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Aging is associated with cognitive decline in both humans and animals and of all brain regions,
the hippocampus appears to be particularly vulnerable to senescence. Age-related spatial learning
deficits result from alterations in hippocampal connectivity and plasticity. These changes are
differentially expressed in each of the hippocampal fields known as cornu ammonis 1 (CA1),
cornu ammonis 3 (CA3), and the dentate gyrus. Each sub-region displays varying degrees of
susceptibility to aging. For example, the CA1 region is particularly susceptible in Alzheimer’s
disease while the CA3 region shows vulnerability to stress and glucocorticoids. Further, in
animals, aging is the main factor associated with the decline in adult neurogenesis in the
dentate gyrus. This review discusses the relationship between region-specific hippocampal
connectivity, morphology, and gene expression alterations and the cognitive deficits associated
with senescence. In particular, data are reviewed that illustrate how the molecular changes
observedinthe CA1, CA3, and dentate regions are associated with age-related learning deficits.
This topic is of importance because increased understanding of how gene expression patterns
reflect individual differences in cognitive performance is critical to the process of identifying
new and clinically useful biomarkers for cognitive aging.

Keywords: aging, hippocampus, microarray, neurogenesis, cognitive impairment, selective vulnerability, spatial

memory

INTRODUCTION

The three main fields of the hippocampal region, CA1, CA3, and
the dentate gyrus, possess distinctive anatomical, molecular and
biophysical properties. Anatomical differences include cell type,
size and projections (Swanson et al., 1987; Witter and Amaral,
2004; Amaral and Lavenex, 2007). First, the dentate gyrus con-
sists of three layers: a granule cell layer, a molecular layer, and a
polymorphic layer. Granule cells represent the major cell type
in the dentate, and have the ability to proliferate all throughout
life. The dentate receives inputs from the entorhinal cortex via
the perforant pathway. Its major extrinsic projection is to field
CA3 via granule cell mossy fibers. On the other hand, CA1-CA3
sub-regions are divided into four layers. The pyramidal cell layer,
composed of a thick layer of pyramidal cell bodies, the stratum
oriens, stratum lucidum, and stratum radiatum. Pyramidal cells
are the major projection cells in areas CA1 and CA3. CA3 field is
composed of large size pyramidal cells, whereas CA1 pyramidal
neurons are relatively small. Field CA3 receives inputs from the
dentate via mossy fibers, whereas CA1 does not. Moreover, CA3
is characterized by a complex set of projections within this region
to the hilar region in the dentate, recurrent synapses within CA3,
in addition to commissural projections to the contralateral sub-
fields. The major extrinsic projection from CA3 is to CAl via the
Schaffer collateral fibers. Lastly, CA1 projects to the entorhinal
area, thereby closing the entorhinal-dentate-CA3-CA1 circuit.
Pyramidal neurons of CA1 also project to the subiculum. All
these projections are modulated by excitatory and inhibitory
interneurons located within each subfield. These unique anatomi-
cal and connectivity patterns that characterize each hippocampal

field result in region-specific electrophysiological signatures. An
example that illustrates this point is the differential expression of
long-term potentiation (LTP) in the distinct hippocampal fields
by disrupting genes that are normally expressed in all regions
of the hippocampus, but selectively affect sub-region-specific
synaptic plasticity (Schurmans et al., 1997; Chen et al., 2009).
Similarly, aging affects connectivity in a region-specific manner
with accompanying electrophysiological changes. These subfield-
specific connectivity alterations will be discussed in Section “Age-
Related Morphological and Plasticity Changes are Region-Specific
and Correlate with Cognitive Impairment”.

Molecular differences between the three hippocampal fields
consist of differential gene and protein expression. Namely, dif-
ferent anatomical fields of the hippocampus have been shown to
have distinct transcription and protein expression patterns (Datson
etal., 2001; Zhao et al., 2001; Bonaventure et al., 2002; Gozal et al.,
2002; Lein et al., 2004; Torres-Munoz et al., 2004; Greene et al.,
2009). These anatomical, connectivity and molecular properties
that characterize each region are altered in aging. This is not sur-
prising as aging is frequently viewed as an inevitable or patho-
logical process that alters brain structure and function. However,
these age-related changes are characteristically different and occur
to differing degrees in each field. So, while not intuitive, it may
also be argued that these distinctive properties themselves con-
fer a differential vulnerability to the effects of aging on each hip-
pocampal field. Thus, this region-specific vulnerability may have
genetic underpinnings. The genetic changes will be discussed in
Section “Sub-regional Differences in Gene Expression Correlate
with Cognitive Aging”.
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Functional changes in the hippocampus have been implicated
in the memory impairments associated with aging. These changes
include a loss of synapses associated with synaptic plasticity (i.e.,
perforated synapses) in region CA1 of cognitive-impaired animals
(Nicholson et al., 2004) and a loss of perforant path input to the
dentate gyrus (Geinisman, 1979; Rogalski et al., 2009). This leads
to several key questions. Do the functional changes and memory
impairments show a similar regional association and vulnerability?
Are these functional changes and memory impairments related
to the age-associated alterations in anatomical, molecular, and
biophysical properties? If so, how? Historically, neuronal cell loss
was identified as one of the morphological hallmarks of hippoc-
ampal aging (Ball, 1977; Brizzee and Ordy, 1979). However, this
generalized neuronal loss theory was disproved in the wake of the
development of unbiased stereological methods (West et al., 1991;
Geinisman et al., 1996; Mayhew and Gundersen, 1996). Instead, it
has been demonstrated that morphological characteristics of hip-
pocampal aging include changes in spine density and changes in
rates of adult neurogenesis. Again, these particular changes occur
selectively in specific fields of the hippocampus (Curcio and Hinds,
1983; Markham et al., 2005). Consequently, it appears that normal
age-related memory deficits can result from functional changes that
occur in the absence of major structural alterations. One mecha-
nism by which this could occur is by a change in the expression of
one or more genes. Altered gene expression could result in altered
ion channel expression and/or dendritic spine morphology, ulti-
mately affecting synaptic plasticity and behavior. In this regard,
there is evidence that a number of genes important for learning in
young animals show differential expression levels in the hippocam-
pus of aged animals (Thibault and Landfield, 1996; Colombo et al.,
1997; Lanahan et al., 1997; Colombo and Gallagher, 1998; Adams
et al., 2001; Nicolle et al., 2001; Stephan et al., 2002; Hemby et al.,
2003; Brightwell et al., 2004). In some cases, the expression changes
occur in a regional-specific manner (Smith et al., 2000; Stephan
et al., 2002; Jackson et al., 2009). Further, region-specific changes
with aging diseases have been reported. These reports suggest that
the CAl region is more susceptible to amyloid plaque deposits
and ischemia relative to CA3(Gozal et al., 2002; West et al., 2004;
Zarow et al., 2005; Wu et al., 2008). This increased susceptibility
appears to be related to differential expression of cell survival or
cell death genes and signaling. These differences alone could render
the CA1 region more vulnerable to aging. Because of these regional
differences, a number of investigators have examined the role of
subfield-specific gene expression in cognitive aging using microar-
ray technology. In this review, I will discuss the main findings of
these genome studies as they relate to the cognitive impairments
associated with aging.

Asthe study of hippocampal aging progresses, it is becoming clear
that most, if not all, of these age-related changes reflect adaptations
that selectively vary by the type and degree of change; along with the
specific hippocampal region affected. It is not clear whether these
adaptations represent a response to ongoing damage and whether
compensatory mechanisms are required for successful aging. In any
case, there are a vast number of reports that describe and categorize
the nature of these adaptations and a comprehensive review of
this literature is not possible in this chapter. Deficits in biophysical
properties, morphology, and information processing in the various

regions of the aging hippocampus have been discussed extensively
in recent years. Therefore Section “Age-Related Morphological and
Plasticity Changes are Region-Specific and Correlate with Cognitive
Impairment” presents a general description of the literature. For
more detailed information, the reader is directed to comprehen-
sive reviews on these subjects (Burke and Barnes, 2006; Wilson
et al., 2006; Disterhoft and Oh, 2007; Thibault et al., 2007; Kumar
et al., 2009; Lister and Barnes, 2009; Oh et al., 2010). This review
focuses on select categories of age-related molecular changes that
characterize individual hippocampal subfields and describes how
these changes correlate with cognitive ability.

AGE-RELATED MORPHOLOGICAL AND PLASTICITY CHANGES
ARE REGION-SPECIFIC AND CORRELATE WITH COGNITIVE
IMPAIRMENT

As mentioned earlier, cognitive aging does not result in loss of exist-
ing adult hippocampal neurons per se (Rasmussen et al., 1996; Rapp
et al,, 1999). Instead, changes in neuronal morphology have been
reported, and these alterations are region-specific. For example,
aging is associated with a loss of synaptic contacts in the subiculum
(Uemura, 1985) but not in other hippocampal regions (Curcio and
Hinds, 1983; Hanks and Flood, 1991; Markham et al., 2005).

Within the hippocampus, anatomical changes have been linked
to cognitive decline. Individual variability in memory impairment
occurs with age, and this phenomenon has been described in differ-
ent species including rodents and humans (Gage et al., 1984; Gage
and Bjorklund, 1986; Rapp et al., 1987; deToledo-Morrell et al.,
1988; Aitken and Meaney, 1989; Markowska et al., 1989; Lindner
etal,, 1992; Gallagher et al., 1993; van der Staay and de Jonge, 1993).
Spatial memory tasks like the Morris water maze (MWM; Morris,
1984) have been used to sort aged rats into learning-impaired (AI)
and learning-unimpaired (AU) relative to young rats (Y), as a model
of the cognitive impairments found in aged humans (for reviews
see Gallagher and Nicolle, 1993; Rosenzweig and Barnes, 2003).

Specific anatomical changes associated with cognitive impair-
ment have been studied in sub-regions of the hippocampus. While
learning impairments are not associated with a loss in the total
number of synapses in the CA1 region (Geinisman et al., 2004), a
decrease in the area of perforant path synapses of Al animals sug-
gests that hippocampal perforated synapses become less efficient in
Alanimals (Nicholson et al., 2004). Perforated synapses are believed
to represent activated synaptic transmission sites (Geinisman et al.,
1993; Buchs and Muller, 1996; Toni et al., 1999). Similarly, in the
CA3 area, aging does not result in synapse density loss (Poe et al.,
2001). Instead, cognitive impairments have been associated with
a decrease in the presynaptic elements involved in connectivity, as
revealed by decreases in expression of the vesicle marker synapto-
physin in the CA3 of Al animals (Smith et al., 2000). A decrease
in perforant path input to the dentate gyrus (Geinisman, 1979;
Rogalski et al., 2009) has been linked to aging. These alterations
correlate with cognitive impairments (Geinisman et al., 1986; Smith
et al., 2000) and are accompanied by physiological compensatory
changes that will be described below.

Since the 1980s, several groups have shown that deficits in syn-
aptic plasticity occur in the hippocampus during aging (Barnes
and McNaughton, 1980; Deupree et al., 1993; Moore et al., 1993;
Norris et al., 1996); reviewed in (Lister and Barnes, 2009). Studies
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indicate that senescence affects some of the properties of LTP and
long-term depression (LTD). In addition to general age-related
changes in synaptic plasticity, differences in plasticity properties
have been identified between aged animals that were categorized
as AU or Al relative to Y (Bach et al., 1999; Schulz et al., 2002;
Tombaugh et al., 2002; Lee et al., 2005; Foster and Kumar, 2007;
Boric etal., 2008). First, cognitive impairments are associated with
a lower threshold for induction of LTD in the CA3-CA1 synapse
(Foster and Kumar, 2007), although a different study indicated
that a shift to NMDA-independent LTD in the Schaffer collateral
to CA1 synapse is associated with superior learning in aged rats
(Lee et al., 2005). The discrepancies are probably due to technical
differences in the LTD protocols and behavioral paradigms used
in the two studies. While the study by Foster and Kumar (2007)
classified animals based on memory impairments, Lee et al. (2005)
examined learning impairments.

Similarly, distinct LTP induction parameters have been used
to identify plasticity deficits that correlate with learning impair-
ments in aged individuals. For example, Tombaugh et al. (2002)
reported that a theta-frequency stimulation paradigm but not a
higher frequency stimulation (HFS) protocol was able to distin-
guish AU vs. Al animals. Under these LTP induction conditions,
significantly lower synaptic potentiation in area CA1 was detected
in Al rats relative to AU and Y animals (Tombaugh et al., 2002). This
lower LTP expression level was not due to a loss of NMDA recep-
tor function. A different group reported that while reduction of
LTP magnitude was associated with aging, it did not correlate with
behavior performance in aged rats. Instead, a shift to a non-NMDA-
dependent LTP was reported (Boric et al., 2008). Enhancement of
voltage-gated calcium channel (VGCC) LTP was characteristic of
aged unimpaired animals relative to Al and Y. Lastly, groups using a
HFS protocol, reported decreases in LTP in aged mice and rats with
impaired spatial memory performance (Bach et al., 1999; Schulz
etal.,2002). This HFS protocol is known to depend both on NMDA
receptor and VGCC activation (Grover and Teyler, 1990), but the
Bach et al. (1999) and Schulz et al. (2002) studies did not deter-
mine which of these components contributed to the alterations in
LTP expression. Overall, these selective changes in LTP and LTD
that differentiate superior learners from learning-impaired aged
subjects exemplify the type of physiological compensatory changes
that might reflect successful learning in aged animals.

Furthermore, disruption in calcium homeostasis and aging
have been well studied (reviewed extensively by Thibault et al.,
2007; Kumar et al., 2009). In terms of cognitive aging, calcium
dysregulation results in changes in cell excitability and synaptic
plasticity which could represent the cellular basis for the learning
impairments associated with aging. Age-related plasticity changes
in intrinsic excitability, as measured by the postburst afterhyperpo-
larization (AHP), have been reviewed in this special issue of Front.
Ag. Neurosci. (Oh et al., 2010).

Finally, age-related alterations in information processing by
place cells occur in selective hippocampal areas (Barnes et al., 1997;
Shen et al., 1997; Wilson et al., 2005; reviewed in Wilson et al.,
2006). For example, recordings of cell activity in freely moving rats
indicate that rapid, experience-dependent plasticity is disrupted in
CA1 duringaging (Tanila et al., 1997; Oler and Markus, 2000; Burke
et al., 2008; Sava and Markus, 2008). In addition, aged CA3 place

cells show rigidity in their ability to form new spatial representation
(Wilson et al., 2005). One outcome of these age-related alterations
is that the extent of impairment in forming new spatial represen-
tations correlates with spatial memory impairments (Tanila et al.,
1997; Wilson et al., 2003).

AGE-ASSOCIATED DECREASE IN ADULT NEUROGENESIS IN THE
DENTATE GYRUS AND ITS POTENTIAL ROLE IN COGNITIVE DECLINE
Because of the discovery of adult neurogenesis in the dentate gyrus,
this hippocampal region has received special attention (Altman
and Das, 1965; Cameron et al., 1993; Kuhn et al., 1996). Adult
neurogenesis entails several cellular processes that begin with the
proliferation of progenitor cells in the subgranular zone (Seri et al.,
2004). These cells extend axons rapidly (Hastings and Gould, 1999).
New cells migrate from the hilar region or subgranular zone to the
granule cell layer by 17 days after cell division, but do not acquire
their final mature neuronal phenotype and morphology until about
4 weeks (Altman and Das, 1966; Cameron et al., 1993; Cameron
and McKay, 1999). Then it takes 4—7 weeks for the cells to develop
the electrophysiological properties necessary for the formation
of functional connections (van Praag et al., 2002). In addition to
these neurodevelopmental steps, to maintain a constant rate of cell
turnover, equilibrium between neurogenesis and cell death must
be established. It appears that this equilibrium is important for
learning (Dupret et al., 2007).

Neurogenesis in the hippocampus declines with age (Seki and
Arai, 1995; Kuhn et al., 1996; Lemaire et al., 2000; Lichtenwalner
etal., 2001; Rao et al., 2005; Olariu et al., 2007). During aging, the
decrease in neurogenesis is a result of several factors that include:
(1) areduction in the rate of proliferation of neural progenitor cells
(Kuhn et al., 1996; Cameron and McKay, 1999; Heine et al., 2004;
McDonald and Wojtowicz, 2005; Rao et al., 2005; Walter et al., 2009),
(2) a decrease in the overall number of progenitor cells (Olariu
etal., 2007),and (3) a drop in the number of progenitor cells that
mature into a neuronal phenotype (Kempermann et al., 1998; van
Praag et al., 2005). Age-related changes seem to reflect alterations
in the expression of sets of genes that dictate the development and
timing of neurogenesis and the balance between neurogenesis and
cell death (Burger et al., 2008). Even though there is a decrease in
neurogenesis associated with aging, the remaining newly generated
neurons in the aged dentate display the same densities of dendritic
spines and afferent glutamatergic connections as newly generated
neurons in young animals (Morgenstern et al., 2008).

Mounting evidence indicates that neurogenesis in this region of
the hippocampus plays a role in learning and memory (Gould et al.,
1999; Shors et al., 2001; Dupret et al., 2007, 2008). For example,
some reports indicate that neurogenesis is important for learning in
young animals (Gould etal., 1999; Shors et al., 2001; Kempermann
and Gage, 2002; Dobrossy et al., 2003). Yet, despite this evidence,
other reports present conflicting views, namely, that neurogenesis
does not have an effect on spatial learning (Shors et al., 2002; Madsen
et al., 2003; Raber et al., 2004; Van der Borght et al., 2005; Leuner
etal.,,2006; Dupret etal.,2008). The conflicting results might be due
to the varying degrees of hippocampal demand required by each of
the behavioral tasks used. For example, Dupret et al. (2008) found
no effect when simple spatial learning paradigms were used such as
habituation to a novel environment or contextual fear conditioning.
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On the other hand, the more complex spatial relational learning
(spatial navigation in the water maze) was dependent on adult
neurogenesis in this study (Dupret et al., 2008). In contrast to this
study, other groups have reported no effect of neurogenesis on
performance in the MWM (Shors et al., 2002; Madsen et al., 2003;
Raber et al., 2004; Snyder et al., 2005).

To complicate this issue further, the relationship between neuro-
genesis, learning and memory and aging is even less clear. Although
neurogenesis in the dentate declines with age (Seki and Arai, 1995;
Kuhn et al., 1996; Lemaire et al., 2000; Lichtenwalner et al., 2001;
Rao et al., 2005; Olariu et al., 2007), it still has not been clearly
demonstrated that neurogenesis correlates with learning ability
in aged rodents (Bizon and Gallagher, 2003, 2005; Merrill et al.,
2003; Walter et al., 2009). However, evidence from other laborato-
ries indicates that a correlation between neurogenesis, aging and
learning does exist (Cameron and McKay, 1999; Drapeau et al.,
2003; Aizawa et al., 2009). Regarding these latter studies, only the
Drapeau et al. (2003) study segregated aged individuals into AU
and Al Explanations for these discrepancies range from technical
differences in the timing and methods for counting cells, to the
type of hippocampal-dependent memory tasks used (Cameron
and McKay, 1999; Dobrossy et al., 2003; Leuner et al., 2009). Also,
different rates of functional maturation of newly generated cells
have been observed in mice and rats (reviewed in Drapeau and
Nora Abrous, 2008). Moreover, these techniques have been used
to address two different questions. Namely, is neurogenesis neces-
sary for learning? (Kempermann and Gage, 2002; Drapeau et al.,
2003) or, does learning increase neurogenesis? (Gould et al., 1999;
Ambrogini et al., 2000; Dobrossy et al., 2003; reviewed in Leuner
et al., 2006). Finally, neurogenesis displays anatomical gradients
such that the rate of neurogenesis is higher in the temporal por-
tion of the hippocampus, known to be involved in non-spatial
learning. This would explain how specific hippocampal behavioral
phenotypes such as anxiety-related behavior or other non-spatial
aspects of hippocampal function are affected by neurogenesis
(Snyder et al., 2009a,b,c). Future research involving simple and
complex hippocampal-dependent tasks in the study of cognitive
aging and neurogenesis should help resolve this debate.

The studies discussed in this section suggest that deficits in con-
nectivity, synaptic plasticity, and neurogenesis are associated with
cognitive decline in senescence. These processes are likely to involve
increases or decreases in the expression of genes that directly par-
ticipate in these functions (e.g., genes that regulate cell shape, mem-
brane channels, signaling cascades). This next section discusses
aging and learning gene expression changes that might explain the
functional decline described at the cellular and systems level.

SUB-REGIONAL DIFFERENCES IN GENE EXPRESSION
CORRELATE WITH COGNITIVE AGING

The molecular mechanisms underlying age-related learning impair-
ments are not well understood. Questions remain concerning
whether cognitive decline results from the dysregulation of molecu-
lar pathways normally employed by younger animals. Further, it
is unclear whether the molecular changes are compensatory or
pathological. It is widely accepted that learning, memory formation,
and synaptic plasticity involve the activation of numerous genes and
signaling cascades (Lee and Silva, 2009; Richter and Klann, 2009).

The development of microarray technology has allowed scientists to
interrogate the entire genome regarding the changes in expression
of thousands of genes. For this reason, this technology has been
used to explore the genes and pathways involved in rodent models
of learning and memory formation both in the young (Cavallaro
et al., 2001; Luo et al., 2001; D’Agata and Cavallaro, 2003; Leil
et al., 2003; Robles et al., 2003; Haberman et al., 2008) and aged
hippocampus (Blalock et al., 2003; Verbitsky et al., 2004; Burger
et al., 2007, 2008; Cheng et al., 2007; Rowe et al., 2007; Stranahan
etal., 2008; Aenlle et al., 2009; Haberman et al., 2009; Kadish et al.,
2009; Pawlowski et al., 2009). In this section, I will discuss how
gene expression differences across hippocampal regions of aged
individuals relate to cognitive status.

Table 1 summarizes the hippocampal expression analyses that
have been carried out by various laboratories to identify changes
in age-related gene expression that correlate with cognitive ability.
Based on the results from these groups, it is difficult to construct
a general mechanism for hippocampal cognitive aging. As illus-
trated in Table 1, one limitation to comparing microarray studies
of complex behaviors is that diverse experiments involve different
animal strains, training regimens, experimental controls, dissection
methods, times of analysis following learning tasks, and stringency
and type of statistical analysis. More importantly, the analyses in
these reports were tailored to answer different questions. Some
were designed to look at chronological changes in the hippocampus
and how those correlate with learning performance (Blalock et al.,
2003; Kadish et al., 2009) while others were specifically devised to
identify genes that were altered at different points after learning
(Burgeretal.,2007,2008; Rowe et al., 2007). Yet others were planned
to examine basal differences in expression associated to cognitive
status (Verbitsky et al., 2004; Haberman et al., 2009; Pawlowski
etal., 2009). Another factor that makes between-studies compari-
son difficult is the fact that the functional groups used by the vari-
ous bioinformatic engines are sometimes too broad and therefore
uninformative. As examples, “transcription factors/transcription
translation” and “signal transduction” were common to a number
of studies.

In spite of all these caveats, a few common pathways have been
identified in the various studies discussed in this section (Table 1;
in Bold). As an example, the various studies carried out by the
Landfield group (Blalock et al., 2003; Kadish et al., 2009; Rowe
et al., 2007) identified common pathways that include inflamma-
tion/immune genes and an activation of myelogenic/oligodendro-
cytic genes involved in myelination. Verbitsky et al. (2004) and
Haberman et al. (2009) also described immune and inflammation
functions to be associated with cognitive deficits. In addition, genes
involved in cholesterol metabolism and phospholipid trafficking
were correlated with cognitive aging (Blalock et al., 2003; Rowe
et al., 2007; Kadish et al., 2009). Iron homeostasis was found to
be upregulated in Verbitsky et al. (2004), as well as in Rowe et al.
(2007) and appears to regulate myelin metabolism. Examples of
other functional groups include genes related to synaptic transmis-
sion and morphology, and neurogenesis. The rest of this section
discusses in detail the results from genome-wide studies of cogni-
tive aging that provide a link between the differential expression
observed at the molecular level and the alterations observed as a
result of cognitive aging at the cellular and anatomical level.

Frontiers in Aging Neuroscience

www.frontiersin.org

October 2010 | Volume 2 | Article 140 | 4



Burger

Cognitive aging-related molecular changes in the hippocampus

One of the first genomic studies addressing the effects of hip-
pocampal aging and cognition at the genome level was carried out
by the Landfield group (Blalock et al., 2003). This study assessed
alterations in gene expression in young (4-month-old), middle-
aged (14-month-old), and aged rats (24-month-old). Because the
researchers recognized that there are selective differences between
hippocampal subfields they focused on changes in the CA1 region.
Aged rats were not categorized into Al or AU prior to microar-
ray analysis. Instead, aging and cognition genes were identified
using correlation analysis of aging genes that were associated with
cognitive impairment.

This analysis identified a number of genes that correlate with
cognitive aging. These aging and cognition regulated genes (ACRG)
were categorized under different functional categories developed by
the group. Seven of the functional categories contained downregu-
lated genes and ten functional categories had upregulated genes.
Those categories with downregulated genes described synthetic,
metabolic, protein folding, and synaptic plasticity functions. These
included genes involved in biosynthesis and energy metabolism,
in particular genes involved in mitochondrial function and elec-
tron transport. Other downregulated ACRGs that are interesting
in this context were involved in activity-dependent synaptic and
neurite plasticity. The last functional category of downregulated
genes reported by this group included those that code for chaper-
one proteins. Functional categories that showed increased expres-
sion included ACRGs associated with glial function, inflammation,
oxidative stress, as well as genes involved in myelin, cholesterol,
and lipid metabolism. Genes related to growth and protein syn-
thesis, as well as protein and vesicle trafficking were found to be
upregulated and a number of these genes are important in myelin
synthesis and transporting myelin vesicles in oligodendrocytes. This
list of upregulated ACRGs contained a large number of immune
genes including major histocompatibility complex class I antigen
presenting molecules. Moreover markers for activated astrocytes
also showed increased expression. Genes involved in metabolism of
amino acids that are important for lipogenesis and energy metabo-
lism were also upregulated. Iron utilization genes important for
response to oxidative stress, inflammatory responses belong to this
group. In general, upregulated genes corresponding to stress and
immune/inflammation were over-represented.

According to the authors, all these changes could reflect
decreased metabolic and biosynthetic processes occurring in tan-
dem with gene expression changes signifying increased myelin
turnover, phagocytosis, and inflammation in glial cells. Taken
together, the results suggest that demyelination may be occurring.
Demyelination may in turn affect cognitive processes by disrupting
neurotransmission (Table 1). This study revealed that while cogni-
tive impairments occur late in life, the transcriptional changes were
identified in midlife. Namely, the changes in specific ACRG that
correlated with cognitive deficits in 24-month animals were found
to begin in middle age (14-month) and the expression differences
continued to increase between middle age to 24 months.

In regard to this point, it is important to note that all the micro-
array studies discussed in this review investigated learning/acqui-
sition rather than memory consolidation (see Table 1). Previous
research has shown that while learning impairments occur late in
life (22—-24 months), impaired memory consolidation can occur in

midlife (12 months) (Bizon et al., 2009). At this point, no genome-
wide analyses of memory-formation/consolidation associated with
aging have been carried out.

A later report from the Landfield group examined the progres-
sion of the transcriptional changes in the hippocampus across the
adult lifespan (Kadish et al., 2009; Table 1). The authors exam-
ined five age groups, 3-, 6-, 9-, 12-, and 23-month-old F344 rats.
They assigned gene changes to four groups based on the age of
onset of gene expression changes. The four groups included: early
adult-onset (changes observed between 3 to 6 months), interme-
diate onset (changes observed between 6 and 9 months), midlife
onset (changes observed between 9 and 12 months), and late onset
(changes observed between 12 and 23 months).

Early adult-onset group genes that were upregulated included
those associated with ribosomal assembly, lysosomal, stress/inflam-
matory, and protein/lipid degradative pathways. Downregulated
functions included genes involved in neuronal development and
energy-dependent signaling protein genes that are important for
lipid and cholesterol synthesis. Cytokine, immune and inflamma-
tory, as well as proteolytic pathways were affected in the interme-
diate onset group as evidenced by downregulation of genes for
pathway proteins. Functional categories that were downregulated
included genes involved in ion channel and vesicle transport. From
their data, the authors concluded that cognitive impairments began
in the midlife-onset age group. Not surprisingly, this age range
included the highest number of upregulated genes that correlated
with cognitive impairments. The upregulated genes corresponded
to astrocyte reactivity and cytoskeletal structure along with cation
and iron homeostasis (involved in myelogenesis). Lipid metabolism
related genes were also upregulated, in particular genes involved
in cholesterol and phospholipid trafficking. Inflammation and
immunity genes were also found to be upregulated in this age
range, specifically genes important for antigen-presentation.
Downregulated genes included those for proteins involved in
energy-dependent pathways (GTP, ATP), vesicle transport, neu-
rite outgrowth and GTPase activity. In the last group of animals,
those with late onset gene expression changes and cognitive impair-
ment, genes for immune and inflammatory processes and those
involved in ribosome synthesis and cell proliferation were upregu-
lated. Downregulated genes included those for cytoskeletal proteins,
ATP-GTP dependent signaling molecules. The authors observe that
expression differences at this stage appear to be part of a continuum
of changes that were initiated in younger animals.

In conclusion, this report put forth the hypothesis that sequen-
tial changes in biological pathways across the lifespan of an animal
trigger cumulative damaging functions that set the stage for cogni-
tive aging. The transcriptional changes correlating with decreased
cognitive function are first observed during midlife (9—12 months).
Namely, metabolic changes in lipid and ketone body oxidation
lead to inflammatory processes that degrade myelin and produce
excess cholesterol. In turn, excessive cholesterol increases choles-
terol transport to promote myelogenesis. Together, these energy-
consuming molecular events damage neuronal and glial structure
and function and result in impaired cognitive function.

In a different study, Verbitsky et al. (2004), identified a small
set of genes (35) that were differentially expressed between young
and aged mice that had been trained in a spatial learning task. The
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Table 1| Summary of gene profiling studies assessing age-related cognitive decline in the hippocampus.

HPC | b vior | Training Protocol Time of |\ array Platform Age Group Functions Affected with aging/eognitive | Statistical Analysis of |Functional Group References
Area Dissection Comparison status Microarrays Description by:
MWM B Energy metabolism
protein trafficking
biosynthesis ¥
. ANOVA and Pearson's
" Extracellular Matrix .
CAl 24 hours after| Affymetrix RGU34A |4, 14, 24 month Yvs A . L correlation p 0.025 GO Blalock et al. 2003
cued synaptic plasticity FDR
OMT: Acq 15 min(AB) signal transduction *
OMT test1hr(AC):24hr(AD) myelin
transcription Hierarchical clustering
AUvs  [synaptic morphology § LOOCV GO
2d cued AI+CTL}  |ion conductivity p<0.005 E! Ensemble
32trials/8days 24 hours after| protein modification FDR Protonet
CAl MWM Iprobe probe trial | Affymetrix RGU34A | 3, 24 month Pandora Burger et al. 2007
Hierarchical clustering Pubmed
YvsA  |wd# LOOCV utmat:
5<0.001 ubmatrix
carly:ribosome assembly, growth,
lysosomal, stress/inflamatory,
protein/lipid metabolism
neuronal development,
energy dependent signaling ¥
inter:ion channel/vesicle transport
immune/inflammation
cytokines,proteolysis,
i mid: inflammation/immunity '
27trials/3days 24 hours after] ) 3,6,9.12,23 At y ANOV/‘\ and Pearson's Go ‘
CAl MWM probe on day 4 Affymetrix RAE-230A] YvsA astrocyte reactivity/cytoskeletal structure| correlatin p 0.05 Kadish et al. 2009
cued month . . ; . DAVID
cued day 6 lipid metabolism, myelogenesis, FDR
i antigen presentation,
ignaling,
vesicle transport, GTPase activity,|
neurite outgrowth
Iz immune/inflammation,
ribosomal biosynthesis,
energy-dependent signaling, | 4
transporter/cytoskeletal
Iysosomal GO
36trials/12days. AUSY vs Al {nRNA lramlal‘nm * PCA KEGG
probe every 6th trial immune function SAM PFAM
CA3* MWM lvis 2 weeks Affymetrix RAE-230.2 3, 24 month 3 p 0.05 1;5[1(3,[ Haberman et al. 2009
AU vs Y+AI [synaptic transmission ‘ MIT
AU vs Al K Channel Conduc\ar“ce * IPA
Disease
Protein modification
transcription/Translation
Neurotransmission
AU vs o
Uvs Lipid metabolism § i i .
2days cued i f AICTLY  [Cell surface cell transduction Eggéc\l/nca] clustering
s ours after| . . . . N -
Dentate [ MWM 32urials/Sdays probe tial | ATYmetrix RAE-230A1 3,24 month Mitochondrial function L ho0s 1PA Burger et al. 2008
Iprobe neurogenesis FDR
lipid metabolism §
YvsA . . .
amino acid metabolism
cell si;
signal Transduction
axonal growth
transcription factors/epigenetic ‘
actin/microtubule binding
untrained ~ [fatty acid metabolism
Yvs A iron homeostasis
immune/inflammation
15trials/5days Thour lysosomal activation * ANOVA
1 probe 3 weeks after ) growth factors p 0.05 GO
all MWM cued day 5 probe trial | ATYmetrix RAE-230A( 4, 24 month transport FDR Pubmed Rowe et al. 2007
AU vs AI+Y_|receptor signal transduction ¥
i early genes
Alvs AUty | PSulimreceptor signaling ¥
glucose metabolism
notch/myelinogeni ism 4
L cell signaling | Welsch t-test .
all | MwM b“o"_‘f’llf’;,()df’{; Ll ek Aftymetrix 430 | 3,24 month®* | ¥ +AU vs Al | transeription factors | 4 b 0.05 g“g‘way Studio | pyylowski et al. 2009
probe trials days 10, 11 protein folding 4 FDR
Welsch t-test
inflammation/immune/lysosomal Student’s t-test Go
all Mwp |Pday cued 8rals/Tday) -, Affymetrix U74Av2 | 3, 15 month**|  yvsa  |CA-Phospholipid binding nonparametric Manti= | donal Class | Verbisky et al. 2004
Iprobe iron homeostasis/oxidative stress Whitney U-test . .
B Scoring Analysis
Acetyl CoA synthesis & FDR
p 0.05

All studies referenced in this table used one microarray chip per animal which permits attributing a molecular profile to a given subject’s behavioral ability. Bold
indicates functional groups that have been recognized to be common to several microarray studies. Red and green arrows represent upregulated or downregulated
functions, respectively.

*The authors examined CA1, CA3, and dentate, but focused on CA3 gene changes.

**These experiments were carried out in mice while the rest of the experiments in the table were carried out in rats.

*CTL = aged controls for stress, exercise and non-spatial aspects of learning.

#Listed genes but did not classify into functional groups.

*The genes in various categories were upregulated or downregulated but the changes in the entire functional groups were not determined.

SAM, Significance Analysis of Microarrays (www.stat.stanford.edu/~tibs/SAMY/); FDR, false discovery rate; PCA, principal component analysis; LOOCV leave-one-out-
cross-validation (nearest neighbor prediction model); OMT object memory task (A, B, C, D, refer to different objects); GO, Gene Ontology (www.geneontology.org/;
Pathway Studio, www.ariadnegenomics.com/products/pathway-studio); DAVID, Database for Annotation, Visualization and Integrated Discovery (www.david.abcc.
nciferf.gov); KEGG, Kyoto Encyclopedia for Genes and Genomes, SMG, Stanford Microarray Group (www.stat.stanford.edu/~TIBS/GSA);, MIT Broad Institute at MIT
(www.broad.mit.edu/gsea/downloads.jsp); IPA, Ingenuity Pathway Analysis (www.ingenuity.com).
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majority of the genes (82%) were upregulated with aging (Verbitsky
etal.,2004) Using Gene Ontology (GO), they identified a number
of top scoring functional classes that included genes for immune/
inflammation/lysosomal endopeptidases, followed by iron home-
ostasis, acetyl-CoA biosynthesis, and calcium-phospholipid bind-
ing. The authors suggest that the inflammatory gene changes are
markers for neurodegeneration while iron homeostasis is involved
in oxidative processes. Further, they argue that the change in acetyl-
CoA biosynthesis is important for cognition because it is not only
involved in energy production, but also in acetylcholine production
in cholinergic neurons. This assertion is supported by other work
that demonstrates that this pathway is downregulated in cognitive
aging (Decker et al., 1988; Casu et al., 2002).

It should be noted that aged individuals in the three studies
just discussed (Blalock et al., 2003; Verbitsky et al., 2004; Kadish
et al., 2009) were not classified into AU/AI. Cognitive status was
tested in young, middle-aged, and aged animals and correlated with
aging-related genes. In the various studies, middle-age subjects
(12 months) showed cognitive impairments when compared to
young adults. Because of this experimental design, these studies
describe molecular cognitive aging as a general phenomenon, but
they cannot be used to explain how individual differences in cogni-
tive outcomes occur in the aged population.

A number of genomic studies have employed a more discrimi-
nating behavioral model to investigate gene expression differences
in aged animals. These studies distinguish between aged animals
that can learn a spatial task (AU) relative to those who are unable
to learn (AI), and to young rodents (Table 1; Burger et al., 2007,
2008; Rowe et al., 2007; Haberman et al., 2009; Pawlowski et al.,
2009). Three very distinctive molecular signatures become appar-
ent in these analyses. First, molecular profiles arise that distinguish
young animals and aged animals, independent of their cognitive
ability. A second pattern emerges that is composed of genes shared
by young and aged unimpaired animals. Third, groups of genes
appear that may represent markers for successful cognitive aging,
that is, genes that are unique to aged unimpaired animals. These
three patterns of expression are discussed below.

Al+YVS. AU: ARE ADAPTIVE MOLECULAR MECHANISMS INVOLVED IN
SUCCESSFUL COGNITIVE AGING?

An important result from the diverse studies that have examined
aging and cognitive abilities is the evidence that in all hippocampal
fields, a large number of genes are differentially expressed due to
senescence — irrespective of cognitive abilities (Blalock et al., 2003;
Burger et al., 2007, 2008; Rowe et al., 2007; Haberman et al., 2009;
Kadish et al., 2009; Pawlowski et al., 2009). The data from these
studies indicate that the molecular environment of the young hip-
pocampus is different from that found in the aging hippocampus
(seealso Weietal., 1999; Lukiw, 2004). Therefore, one might predict
that the genes that are important in successful learning in aged
animals may differ from those utilized by young adults. Indeed, a
number of genes in CA3 that correlate with successful learning in
aged animals are distinct from those found both in young and aged
impaired (Haberman et al., 2009). In this study sixty percent of the
genes that were different between AU and Al +Y were downregu-
lated in AU subjects when compared to AT +Y. Of the 289 probe sets
identified in this analysis, the authors discuss only one functional
group that includes genes involved in synaptic transmission. Their

data from the CA3 region is in agreement with our findings in both
the CA1 and dentate gyrus, where aged animals that had success-
fully learned the MWM did not show the same patterns of gene
expression as trained young animals (Burger et al., 2007, 2008).
In further support of the idea that AU animals employ a different
molecular strategy than Al or Y animals, when Rowe et al. (2007),
analyzed the entire hippocampus, they found that genes involved
in receptor signal transduction were upregulated in AU animals
relative to AT+ Y.

AU +Y VS. Al: EVIDENCE OF MOLECULAR PROFILES THAT IDENTIFY
COGNITION GENES THAT ARE IMPORTANT BOTH EARLY IN LIFE AND
WITH SENESCENCE

The second pattern of expression when assessing Y, AU, and Al ani-
mals represents a set of cognition genes that are important in young
animals that become dysregulated in aged cognitive-impaired ani-
mals (Rowe et al., 2007; Haberman et al., 2009; Pawlowski et al.,
2009). In this case, AU animals show patterns similar to trained
young animals in all sub-regions of the hippocampus analyzed. Two
groups have found that differences in gene expression occur between
AU and AI when same age cohorts are compared (Burger et al.,
2007, 2008; Haberman et al., 2009; see Sub-regional Differences
in Gene Expression Correlate with Cognitive Aging).

Rowe et al. (2007) investigated the changes that occurred in
the hippocampus at the end of training (day 5T) or 21 days post
training (21PT) in AU and Al animals when compared to young
rats in the entire hippocampus. When they evaluated the genes
that were differentially expressed in Al relative to AU and Y, they
found a number of downregulated gene categories that included
G-protein-coupled receptors, organogenesis (this category included
a number of immediate early genes), insulin pathways, glucose
utilization, and lipogenesis. There were also some upregulated func-
tional categories that included oxidoreductase activity, and notch
signaling. This pathway is important in developmental and differ-
entiation processes, and was also found to be upregulated 21 days
after training. At 21 days, G-protein coupled receptors, lipogenic,
growth regulation and calcium channel genes were downregulated.
Upregulated genes included pathways involved in organogenesis.
A number of myelin/oligodendrocyte related genes were also dif-
ferentially expressed.

Because this study analyzed two time points after training, it
allowed the authors to analyze the training dependence of the
molecular changes observed. The authors found that downregulated
pathways in Al animals decreased under training (day 5) and then
recovered to AU levels at day 21PT. These pathways included IEG/
growth and glucose utilization/insulin signaling pathways. These
pathways showed stable expression levels in both AU and Y rats.
On the other hand, pathways that were upregulated in Al processes
kept their high levels of expression at day 21PT. These pathways
included notch signaling and myelinogenesis. This study concludes
that AI animals show glucose utilization deficits during learning,
leading to downregulation of energy-consuming pathways that
usually afford plasticity mechanisms. This in turn activates stress
signals that activate inflammatory and myelogenic pathways.

Haberman etal. (2009) analyzed the three hippocampal regions
in AU +Y and Al animals. They found the most significant changes
in expression across all of the groups analyzed occurred in the
CA3 region. Both the CA1 and the dentate showed less accentuated
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changes in age-cognitive gene expression. This is the only micro-
array study that has been carried out in the aged CA3, so it is not
possible to corroborate this observation with other microarray
studies. Based on the fact that Haberman et al. (2009) found a larger
number of genes altered in CA3, they focused on this region with
the gene function analysis. Analysis of the CA3 subfield revealed
that impaired spatial learning was associated with increased expres-
sion of genes involved in lysosome function, immune function, and
mRNA translation. These changes were found to be common to
other sub-regions. CA3-specific expression changes associated with
cognition included a decrease in expression in genes involved in
chaperone and protein folding functions. This study shows that each
hippocampal sub-region dysplasia characteristic, region-specific
expression pattern in association with the cognitive status of the
animal. This is in agreement with our studies where we found no
overlap between the genes identified in CA1 and the dentate region
(Burger et al., 2007, 2008). Therefore, at the molecular level, these
microarray studies by Burger et al. (2007, 2008) and Haberman
et al. (2009) corroborate evidence regarding the distinctive roles
played by each sub-region in spatial learning.

The third genome-wide study that analyzed differences between
AU +Y relative to Al also looked at the entire hippocampal forma-
tion (Pawlowski et al., 2009). They distinguished 19 impairment-
related genes that could be classified into three functional groups.
These included transcription factors, protein folding and cell signal-
ing pathways. It is surprising that at the statistical significance level
they used (p < 0.05), the authors only identified 19 genes.

AIVS. AU: GENES THAT CHARACTERIZE AGED SUBJECTS WITH
SUPERIOR COGNITIVE ABILITIES

Two genome-wide analyses have carried out the AU vs. Al com-
parison. Haberman et al. (2009) performed the analysis of the CA1,
CA3 and dentate region. Burger et al. (2007, 2008) performed this
analysis of AU vs. Al in the CA1 region and in the dentate. The
results of the analyses are discussed below by anatomical region.

Functional Pathways Differentially Expressed in the CA1 between Al
and AU

Our AU vs. Al comparison in CA1 revealed a set of genes that could
be classified into the following functions: transcription, synaptic
morphology, ion conductivity and protein modification (38 genes;
Burger et al., 2007). The majority of the genes included in these
categories were upregulated in Al subjects. On the other hand,
Haberman et al. (2009) found that genes in the Erk/AKt-Mapk3
signaling pathway differed between AU and Al rats (20 genes). So,
itappears that the two studies identified different functional groups
associated with successful learning in aged rats. One reason for this
difference could be that our study included non-learning aged con-
trols in our Al group. This strategy eliminated contributions from
stress, motor activity, or basal differences to the training paradigm
that could confound expression differences between AU and Al
Another reason for the differences could be attributed to the fact
that we dissected the hippocampus 24 h after training to study
differential expression changes that occurred as a consequence of
learning. Haberman et al. (2009) dissected the CA1 sub-region at
21 days after behavior, looking for basal levels of gene expression
that differentiate AU relative to Al. The individual genes identified

in the Haberman et al. (2009) analysis for this hippocampal subfield
were not listed in the study, so it is not clear if there is an overlap
between some individual genes identified in the Burger et al. (2007,
2008) and the Haberman et al. (2009) studies.

Changes in Expression Profiles between AU and Al in CA3

Only Haberman et al. (2009) have investigated the molecular path-
ways of CA3 in AU and AI rats. The Ingenuity Pathway analysis
identified amyloid precursor protein signaling and the potassium
channel signaling pathways as highly significant and downregulated
in AU animals. In addition, calcium signaling, vesicular transport
and release, MAP Kinase, and PKC/p38 signaling pathways were
also found to be differentially expressed in AU animals when com-
pared to Al (Table 1).

Differences in Expression Profiles between AU and Al in the Dentate
Gyrus

In the Haberman et al. (2009) study, genes for cell morphology
and nervous system function pathways were significantly different
between AU and AL Our analysis of the dentate gyrus identified six
functional groups that included protein modification, transcrip-
tion/translation, neurotransmission, lipid metabolism, cell surface/
cell transduction, and mitochondrial function.

Together, these studies suggest that “adaptive” gene expression
changes occur in association with successful cognitive aging. The
adaptive process maybe compensatory. For example, overcoming
age-related changes in connectivity through expression of genes
related to morphology in CA3 and neurotransmission in the den-
tate gyrus. Alternatively, these adaptive changes maybe intrinsic
to the maturation process of the brain. That is, aged unimpaired
individuals may show specific gene changes because previous expe-
rience modifies the way an individual learns. According to this idea,
learning in young animals is not necessarily more efficient, but sim-
ply different from older animals. It is possible that when learning
occurs on the backdrop of greater experience and more “practice”
with the process of learning, that the molecular processes involved
assume a different character. In the case of aged impaired animals,
this adaptation due to previous experience may have degraded.

It should be noted that the learning impairments found in aged
rodents can be overcome by multiple training sessions (Rapp et al.,
1987). This suggests that the capacity for learning is not lost, only
deteriorated. Therefore, it would be interesting to elucidate whether
the patterns of gene expression in Al after extensive training become
more like the gene expression profiles identified in the animals that
do learn with fewer trials (AU and Y).

Key conclusions from these genome-wide studies on cognitive
agingare (1) there are a number of genes that are common to young
individuals and aged individuals with preserved performance and
(2) there are also some molecular profiles that are uniquely found in
animals exhibiting successful cognitive aging. This latter set of genes
mightyield important clinical markers and/or yield therapeutic tar-
gets for age-associated memory impairments. Microarray analysis
provides both the tools and the groundwork for the development of
hypothesis-driven functional validation studies to confirm the roles
of potential molecular pathways identified with genomic technol-
ogy. To determine how these genes and pathways are co-regulated
will require future research using various molecular biology and
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genetic approaches such as the use of transgenic technology
(Havekes and Abel, 2009) and viral and non-viral gene targeting
(Burger et al., 2005; Jerusalinsky and Epstein, 2006; Lundberg et al.,
2008; Schubert et al., 2008; Southgate et al., 2008).

CONCLUSION

The aging hippocampus does not appear to show a major loss of
cells or alterations in morphology. Instead, it is characterized by
differential regulation of gene expression. In turn, these changes
in gene expression may result in functional modifications, for
example, changes in receptors and ion channels that can lead
to changes in the synaptic properties of hippocampal cells, or
changes in structural proteins that might alter the morphol-
ogy of the dendritic spines. Examination of the patterns in data
describing different groups of aged animals suggests evidence of
“adaptive” strategies associated with aging and learning at the
molecular, cellular and behavioral levels. For example, in terms
of behavior, the use of different age-dependent learning strat-
egies has been reported in rodents (Clark et al., 1992; Schulz
et al., 2002; Tombaugh et al., 2002; Burger et al., 2007). In other
words, memory-unimpaired aged learners use different tactics
than younger animals to successfully complete a learning task. In
addition, at the cellular level, both LTP and LTD can distinguish
between aged learning-unimpaired vs. learning-impaired animals,
when compared to young rats (Tombaugh et al., 2002; Lee et al.,

2005; Foster and Kumar, 2007; Boric et al., 2008). These studies
have identified a switch from an NMDA-dependent synaptic plas-
ticity in the young animals to a NMDA-independent plasticity in
aged learning-unimpaired rats. Similarly, at the molecular level,
differences in patterns of gene expression have been identified
between aged learning-impaired and learning-unimpaired ani-
mals in the hippocampus when compared to young adults (Le
Jeune et al., 1996; Smith et al., 2000; Burger et al., 2007, 2008;
Rowe et al., 2007; Freeman et al., 2009; Haberman et al., 2009;
Pawlowski et al., 2009).

The development of novel, effective therapeutics for age-related
cognitive impairments is critically dependent on the identification
of new molecular targets. Therefore, a major goal of molecular
aging research is to derive a list of high impact genes that can
potentially be used as the basis for drug targets and the design of
new therapeutics for age-related memory impairments. Knowledge
obtained from this research may result in treatments for memory
loss, either by facilitating the discovery of drugs that specifically
target the age-altered or -impaired genes/pathways, or by aiding
efforts to modify expression of these putative memory genes.
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