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Abstract

Research in aging laboratory animals has characterized physiological and cellular alterations in
medial temporal lobe structures, particularly the hippocampus, that are central to age-related
memory deficits. The current study compares molecular alterations across hippocampal subregions
in a rat model that closely mirrors individual differences in neurocognitive features of aging
humans, including both impaired memory and preserved function. Using mRNA profiling of the
CAl, CA3 and dentate gyrus subregions, we have distinguished between genes and pathways
related to chronological age and those associated with impaired or preserved cognitive outcomes
in healthy aged Long Evans rats. The CA3 profile exhibited the most prominent gene expression
differences related to cognitive status and of the three subregions, best distinguished preserved
from impaired function among the aged animals. Within this profile differential expression of
synaptic plasticity and neurodegenerative disease-related genes suggests recruitment of adaptive
mechanisms to maintain function and structural integrity in aged unimpaired rats that does not
occur in aged impaired animals.

1. Introduction

Cognitive impairment occurs in a substantial segment of the elderly population. The use of
animal models has established that disability at older ages, such as memory impairment, can
have a functional basis in brain systems with largely preserved neuronal circuits. In the
hippocampus, for example, the numbers of principle neurons in its major subdivisions in the
rat brain do not differ as a function of age or cognitive status (Rapp and Gallagher, 1996).
Connectional integrity is also remarkably preserved with limited reductions that are highly
circuit specific. For example, in aged rats with impaired performance in spatial tasks,
connections from Layer Il neurons of the entorhinal cortex are diminished (approximately
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20% decreased) in the dentate gyrus and CA3 region, while connections in the CAL region,
both from Schaffer collaterals and Layer 111 of entorhinal cortex are preserved (Smith et al.,
2000; Geinisman et al., 2004). Against a background of largely preserved structure, other
research has provided ample evidence for functional alterations in the hippocampus that are
closely tied to age-related cognitive decline (Wilson et al., 2006). Here too, however, the
effects of aging differ across hippocampal subregions (Wilson et al., 2005; Burke and
Barnes, 2006).

Prior aging studies have examined the global MRNA expression profiles in the hippocampus
in its entirety (Rowe et al., 2007; Pawlowski et al., 2009) or only in one specific subregion
(Blalock et al., 2003; Verbitsky et al., 2004; Burger et al., 2007; Burger et al., 2008; Kadish
et al., 2009) in the rodent brain. These studies have generally confirmed an abundance of
molecular alterations that occur as a function of age in the hippocampal system and also
identified markers associated with the presence and severity of cognitive impairment
independent of chronological age. Notably no published studies have examined expression
patterns in the CA3 subregion despite strong evidence of a role for this subfield in
information encoding and age-related memory deficits (Nakazawa et al., 2003; Leutgeb et
al., 2004; Vazdarjanova and Guzowski, 2004; Wilson et al., 2005; Leutgeb et al., 2007;
Kesner et al., 2008). The current study examines the profile of gene expression in a well-
characterized, Long Evans rat model of neurocognitive aging across the three major
subregions of the hippocampal formation. Aged Long Evans rats are a potentially
informative model for this purpose because subjects from a single cohort perform with a
range of ability in hippocampal-dependent memory tasks (Gallagher et al., 1993; Robitsek et
al., 2008). In the study presented here, we expected that the expression pattern in each
hippocampal subregion would distinguish impaired from intact memory performance in the
aging population and, additionally, that comparison of the regional profiles could be
informative as to factors affecting specific circuits within this system.

Here we report that large-scale changes in the CA3 subregion are closely coupled to
cognitive status. Aged rats with impaired performance in a hippocampal-dependent
behavioral task exhibit a molecular profile that segregates these subjects from both young
adults and aged cohorts with preserved cognition. Moreover the CA3 molecular profile
segregates expression patterns of aged rats with good cognitive outcomes from both
impaired aged subjects and young rats. Overall, the results point to the CA3 region as an
important component of the neurocognitive network that determines aging outcomes.

2. Methods

2.1 Subjects

Aged, male Long-Evans rats were obtained at 8-9 mo of age from Charles River
Laboratories (Raleigh, NC) and housed in a vivarium at The Johns Hopkins University until
24-26 mo of age for the present experiments. Young rats at 6 months of age were tested
alongside the aged rats. All rats were individually housed at 25°C and maintained on a 12 hr
light/dark cycle. Food and water were provided ad libitum. All rats included in the study
were determined to be healthy as confirmed by pathogen-free status throughout the
experiments, screening for disability, as well as by necropsies at the time of sacrifice. All
procedures were approved by the institutional animal care and use committee in accordance
with the National Institutes of Health directive.

2.2 Behavioral characterization

Behavioral assessment of memory function in a Morris water maze task was conducted as
previously described (Gallagher et al., 1993). The primary measure used in the spatial
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learning task was proximity to the escape platform location, a sensitive method for
behavioral analysis in this task (Maei et al., 2009). A learning index was generated from the
proximity of the rat to the escape platform during probe trials interpolated throughout
training and was used to define impairment in the rats. Lower scores reflect better
performance as they indicate a search closer to the platform location. Aged rats were
categorized based on the normative range of young performance established across years of
testing within this paradigm. Those performing as well as young were designated aged
unimpaired (AU) whereas those performing worse than young were considered aged
impaired (Al). Cue training (visible escape platform) occurred on the last day of training to
test for sensorimotor and motivational factors independent of spatial learning. In order to
complete dissections at a standard timepoint after behavioral characterization, animals were
included in this study from 4 different behavioral testing runs over a 3-month span. Each run
included aged and young subjects. Animals were selected for inclusion in this study to
represent a complete range of performance as indicated by learning index (Figure 1A).

2.3 Microarray hybridization and analysis

All rats (16 aged, 10 young) were sacrificed at two weeks after completion of behavioral
testing by rapid decapitation and brains removed from the skull. The two-week time frame
was chosen to maximize the likelihood of detecting stable, baseline mMRNA profile
differences and minimizing the effects of learning or swimming induced differences. The
CA1, CA3, and DG were microdissected from 400 micron transverse sections of the
hippocampus along its entire longitudinal extent. Tissue was snap frozen and stored at —80C
until all samples were collected. All subsequent procedures were performed on a subregional
basis with equal inclusion (as best possible) of Y, AU and Al subjects per batch when
processing required multiple batches. Total RNA was extracted by homogenization in
TRIzol reagent (Invitrogen) followed by application to Qiagen RNeasy columns. RNA
samples (7AU, 8 Al and 9 Y for each region) were sent to the Johns Hopkins Microarray
core facility for cRNA labeling and hybridization to Affymetrix rat 230 2.0 microarrays
using standard Affymetrix recommended procedures. All subjects were the same for the
three regions except one Y and one Al were substituted in the CA3 subregion due to
insufficient RNA quantity after extraction. All quality control, normalization, differential
expression, and exploratory analysis of microarray data were performed by using the open-
source R statistical language (www.r-project.org). The quality of microarray data was
assessed on many levels, resulting in the omission of 5 of the 72 hybridizations from the
analysis. The gcRMA package in Bioconductor (www.bioconductor.org) (Irizarry et al.,
2003) was used to normalize microarray data. In the CA1 data a batch effect resulting from
microarray processing procedures was removed individually from each probe set signal by
simple subtraction of the mean difference of each batch to the grand mean. Significance
analysis in microarrays (SAM) d-statistics (Tusher et al., 2001) were combined with an
empirically-derived low-intensity cut-off to assess differential expression across comparison
groups of animals. A false detection rate (FDR) was calculated by comparing the observed
differential expression statistics to those expected by chance (estimated by permuting the
group labels of the data many times and recalculating differential expression statistics). For
comparisons that included all subjects, i.e. age and age impaired comparisons, a 5% FDR
was imposed, but this was increased to 10% for comparison between the aged subgroups due
to the reduced number of subjects. A principal component analysis (PCA) was used to
visualize global differences between arrays for each subfield. Each array is plotted as a
single point on a on a 2 dimensional graph. PCA attempts to express the maximal amount of
variance across all genes in the first principal component (PC1). The second principal
component is orthogonal to PC1 within the high dimensional gene expression space. The
PCA is intrinsically blind to group identity and samples are labeled by cognitive status and
age after the analysis.
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2.4 Differential Expression of Functional Gene Groups

Functionally related gene groups for each subregion were defined by annotations within the
Gene Ontology (GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG), the PFAM
database (protein sequence motifs), the National Center for Biotechnology Information
(NCBI, including genes sharing particular transcription factor binding sites, and protein-
protein interactions), as well as functional gene groups assembled by the Broad Institute at
MIT (http://www.broad.mit.edu/gsea/downloads.jsp) and the Stanford Microarray group
(http://www-stat.stanford.edu/~tibs/GSA/). This categorization method allows a single gene
to be a member of more than one group and thus results overlapping and partially redundant
functional groups. Groups were limited to those with greater than 5 and less than 600
members resulting in 4302, 4497 and 4356 partially overlapping groups for the CA3, CAl
and dentate gyrus respectively. These groups were then queried for an over-representation of
increased or decreased genes. The assessment of differential expression in defined groups
was carried out by implementation of the Wilcox rank sum test in the GeneSetTest function
in the limma package in Bioconductor (Smyth, 2004). Listed p-values are not corrected for
multiple comparisons and should be interpreted accordingly.

2.5 In Situ Hybridization

A biologically independent set of behaviorally characterized young and aged rats was used
to confirm microarray findings with in situ hybridization histochemistry and to provide
anatomical resolution. Probe templates were synthesized de novo by PCR from whole
hippocampal RNA and were cloned in pGem7zf+ plasmid or modified to contain SP6 and
T7 RNA polymerase binding sites by PCR. Thirty-micrometer sections from
paraformaldehyde fixed brains were taken through the hippocampus and hybridized

with 35S-UTP-labeled probe generated from the templates. Hybridized sections were
exposed in a phosphorimager cassette and quantified using Imagequant.

2.6 Immunohistochemistry

A biologically independent set of behaviorally characterized young and aged rats was used
to confirm kcnd2 microarray findings with immunohistochemistry and to provide
anatomical resolution. Forty-micrometer histological sections were labeled with a
commercially available Neuromab, monoclonal antibody against Kv4.2 (Antibodies Inc.,
Davis, CA) in an immunoperoxidase protocol. Protein expression in CA3 was quantified
using ImageJ.

2.7 Ingenuity pathways analysis

Significant gene regulations within the Al and AU animal groups were analyzed using
Ingenuity Pathway Analysis (IPA version 6.0, Ingenuity inc, Redwood city, CA 94063,
USA). For each of the sub-fields; CAL, CA3 and DG genes were selected which were
regulated more than 1.2 fold between Al and AU individuals and were associated with a p <
0.01. 166 (DG), 211 (CA3), and 68 (CA1) genes were mapped to pathways using these
criteria. Additional methodological details for all procedures can be found in supplemental
text.

3. Results

3.1 mRNA expression analysis of hippocampal subregions

Gene expression profiles were generated for each of the three major hippocampal subregions
from a model of neurocognitive aging in which aged Long Evans rats exhibit individual
differences on a hidden platform water maze task that is sensitive to spatial memory
impairment. Ranging from preserved performance to markedly impaired spatial memory,
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approximately half of the subjects in this study population perform on par with young
animals while the rest perform more poorly. For this research, all subjects were behaviorally
characterized on the standardized hidden platform watermaze with aged subjects selected for
inclusion representing the full range of individual differences based on the behavioral
learning index score (Gallagher et al., 1993). Aged rats falling within the range of young ()
performance were designated aged unimpaired (AU) while those which performed worse
than young were considered aged impaired (Al) (Fig. 1A). As expected, aged rats differed
from Y during training trials (Fig. S1) but no difference was observed among the groups
during cue training to a visible platform (data not shown). Using a comprehensive rat
expression array (Affymetrix rat 230 2.0) microarray analysis was conducted on dissected
CALl, CA3 and dentate gyrus (DG) subregions of the aged and young rats. For each
subregion, mRNA from 7 AU, 8 Al and 9 Y rats was assessed independently resulting in the
initial processing of 72 microarrays. Extensive quality control analysis of all data identified
5 arrays that did not meet minimum standards and were excluded from further analyses. The
resulting Ns were 9Y, 6AU, 8Al for CAL; 9Y, 6AU, 8Al for CA3 and 8Y, 6AU, 7Al for
dentate gyrus. For each subregion, an empirically defined low expression cut-off was
applied to gcRMA derived values to remove probesets targeting extremely low or absent
mRNAs which may lead to inaccurate results. All raw microarray data has been made
available in the public GEO database:
http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE14726.

3.2 Individual and global expression patterns associated with chronological age are
broadly evident across subregions and reflect known “aging” molecular phenotypes

A substantial body of research has established specific genes and pathways that are
modulated with chronological age. Although not the main focus of this research, our
experimental design provided an opportunity to assess gene expression patterns associated
with chronological age for the purpose of dataset validation by comparison to established
aging phenotypes and to distinguish “age changes” from those related to cognitive
performance. Thus, prior to further unsupervised analyses, datasets were queried for changes
in select genes or gene groups from prior research with empirically defined gene expression
changes associated with chronological age. gcRMA data acquired from the microarrays
were analyzed for expression changes using significance analysis in microarray (SAM,;
Tusher et al., 2001). Chronological age changes were identified by comparing mRNA
expression levels from all aged rats (AU and Al) to those of young rats. For each probeset,
SAM generates a d-statistic and p-value used to determine if a significant group difference is
evident. Increased GFAP mRNA in the entire hippocampus is observed in our study
population and widely reported elsewhere (Nichols et al., 1993; Laping et al., 1994; Sugaya
etal., 1996; Smith et al., 2001). SAM analysis of the current microarray data revealed
increased expression of this gene in aged subjects in all three subregional comparisons,
consistent with the published data (Fig 1B). Similarly, an age-related increase in
prodynorphin mRNA was detected in the DG (p<0.0002) consistent with the age-related
increase in hippocampal dynorphin mRNA and protein as previously determined in this
model (Jiang et al., 1989). DG prodynorphin expression far exceeds levels elsewhere in the
hippocampus thus it is not unexpected that in CA1 and CA3, only 1 of the 2 prodynorphin
probesets exceeded the low expression cutoff in those regions. For validation of genes with
decreased expression, in situ hybridization was performed in a separate set of behaviorally
characterized aged and young rats for two genes, lipoprotein lipase (LPL) and the gene
encoding the a5 subunit of the GABAA, receptor (Gabra5). CA3-specific diminished
expression was confirmed for both (p<0.03 for LPL and p<0.01 for Gabra5).

We have also found that our observed microarray age changes recapitulate findings from
aging studies of other investigators. This point is best illustrated by a comparison to a meta-
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analysis of microarray studies from a variety of tissues and species (de Magalhaes et al.,
2009) where high correspondence (>65% of matched genes) was found between lists of
genes consistently increased or decreased with age in that study and the CA1 and CA3
datasets described here. Moreover, pair-wise comparisons between our subregional datasets
of differential expression statistics for individual genes (SAM d-statistic) found rather strong
correlations (Table 1, top row), suggesting a measure of similarity in the identities and
direction of gene changes associated with chronological age across subregions. We also
performed functional groups analysis of our expression data using multiple publicly
available databases to define gene groups. Gene groups were assessed for overrepresentation
of increased or decreased genes, the most highly significant of which are listed in Table S1
(online supplementary data). Many of these groups correspond well to functional groups
found by others. For example, gene groups for lysosomal constituents and immune function
were increased with age in all three subregions (Wilcox rank sum, p<0.001) consistent with
whole hippocampal datasets that find similar changes (Blalock et al., 2003; Rowe et al.,
2007). Together the above described comparisons of chronological age-dependent
expression changes serve to corroborate the reliability of our subregional datasets supporting
the assertion that any observed differences in molecular profiles, as described further below
for changes specifically associated with cognitive outcomes, are not confounded by
experimental factors affecting sensitivity or variability across our subregional datasets.

3.3 Global assessment of gene expression profiles indicates distinct subfield
characteristics

For a global assessment of the gene profiles, we employed a principal component analysis
(PCA) to characterize relationships between individual subjects and subject groups within a
given subregion (Fig. 2). The PCA visualization attempts to express variance across all
genes in two-dimensional space. Each point in the plot represents a single array, and the
distance between points illustrates the overall similarity of expression intensities with more
proximal points representing arrays that have more similarity. In all three regions, subjects
of a particular cognitive status and age tended to cluster together indicating that the
expression profiles reflected features of age and behavioral phenotypes. However the
relative relationships among those groups differs between subfields and CA3 prominently
distinguishes between the three groups of animals. Within the CA3 plot, the horizontal axis
(the first principal component, PC1) largely segregates the Al rats from both the Y and AU,
separating out the subjects with impaired behavioral performance irrespective of
chronological age. Additionally, five of the six AU subjects form a group distinct from both
Al and Y clusters, based primarily on the vertical axis (PC2), indicating unique mRNA
expression patterns for these animals. The AU subject outside this group, which had the
poorest behavioral score of all AU rats, segregated with the Al subjects, consistent with a
behavioral characterization of borderline performance. The consistent segregation of
subjects relative to aging and cognitive groups illustrates the sensitivity of the molecular
analysis to individual gene expression differences related to cognitive status across subjects
and hippocampal subregions.

While each of the first two principal components in the CA3 analysis more clearly
segregates one of the three subject groups from the other two, CA1 expression patterns
appear to form a graded continuum with the AU subjects intermediate between Y and Al on
both principle components. This analysis demonstrates that in CA3, expression differences
that distinguish Y and AU subjects are largely independent of those that distinguish Y and
Al subjects, while in CAL it is primarily the same expression differences of differing
magnitude that separate the subjects groups. Hence, Y, Al and AU expression differences in
CAZ3 are qualitatively different, while in CA1 they are more qualitatively similar, but
quantitatively different. Examination of additional principal components (3 and 4) along
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with PC1 and 2 in each subregion revealed that the first two principal components in the
CA3 analysis were the only to display this unique group separation (data not shown). In
addition, an algorithmically distinct global analysis, multi-dimensional scaling (MDS),
revealed patterns similar to those observed in the PCA, particularly for CA1 and CA3
subregions (Fig. S2A). Thus the unique pattern of arrays in these analyses suggests
fundamentally different expression characteristics between subregions with regard to
cognitive status in aging.

Unique subregional expression characteristics were also revealed in differential expression
analyses targeting age and cognitive phenotypes. In addition to the assessment of
chronological age changes described above, two comparisons were performed to capture
genes changes associated with impairment [Al compared to the combined group of young
and AU (Al v Y+AU)] and cognitive status within the aged cohort (AU v Al). CA3 was
found to have the greatest number of significantly differentially expressed probesets with
p<0.05 (Table S2). To visualize these comparisons graphically, estimates of observed d-
statistic distributions were plotted (Fig 3A, B and S2B, black line) and compared to a
distribution expected by chance (green line). Implementing a false detection rate (FDR) cut-
off of 5% for the impairment comparison (Al v AU+Y, Fig 3A) and 10% for cognitive status
within aged group (AU v Al, Fig 3B) spotlights the subregional differences and the
prominence of CA3 changes. A distinctly different analysis of the gene array data, MAS5.0
coupled with student t-test, similarly found more CA3 expression differences irrespective of
the p-value cut-off employed (Table S2 and data not shown). Pair-wise subregional
correlations of SAM d-statistics for individual probesets exhibited less similarity between
subregions in the Al comparison and, particularly, in the Al v AU comparison than for the
chronological age comparison (Table 1) suggesting genes differing with cognitive
performance exhibit more subregional specificity. While analyses from all subregions
detected expression differences related to both cognitive status and age, CA3 clearly
exhibited more expression differences and the most robust changes associated with cognitive
function. Because of these data, along with minimal existing data on this subregion, we
focused the remainder of the manuscript on the CA3 analysis although data from other
subregions is noted when appropriate.

3.4 CA3 subregion exhibits a prominent profile associated with impairment in aged

subjects

As seen in Fig 3A gene expression changes associated with impaired spatial learning
performance were far greater in the CA3 subregion than in either of the others. The 5% false
detection rate cut-off revealed more than 1300 probe sets differentially expressed in CA3 but
many fewer in both CA1 and DG. A functional groups analysis was performed on the CA3
dataset to better understand pathways and gene classes altered with impairment (Table S3).
Consistent with the earlier analysis for genes associated with chronological age, many
highly significant groups such as those associated with lysosome, immune function or
MRNA translation were increased in this analysis and, notably, changes in these groups were
not specific for the CA3 subregion (Table S3). The overlap between analyses suggests that
some pathways differentially expressed with chronological age are altered more
substantially in impaired subjects than in the aged unimpaired subjects.

Additional significant functional group changes were more limited to the CA3 dataset.
Decreased expression in Al rats was found for chaperone/protein folding genes, such as
members of chaperonin containing Tcpl complex (CCT; Fig 4A). In situ hybridization
follow-up of Tcpl, a prominent member of this complex, confirmed decreased expression in
Al rats in the CA3 subregion but not in CA1 (Table 2, Fig S3). Further investigation into the
status of other chaperones found decreased expression of the endoplasmic reticulum
chaperone Hspa5/BiP in the CA3 of Al subjects via both microarray and in situ
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hybridization (Table 2). For this gene expression levels correlated with learning ability
among the aged animals in the study such that lower expression was found in rats with
poorer performance on the watermaze (Fig 4B). In situ hybridization further uncovered
decreased expression of an additional endoplasmic reticulum chaperone, calreticulin, in Al
rats (data not shown), suggesting a consistent decrease in ER chaperone capacity. In contrast
to Tcpl, decreased expression of ER chaperones was not strictly limited to the CA3, but
rather showed lowered expression in both CA3 and CA1 subregions in the follow-up
analysis (Table 2). As expected, in situ hybridization images confirmed strong expression of
all three genes in the pyramidal cell layers of both CA3 and CA1 (Fig S3). Consistent with
those findings, Hspa5/BiP and Calr were recently found to be decreased in aged impaired
mice in a whole hippocampal microarray study (Pawlowski et al., 2009). Nonetheless, our
data demonstrate that the CA3 subregion exhibits a broader range of chaperone decline in Al
subjects with potentially far reaching effects on protein function and stability, including both
transmembrane and cytoplasmic constituents.

Expression pattern differences between CA3 and CA1 are more pronounced when
considering mitochondrial (GO: 0005739) and oxidative phosphorylation (Kegg: 00190)
gene groups in aged impaired subjects. Both subregions show significant gene expression
shifts in Al rats compared with Y and AU, but in opposite directions. Mitochondrion and
oxidative phosphorylation groups are increased in the impaired subjects in CA1 (WRS
p=6.21e-9 and p=0.0027 respectively) but decreased in CA3 (WRS p=0.0024 and
p=0.00018 respectively, Table S2). Prior studies have also noted alterations in pathways
regulating energy metabolism (Baskerville et al., 2008;Kadish et al., 2009), however our
data reinforce the notion that aging, at least in cognitively impaired subjects, places
differential demands on the individual hippocampal subfields.

3.5 CA3 expression profiles distinguish aged unimpaired rats from both aged impaired and

young

In vitro studies of the hippocampus have provided evidence for a mechanistic shift in
synaptic plasticity in aged unimpaired rats as compared to young rats (Lee et al., 2005; Boric
et al., 2008). The gene profiles, albeit under basal conditions, similarly distinguish aged
unimpaired from young as well as from aged impaired, as revealed by the PCA (Fig 2). This
was particularly evident in the CA3 analysis and further suggests that CA3-specific
physiological remodeling occurring with age may contribute to the preservation of cognitive
function.

In order to identify the expression characteristics of AU subjects several comparisons were
integrated to form a CA3 AU selective list (Table 3 and Table 4). We required that genes be
significantly differentially expressed (SAM p<0.05) in AU v Al and AU v Y comparisons
and not changed generally with age. This last criterion was defined as no expression
difference in the Al v Y comparison (requiring SAM p>0.3) except when the direction of the
Al change was in the opposite direction from the AU change relative to young. Of the 289
probesets, 172 (60%) showed decreased expression in AU subjects relative to both Al and Y
(Table 3). Genes related to synaptic transmission were among those with decreased
expression including the potassium channel, Kend2 (Fig. 5A), and its interacting protein,
Kcnip2 (Table 3). Kcnd2 encodes the A-type potassium channel Kv4.2 which negatively
regulates dendritic backpropagating action potentials (Lauver et al., 2006). Kcnip2 and a
second gene decreased in AU rats, Dpp6 (AU v Al p=0.022), regulate KV4.2 cell surface
expression and channel function (Birnbaum et al., 2004). These genes exhibit a coordinate
decrease specifically in AU rats, illustrated by the Kecnd2 and Kcnip2 correlation (Fig. 5B),
likely resulting in downregulation of a molecular complex that modulates plasticity at distal
dendrites. Additionally, expression levels of Kecnd2 and Kcnip2 each correlate significantly
with behavioral scores among the aged rats (Pearson r = 0.75 and 0.67, respectively), further
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supporting a possible role for these genes in mechanisms contributing to maintenance of
cognitive capacity in aging.

Another critical component of excitatory neurotransmission and synaptic plasticity, Grial,
encodes the GIuR1 subunit of the AMPA subtype of glutamate receptors, and exhibited
decreased expression in the CA3 AU selective gene list (Table 3 and Fig. 5C). Further
inspection of the microarray data showed that a gene for a second AMPA receptor subunit,
Gria2, likewise showed significantly decreased expression in AU compared to Al and Y
(data not shown) and AU v Al functional group analysis confirmed a decrease in the
ionotropic glutamate receptor signaling pathway (GO:0035235, WRSp=7.93e-5). Along
with the potassium channel findings, these data illustrate that molecules central to synaptic
plasticity are downregulated in aged animals with maintained cognition as compared to
those with impaired function. This differential expression is consistent with
electrophysiological evidence of higher activity, e.g. firing rates, of CA3 neurons in Al rats
(Wilson et al. 2005) and shifts in mechanisms of successful memory encoding in AU
subjects.

3.6 Decreased protein levels of voltage-gated potassium channel, Kv4.2, in the CA3
subregion characterizes aged rats with preserved cognition

To determine if these findings extend to the protein level, immunohistochemical analysis of
Kv4.2, the protein product of the Kcnd2 gene, revealed a significant reduction in protein
expression in AU rats compared to Y and Al in CA3 (p < 0.05; Fig 6A and Fig S4)
consistent with the decreased Kcnd2 gene expression observed among AU rats in the
microarray. Additionally, Kv4.2 protein expression levels significantly correlated with
learning ability among the aged animals in the study such that lower expression was found
in rats with preserved performance on the watermaze (Pearson r = 0.63; Fig 6B).

In normal young rats Kv4.2 protein exhibits a distinct pattern with regard to subcellular
localization. Relatively low levels are found at the cell body with increasing amounts along
the dendrites such that the distal dendrites have the greatest amount (Birnbaum et al., 2004).
Examination of Kv4.2 expression from pyramidal cell body to distal apical dendrite in the
stratum lacunosum-moleculare in CA3 revealed a linear trend in the relationship between
Kv4.2 expression and distance on the dendrite from the soma (p <.001). Furthermore an
interaction was found between animal group and protein expression at distances out on the
dendrite, which was driven by the AU group (p = 0.021; Fig 6C). A significant reduction of
Kv4.2 protein expression in AU rats compared to Y and Al was found at distal dendritic
regions nearing the perforant path input from the entorhinal cortex, within both the CA3
stratum radiatum and stratum lacunosum-moleculare (Fig 6C).

3.7 Decreased expression of potassium channel conductance and Alzheimer's disease
genes in the CA3 subregion characterizes aged rats with preserved cognition

Molecular pathway analysis is an additional method to determine relationships among genes
differentially expressed as a function of neurocognitive aging outcomes. As with the other
comparisons, CA3 has the most robust differential expression between AU and Al subjects
(Fig 3B). In order to capture interactions amongst the most salient genes, an Ingenuity
pathways analysis was performed for each subregion with the subset of genes from the AU v
Al comparison that met a p-value <0.01 and at least a 1.2 fold change in expression (Table
5). Several pathways containing 20 or more genes meeting these criteria were found for CA3
but fewer for CAl and DG. In CA3, two of the most involved pathways identified were
related to neurodegenerative disease (APP signaling) and neuronal activity (potassium
signaling). Twenty-three genes in the APP signaling pathway showed modulated MRNA
expression in the CA3 subregion, of which 19 were downregulated in AU rats relative to Al.
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Likewise in the potassium signaling pathway, a large majority of the differentially expressed
genes were decreased in AU relative to Al. Both Kend2 and Kchip2 were included in this
pathway.

4. Discussion

Recent studies have demonstrated differential contributions of hippocampal subregions to
information encoding and retrieval functions in memory (Brun et al., 2002; Nakazawa et al.,
2003; Leutgeb et al., 2004; Leutgeb et al., 2007). In particular, neurons in the CA3/dentate
gyrus regions produce distinct representations of inputs with common elements, a process
referred to as pattern separation (Leutgeb et al., 2007). A corresponding function has also
been observed in human CA3/DG in functional neuroimaging (Bakker et al., 2008). This
function is impaired in aging, as indicated by in vivo recordings in behaving rats and, more
recently, by functional neuroimaging in man (M.A. Yassa, M. Albert, M Gallagher, and
C.E.L. Stark, unpublished observations). In the CA3 region specifically, neurons exhibit
reduced plasticity when Al rats are exposed to novel spatial environments and also exhibit
elevated activity. Increased activity is an ongoing condition affecting principal neurons in
the CA3 region that is not observed in the in vivo recordings from CA1 neurons (Wilson et
al., 2005). The current study expands on this background using microarrays to identify
regionally specific pathways that characterize impairment in aged subjects as well those that
are modulated to preserve cognition with age. The notion that aged unimpaired subjects
differ from young adults is supported by evidence for shifts in molecular and cellular
mechanisms that support plasticity in those animals (Lee et al., 2005; Boric et al., 2008).
The expression profiles garnered here confirm differential contribution of the three major
hippocampal subregions to neurocognitive aging and highlight the importance of specific
changes in the CA3 subregion.

PCA and MDS analysis enable 2-dimensional visualization of complex comparisons
between probe sets on individual arrays. Both of these methods when applied to the current
datasets reveal distinctive patterns for CA1 and CA3. While the CA3 profile distinctively
segregated AU subjects from Y and Al, the three groups formed a continuum in CA1. This
strongly suggests that aging trajectories in the CA3 contribute to differential cognitive
outcomes in aging. The separation of AU and Y profiles, most notably, suggests that
preservation of cognitive ability with age is not merely due to maintenance of young
physiology but, instead, may require adaptive changes. Data from human imaging studies of
young and old subjects with equivalent memory integrity show different connectivity
profiles with other brain regions between young and old supporting the contention that
successful cognitive performance in aging occurs differently than in young (Della-Maggiore
et al., 2000; Grady et al., 2003).

Identification of molecular pathways in CA3 that are differentially expressed between the
age unimpaired and aged impaired rats support a model in which excessive neuronal
excitability in this subregion, as observed in the case of cognitive impairment (Wilson et al.,
2005), leads to further degradation of synaptic and cellular function. Moreover, the robust
profile in the CA3 region that distinguishes cognitive outcomes in this model may provide a
context through which aging confers risk or resistance to neurodegenerative conditions.
Ingenuity pathways analysis highlighted molecular groups/pathways associated with
synaptic plasticity and neurodegenerative disease processes in the comparison of subgroups
of aged rats with differing cognitive outcomes. Expression changes reflect increased
synaptic transmission/disease components in aged impaired subjects relative to aged
unimpaired. These data are further consistent with electrophysiological recording analysis in
rodents and functional neuroimaging in humans, both of which find increased hippocampal
activity in elderly subjects with impaired memory. In Al rats, in vivo recordings reveal high
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firing rates in CA3 place cells concomitant with a reduced capacity to encode features of a
new environment (Wilson et al., 2005). Firing rates of the CA3 pyramidal neurons are
increased both in basal activity and when information processing occurs. Functional
neuroimaging in aged humans has indicated increased hippocampal activation in subjects
with mild cognitive impairment relative to age-matched normal controls under conditions
that tax pattern separation in a memory task. These subjects are at significantly increased
risk for progressing to Alzheimer’s disease (AD) and elevated hippocampal activation in
adults with mild cognitive impairment predicts subsequent cognitive decline (Dickerson et
al., 2004; Miller et al., 2008). Similarly increased activation is found in cognitively normal
individuals carrying an ApoE4 allele (Bookheimer et al., 2000), who also exhibit localized
structural changes confined to the CA3/DG (Mueller et al., 2008). Together these data
suggest a potential link between increased hippocampal excitation and neurodegenerative
disease progression.

Aged unimpaired rats exhibit decreased synaptic transmission mRNA signatures relative not
only to aged impaired rats but also relative to young in CA3. Genes found to be
downregulated in this group include both those that mediate excitatory function (e.g. Grial)
and those normally contributing to inhibitory mechanisms (Kcnd2). As noted previously,
Kcnd2 encodes a somatodendritic potassium channel known as Kv4.2 that regulates back-
propagation of action potentials (Lauver et al., 2006). In correspondence with the
downregulation of the kcnd2 gene, a decrease in protein expression among our aged
unimpaired rats was confirmed for Kv4.2 in an immunohistochemical analysis. Reduction of
this gene product, together with its binding partners, could result in greater dendritic
depolarization, thereby promoting synaptic plasticity. Thus the complement of changes in
synaptic transmission components in AU rats could result in altered plasticity mechanisms
rather than an overall reduction in plasticity per se. In that context, it is notable that synaptic
integrity at the entorhinal connections onto the most distal segments of CA3 dendrites is
specifically reduced in aged rats with cognitive deficits and the downregulation in Kv4.2
protein expression relative to Al rats was localized to the entorhinal input at the perforant
path (Smith et al., 2000). The hypotheses that adaptive plasticity mechanisms are recruited
to maintain cognitive function in aging has not been tested directly for the CA3 region, but
evidence for altered plasticity mechanisms in CAL support the possibility of such an
adaptation in CA3.

In addition to the global PCA, SAM d-statistic distributions support CA3 as a significant
contributor to differing cognitive outcomes in aged subjects. The numbers of genes
differentially expressed in CA3 that meet the FDR exceed the other two regions
substantially in all comparisons. When assessing gene profiles associated with chronological
age and age-associated impairment, expression changes correlated to some degree between
subregions. Analysis of this overlap across subregions suggests that correlated genes
generally fall into categories associated with homeostatic processes important for normal
cellular function such as lysosomal function and translation. However, CA3 consistently
exhibited more robust differential expression. Thus CA3 may be more sensitive to age-
dependent neuronal dysfunction, representing in some cases prominent molecular alterations
that also occur to a lesser extent in the other subregions.

Changes in chaperones in aged impaired rats exemplify this relationship between CA1 and
CA3. Chaperones provide an essential cellular function, folding and trafficking many types
of proteins so that they obtain their proper structure and localization. In the work presented
here we demonstrated that both cytosolic and endoplasmic reticulum (ER) chaperones were
decreased in CA3 but only endoplasmic reticulum chaperones were likewise decreased in
CAL. BIiP along with additional ER chaperones are essential in folding membrane bound and
secreted proteins as well as in mediating a cellular stress response known as the unfolded
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protein response (UPR) (Schroder and Kaufman, 2005). Many necessary molecular
components of the synapse must traffic through ER and be correctly folded by the resident
ER machinery. In addition, proteins associated with neurodegenerative disease such as APP
and presenilin 1 interact with the components of the UPR. Evidence suggests these
interactions can modulate APP cleavage as well as UPR activation (Katayama et al., 1999;
Katayama et al., 2001; Kudo et al., 2006). Tcpl assembles with several other CCT proteins
to form the chaperonin TriC/CCT complex whose major substrates are the structural
proteins actin and tubulin, essential components of synapse structure (Dunn et al., 2001). In
addition, TriC/CCT complex has been shown to modulate protein aggregation in a cellular
neurodegenerative disease model (Kitamura et al., 2006; Tam et al., 2006). Thus reduction
of mRNA for both of these chaperone pathways in CA3 increases the likelihood not only of
impaired synapse function but also of potential for neurodegenerative cellular phenotypes
associated with advancing age.

Although the numbers of differentially expressed genes in the dentate gyrus were roughly
comparable to those of CA1, we kept the discussion of this subregion to a minimum as this
profile was considerably more difficult to relate to known physiological age-and
impairment-related modifications and showed less correspondence to the CA3 profile than
CAL. Previous studies in this model have identified substantially decreased neurogenesis
(Bizon and Gallagher, 2003) and reduced synaptic innervation from the entorhinal cortex in
the dentate (Smith et al., 2000). Although large-scale evidence of such phenomena was not
apparent in the microarray profile, gene expression changes consistent with earlier findings
were found in the profiles, e.g. an age and Al-related increase in dynorphin mRNA (Jiang et
al., 1989). This difficulty in identifying coherent phenotypic signatures may result from the
inherent complexity of the neuronal subtypes within dentate gyrus. The DG tissue recovered
from our dissection method included the pyramidal cell layer that extends between the
blades of the DG (sometimes referred to as CA4) and hilar neurons in addition to dentate
granule cells. The heterogeneity of this tissue may obscure signals generated by a single
neuronal subtype. A more targeted approach, such as laser capture microdissection of the
granule cell layer might produce a more robust and informative dataset.

This broad molecular analysis provides the first such study to directly compare across
hippocampal subfields in a well-characterized model of neurocognitive aging. The data
support a previously unidentified role for robust changes in CA3 that are closely coupled to
the wide spectrum of cognitive outcomes in aged individuals. CA3 expression profiles
identified molecular pathways that likely contribute to dysfunctional neuronal activity and
information encoding capacity found in Al rats and present evidence that adaptive changes
occur in rats that maintain neuronal function and cognitive abilities with age.
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Figure 1.
A. Morris water maze performance for all aged and young rats used in microarray study.

Learning index scores were derived from proximity measures during probe trials
interpolated throughout training as in Gallagher et al (1993). Lower scores indicate better
performance. The graph illustrates that aged unimpaired rats perform within the range of
normal young rats. B. Microarray assessment of glial fibrillary acidic protein (GFAP) shows
increased expression with age in all three subregions consistent with previously published
data using different analysis methods (Smith et al., 2001). Log, expression values are
graphed; *, SAM p<0.0001 relative to all aged rats. Y, young; AU, Aged unimpaired; Al,
Aged impaired.
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Figure 2.

PC1: 13.4% variance

PC1: 12.3% variance

Global comparisons of gene expression profiles between the three hippocampal subregions.
Principal component analysis of CA3 (left), CA1 (middle) and dentate gyrus (right). PCA

compares expression intensities of all probes for each of the microarrays of a given

subregion. 2-dimensional depiction of this analysis is accomplished by plotting the relative
position of each array along the 2 vectors representing the greatest variance. The percentage
of variance along each axis is noted on the graphs. Total variance accounted for by PC1 and
PC2 combined is as follows: CA3, 29.7%; CA1, 24.6%; DG, 23.1%. Each dot represents a

single array: Y, black; AU, red; Al, blue.
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Figure 3.

Graphical visualization of SAM d-statistic distributions illustrates significant CA3
expression changes associated with cognition. The density of observed d-statistic
distributions (black lines) were plotted for A. the aged impaired comparison (Al v AU+Y)
and B. comparison between aged subjects (Al v AU) for each subregion. The distribution
expected by chance (green line) was used to determine the false detection rate (FDR; see
methods for details). Dotted vertical lines to the left and right demarcate the point beyond
which the false detection rate is 5% for A. and 10% for B. Differentially expressed probe
sets exceeding this FDR are represented by the shaded space between the green and black
lines to the outside of the dotted lines and the numbers of genes meeting the FDR are noted
on each graph. Numbers on the x-axis to the right (positive d-stat) indicate increased
expression and numbers to the left (negative d-stat) indicate decreased expression in Al
subjects (A.) or AU subjects (B.).
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Figure 4.
Chaperone expression is consistently decreased in CA3 of Al rats. A. CA3 d-statistic

distribution of the TCP1/cpn-60 chaperonin family (green line) relative to the observed
distribution from the Al comparison (Al v AU+Y, black line). Expression of genes in this
group is shifted to the left indicating decreased expression (Wilcox rank sum p=0.00015). B.
Individual expression data of Hspab/BiP plotted against learning index for aged subjects
(AU, Red; Al, blue). Higher learning index indicates poorer performance in watermaze
testing and correlates with lower BiP expression in the aged rats (black line, Pearson
correlation across all aged subjects; r = —0.51).
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Figure 5.

CA3 microarray expression data for Kcnd2 and Grial. A. Graph of Kcnd2 mean expression
data illustrates decreased expression in AU rats compared to both Y and Al (*,
SAMp=0.0021, AU v Al; SAMp=0.0036, AU v Y). B. Expression intensities for Kcnd2 and
Kcnip2 are intercorrelated in the aged subjects (black line; Pearson correlation across all
aged subjects, r=0.78). C. Grial expression is similarly decreased in AU subjects relative to
both Al and Y (*, SAMp=0.0021, AU v Al; SAMp=0.023, AU v Y). Error bars indicate
SEM.
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Figure 6.

Kv4.2 protein expression is decreased in the CA3 of AU rats. A. Graph of Kv4.2 mean CA3
expression data illustrates decreased expression in AU rats compared to both Y and Al
(ANOVA p =0.016; *, pgon < 0.05, AU v Y and Al). B. Individual CA3 protein expression
data of Kv4.2 plotted against learning index score for aged subjects (AU, Red; Al, blue).
Lower learning index indicates better performance in watermaze testing and correlates with
lower Kv4.2 expression in the aged rats (black line, Pearson correlation across all aged
subjects; r=0.63). C. Kv4.2 protein expression in CA3b plotted from pyramidal soma to
perforant path input within stratum lacunosum-moleculare. Plot of Kv4.2 mean expression
reveals decreased protein expression in CA3b stratum radiatum and stratum lacunosum-
moleculare in AU rats compared to both Y and Al (*, peon < 0.05, AU v Y+AI). Kv4.2
expression levels depicted in gray scale intensity units from ImageJ. Error bars indicate
SEM.
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Table 1

Subregional pair-wise Pearson correlations of individual gene SAM d-statistics for each statistical comparison.

Group CA3vCAl | CA3vDG | CALvDG
Comparison
|
Al+tAUVY 0.56 0.35 0.48
Al v AU+Y 0.37 0.23 0.38
Alv AU 0.19 0.06 0.09
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Table 5

Ingenuity pathways found for genes significantly differentially expressed in the AU v Al comparison for each
subregion.

Subregion | Pathway # Regulated
genes&
CA3 K+ signaling 24
Calcium signaling/vesicular 23
transport and release
APP signaling/Neurological 23
disease
Map kinase signaling 22
PKC/p38 signaling 21
CAl Erk/Akt/MapK3 signaling 20
DG Cell morphology 24
Nervous system function 20

aOnIy pathways with 20 or more genes listed.
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