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Abstract
We have previously described the transcriptional changes that occur in the hippocampal CA1 field
of aged rats following a Morris Water Maze (MWM) training paradigm. In this report we proceed
with the analysis of the dentate region from the same animals. Animals were first identified as age
learning-impaired or age-superior learners when compared to young rats based on their performance
in the MWM. Messenger RNA was isolated from the dentate gyrus of each animal to interrogate
Affymetrix RAE 230A rat genome microarrays. Microarray profiling identified 1129 genes that were
differentially expressed between aged and young rats as a result of aging, and independent of their
behavioral training (p<0.005). We applied Ingenuity Pathway Analysis (IPA) algorithms to identify
the significant biological processes underlying age-related changes in the dentate gyrus. The most
significant functions, as calculated by IPA, included cell movement, cell growth and proliferation,
nervous system development and function, cellular assembly and organization, cell morphology and
cell death. These significant processes are consistent with age-related changes in neurogenesis, and
the neurogenic markers were generally found to be downregulated in senescent animals. In addition,
statistical analysis of the different experimental groups of aged animals recognized 85 genes
(p<0.005) that were different in the dentate gyrus of aged rats that had learned the MWM when
compared to learning impaired and a number of controls for stress, exercise and non-spatial learning.
The list of learning-related genes expressed in the dentate adds to the set of genes we previously
described in the CA1 region. This long list of genes constitutes a starting tool to elucidating the
molecular pathways involved in learning and memory formation.
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Introduction
The process of aging results in cognitive decline both in humans and animals. Memory deficits
associated with aging have been reported in a wide variety of animal models. Numerous studies
have been carried out in rats, where it has been demonstrated that age-related deficits show
large variability between individuals (Gage, Dunnett et al. 1984; deToledo-Morrell, Geinisman
et al. 1988; Aitken and Meaney 1989; Markowska, Stone et al. 1989; Clark, Magnusson et al.
1992; Gallagher and Nicolle 1993). Some rats maintain their cognitive abilities and can perform
as well as young animals in spatial learning tasks, whereas others show cognitive impairments
and perform poorly on these learning paradigms. Rats can be separated into learning impaired
(AI) or superior learners (SL) based on their spatial learning performance (Gallagher, Burwell
et al. 1993; Schulz, Huston et al. 2002), and have been used to study the mild cognitive
impairments associated with aging. We have hypothesized that differential changes in gene
expression, particularly in the hippocampus, account for some of the age-related changes in
learning ability. In order to test this hypothesis, we have performed a microarray analysis of
genes that are differentially expressed in rats that show age-related cognitive impairment in
the Morris water maze (MWM) compared to age-matched rats that were less impaired in this
spatial learning task.

In a previous experiment we categorized aged rats as learning-impaired (AI) and superior
learners (SL) based on their behavior in the MWM and examined the genome-wide
transcriptional changes that occurred in the CA1 region (Burger, Cecilia Lopez et al. 2007).
Here we describe the outcome of the analysis of transcriptional profiles of genes in the dentate
gyrus that were differentially expressed between aged animals that had learned the MWM and
those who where learning-impaired and a number of controls who did not have a chance to
learn the paradigm. In addition, we describe the expression patterns between the young and
the aged dentate gyrus. We used pathway analysis in order to find relevant biological functions
for the large number of genes identified.

2. Methods
2.1. Animals

Fisher-344 male rats, 3 and 24 month old, were obtained from the National Institutes of Aging
colony (NIA, Washington DC). Rats were housed (2 per cage) in a 12:12 light-dark cycle with
ad libitum access to food and water. Behavioral testing occurred during the light phase of the
cycle. Procedures involving animals were reviewed and approved by the Institutional Animal
Care and Use Committee and were in accordance with guidelines established by the US Public
Health Policy on Humane Care and Use of Laboratory Animals. The animals used in this
experiment are the same animals reported previously in (Burger, Cecilia Lopez et al. 2007).

2.2. Behavioral Design
The water maze was composed of a black tank 2 m in diameter filled with water, no dye added.
The lucite hidden platform was 12 cm2 situated 3cm under water. Because the tank is black,
the transparent Lucite platform cannot be seen. Distance traveled to the platform was measured
with a San Diego Instruments video tracking system and SDI chromotrack software. The
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temperature of the water was measured every day and was 28° C. The animals were habituated
for two days in a water maze with a visible platform. This training also served as a test for
visual acuity, since aged Fischer 344 rats are prone to develop retinal degeneration
{Markowska, 1990 #176}. The animals were tested for two days (four trials per day) using a
visible platform to make sure no animals were included in the analysis who were blind or not
motivated to escape the water. Animals that could not see the platform were removed from the
study. We found only one such animal, which was removed from the study (Burger, Cecilia
Lopez et al. 2007).

The animals were then trained in sets of 4 trials per day for 8 days (32 trials total) with a two
day break after day three. In each trial, the rat was introduced into the tank with his head pointing
towards the tank wall from one of four randomly chosen entry points (N, S, E, and W). The
order of the entry points was randomly varied each day. The length of the swimming path to
find an escape (path length) was recorded. If the animal did not find the platform after 90 sec,
he was placed on the platform for 15 seconds. A probe trial was carried out at the end of trial
32 by removing the platform and allowing the animal to swim in the maze for 60 seconds. The
wall annulus of the MWM is quite large, taking up 88.5% of the total area of the maze. Thus,
even well trained animals must swim some large relative distance in the wall annulus in order
to reach the platform.

For one group of animals, the platform was visible and was changed to different positions
during trials (animal groups are shown in Table 1). An additional control group was placed in
the maze and swam without a platform present for the average amount of time that the hidden
platform animals spent to find the platform on each individual day. Finally, a group of age-
matched animals remained in their cages for the entirety of the experiment.

2.2.1. Statistical analysis and definition of aged- superior learner animals—
Animals were identified as aged-superior learners when their hidden platform acquisition was
similar to that of young rats as determined by their acquisition curve using distance to find the
platform and time spent in the target quadrant in the probe trial. Aged learning-impaired
animals were identified as those who did not improve at the end of the hidden platform training
period and showed no quadrant bias in the probe trial. A group of intermediate learners (table
I. n= 14) were removed from the experiment to maximize gene expression differences between
SL and AI for the microarray experiment. This group of animals was still used for the aged
versus young comparison. The MWM acquisition data were analyzed using repeated measures
ANOVA. For the probe trial percent distance data, one-way ANOVA was performed.
Significant main-effects were followed by Scheffe'post-hoc test for contrasts between groups.
In the results section, we report post hoc values only when there was a highly significant main
effect. We do not report each for various water maze variables main effect because these groups
were artificially chosen and this is not a true unbiased experiment.

It is important to note that we originally started with 100 animals, but due to failure to amplify
some of the RNAs using the Affymetrix Protocol II, or in some cases, failure of the amplified
RNA to hybridize to the chip, a number of samples could not be analyzed (see Table I for total
number of animals). Therefore, because the dataset in this study is not the same as was used
in the CA1, i.e. there were some differences in the animals included in this dentate experiment
compared to the previously reported CA1 experiment, we have re-analyzed the behavior for
the set of animals used in this dentate study (Burger, Cecilia Lopez et al. 2007).

2.3. Tissue Dissection and RNA Isolation
Animals were sacrificed 24 hours after the last behavioral trial and the dentate gyri were isolated
using a micro-dissection knife (Electron Microscopy Sciences, Hatfield, PA) as previously
described (Burger, Cecilia Lopez et al. 2007) and the tissue was placed in 100 µl RNAlater.
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RNA was isolated using the Qiagen RNeasy protocol (Qiagen, Valencia, CA). The tissue was
homogenized in 400 µl of RLT buffer and 1% mercaptoethanol, and treated with 200 µg/ml
proteinase K for 10 minutes at 55°C. The RNA was stored at −80°C until further use.

2.4. RNA amplification, cDNA Synthesis and Test RNA labeling
Two rounds of RNA amplification were performed following the Affymetrix Small Sample
Target Labeling version II protocol (with minor modification) using 200 ng of total RNA from
the dentate of each animal. After the second round of amplification, in vitro transcription was
carried out using the Enzo Bioarray RNA transcript labeling kit (Enzo, Farmingdale, NY).
Hybridization and washes were performed using Affymetrix protocol Euk GE-WS2v4.

2.5. Statistical Analysis of Affymetrix Microarray Gene Expression
2.5.1. Normalization Modeling and Expression filter—The Affymetrix data including
young and aged animals was normalized and modeled using DChip version 1.3 (Li and Hung
Wong 2001), as previously described (Burger, Cecilia Lopez et al. 2007). Unsupervised
analysis was performed using probe sets whose hybridization signal intensities varied the most
across the data set. Probe sets with a coefficient of variation greater than 0.5 were identified
and subjected to hierarchal cluster analysis using DChip clustering algorithms (Li and Hung
Wong 2001).

2.5.2. Supervised learning, discrimination analysis, and cross-validation—The
DChip expression matrix was filtered to remove probe sets that were never detected above
background on any array in the analysis. From the 15,923 probe sets present in the Affymetrix
230A chip, this filter removed 4,332 probe sets. The resulting expression matrix contained
11,591 probe sets that were detected above background on at least one array using the
Affymetrix detection call algorithms. This expression matrix was imported to BRB Array Tools
(v3.4 Beta 2; http://linus.nci.nih.gov/BRB-ArrayTools.html) for class prediction analysis.
BRB array tools was used to identify genes that differentiated among the treatment classes:
aged vs. young, for the first class prediction analysis (p<0.005); or superior learners vs. controls
(p<0.005) for the aged group class prediction. The ability of gene identification to predict
treatment class was assessed by using Leave-one-out–cross validation, using a nearest-
neighbor prediction model. This analysis identified 1129 aged-associated genes and 85
learning-associated genes.

To fulfill MIAME standards (Brazma, Hingamp et al. 2001), Affymetrix DAT and CEL. files,
as well as the TXT file that results from the former two, as well as the Dchip expression matrix
have been deposited at the Gene Expression Omnibus website (GEO:
http://www.ncbi.nlm.nih.gov/geo/ Accession series record number: GSE4821).

2.6. Pathway analysis
For the 85 learning-associated genes, we used a combination of bioinformatics software that
included E! Ensemble, Protonet, Pandora, and Pubmed and Pubmatrix searches (Becker,
Hosack et al. 2003). We also used http://bind.ca for protein-protein interaction information.
Using this approach (Velardo, Burger et al. 2004; Burger, Cecilia Lopez et al. 2007) we found
information on 50 genes (Table 3 and supplementary Table 3); the other 35 transcripts were
expressed sequence tags (EST).

In addition, the functional analysis algorithm from Ingenuity Pathway Analysis (IPA;
Ingenuity® Systems, www.ingenuity.com) was used to identify the biological functions and/
or diseases that were most significant to the data set. Genes from the dataset that met the p
value cutoff of 0.005 and were associated with biological functions and/or diseases in the
Ingenuity Pathways Knowledge Base were considered for the analysis. Fischer’s exact test was
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used to calculate a p-value determining the probability that each biological function and/or
disease assigned to that data set is due to chance alone. A dataset containing gene identifiers
and their corresponding fold change values and the p values from the BRB class prediction
results for each gene were uploaded as an Excel spreadsheet into IPA. The 85 genes that were
found significant were uploaded for the dentate analysis of SL versus control comparison and
fold change was calculated as SL/controls, from the geometrical mean intensities
(supplementary Table 2 and supplementary Table 4)

IPA was also used to investigate the functions in the aged and young comparison. Fold change
was calculated as Aged/Young.

3. Results and Discussion
3.1 Aged Rats can be separated into learning impaired and superior learners based on their
performance in the Morris Water Maze Paradigm

The MWM paradigm was utilized to segregate aged rats into superior learners and learning-
impaired rats as we have previously described (Burger, Cecilia Lopez et al. 2007). The RNA
from each characterized animal was used to interrogate Affymetrix chips. Because gene
expression changes have been observed in the hippocampus due to factors such as stress,
exercise, and aging (Goyns, Charlton et al. 1998; Wei, Zhang et al. 1999; Lee, Weindruch et
al. 2000; Jiang, Tsien et al. 2001; Tong, Shen et al. 2001; Cotman and Berchtold 2002;
Vaynman, Ying et al. 2003; Alfonso, Pollevick et al. 2004; Lu, Pan et al. 2004; Lukiw 2004;
Nagata, Takahashi et al. 2004; Sawada, Morinobu et al. 2004), it was imperative to include a
number of control groups in the array experiment (Burger, Cecilia Lopez et al. 2007). A visual
version of the MWM task was performed in one group of animals to control for the motor
aspect of this training paradigm and the procedure of finding a platform. A separate group of
animals were time-yoked controls that swam in the absence of a platform to partially control
for stress and to control for the act of swimming. The final group was untreated and remained
in their cages for the duration of the training to control for gene expression patterns simply
related to senescence in the brain (Goyns, Charlton et al. 1998; Wei, Zhang et al. 1999; Lee,
Weindruch et al. 2000; Jiang, Tsien et al. 2001; Lu, Pan et al. 2004).

In order to insure that all rats in the MWM groups were not blind and were motivated to escape
the pool, a two day visible platform paradigm was undertaken where the visible platform was
placed in the middle of the maze (Fig. 1A). Only one animal was not able to swim to the visible
platform and was excluded from the study (Burger, Cecilia Lopez et al. 2007). As additional
evidence that the aged animals did not have visual deficits, we must point out that all of our
“visible platform controls” were able to find the platform every single time. Because the
platform was randomly moved around the platform annulus for each visible trial and every
animal included in this study swam to the platform regardless of the platform placement, we
must conclude that these animals were not blind.

Another factor that had to be considered was the fact that old rats are prone to swim slower
than young rats and therefore path length to find the platform instead of latency to the platform
was used as the dependent variable (Gallagher and Nicolle 1993). Both acquisition and probe
trial measures were examined in order to separate aged SL from AI animals (Fig. 1). As reported
previously (Gage, Dunnett et al. 1984; Markowska, Stone et al. 1989; Clark, Magnusson et al.
1992), aged impaired rats generally needed longer swim paths to find the visible platform
compared to young rats. However, while the superior learners (SL) displayed longer swim
paths to the visible platform than young rats, this increased distance did not reach statistical
significance [effect of group F(2,30) = 6.3, p = 0.005, post-hoc, young vs. SL, p = 0.06]. In
addition, the two aged groups, SL and AI, performed identically in the visible portion of the
training (post hoc, p > 0.43). The experimental and control groups that were to be exposed to
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the MWM were equalized based on their visible platform performance prior to separation into
their respective treatment groups (data not shown for control groups).

We investigated each groups’ learning strategies during the acquisition phase of the MWM.
Initially, all animals display thigmotaxia which is a natural defensive reaction to a novel
stressful situation. The SL rats decreased their distance to find the hidden platform over time
(Fig. 1A) in the MWM (effect of trials for SL group F[7,91] = 5.8, p <0.0001). In addition,
while the SL rats did not find the hidden platform as efficiently as the young rats (post hoc, p
= 0.03), the SL rats did reduce their search distance at the same rate as the young animals over
the 8 days of training (SL vs. young × trials interaction F[7,147] = 1.6, p > 0.60). In contrast,
AI animals performed significantly poorer than both young and SL animals (post hoc, p <
0.0001 and p < 0.0002, respectively). Indeed, the AI animals showed no significant reduction
of swim path over the training period (effect of trials for the AI group F[7,63]) = 1.7, p > 0.1).
The SL and young animals were already equivalent in distance to find the platform during the
first day of training (post hoc, p > 0.9). We hypothesized that the young and SL rats had learned
the procedural portion of the MWM, i.e, that escape is possible, while the AI rats apparently
did not benefit from visible platform training. (Schulz, Huston et al. 2002).

The SL and young rats suppressed their thigmotaxia to a greater extent than the AI rats,
spending significantly less distance searching in the wall annulus (Fig. 1B; post hoc, young
vs. SL, p = 0.8, young vs. AI, p = 0.0025 and SL vs. AI, p = 0.005). The AI rats never suppressed
their thigmotaxic searching despite being placed on the hidden platform after every trial. This
perseveration of thigmotaxis in AI rats has been previously reported (Schulz, Huston et al.
2002;Burger, Cecilia Lopez et al. 2007). Stress-induced thigmotaxia in the AI animals might
have prevented them from adopting a spatial search strategy.

The young rats and the SL group swam greater distances in the platform annulus (Fig. 1C, 17%
of the MWM, young vs. SL post hoc, p > 0.50) than the AI rats (post hoc, both hidden platform
groups vs AI, p < 0.0001, respectively). Likewise, the young and SL animals restricted their
swimming to the platform quadrant during acquisition more over time than AI animals (Fig.
1D, post hoc, p < 0.005, respectively) as demonstrated by the percent distance swam in the
platform quadrant (25% of the MWM).

At the end of the last training trial (trial 32), a probe trial was carried out by removing the
hidden platform (Fig. 1 E–H). This test of spatial learning is particularly important since all
the control groups can be interrogated about their spatial knowledge during this trial. The young
rats searched for the platform using a spatial strategy as evidenced by the majority of their
search pattern being located in the platform quadrant (Fig. 1E, dotted line = percent of the maze
taken up by the quadrant). The SL rats searched the platform quadrant at an intermediate rate
in that their path length in the platform quadrant was not different from either the young rats
(p < 0.07) or the AI rats (p < 0.09). On the other hand, AI rats did not show a preference for
the target quadrant during the probe trial, and this behavior was similar to that of the control
rats that did not have an opportunity to learn the spatial task (yoked and visible controls, p >
0.96 in all contrasts).

A second indicator of spatial strategy is the percent distance traveled in the platform annulus
(Fig. 1F). The young rats also restricted their search strategy relatively more than the the AI
rats (post hoc, p < 0.0001). However, in contrast to the quadrant analysis, the aged SL rats
searched the platform annulus as much as the young rats (post hoc, p > 0.49) and significantly
more than the AI rats (post hoc, p = 0.0003).

To determine more strictly if the rats were using a true spatial strategy to search for the platform
in the probe trial, we evaluated the percent path length in the portion of the platform annulus
that is in the platform quadrant (Fig. 1G). This small swatch of the MWM takes up 4.5% percent
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of the total area of the maze. The young rats limited their search strategy to the platform swatch
significantly more than the aged SL (post hoc, p < 0.04 ), and the AI (post hoc, p < 0.0001 ).
The swatch analysis did not reveal any differences between the aged SL rats and the AI rats (p
= 0.28).

The AI animals displayed a highly thigmotaxic swim pattern in the probe trial (Fig. 1H). Swim
distance in the wall annulus (68% of the MWM area) clearly demonstrated that the young
animals and the aged SL rats suppressed their natural tendency to swim next to the wall
compared to the AI rats (post hoc, p ≤ 0.0009 in both contrasts).

The overall probe data shows that the young animals adopted a spatial strategy and the aged
SL also searched the pool in a pattern that is consistent with spatial learning and was clearly
superior to the search strategy of the AI animals. However, the aged SL rats appeared to rely
on a more annulus-based search strategy to find the hidden platform compared to the young
rats as revealed in the probe trial. Thus, while some of the behavioral details are different
compared to the population of animals analyzed previously in (Burger, Cecilia Lopez et al.
2007), the overall strategy of the young vs. SL vs. AI remained essentially unchanged.

3.2 Supervised Analysis of Differential Expression Genes Associated with Aging in the
Hippocampus Reveals Changes in Over a Thousand Transcripts

Supervised analysis of the data set was performed to identify expression profiles that separated
young and aged animals (Fig. 2), and aged-superior learning animals from the rest of the groups
(Figure 4). Analysis of aged and young animals at a significance threshold of p < 0.005 revealed
significant changes in gene expression of 1129 genes between the two groups (Supplementary
Table 1). We typically use a more stringent statistical significance level of p<0.001 to minimize
the number of false positive, but for this study we wanted to have a larger number of genes
available for pathway analysis to interpret our results (1129 genes at p<0.005 versus 457 at
p<0.001). In addition, we performed leave-one-out-cross-validation analysis using BRB array
tools to verify whether probe sets significant at p<0.005 differentiated between the groups of
aged and young rats. The gene expression classifier correctly identified the array left out 69%
of the time. This is significantly higher than the 50% expected by chance alone (p<0.017;
Supplementary Table 1).

3.3. Pathway Analysis of Transcriptional Differences Determined by Aging in the Dentate
We used Ingenuity Pathway Analysis (IPA) algorithms and database to identify known
pathways induced by aging. For this purpose, the 1129 differentially expressed genes were
subjected to IPA. Of these genes, 427 genes were identified in the knowledge bank (i.e. focus
genes eligible for generating networks; see materials and methods and supplementary data for
details on IPA algorithms).

The networks illustrate functional relationships between gene products based on known
interactions in the literature. Each network is composed of biological functions and canonical
pathways. Canonical pathways are defined as known metabolic or signaling pathways.
Ingenuity analysis revealed Cell Movement, Cell Growth and Proliferation, and Nervous
System Development and Function as the three top functions influenced by age in the dentate
(Figure 3a and supplementary table 3). These were followed by other functions such as Cellular
Assembly and Organization, Cell Morphology, Cell Development and Cell Death. We find
these particular functions relevant to the process of neurogenesis in the hippocampus. To limit
the focus of this paper, we will only briefly discuss the different functions and a few key genes.

3.3.1. Cell Movement; Cellular Growth and Proliferation; and Cell Death—
Neurogenesis involves cellular processes that include cell proliferation, fate determination,

Burger et al. Page 7

Neurobiol Learn Mem. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



migration of precursor cells, and neuronal differentiation. Therefore the functions we
identified, including Cell Growth and Proliferation, Cell Cycle, Cell Migration, Cell Death,
and Cell Differentiation seem relevant to these aspects of neurogenesis. 85 genes were
associated with Cell Movement (Figure 3a and supplementary Table 3). This category includes
cell migration, invasion, chemotaxis, transmigration and cell movement. Cell migration is
important in the context of neurogenesis in the dentate gyrus where differences in the rate of
migrating cells have been reported as a result of aging (Kuhn, Dickinson-Anson et al. 1996;
Heine, Maslam et al. 2004; Rao, Hattiangady et al. 2005). Not surprisingly, in this group we
found doublecortin (DCX), which regulates migration of neurons and is a known marker for
newly generated neurons in the dentate (Rao and Shetty 2004). DCX was downregulated in
aged rats.

It also is worth noting two genes in this group that appear to interact with a large number of
genes in the network (see Figure 3b and supplementary Table 3), namely tumor necrosis factor-
alpha (TNF) and Kit Ligand (KITL). TNF belongs to the cytokine family and regulates a wide
spectrum of biological processes including cell proliferation, differentiation, apoptosis, lipid
metabolism, and neuroprotection. A role for TNF in learning and memory has been reported
(Aloe, Properzi et al. 1999; Golan, Levav et al. 2004) and TNF is found to interact with a large
number of focus genes in the study (Figure 3b, green lines).

KITL encodes the ligand of the tyrosine-kinase receptor encoded by KIT proto-oncogene
receptor. This ligand is a pleiotropic factor that acts in neural cell development, and plays a
role in cell migration and apoptosis. KITL is expressed in the dentate gyrus and its expression
is restricted to neurons (Wong and Licinio 1994). Animals that lack the receptor show
impairments in spatial learning and synaptic potentiation (Katafuchi, Li et al. 2000). Animals
mutant for KITL also are deficient in hippocampal learning (Motro, Wojtowicz et al. 1996).

The next category was Cellular Growth and Proliferation, which includes growth,
proliferation, expansion and differentiation of cells and is also pertinent to the possible
formation of new cells in this area of the hippocampus. 37 genes were associated with this
function. Not surprisingly, in the Cell Cycle function (supplementary Table 3) we found thirty
genes involved in cell cycle progression indicating the activity of dividing cells in this region.

Interestingly, a few well-known markers of the distinct differentiation stages of dentate
neurogenesis were downregulated with age, namely S100b which is involved in the
proliferation of astrocytes and it is used as a marker for early progenitors. Also, collapsing-
response mediated protein (DPYSL5), which interacts with DPYSL2 another widely used
developmental-stage marker (better known as TOAD 64), is known to be expressed in
immature neurons. HTR2A is another well-characterized gene that was downregulated in the
aged dentate. Loss of this serotonin receptor has been reported with age and serotonin is known
to affect production of new neurons (Reynolds, Jansson et al. 2006).

TUBB (beta tubulin) was downregulated and interacts with TUBB3 (Tuj1) which is also an
early mature neuronal marker (Miller, Naus et al. 1987). Downregulation of all these genes
seems to indicate a decrease in neuronal development in this region associated with aging. It
is important to point out that even though astrocytes serve as neuronal precursors (Doetsch,
Caille et al. 1999; Laywell, Rakic et al. 2000; Noctor, Flint et al. 2001; Seri, Garcia-Verdugo
et al. 2001; Noctor, Flint et al. 2002), there was only differential expression of GFAP (it was
actually upregulated), but not other astrocytic markers such as vimentin, musashi, 3-PGDH,
tenascin-C, Mash1 (a transcription factor that maintains precursor state), or nestin (Johnson,
Zimmerman et al. 1992; Steindler and Laywell 2003; Seri, Garcia-Verdugo et al. 2004). Only
S100b which is involved in the proliferation of horizontal astrocytes was downregulated, as
mentioned before. This could indicate that the rate limiting step in the decrease in neurogenesis
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with senescence is not the proliferation of radial astrocytes but other proliferative precursor
cells that mark the transition between glia-like states and neuronal differentiation (as suggested
by the fact that markers for later fate determintation such as DCX, TUBB, DPYSL5 and
HTR2A were downregulated (Encinas, Vaahtokari et al. 2006; Steiner, Klempin et al. 2006)).

We would like to emphasize that we dissected the entire dentate gyrus, which represents a
heterogeneous group of cell types, therefore we cannot discriminate which cell types are
differentially expressed. We could be looking at changes in any type of dividing cells in this
area, and some of these progenitor cells could give rise to glia and not new neurons.

Cell Death was the group that contained the largest number of associated genes, 134 in total
(Supplementary Table 3). Of those, 120 genes were found associated with apoptosis which
plays a key role in nervous system development, and which is an integral aspect of neurogenesis
and aging (Heine, Maslam et al. 2004). The genes that were found to be involved specifically
in the apoptosis of neurons were CASP9, CCL4, CTSB, CXCL12, ERBB3, HIPK2, ID2,
KCNJ6, MAPK10, MAPK8IP1, MAPT, MYCN, NR4A2, PAWR, PTPNS1, SMN1, SMPD2,
and TNF.

3.3.2. Nervous System Development and Function; Cellular Development—Sixty
nine genes were catalogued as part of Nervous System Development and Function. Of these,
the largest subdivision included 26 genes specifically associated with neurogenesis (Table 2
and Supplementary Table 2). Twelve genes were found to be involved in migration of neurons.
In addition six were found as implicated in migration of neuroglia.

Cellular Development includes genes involved in development, maturation, differentiation and
morphogenesis. The largest number of genes corresponded to development of cells (59
associated genes), and included PTK2, a gene that encodes a cytoplasmic protein tyrosine
kinase which is found concentrated in the focal adhesions between cells. PTK2 is a member
of the FAK (focal adhesion kinase) subfamily of protein tyrosine kinases. Activation of this
gene by neural peptides or by molecules in the extracellular matrix could be an essential early
step in cell growth. This multifunctional gene appeared in several of the functional groups we
identified such as cell movement, cellular growth and proliferation, cell morphology and cell
death. It has been found to interact with NMDA receptors and to be necessary for long-term
potentiation in the dentate (Yang, Ma et al. 2003).

3.3.3. Cellular Assembly and Organization; Cellular Function and Maintenance;
Cell Morphology—The functional groups comprising Cellular Assembly and Organization,
Cellular Function and Maintenance, and Cell Morphology, bring together genes engaged in
the establishment and maintenance of cell shape. Cellular Assembly, Organization and
Maintenance functional groupings include genes whose products are involved with the
formation and organization of cytoskeleton, formation of filaments, contact growth inhibition,
dynamics of synaptic vesicles, extension of plasma membrane projections, exocytosis,
endocytosis, and elongation of neurites.

Cell Morphology involve morphogenesis (29 genes), cell transformation (28 genes), spreading,
cell change (30 genes), and polarity genes. All these categories are relevant to the stages of the
post-mitotic mature neuron in acquiring its final morphology, and extending dendrites and
axons through the granule cell layer (Zhao, Teng et al. 2006).

3.3.4 Neurogenesis as the prominent biological process associated with aging
in the dentate—The dentate gyrus has been the focus of recent interest due to the discovery
of ongoing neurogenesis in adults (Altman and Das 1965; Cameron, Woolley et al. 1993; Kuhn,
Dickinson-Anson et al. 1996). Moreover, it has been suggested that neurogenesis in this region
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of the hippocampus plays a role in learning and memory (Barnea and Nottebohm 1996; Gould,
Beylin et al. 1999; Shors, Miesegaes et al. 2001), although reports are conflicting (Leuner,
Gould et al. 2006). For example, one study reported that learning enhances neurogenesis in
young animals. (Gould, Beylin et al. 1999; Shors, Miesegaes et al. 2001). On the other hand,
even though cell genesis in the hippocampus appears to decline with age (Seki and Arai
1995; Kuhn, Dickinson-Anson et al. 1996; Lemaire, Koehl et al. 2000; Lichtenwalner, Forbes
et al. 2001), this neurogenesis doesn’t appear to correlate with learning ability in aged rats
(Bizon and Gallagher 2003; Merrill, Karim et al. 2003).

Neurogenesis in the hippocampal dentate gyrus involves several cellular processes that begin
with the proliferation of progenitor cells in the subgranular zone. These cells grow, differentiate
and mature into adult neurons as they migrate through the granule cell layer. The differentiated
neurons must then extend axons and dendrites. Finally, they must establish electrophysiological
properties to form functional connections (van Praag, Schinder et al. 2002; Seri, Garcia-
Verdugo et al. 2004). Superimposed on these neuro-developmental stages, a balance between
neurogenesis and cell death must occur to keep a continuous rate of cell turnover. This
developmental program is likely to be maintained by the orchestrated expression of a set of
genes that govern the development and timing of neurogenesis, as well as maintain the
equilibrium between neurogenesis and cell death. A number of genes have been identified as
driving these processes, and markers for the different fate determining stages have been
described, but the complete molecular pathway has not been elucidated.

In conclusion, based on the number and statistical significance of genes that were found to be
affected by aging, the most prominent appeared to be involved in processes that involve cell
division, cell death and apoptosis, migration of cells, and differentiation, all of which are
consistent with changes in the different stages of neurogenesis. These changes at the molecular
level agree with studies at the cellular level that report changes in rate of migration,
differentiation and neurogenesis with aging (Seki and Arai 1995; Kuhn, Dickinson-Anson et
al. 1996; Lichtenwalner, Forbes et al. 2001; Heine, Maslam et al. 2004). This study shows that
the dentate gyrus is a very dynamic region and that aging results in changes in this activity.
We note that using Ingenuity Pathway Analysis we found relationships for only 427 genes out
of the 1129 identified by the microarray analysis. Of those 1129 probe sets, approximately 250
corresponded to EST sequences, and approximately 400 were genes that using IPA could not
find any relationships with other genes. It is remarkable that of the 427 genes identified by the
IPKB, 52% percent (220 genes) were involved in the functions described above (Figure 3b).
It is also important to note that this is an under-representation of the neurogenic events going
on since not all the genes involved in neurogenesis are known, and half of the genes that were
differentially expressed have unknown identities.

In looking at the functions so far described (namely cell movement, growth, proliferation and
death; nervous system development and function; cellular development, assembly and
organization; cellular function maintenance and morphology), and the number of genes
differentially transcribed between the young and aged rats, one can easily picture the putative
progression from stem cell proliferation, apoptosis, migration, differentiation, and final
establishment of shape with the definition of axons and dendrites. This would be followed by
cell death, and the cycle would start again (Figure 3c). This study is a contribution of interest
to those studying aging, neurogenesis and learning and memory since we have provided a long
list of candidate genes that are likely involved in these biological processes.

The age-related genes we described in the dentate are different than those we found in the CA1
region except for an overlap of 59 genes (from a total of 431 probe sets identified in the CA1
at p<0.005, and the 1129 probe sets identified in the dentate). The functions containing the
majority of the common genes were related to cell morphology, cell transformation and cell
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death (Burger, unpublished data). The functions found in the CA1 field were different than for
the dentate (Burger, unpublished data) and no genes were found to be involved in neurogenesis.
We must stress the fact that this is only a qualitative comparison, since for the CA1 we used
the U34 rat chip (which contains approximately 1/3 of the rat genome) whereas for this one
we used the second generation RAE 230A (approximately 2/3 of the rat genome). In addition,
different RNA amplification techniques were used for the different studies (Burger, Cecilia
Lopez et al. 2007).

Finally, there are many other interesting molecular functions in the list of genes identified,
such as lipid metabolism, amino acid metabolism, cell signaling, behavior, neurological
disease, but for the sake of conciseness we narrowed the discussion of the biological processes
down to the most salient and significant one, i.e. neurogenesis (Fig 3b and c). The reader can
find other facets of aging that have not been described here by looking at the genes in this long
list of significant changes that occur during aging that are available as supplementary data
(Supplementary Table 1 and 2).

3.4. Supervised Analysis of Learning-associated Genes in Aged Rats
We were interested in identifying the transcriptional profiles related to learning in aged animals
that distinguished between superior learners and learning-impaired rats. We have previously
described the changes in transcription between these two groups of animals for the CA1 region.
In that study we distinguished two classes of aged animals. Similarly, in this study we also
separated the experimental animals into two classes. To subtract contributions from stress
(yoked group), motor activity (visible platform group) and other (cage group), all these groups
were considered as one single class for the analysis. In this group we also included the animals
that were impaired in the MWM, and we referred to them together as the control class (CTL
class). The other experimental group was composed of the superior learning animals (SL class).

The rationale for collapsing the control groups and the AI group as one class for the supervised
analysis is based on the following argument: we wanted to look at the gene differences that
were a result of learning, not those patterns of expression due to steady-state or constitutive
differences that were present between the two groups: SL vs AI. Since the control groups
(yoked, visible, caged) had not been segregated into SL or AI prior to the experiment, these
groups must certainly represent a mixture of both superior learners and impaired animals.
Therefore, any gene expression patterns that might have present in SL animals in a constitutive
manner, would have also been present in the control groups. A consequence of this control
group design is that the genes we identified are likely to include genes that are directly causal
for spatial learning.

To minimize false positives, we used at least three true biological replicates for each condition
(see Table 1) and performed the t-test at a stringency of p<0.005 to assess the reproducibility
of this model system. At a significance threshold of p<0.005, we identified 85 probe sets with
significant differences in hybridization signal intensity (Fig 4, Table 3, and Supplementary
Table 3). Leave-one-out-cross validation studies were used to determine if probe sets
significant at p < 0.005 were capable of truly distinguishing between the groups. Leave-one-
out validation studies indicated that the genes were true 79% of the time (the 1-nearest
neighbors classifier had a p-value of 0.003).

3.5. Pathway Analysis of Transcriptional Profiles Determined by MWM Training in Aged rats
In order to classify these learning-associated genes into functional groups a series of
bioinformatics tools were used (see Methods). A putative classification of the genes according
to function has been summarized in Table 3 and supplementary Table 4. The tentative
classification involves cytoskeletal genes, genes involved in regulation of transcription and
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translation, posttranslational modification including kinases and phosphatases, growth factors,
and ten genes whose function could be correlated with neurotransmission. A smaller number
of genes were found involved in lipid metabolism and mitochondrial function. The rest of the
genes were uncharacterized EST. Only six genes were upregulated in the SL animals. This is
striking compared to the differences between young and aged rats where about half of the genes
are upregulated and half are downregulated. We do not understand the meaning of this result,
but in the CA1 region we also found three fourths of the genes downregulated in SL animals
compared to the controls.

We then investigated the relationships between these genes. IPA analysis revealed that 37 of
the genes could be used to generate networks (see supplementary information on IPA for
details). Figure 5 illustrates the types of interactions that occur between the genes identified in
the study, and also illustrates that there are a lot of missing links (genes in white are genes that
did not significantly change but were used to connect the significant genes). Functions included
Cellular Assembly and Organization, Cell Morphology, Cell Cycle, Cell Movement, DNA
Replication, Recombination and Repair. Except for the first function which contained 10 genes
(HMGB1, CLASP1, CD9, CHRAC1, POLE3, PTK2, TH, CHGA, HTRA2, PEX3), the others
were only populated by five or less focus genes (Data not shown).

There were nineteen transcripts that overlapped between the aged versus young and the SL
versus CTL groups (Table 4). Namely, ten EST, and nine known genes: PXK, EXO3,
CAMKK1; MAPKAP1, PTK2; HTRA2, CREBL2, E1F2B3 and NF2. Interestingly, all these
genes were upregulated in aged rats and were downregulated in SL (i.e. SL animals have
“young” levels of expression of these genes). The list is too short (and some of the genes are
uncharacterized) to make any connections between these genes. Based on the large number of
genes that were regulated by aging (1129 genes), the question that emerges is how do the aged
superior learners compensate for these changes to manage to learn the task almost as well as
young animals? Possibly the aged-related genes do not have a role in learning and memory in
spite of their apparent role in neurogenesis. Some reports argue that neurogenesis is not
necessary for learning in the aged rodent (Bizon and Gallagher 2003) but that indeed it might
be detrimental (Bizon and Gallagher 2005), whereas it might be important in the young animal
(Kempermann and Gage 2002). If so, are the 85 genes that are differentially expressed between
SL and the AI sufficient to result in the learning deficits observed in the impaired rats? We
must point out that the list of learning genes is incomplete due to the stringency of the statistical
analysis which removes false negatives at the expense of false positives. So probably the list
is longer and other genes are involved in the learning deficits associated with aging.

Finally, the list of learning-related genes expressed in the dentate represent a different set of
genes than those we previously described in the CA1 region (Burger, Cecilia Lopez et al.
2007). We must reiterate that because of the technical differences in the analysis of the two
hippocampal regions, sampling might have been incomplete and we might have only identified
in each case a small number of the genes that are truly different between CA1 and dentate.
Still, these results are suggestive of differential age-related molecular changes in these two
distinct anatomical regions. This is not surprising since distinct anatomical hippocampal
boundaries have been shown to reflect differential gene expression

3. 6. Are these transcripts differentially expressed as a result of learning?
It is important to stress that we designed the supervised statistical analysis to look at differences
in gene expression after learning. Different groups of controls were included to rule out other
sources of gene expression unrelated to learning the spatial task. In addition, the different
groups of control animals were included with the AI animals in a single class in order to discard
any differences in gene expression between AI and superior learners that might have existed
a priori (see section 3.4 for detailed explanation). If indeed a constitutive set of genes existed
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that might have conferred the superior learners the ability to learn the paradigm, we should
have found expression profiles in the control groups that matched the SL group. To test this
possibility, we performed supervised analysis using different classes in which each
experimental group was placed in a separate class (i.e., cage controls, yoked, visible, SL, and
AI). We also tried controls (yoked, visible and cage controls as one class) vs. SL and AI. Finally,
we also tried just SL vs. AI alone. None of these alternative comparisons produced statistically
significant differences (using a significance threshold of p < .001 or p < .005) in gene
expression. We found differences between the different groups at a lower statistical
significance threshold of p <.01, but this is not an adequate level of statistical confidence for
analysis of microarrays.

Statistically signifcant differences emerged only when we did the controls plus impaired versus
SL. Thus, the fact that no significant transcriptional patterns were found in the different
comparisons suggests that the list of differentially expressed mRNAs identifed in this study
are likely due to MWM training and not to pre-existing constitutive expression of genes that
improved learning in aged SL animals.

Even though stress associated with the MWM can produce dramatic effects on cognition,
neurochemistry and gene expression, no significant hippocampal stress-related genes were
identified in this study (Seligman ME 1967; Sapolsky, Krey et al. 1984; Mendelson and
McEwen 1991; Amat J 1998; Deak T 1999; Grillo, Piroli et al. 2003; Alfonso, Pollevick et al.
2004; Liu, Bertram et al. 2004; Nacher, Pham et al. 2004; Piroli, Grillo et al. 2004; Reagan,
Rosell et al. 2004; Huang, Jen et al. 2005; Kohen, Kirov et al. 2005; MacPherson, Dinkel et
al. 2005; Mitsukawa, Mombereau et al. 2005; Wiedenmayer, Magarinos et al. 2005; Marini,
Pozzato et al. 2006). Still, differential response to stress, other sensorimotor differences, or
motivational differences between AI and aged SL animals (as opposed to learning differences)
cannot be ruled out. Individual animals might respond to the stress of the MWM differently.
Indeed, AI animals showed much longer path lengths on the early trials than SL and young
animals (Fig. 1A). AI animals also displayed thigmotaxis (Fig. 1B). This stress response in the
learning impaired animals might have prevented them from adopting a spatial search strategy,
and therefore, prevented spatial learning. In fact, the results show that AI animals did not adopt
a spatial search strategy during training or in the probe trial (Fig 1). So, whether the
transcriptional profiles are a cause or a result of the behavioral differences between the groups
of animals will have to be investigated in experiments where the time course of expression of
these putative genes is analyzed.

3.7. What is the role that these age- and learning-related changes play in the hippocampal
formation?

We have designed a MWM experiment that, together with microarray analysis, has potentially
identified some of the players involved in learning and memory in the aged dentate gyrus. It
was particularly difficult to find the biological role that these 85 transcripts might play in
learning and memory in the hippocampus for two reasons. First, many pieces of the puzzle are
missing due to the large number of EST, the stringency of the statistical analysis that resulted
in false negatives, and the lack of knowledge about how these genes are related to each other.
Second, pathway analysis works when there are a large number of gene differences to populate
the pathway. The first step following gene discovery requires the demonstration that these
genes are functionally implicated in learning and memory. This task will be possible using
genetic techniques such as transgenic animals or viral gene delivery to alter the normal function
of these candidates, since we have a relatively short list of genes to screen. Therefore it will
be crucial to validate the role of each individual gene in learning and memory formation, to
then begin piecing together individual pathways involving the genes in this array experiment.
Neuronal-specific genes represent one third of the genome, and functional genomic approaches
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used in the characterization of these genes will facilitate understanding how the nervous system
operates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A schematic representing the experimental design of the MWM testing depicting the
conceptual basis for each control group is presented in a previous publication (Burger, Cecilia
Lopez et al. 2007)
(A) Visible platform and acquisition curve. The distance traveled by the young animals
decreased significantly over the eight days (open circles). Similarly, aged SL animals (closed
circles) learned the task but not quite to the efficiency of the young animals. On the other hand,
AI animals (open triangles) did not reduce their path length and rarely found the platform. For
all individual statistical contrasts, see the text. (B) Path length percentage in the wall annulus
is used to evaluate thigmotaxic behavior. Both the young and the aged SL animals swam less
over time in the wall annulus while the AI animals essentially only swam near the wall over
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the entire training period. (C) Path length percentage in the platform annulus. While the young
animals searched the most of any group in the platform annulus, both young and the SL animals
searched more in the platform annulus than the AI animals. (D) Path length percentage in the
platform quadrant. The young animals searched more of their time in the platform quadrant
throughout the training period than either aged group. The aged SL animals increased their
searching of the platform quadrant over time but the aged impaired animals never altered their
search strategy. Maze schematics in the corner of panels A–D: the shaded areas depict the
location of the maze pertinent to that panel.
(E–H) Evaluation of search strategy from the probe trial. (E) Proportion of swimming in the
platform quadrant. The dashed line indicates the proportion of the MWM taken up by this
quadrant (25%). Asterisks indicate a significant difference from young animals. Young and
aged superior learners used a spatial learning strategy as shown by the increased amount of
path length in the platform quadrant. AI rats searched an identical amount in the platform
quadrant as animals that did not learn the spatial task. (F) Proportion of searching in the
platform annulus. The dashed line indicates the percent of the MWM area occupied by the
platform annulus (17%). The asterisks indicate significant differences from young animals and
daggers (†) indicate significant differences from aged SL. The SL animals searched the
platform annulus as much as the young animals while the AI animals rarely swam in the
platform annulus. (G) Proportion of searching in the portion of the platform annulus that is in
the platform quadrant. This measure is intended to serve as a more sensitive indicator of
whether the animals are using a true spatial strategy by restricting their searching to a small
portion of the MWM surrounding the platform (termed, the platform swatch, dashed line
indicates 4.5% of the MWM area) versus using a response strategy circling around the platform
annulus. Asterisks indicate significant differences from the young group and daggers indicate
significant differences from the aged SL animals. A similar pattern was found when evaluating
platform entries (data not shown). (H) Proportion of path length in the wall annulus. This
analysis was intended to evaluate the animals’ level of thigmotaxia. The dashed line indicates
the area of the MWM covered by the wall annulus (67%). Asterisks indicate significant
differences from the young animals and daggers indicate a significant difference from aged SL
animals. With the exception of the young animals trained on the visible platform, all the other
groups displayed similar thigmotaxia to the AI animals whereas both the young and the aged
SL animals searched less in the wall quadrant. Maze schematics in the corner of panels E–H:
the shaded areas depict the location of the maze pertinent to that panel.
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Figure 2. Expression Profiles of genes whose expression changed significantly between aged and
young rats in the dentate gyrus
Significant (p<0.005) probe sets (1129) were subjected to hierarchical clustering. Different
genes are represented by the horizontal rows of pixels, while experimental animals are
represented by the vertical rows. The red signal indicates genes whose expression is increasing
under the given condition, blue indicates those that are decreasing with a maximum
luminescence at two standard deviations. The length of the branch between any two replicates
or groups on the dendrogram is a representation of the overall similarity of each global gene
expression dataset. Abreviations: A: aged; Y: young; HID I: hidden platform impaired. HID
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U: hidden platform unimpaired (superior learners); VIS: visible platform control; SIT: cage
control; YOKE: yoked control.
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Figure 3. Pathway Analysis of the biological processes underlying age-related changes in the dentate
(A) Bar chart representing eight top functional categories identified by IPA as significant for
the genes that were differentially expressed in the aged dentate. Functional categories are
represented in the × axis. The y axis designates the significance score (negative log of p value,
see materials and methods for details). The horizontal line indicates the significance threshold.
(B) Age Related changes in expression of genes involved in Neurogenesis. 220 genes were
involved in the IPA functions shown in fig3a are shown with their respective interrelationships
in the cell. Genes that showed statistically significant increase in expression with aging are
depicted in red. Those for which expression is decreased are shown in blue.
(C) Diagrammatic representation of the parallel between the cellular stages of neurogenesis
and the molecular functions identified by pathway analysis that changed in the senescent
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dentate gyrus. The top of the image represents the dentate granule cell layer and the different
stages associated with adult neurogenesis in the dentate. At the bottom, the Ingenuity Pathway
Analysis functions representing the molecular signature of each of the stages in neurogenesis.
Each cell shows which of the genes shown in fig 3b represent a given IPA function. Genes that
were not part of a given function are depicted in white, while those who were upregulated are
shown in red; downregulated genes are shown in blue.
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Figure 4.
Gene expression patterns of genes whose expression varied between the different experimental
groups of aged rats in the dentate. The dendogram shows the hierarchical cluster patterns of
the 85 genes identified as significant at the p < 0.005 significance threshold between the aged
superior learners and aged impaired and control animals. Gene expression is displayed using
a red-blue color scale as in figure 2.
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Figure 5. Network representation of the genes identified by IPA in the SL versus CTL comparison
(tentative figure)
37 genes were used to generate networks that include interactions between the genes in the
network. Genes that are colored in blue were downregulated in the SL compared to controls.
Genes in red were upregulated in SL. Genes in white color were not significantly changed in
the analysis. They were found by IPA as the “missing links” to network the significant genes
in the study.
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Table 1
Experimental groups used for the microarray analysis
A total of 80 chips (1 per rat) were included in the analysis for the aged versus young comparison (figure 2). For the
learning-related supervised analysis the intermediate learners were removed to highlight the differences between SL
and AI, leaving 66 chips for the comparison of SL vs CTL (figure 4).

Age Hidden platform Visible platform Yoked control Cage control

3 months 9 5 6 7
24 months 14 Unimpaired 5 7 3

14 Intermediate
10 Impaired
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Table 2
List of genes found to be related to Nervous System Development and Function
Process annotation is the description found by IPA that describes the cellular process of a particular gene. The
significance is calculated by the IPA software as described in materials and methods. The genes are represented by
their gene symbol.

Process Annotation Significance Genes
quantity of nervous tissue cell lines 1.88E-04 COL18A1, SMPD2, TNF
quantity of synaptic vesicles 5.53E-03 KIF1B, MYO5A, RIMS1
migration of Schwann cells 1.57E-03 CSPG4, KDR, LAMA2, NF1, TIAM1
migration of neurons 4.68E-03 BARHL2, CXCL12, DCC, DCTN2, DCX, EDNRB, ITGA6, LAMA2, MAPT,

MRLC2, PTK2, TIAM1
migration of neuroglia 1.55E-02 CSPG4, KDR, LAMA2, NF1, TIAM1, TNR
binding of microqlia 3.30E-03 ITGA6, TNF, TNR
differentiation of oligodendrocytes 4.61 E-03 ERBB3, FGFR3, ID2, TG, TNF
differentiation of neuroglia 4.63E-02 ERBB3, FGFR3, ID2, NF1, TG, TNF
exocytosis of synaptic vesicles 5.06E-03 APBA2, CPLX1, CPLX2, RIMS1
chemotaxis of nervous tissue cell lines 5.53E-03 CXCL12, PTPNS1, SMAD3
long term depression 8.77E-03 B2M, CAMK4, CAMK2A, GRIA3, GRM1, MYO5A
long term depression of synapse 1.83E-02 GRM1, MYO5A
transport of synaptic vesicles 1.05E-02 AMPH, APBA2, CPLX1, CPLX2, RIMS1
extension of neuritis 1.39E-02 BARHL2, CAB39, CDKN1A, ELK1, LAMA2, MUSK, MYH9, PITPNM1
elongation of neuritis 1.40E-02 AGTR2, CAMK2A, JUNB, MAPT
plasticity of synapse 1.40E-02 NCDN, PPT1, RIMS1, S100B
short-term memory of mice 1.83E-02 CAMK2A, TNF
survival of retinal ganglion cells 1.83E-02 CXCL12, TNF
learning of rats 2.93E-02 JUNB, SGK
long-term memory 3.49E-02 CAMK2A, CRH, NFKB1
neurogenesis 4.56E-02 ADORA1, ADRB2, APBA2, BARHL2, CHRM2, CNTN3, CSPG5, CXCL12, DCC,

EDNRB, GFAP, GFRA2, GRIP1, HAP1, ID1, LAMA2, MAFK, MYCN, NELF,
NR4A2, PPT1, PSCD2, SCRG1, TIMM8A, TNR, TRPV1
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Table 4
Nineteen transcripts overlap in the two class prediction analyses
The transcripts that overlap between the aged versus young and SL versus controls.

Probe set Gene Symbol

1398936_at E1F2B3
1389411_at Transcribed locus
1377149_at Transcribed locus
1367478_at HTRA2/PRSS25
1376318_at Transcribed locus
1372502_at NF2
1374233_at Similar to RIKEN cDNA 1810055E12
1376627_at Transcribed locus
1377007_at MAPKAP1
1389624_s_at EXO3
1390422_at PXK
1388524_at Transcribed locus
1389417_at Transcribed locus
1387875_at PTK2
1390467_at Transcribed locus
1371522_at Transcribed locus (Similar to mKIAA0945 protein)
1373618_at CREBI2
1368156_at CAMKK1
1375952_at Transcribed locus
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