of the C1 cassette-containing GIuN1 subunits in aged mice
appeared to be related to good performance at the end of the probe trials for spatial reference
memory — that is, they were associated with closer proximity to the platform location [34].
However, the old mice expressing low levels of the C1 cassette were the ones that
performed more like young mice — that is, widening their search when the platform is
missing [34]. Those with higher levels of the C1 cassette showed perseveration in the
absence of the goal and a less accurate search near the end of the probe trials [34],
suggesting that retention of the C1 cassette-containing NMDA receptors in aged animals
reduces flexibility and precision. These changes in protein expression of the splice cassettes
of the GluN1 subunit provide more examples of heterogeneity in the effects of aging on
NMDA receptor components and support the idea that the NMDA receptor in an older
animal does not have the same role in memory as it does in younger mice.

These results from examining the NMDA receptor during normal aging in mice show
heterogeneity in the effects of aging on different subunits and different splice variants. This
implies that there is a change in the subunit composition of the NMDA receptors in aged
individuals. This could lead to an imbalance between receptors within a population or
altered interactions with upstream and downstream elements associated with NMDA
receptor signaling. Some of these changes have led to a reversal of the relationship seen in
young, in which NMDA receptors are important for good memory. There is also evidence
for this switch in other species [7].

Future Neurol. Author manuscript; available in PMC 2013 July 01.
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Prolonged cultures of primary cortical neurons from BALB/c mice are an interesting model
of aging [35]. These cultures show downregulation of GIuN1 and GIuN2B subunits of the
NMDA receptor, similar to the authors’ findings in aged C57BL/6 mice, but they did not test
GIuN2A, so the authors cannot be sure if the model truly mimics this mouse’s aging
phenotype [35]. A deficiency of heme synthesis in younger cultures also produces the same
subunit declines and other signs of premature senescence [35]. Although these culture
models are unlikely to fully mimic aging within a whole animal, it is interesting that they
show similar NMDA receptor subunit susceptibilities during the aging process.

Age-related alterations in NMDA receptor functions

Along with changes in expression of the NMDA receptor, there is abundant evidence for
functional changes in the receptor [7]. The late phase of NMDA receptor-dependent LTP,
induced by high-frequency stimulation, has been shown in multiple studies to be reduced in
aged animals [27,28,36]. Huang and Kandel have discovered a late phase of LTP that is only
present in older C57BL/6 mice and is induced by low-frequency stimulation [36]. Following
paired-pulse stimulation at 1 Hz in young mice, there is a short-lived LTP that decays within
90 min [36]. Beginning at 6 months of age, this LTP begins to be maintained for longer
periods and at 12-18 months it leads to a long-lasting LTP [36]. This LTP is NMDA
receptor dependent and is sensitive to protein synthesis inhibitors [36]. It remains to be
determined whether this is due to changes in the subunit composition of the receptor
populations, but it certainly provides more evidence for the role of NMDA receptors in
synaptic plasticity changing during aging. With respect to fear memory, young C57BL/6
mice show moderate impairment of both multi- and one-trial learning with a GIuUN2B
subunit-specific antagonist, RO-25-6981, but 12-month old mice do not show any change
[37]. This would fit with previously published work showing declines in GIUN2B subunit
expression during aging, but the authors did not see any significant decreases in GIuN2B
protein in the regions that are normally involved in fear memory, such as the amygdala,
hippocampus or medial prefrontal cortex, to account for the decreased sensitivity [37].

Sterlemann and colleagues have reported that cognitive impairment in aged mice can be
induced by chronic social stress during adolescence in CD1 mice [38]. The mice showed
spatial memory deficits 12 months following the stress [38]. After the same post-stress
interval, mice also showed impaired LTP and increases in the GIuUN2B and GIuN1 mRNA
and GIuN2B protein levels in the hippocampus [38]. a1-GABAA receptor mRNA was also
decreased by the same stress [38]. It is possible that an imbalance between excitatory and
inhibitory neuro transmissions may have contributed to the declines in synaptic plasticity. It
would be interesting to know whether these changes were induced at the time of the stress
and were maintained over the 12 months or whether they arose during the aging process.

Other noncognitive functions involving NMDA receptors are also altered during aging. A
reduction in the percentage of gonadotrophin hormone-releasing neurons expressing the
GIuN?1 subunit protein prior to the luteinizing hormone surge and expressing the
phosphorylated GIuN1 subunit during and after the surge in middle-aged mice, as compared
with young adults, suggests that reproductive aging may be due to a decrease in glutamate
responsiveness [39]. The amplitude of synaptic currents in astrocytes following moderate
stimulation shows a decline with increasing age from adulthood [40]. However, the
contribution of NMDA receptors to the current grew with age, partly due to changes in other
receptors [40]. Middle-aged C57BL/6 mice are more sensitive to the effects of the NMDA
receptor channel blocker, MK801, on motor function than young mice [41]. This could fit
with subunit imbalances due to differential susceptibilities to aging. The astrocyte and motor
changes may also be related to the increased reliance on NMDA receptors in middle-aged
C57BI/6 mice that the author of this article saw for spatial memory [34].

Future Neurol. Author manuscript; available in PMC 2013 July 01.
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Lessons from mouse models of altered lifespan

The senescence-accelerated family of mice (SAM) consists of three different SAM-resistant
(SAMR) and eight SAM-prone (SAMP) strains [42]. The SAMP8 strain exhibits reductions
in memory, LTP and NMDA receptor expression from 2 to 12 months [42—-44]. The addition
of o-serine to hippocampal slices from 6 and 12-month-old SAMP8 mice enhanced the
deficient NMDA receptor-dependent LTP. Interestingly, the 2-month-old mice actually
show an enhanced LTP over the SAMR1 mice, suggesting that there might be a period of
enhanced NMDA receptor function in these mice prior to the memory-related declines
[42,43]. Yamada et al. found a progressive accumulation of hippocampal cholinergic
neurostimulating peptide and its precursor protein in SAMP8 mice from 2 to 5 months of
age [43]. The surge in accumulation of these proteins is described as corresponding to the
age of onset of memory declines, a reduction in NMDA receptors and alterations in
morphology [43]. Hippocampal cholinergic neurostimulating peptide is normally released
from the hippocampus by stimulation of NMDA receptors [43]. Is it possible that the
accumulation could be initiated during the period of enhanced LTP?

SAMP6 mice differ from the SAMP8 strain in that they show enhanced working and object
recognition memory, as compared with the SAMR1 mice [42]. The object recognition
memory involved NMDA receptors and was associated with an increase in the GIuN2B
subunit expression in these mice at 4 months of age [42]. It is not clear whether the SAMP6
mice maintain higher GIUN2B subunit expression throughout aging, but it would be
interesting to know whether this represents only a spike in NMDA receptor function,
occurring around 4 months of age, or if there is enhanced NMDA receptor-dependent
memory throughout the lifespan. The latter would suggest that high GIuUN2B subunit
expression does not contribute to the accelerated aging. The superior working memory of
the SAMP6 mice was maintained across 1-8 months of age, but was not effectively blocked
by a NMDA receptor antagonist [42]. However, it is possible that an insufficient dose was
used, since the highest dose was just starting to impair the SAMR1 mice.

Laron dwarf mice (growth hormone receptor knockout [GHRKQ]) mice have a targeted
disruption of the mouse growth hormone receptor or binding protein gene [45]. The
GHRKO mice have a longer lifespan and delayed cognitive decline as compared with age-
matched control siblings [46]. There are significant declines in the density of binding of
glutamate to NMDA receptors within the medial prefrontal and motor cortices of control
mice between 6 and 24 months of age [47]. The GHRKO mice showed a slight sparing of
NMDA receptors within these regions [47]. The effects of aging on the GIuN1 subunit
mRNA was just the opposite, with GHRKO mice showing greater declines in the frontal
lobe and dentate gyrus of the intermediate hippo campus [47]. These contrasting findings
could be due to a differential sparing of splice variants with higher agonist affinity, a
mismatch between mMRNA and protein or changes in other subunits. The sparing of the
NMDA receptors may contribute to some of the delay in memory decline in this mouse
model of increased lifespan.

Recent interventions affecting NMDA receptor aging

Over the last two decades, a number of interventions have shown promise for reversing the
effects of aging on the NMDA receptor [7]. Many of these have only selective effects on
specific subunits, supporting the idea that there are different mechanisms of aging that affect
the NMDA receptor components. Some more recent interventions include an intermittent
fasting version of caloric restriction, environmental enrichment, ginseng and green tea
catechins. A long-term (6—-8 months), intermittent fasting diet enhances learning and
consolidation in multiple tasks, including rotorod and object recognition and increases
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synaptic efficiency [48]. This was associated with an increase in mRNA for the GIuN2B
subunit, but not for GIUN2A or GluN1 subunits, in the hippocampus and GIuN2B and
GIuN1 subunits in the perirhinal cortex in the mice fed every other day [48]. In addition, the
enhancements in learning and LTP were blocked by a GIuN2B subunit-specific antagonist
[48]. These assessments were carried out at a single age, so it is not clear whether the
intervention up regulated these subunits over the level in young and/or whether it prevented
the age-related declines. It does suggest that enhancing the GIuN2B subunit during aging
can be beneficial for plasticity.

Environmental enrichment in Naval Medical Research Institute mice for 6 months (from 14
to 20 months of age) prevents memory deficits and reduces anxiety in aged animals [49].
This is associated with a reversal in the age-related decrease in NMDA receptor synaptic
potentials [49]. Ginsenoside, the major active ingredient in ginseng, was effective in
enhancing spatial and passive avoidance memory following 8 months of treatment in female
C57BI/6 mice. This treatment also enhances the phosphorylation of a number of important
proteins involved in synaptic plasticity, including the GIuN1 subunit, which enhances
activity [50]. Administration of green tea catechins for 6 months in female C57BL/6 mice
prevented age-related reductions in the GIuN1 subunit in the hippocampus, but had no
significant effect on the cortex [51]. Each of these treatments suggests that it is possible to
intervene into the effects of aging on NMDA receptors and this may contribute to an
enhancement of plasticity.

Other potential targets for enhancing NMDA receptor function in old age are proteins that
interact with the receptor. Reelin is an extracellular matrix protein that can regulate NMDA
receptor homeostasis, through phosphorylation of the GIUN2 subunits, and modulate LTP
[52]. Age-related decreases in Reelin contribute to cognitive declines during aging and
dysfunctional Reelinmediated signaling reduces LTP and promotes abnormal processing of
APP and hyperphosphorylation of tau, both of which contribute to the pathologies associated
with AD [52]. Deletion of the glycine transporter type 1 enhances synaptic glycine, NMDA
receptor function and multiple cognitive functions [53]. The enhanced aversive Pavlovian
conditioning that is seen in 3-month-old mutants is still enhanced at 22 months of age and
there is no evidence of neurotoxicity caused by enhanced NMDA receptor function in the
mutants [53]. Neural cell adhesion molecule is involved in NMDA receptor trafficking and
inhibiting extrasynaptic GluN2B-containing NMDA receptors. Deficits in neural cell
adhesion molecule can occur during aging and can impair LTP and long-term depression
[54]. These deficits can be restored by o-cycloserine, acting primarily through GIuN2A
subunit-containing NMDA receptors [54]. o-cycloserine is effective in sparing the decline in
LTP seen prematurely in neural cell adhesion molecule knockout mice and in old age in both
wild-type and knockout mice, suggesting that enhancing GIuN2A-containing NMDA
receptors is effective in combating age-related declines in synaptic plasticity, potentially by
restoring the balance between GIuN2B and GIUN2A subunits [54]. Targeting these NMDA
receptor-related proteins could be effective in indirectly enhancing NMDA receptor function
in aged individuals.

There are, of course, many other genes that are involved in cognitive processing, that are
affected by aging [55]. It is possible that the interventions mentioned above had effects on
other genes besides the NMDA receptor subunits, which led to the enhancements in
memory. There is also evidence, however, for redundant memory systems in young animals
[56]. This may mean that it is possible to focus on fixing one system in the elderly and
restore function to a level that is indistinguishable from performance in the young.

Future Neurol. Author manuscript; available in PMC 2013 July 01.
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Lessons from AD & Huntington’s disease models

One concern about restoring or preventing NMDA receptor changes during aging is whether
this would make individuals more susceptible to excitotoxicity and other age-related
diseases. Some information can be gleaned from mouse models of AD and Huntington’s
disease (HD). There is evidence that amyloid § (Ap) can influence NMDA receptor
function. In the APP double Swedish mutant mouse, AP can interfere with cholinergic
regulation of NMDA receptors [57]. Ap can stimulate retraction of synaptic contacts [58]
and phosphorylation of Akt via GIuN2B subunit-containing NMDA receptors, but
phosphorylation of Akt is greatly reduced in older APP transgenic mice [59]. This may be
due to the ability of AP to induce endocytosis of NMDA receptors in cultured neurons [59-
61], with GIuN2B subunits slightly more affected than GIuN1 [62]. The GIuN2B subunit is
also decreased in expression in APP(V7171) transgenic mice [60]. This suggests that,
although A can influence NMDA receptor-dependent processes, chronic exposure can lead
to a reduction in NMDA receptors available to act on.

A deficiency in presenilin 1 impairs NMDA receptor responses and LTP and shows the
same pattern of aging of the major NMDA receptor subunits as normal aging in C57BL/6
mice; declines in the GIUN2B subunit expression are greater than the GIuN1, which is
greater than the GIUN2A subunits [63]. A conditional double knockout mouse lacking both
presenilin 1 and 2 shows declines in NMDA receptor-dependent LTP and NMDA receptor
subunit expression in synaptoneurosomes at 2 months of age, but neuro- degeneration is not
detectable until 6 months [64]. This could indicate that NMDA receptor hypofunction may
contribute to pathology. Three different presenilin mutants, however, show a transient
increase in NMDA receptor responses before the onset of decreased NMDA receptor
function [63,65,66]. This makes the NMDA receptor suspect for initiating AD pathologies,
at least in cases with presenilin mutations.

There is evidence that long-term administration of ketamine, a noncompetitive NMDA
receptor antagonist, in imprinting control mice and monkeys can lead to an increase in
hyperphosphorylated tau [67], suggesting that hypofunctioning of NMDA receptors can lead
to AD-related pathology. One of the current treatments for AD, memantine, may belie this
idea, because of its role as an NMDA receptor antagonist [68]. Memantine administered to
APP/presenilin 1 transgenic mice enhances object recognition memory [69]. It also reduces
amyloid plaque burden in the APP/presenilin 1 and Tg2576 mouse models of AD [70]. This
suggests that blocking NMDA receptor function would be more beneficial to preventing AD
than restoring the levels found in young mice. However, memantine primarily interferes
with abnormal hyperactivity at extrasynaptic NMDA receptors and does little to interfere
with normal synaptic activity of NMDA receptors [68,71]. In addition, although there is
plenty of evidence that NMDA receptors are involved in excitotoxicity, there is also
evidence that normal, physiological levels of NMDA receptor activity can enhance neuronal
survival, along with promoting synaptic plasticity [72]. This suggests that it may be neuro
protective to repair or prevent the changes in NMDA receptors that occur during aging, but
measures would have to be taken to avoid increasing the susceptibility to excitotoxicity,
potentially with drugs like memantine.

Results from HD models are more problematic for advocating enhancing NMDA receptor
function in aged individuals. Excessive activation of NMDA receptors in the striatum
produces many of the characteristic features of HD [73]. The ratio of GIuUN2B to GIuN2A
protein subunits is higher in the striatum, the most susceptible region in HD, than in the
cerebral cortex or hippocampus of normal animals and transgenic mice that express a mutant
form of the protein huntingtin show enhanced NMDA receptor currents, the majority of
which appear to be GIuN2B subunit-mediated currents [73]. Increased damage from
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glutamate toxicity is seen in the R6/2 HD transgenic mice and this is associated with
decreases in glutamate transporters [74]. There is also evidence in this mouse model of a
population of striatal neurons that show an increase in responsiveness to NMDA at an early
age, 15-40 days old, prior to overt behavioral changes [75]. An HD model, in which only
striatal neurons express mutant huntingtin, also shows an increase in NMDA currents over
wild-type mice [76]. These findings suggest that improving NMDA receptor expression in
aged individuals may contribute to the pathology associated with HD. The fact that this is an
heritable, autosomal dominant disease, which can be identified through genotyping, means
that affected individuals could be counseled against interventions that enhance NMDA
receptor function. Another possibility would be an intervention that was targeted specifically
to the hippocampus or cerebral cortex and not the striatum.

Conclusion

There is ample evidence for changes in NMDA receptor complex expression and functions
during the aging process in multiple species. With the help of the C57BL/6 mouse, we have
been able to characterize more fully the hetero geneity in the effects of aging on subunits
and splice variants at both the transcript and protein levels, which suggests that the subunit
compositions of the NMDA receptors in the aged individual are not the same as they are in
the young. In addition, there is evidence from both behavioral and electro-physiological
studies that the role of NMDA receptors in plasticity changes with increased age. It is not
clear exactly when this happens. The new form of LTP in the hippocampus is established by
12-18 months of age in C57BL/6 mice [36]. The switch in the hippocampus from high
expression of NMDA receptor subunits being associated with good memory to being in poor
performers occurs sometime between 11 and 26 months of age in the same strain [30].
Studies on aging interventions suggest that enhancing NMDA receptor expression in older
animals is beneficial to memory in normal aging. Several mouse models of
neurodegenerative diseases, which develop cognitive declines during aging, show a period
of enhanced NMDA receptor function in an early stage of the disease, prior to overt signs,
and mouse models of HD show heightened sensitivity to glutamate toxicities. This, along
with the prevalence of stroke in the aged population, indicates that caution must be exercised
to design interventions that do not lead to activations of NMDA receptor populations that
are excitotoxic. The use of treatments like memantine, which reduce the toxic effects of
NMDA receptor activation without interfering with normal transmission, in concert with
interventions to restore or alter specific subunits, however, may help to reduce forgetfulness
in aged individuals. It may also help to delay the onset of debilitating cognitive declines in
AD.

Future perspective

One obvious target to explore is the enhancement of the expression of the GIUN2B subunit
of the NMDA receptor. Some of the decline in expression of this subunit during aging is
likely to be due to inhibition of transcription. Exploration of the epigenetic changes that
occur during the developmental decreases in this subunit and/or changes to proteins that
interact with the promoter region could provide new drug targets. The evidence that there
may be an additional change during aging in the synaptic membranes suggests that
trafficking and localization of GIuUN2B subunit-containing NMDA receptors may be altered.
This is worth pursuing further. If there is an increase in the extrasynaptic localization of
GIuN2B subunit-containing receptors, it could cause an increased susceptibility to
excitotoxicity, which may be amenable to treatments like memantine. The GIuN1 splice
variants that lack the N-terminal cassette appear to enhance memory performance and those
containing the C1 cassette appear to be associated with memory deficits in the aged mice.
Enhancing deletion of the N1 and/or C1 cassettes within old individuals could be beneficial
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to memory, but it would also be important to try to understand why these relationships
develop during the aging process. More effort should be made to determine the age at which
the switch in the relationship of the NMDA receptors to memory occurs and to explore the
changes that occur prior to and during this switch in order to identify a cause. It would also
be interesting to determine whether the transient increases in NMDA receptor function in the
mouse models produce similar subunit and splice variant declines to normal aging and
whether there is any indication of a similar transient enhancement occurring during normal
aging. Ultimately, any interventions that enhance NMDA receptor expression and/or
function in aged individuals should be tested to make sure that it does not also enhance
excitotoxicity or accelerate the onset of pathologies in the mouse models of
neurodegenerative disease. It appears from what we have learned from mice and other
species that it may be possible to enhance memory in older individuals by restoring optimal
functioning of the NMDA receptor, but it will be important to achieve the right balance
between too little and too much receptor activity.
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Executive summary
NM DA receptors & aging

B NMDA receptors are more susceptible to declines in binding density during aging
than other glutamate receptors and these declines show a relationship to memory
declines.

GIluN2B subunit & aging

B The GIuN2B subunit of the NMDA receptor is more affected by aging than the
other major cortical and hippocampal subunits, GIuUN1 and GIuN2A.

B Some of the effects of aging are on GIuUN2B mRNA expression, but in the frontal
lobe there is an additional effect of aging on expression in the synaptic membrane.

H High levels of GIuN2B and GIuN1 subunit expression in the synaptic membrane
of the hippocampus in middle-aged mice show a stronger association with good
spatial reference memory performance than in young mice. In the aged mice, this
relationship is reversed, with high expressers showing the worst spatial learning.

W There are multiple examples of maintenance of higher levels of function of the
GIuN2B subunit-containing NMDA receptors in older mice being associated with
memory improvements.

GIuN1 subunit splice variants & aging

B A behavioral experience can enhance the expression of the GIuN1gxx (GIuN1-a)
splice variants in aged mice only and these splice variants are associated with good
spatial reference and working memory.

H This behavioral experience exacerbated the effects of aging on the GIuN1x1q
(GIuN1-3) splice variants.

M There is heterogeneity in the effects of aging on GIuN1 splice variants; GluN1x1q
(GluN1-1) and GluN1x1g (GIuN1-3) splice variants are susceptible to aging changes,
but the GluN11xx (GIuN1-b), GluNxg1 (GIuN1-2), and GluN1ygg (GluN1-4) are
not.

M Both the C2 and C2’ protein cassettes of the GIUN1 subunit show declines during
aging, but the proteins may still be present, but in a modified form.

W Expression of GIuN1 subunits with the C1 cassette in aged mice may contribute to
deficits in cognitive flexibility and accuracy.

NM DA receptor function & aging

B A new form of long-term potentiation, involving low-frequency stimulation, arises
during middle age.

Hl Chronic stress can enhance NMDA receptor subunit expression in middle age, but
this is associated with an imbalance in excitatory and inhibitory transmission and
deficits in memory and long-term potentiation.

H Recently studied interventions, such as caloric restriction, environmental
enrichment, ginseng and green tea catechins, can enhance NMDA receptor
expression and function in aged animals, and this is associated with memory
improvements.

M ouse models
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Ml There is evidence for a period of enhanced NMDA receptor function prior to the
onset of NMDA receptor and behavioral deficits or morphological changes in
senescence-accelerated mice, mouse models of Alzheimer’s disease expressing
mutant presenilin and a striatal-specific model of Huntington’s disease.

B Memantine, a current therapy for Alzheimer’s disease, acts primarily at
extrasynaptic NMDA receptors that are excessively activated and spares receptors
involved in normal transmission and synaptic plasticity.

B Glutamate toxicity appears to play a role in Huntington’s disease and mice
expressing the mutant protein huntingtin show enhanced NMDA receptor
responsiveness.
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'\
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Figure 1. Schematic diagram of the eight splice variants of the GIuN1 subunit and the
nomenclatur e used to identify each

There is one N-terminal cassette, N1, and two C-terminal cassettes, C1 and C2. In the
absence of C2, there is an additional sequence, C2’, with a new stop codon. The arrows at
the bottom of the figure indicate the cassette identified by each subscript. Subscripts: 1
indicates the presence of the cassette, 0 indicates the absence of the cassette. Please note that
a 0 in the C2 position (third subscript) indicates the presence of the C2” sequence. An X is
used in the text to indicate both the presence and absence of a cassette.

TM: Transmembrane domain.

Adapted from [12,77].
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