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Many experiments in the past have demonstrated the requirement
of de novo gene expression during the long-term retention of
learning and memory. Although previous studies implicated indi-
vidual genes or genetic pathways in learning and memory, they did
not uncover the collective behaviors or patterns of the genes. We
have used genome-scale screening to analyze gene expression
during spatial learning of rats in the Morris water maze. Our results
show distinct temporal gene expression profiles associated with
learning and memory. Exogenous administration of one peptide
whose sustained increase during memory retention was implicated
by microarray analysis, fibroblast growth factor (FGF)-18, improved
spatial learning behavior, suggesting that pharmacological mod-
ulation of pathways and targets identified may allow new thera-
peutic approaches for improving learning and memory. Results of
this study also suggest that while learning and physical activity
involve common groups of genes, the behavior of learning and
memory emerges from unique patterns of gene expression across
time.

or more than a century, two general forms of memory have

been classified by their duration: short-term memory (STM),
which is rapidly formed and can outlast training for minutes or
hours, and long-term memory (LTM), which lasts from hours to
days, weeks, or even years (1). STM involves posttranslational
modifications of preexisting molecules that alter the efficiency of
synaptic transmission. In contrast, LTM can be blocked by
inhibitors of transcription or translation, indicating that it de-
pends on de novo gene expression (2, 3). Proteins that are newly
synthesized during memory consolidation may contribute to
restructuring processes at the synapse and thereby alter the
efficiency of synaptic transmission beyond the duration of STM.
Revealing the dependence of LTM on protein synthesis, how-
ever, provides no information about the identity and specificity
of the required proteins. Because the quantity of a particular
protein is often reflected by the abundance of its mRNA, a
variety of methods have been used to describe a limited number
of differentially expressed mRNAs during LTM. The increased
or, less often, decreased expression of genes has been demon-
strated during specific time windows after learning (3).

In the past we have used RNA fingerprinting to identify genes
that were up-regulated in the hippocampus of water maze-
trained rats (4). Spatial learning-induced changes in the expres-
sion of some of these genes occur at selective times and in specific
hippocampal subfields (4, 5), indicating distinct contributions to
learning and memory. Increased expression of one of these
genes, the ryanodine receptor type-2, could result in the in-
creased mobilization of Ca?* that may participate in the synaptic
changes underlying associative memory storage (6—8). In these
past studies, however, we screened only a small fraction of the
genes that may have been differentially expressed during LTM.
Thus, the questions remain how many genes are involved in
memory and how do they interact functionally to effect memory
storage. In addition, each of the identified genes may not act in
a linear sequence but in complex networks. Successive screening
in different time domains, therefore, may be needed to uncover
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the networks of genes involved in distinct steps of memory
storage.

To begin a comprehensive survey of the gene-based molecular
mechanisms that underlie LTM, we have recently used the
unprecedented experimental opportunities that genome se-
quences and the development of cDNA array technology now
provide to perform genome-wide expression analysis in classical
conditioning of the rabbit nictitating membrane response (9). In
the present study we have extended these experiments to analyze
the time dependence of patterns of gene regulation during the
acquisition and consolidation of spatial learning.

Materials and Methods

Water Maze Learning. The subjects were 36 adult male Wistar rats,
each weighing 200-300 g. Rats were given access to food and
water, and were maintained on a 12:12 light/dark cycle in a
constant temperature (23°C). All behavioral tests were per-
formed as described (4), carried out in the light phase, and were
in accordance with National Institutes of Health guidelines. To
reduce stress in the experimental day, the first day was dedicated
to swimming training, in the absence of an island. Each rat was
placed in the pool for 2 min and was returned to its home cage.
In the next day, half of the rats were placed again in the pool for
a 2.5-min swimming session and were used as swimming controls.
The other half were given four consecutive trials to locate the
platform, each trial lasting up to 2 min. Rats were required to
spend 30 sec of an intertrial interval on the platform. The rats’
escape latency was measured by using a HVS2020 video tracking
system (HVS Image, San Diego). One, 6, and 24 h after training,
swimming control and water maze-trained rats were killed and
their hippocampi were rapidly dissected and frozen on dry ice.
To verify that indeed the rats that were used had learned the
spatial location of the island, a set of six rats was trained to find
the island, and 24 h later they were tested on a quadrant analysis
as described (4).

Microarray Analysis. Hippocampal RNA from untrained animals
(naive), swimming control, and water maze-trained individual
animals was extracted as described (4). Total RNA samples from
each experimental condition were pooled into two groups,
reverse transcribed, biotinylated, and hybridized to two Gene-
Chip Rat Neurobiology U34 arrays with the protocol outlined in
the GeneChip Expression Analysis Technical Manual (Affy-
metrix, Santa Clara, CA). The arrays were washed and stained
by using a fluidics system with streptavidin-phycoerythrin (Mo-
lecular Probes), amplified with biotinylated anti-streptavidin
antibody (Vector Laboratories), and then scanned with a
GeneArray Scanner (Affymetrix). To determine the quality of
labeled targets before analysis on GeneChip Rat Neurobiology
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U34 arrays, each sample was hybridized to one GeneChip test 3
array. The image data were analyzed by MICROARRAY SUITE 4.0
gene expression analysis program (Affymetrix). Normalization,
filtering, and cluster analysis of the data were performed with the
GENESPRING 4.2 software (Silicon Genetics, Redwood City, CA).
The raw data from each array were normalized as follows: Each
measurement for each gene was divided by the 50th percentile
of all measurements. Each gene was then normalized to itself by
making a synthetic positive control for that gene, and dividing all
measurements for that gene by this positive control. This syn-
thetic control was the median of the gene’s expression values
over all of the samples. Average difference values of less than
zero represent probe sets where the intensity of the mismatched
probe is, on average, greater than the perfect matched probe
and, thus, the probe set is performing poorly. For this reason,
normalized values below 0 were set to 0. Data derived from
replicates (n = 2) in experimental groups were used to perform
pairwise comparisons. An average fold change, derived from all
possible pairwise comparisons, greater than 2 and at least one
raw average difference value above 100 was used as the cutoff for
significant differences in gene expression.

Real-Time Quantitative RT-PCR. To further confirm the reliability of
the array data, the mRNA levels of 15 genes were quantified by
real-time quantitative RT-PCR. Aliquots of cDNA (0.1 and 0.2
png) from naive, swimming control, and water maze-trained rats
(six animals per group), and known amounts of external standard
(purified PCR product, 10% to 108 copies) were amplified in
parallel reactions using specific primers (Table 2, which is
published as supporting information on the PNAS web site,
www.pnas.org). PCR amplifications were performed as de-
scribed (9, 10). Specificity of PCR products obtained was
characterized by melting curve analysis, followed by gel electro-
phoresis and DNA sequencing.

Behavioral Pharmacology. Thirteen male Wistar rats (250-300 g)
were implanted strereotaxically with stainless steel guide can-
nulae in the right and left lateral ventricles (AP, —0.80 mm; ML,
1.5 mm; DV, 3.6 mm) (11). On day 1, 1 week after surgery,
animals were subjected to a 2-min swimming training session. A
water maze training session was then performed on days 2 and
3, which measured the ability of the animals to find a submerged
platform to escape from the water. Two trials were given to each
animal for each session. The escape latency and distance to find
the platform were monitored as described above. Ten minutes
after the second trial on day 2, an intracerebroventricular
administration of drug or vehicle was performed in both lateral
ventricles by introducing stainless steel injection cannulae into
the implanted guide cannulae. Each injection cannula was
connected to a 25-ul Hamilton syringe fastened onto a pump
through polyethylene tubing filled with distilled water. Infusions
were performed at a rate of 2 ul/min for 1 min in each side. Six
animals received 0.94 pmol of FGF-18 (PeproTech, Rocky Hill,
NJ) and the other seven received a control injection of vehicle
(saline).

RNA preparation, microarray analyses, quantitative RT-PCR
and pharmacological studies were performed in a double-blind
manner.

Results

To relate mRNA induction to a learning task we trained the rats
for four consecutive trials to locate a submerged island in the
water maze. The rats completed the task within 2.56 = 0.49 min
(mean * SD) and their latency time to find the island was
reduced from 47.8 = 11.3 sec to 26.3 £ 6.9 sec, indicating that
the rats indeed learned the task. Swimming control rats were
allowed to swim in the pool in the absence of the island for 2.5
min. To verify that the trained rats in fact learned the spatial
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location of the island, a group of six rats was trained to find the
island and tested 24 h later on a quadrant analysis. The trained
rats swam significantly longer in the quadrant where the island
was located (36.5 = 3.2% of the total distance compared with
22.5 £ 2% and 21.8 = 2.9% in the two adjacent quadrants and
19.1 = 4.1% in the opposite quadrant, ANOVA, P < 0.01).

Hippocampal gene expression profiles in naive, swimming
control, and water maze-trained animals were measured by using
microarrays containing more than 1,200 genes relevant to neu-
robiology. The complete set of data is available in Table 3, which
is published as supporting information on the PNAS web site.
When gene expression profiles in the naive and swimming
control animals 1, 6, and 24 h after swimming sessions were
compared, 345 genes (27.3%) were found to be differentially
expressed more than 2-fold in at least two of the four conditions
(Fig. 14). These genes, operationally defined as “physical activ-
ity-related genes” (PARGs) indicate that physical activity and
mild stress associated with behavioral training has a significant
impact on hippocampal gene expression.

When gene expression levels in swimming control animals
were compared with water maze-trained animals 1, 6, or 24 h
after training, 140 genes (11%) were found to be differentially
expressed and were operationally defined as “memory-related
genes” (MRGs) (Fig. 14). The majority of these MRGs (110 of
140), were also PARG:s, i.e., influenced by physical activity.
Among MRGs, 91 genes were down-regulated (Fig. 1 B, E, G,
and ) in the hippocampus of water maze-trained animals,
whereas 55 genes were up-regulated (Fig. 1 C, F, H, and L).

A hierarchical clustering method was used to group memory
related genes on the basis of similarity in their expression
patterns (Fig. 1D). Genes represented by more than one probe
set on the array, such as inducible nitric oxide synthase, inositol
1,4,5-trisphosphate receptor type 1, microtubule-associated pro-
tein 2, and Ca?*/calmodulin-dependent protein kinase II «,
were clustered next to, or in, the immediate vicinity of each
other, indicating that the effects of experimental noise or artifact
are negligible. Although no information on the identity of the
samples was used in the clustering, in some cases genes segre-
gated according to their common biological functions. For
example, genes encoding for membrane trafficking proteins,
such as synaptotagmins 7 and 8, or syntaxin 2, 5, and 8, and most
of the genes encoding for y-aminobutyric acid (GABA) A and
B type receptors were expressed concordantly. The most evident
trait of the clustered data (Fig. 1D) was that MRGs showed
entirely different temporal patterns of expression in swimming
control vs. water maze-trained animals.

Although our data represented the average gene expression
from two separate microarray analyses performed on pooled
hippocampal RNA samples from naive, swimming control, and
water maze-trained animals, there could be differences in gene
expression between individual animals. To address this question
and to confirm the reliability of the array data we selected 15
genes and quantitatively validated their differential expression in
the hippocampal mRNA of individual animals by using real-time
quantitative RT-PCR (see Table 2). Remarkably, the pattern of
gene expression from sample to sample observed by microarrays
closely paralleled the pattern observed by using real-time RT-PCR.
The minimum and maximum correlation coefficients between the
two profiles are 0.72 and 0.99, respectively (Table 2).

Fibroblast growth factor (FGF)-18 was the only MRG not
influenced by physical activity that was increased 1, 6, and 24 h
after water maze training (Fig. 2, which is published as support-
ing information on the PNAS web site, and Fig. 1 F, H, and L).
To explore the effect of FGF-18 in spatial learning, we tested the
effects of a single exogenous dose of FGF-18. Adult male rats
were trained in a Morris water maze for two trials and then
injected intracerebroventricular with 0.94 pmol of FGF-18 or
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vehicle. As shown in Table 1, animals treated with FGF-18
displayed significantly improved spatial learning behavior (P <
0.05) compared with vehicle-injected control animals. FGF-18
treatment induced a 49% reduction in the escape latency but no
significant changes in motor activity.

Discussion

Our results show that both learning and physical activity have
profound effects on hippocampal gene expression. Most of the
MRGs, those differentially expressed between the swimming
and spatial learning animal groups, were also affected during
swimming alone, but with entirely different temporal patterns of
expression as shown in the clustered data. Although learning and
physical activity involve common groups of genes, the behavior
of learning and memory can be distinguished from unique
patterns of gene expression across time.

All of the MRGs identified have a recognized function and can
be classified into six major groups based on their translated
product (see Fig. 2): (i) cell signaling, (if) synaptic proteins, (iif)
cell-cell interaction and cytoskeletal proteins, (iv) apoptosis, (v)
enzymes, and (vi) transcription or translation regulation. Some
of these genes have been previously related to synaptic plasticity,
memory, or cognitive disorders, whereas others provide a sig-
nificant number of unique entry points that have not been
recognized previously. The exact role and functional relation-
ships of the genes and proteins implicated, however, are pre-
sumably those we cannot yet recognize. For this reason, in the
following section we will discuss only some of the MRGs
implicated by microarray analysis. As more time points, behav-
ioral paradigms, and pathophysiological conditions are used for
similar studies, and more complete high-density arrays become
available, a more complete interpretive framework will emerge
as to the key genes and pathways underlying learning and
memory. To facilitate this exploration, the data generated in the
present study and those produced in different behavioral (9) and
pathophysiological (10) conditions are available online (Table 3
and www.brni-jhu.org/sebi/microarray-data).

Cell Signaling. The group of genes involved in cell signaling is the
largest and includes a subgroup of neuropeptides, growth factors,
and their receptors. Among them is FGF-18, a member of the
FGF family, which was shown to stimulate neurite outgrowth
(12). Although the function of this peptide is still unknown, the
other members of its family are important signaling molecules in
several inductive and patterning processes, and act as brain
organizer-derived signals during the formation of the early
vertebrate nervous system. The expression of FGF-18 was
induced by water maze training but not physical activity. This
result, together with the ability of FGF-18 to enhance spatial
memory when exogenously administered, is strong evidence in
favor of its involvement in learning and memory.

Differential expression of interleukin-18 (IL-1pB), interleukin
15 (IL-15), and interleukin-2 (IL-2) receptor « chain suggests a
physiological role of brain cytokines in memory consolidation
processes. Indeed, the reduction of IL-18 mRNA in water
maze-trained animals is consistent with previous studies showing
that central IL-18 administration and agents that induce central
IL-1p activity impair the consolidation of memories that depend
on the hippocampal formation (13).

Enhanced expression of corticotropin-releasing hormone in
water-maze-trained animals is also in line with other evidence
obtained in another learning paradigm (14).

The subgroup of G protein-coupled receptors includes two
GABA B-type receptor splice variants, GABAgiq and
GABAg,,. Functional GABAg receptors, whose function de-
pends on dimerization of GABAg; and GABAg,, are known to
activate second messenger systems and modulate potassium and
calcium channel activity, thereby controlling the presynaptic
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transmitter release and the postsynaptic silencing of excitatory
neurotransmission (15). GABAg receptor agonists or antago-
nists are known to impair or facilitate, respectively, cognitive
performance in the Morris water maze task as well as other kinds
of learning (16). By reducing GABAg receptor signaling, the
down-regulation of GABAg;4 and GABAg,, 1 h after water
maze training may exert a mnemonic effect similar to that
produced by GABAg receptor antagonists.

Dopamine 1A and D4 receptors are down- and up-regulated,
respectively, 1 h after water maze training. These receptors are
coupled to different G proteins and their change in expression
may allow for the modulation of a neuronal dopamine-mediated
signal.

The opioid receptor-like receptor is decreased 1 h after water
maze training. This receptor is a G protein-coupled receptor
structurally related to the opioid receptors, whose endogenous
ligand is the heptadecapeptide nociceptin, which has been
implicated in sensory perception, memory process, and emo-
tional behavior (17).

The adenosine receptor Al, which is negatively coupled to
adenylate cyclase, decreased 1 h after water maze training.
Adenosine is thought to exert a tonic inhibitory role on synaptic
plasticity in the hippocampus (18). Its decrease, therefore, may
exert a facilitory role during learning and memory.

The insulin receptor was increased in swimming control and
decreased in water maze-trained rats, whereas the precursor of
its endogenous ligand, insulin, was detectable only 24 h after
water maze training. The fine balance of brain insulin and its
receptor may regulate cognitive functions (19).

The subgroup of ligand-gated ion channels includes five
GABA, receptor subunits which were all differentially ex-
pressed 1 h after water maze training. Four of them, a4, a5, 82,
and y2, were down-regulated, whereas one, the 7 subunit, was
up-regulated. Changes in the expression of specific GABA
receptor subunits may affect the composition and pharmacology
of GABAA receptor assemblies. These changes may also be
relevant in consideration of the vast number of drugs such as
anxiolytics, anticonvulsants, general anesthetics, barbiturates,
ethanol, and neurosteroids, which are known to elicit at least
some of their pharmacological effects through GABA4 receptor
subunits (20).

The expression of glutamate ionotropic receptors is dynami-
cally regulated during spatial learning. N-methyl-D-aspartic acid
receptor (NMDA-R) 1, which possesses all properties charac-
teristic of the NMDA receptor—channel complex, is down-
regulated 1 h after water maze training, whereas NMDA-R2A,
which has regulatory activities, is up-regulated after 24 h. One
L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
receptor a3 subunit is down-regulated 1 h after training. Two
kainate receptors, GluR6 and GluR5-2, are up-regulated 6 and
24 h, respectively, after training. Plastic changes of different
combinations of glutamate receptors might have profound ef-
fects on glutamate responsiveness (21).

The subgroup of ion channels includes several proteins that
play a role in the maintenance of ionic homeostasis. Among
these are 10 potassium (K*) channel subunits: 2 Shaker (Kcna5
and Kcna6), 2 Shab (Kenb1 and Kenb2), 1 Shal (Kend2) and 1
EAG-related (Kcnh5) voltage-dependent K* channel subunits;
1 Ca?"-activated (Kcnn2) and 3 inwardly rectifying (Kcjn4,
Kcjnl11, and Kcjn16). Expression changes of different K* chan-
nel subunits may alter the composition of the channel complexes
and would affect cellular excitability (22). Although the exact
contribution of each of the above subunits during spatial mem-
ory is unknown, 7 of 10 are down-regulated after water maze
training and may produce increased excitability.

The subgroup of proteins involved in intracellular signaling
includes several proteins involved in the intracellular homeo-
stasis of calcium, sodium, and potassium ions. Among these is
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Fig. 1. Differential gene expression during water maze learning. (A and B) Venn diagrams of differentially expressed hippocampal genes. Genes differentially
expressed in naive and swimming control animals 1, 6, and 24 h after training were operationally defined as "“physical activity-related genes'’ (PARGs), whereas
genes differentially expressed in water maze-trained animals compared with swimming controls were operationally defined as “memory-related genes’’ (MRGs)
(A). Among these, 91 genes were down-regulated (B), whereas 55 genes were up-regulated (C) in at least one of three time points examined. (D) Hierarchical
clustering of memory-related genes. A hierarchical clustering algorithm (Pearson correlation, separation ratio 0.5, minimum distance 0.001) was used to order
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Table 1. Effects of a single exogenous administration of FGF-18
on water maze learning

Latency, sec Distance, m
Treatment Day 1 Day 2 Day 1 Day 2
Control 48.2 = 16.1 37.1+ 111 13.6 +43 104 = 3.1
FGF-18 46.6 = 16.7 19.2 + 6.3*% 15.2 £ 5.7 6.1 = 2.0*

*, Day 1 vs. day 2, P < 0.05; 1, control vs. FGF-18, P < 0.05.

the frequenin homolog, also known as neuronal calcium
sensor-1, which has recently been shown to regulate associative
learning (23).

The subgroups of proteins involved in neurotransmitter trans-
port includes GABA, glutamate, and serotonin transporters. The
GABA and glutamate transporters are down-regulated 1, 6, or
24 h after water maze training, whereas the serotonin transporter
is up-regulated after 1 h. Neurotransmitter uptake by nerve
terminals and glial cells is crucial for providing a reservoir of
transmitter or transmitter precursors and the termination of
synaptic events (24). Changes in the expression of these trans-
porters, therefore, may have profound effects on neurotrans-
mission by controlling neurotransmitter levels at the synaptic
cleft.

The subgroup of signaling enzymes includes a number of
proteins previously implicated in learning and memory. After
water maze training, a strong induction of the inducible form of
nitric oxide synthase (iNOS) was observed. This enzyme pro-
duces nitric oxide (NO), a molecule involved in neurosynaptic
transmission, and is induced in many pathological conditions.
Although the role of NO in learning and memory is still unclear,
some studies have reported that systemic NO inhibition had
deleterious effects in water maze learning (25-27). The role of
iNOS in the hippocampus, therefore, may go beyond its well
established detrimental function in neurological disorders and
could contribute to the mechanisms underlying learning and
memory.

Two genes encoding enzymes involved in the mitogen-
activated protein kinase (MAPK) signaling cascade, p38 MAPK
and MAPK phosphatase, were found to be differentially ex-
pressed after water maze training. This signaling cascade has
been previously implicated in the development of synaptic
plasticity underlying learning and memory (28-30). However,
there are three subfamilies of MAPKs that are activated by
different upstream cascades and are involved in the regulation of
distinct nuclear transcriptional factors (31). As suggested by
the present observations and previous studies (32), long-term
memory may involve different MAPKs and/or their MAPK
phosphatases.

Differential expression of two Ca?*/calmodulin-dependent
protein kinases, belonging to a class of signaling enzymes
extensively implicated in memory formation and consolidation
(33), was observed after water maze training.

Other proteins involved in signal transduction include Ania-3, a
short form of the Homer family of proteins which bind to group
I metabotropic glutamate receptors, inositol trisphosphate re-
ceptors, ryanodine receptors, and NMDA receptor-associated
Shank proteins and have been implicated in synaptogenesis,
signal transduction, receptor trafficking, and axon pathfinding
(34). The long Homer forms are constitutively expressed and

self-associate to function as adaptors to couple membrane
receptors to intracellular pools of releasable Ca?>*. The short
Homer forms compete with the long Homer proteins for bind-
ing to signaling components, thus functioning as endogenous
dominant-negative regulators of receptor-induced Ca’* release
from intracellular stores. Down-regulation of Ania-3 in water
maze-trained animals may modulate the properties of the long
Homer forms and be involved in activity-dependent alterations
of synaptic structure and function.

Up-regulation of another signaling molecule, citron, was
found 24 h after water maze training. Citron is a neuronal
p-target molecule associated to the postsynaptic scaffold protein
PSD-95, which plays an important role in the anchoring and
clustering of neurotransmitter receptors at the synapses (35).
The expression of citron may provide a crosstalk between the p
signaling pathway, which has been implicated in the mechanisms
of neuronal plasticity, and in neurotransmitter receptors such as
the NMDA receptor.

Cell-Cell Interactions and Cytoskeletal Proteins. The group of cell-
cell interactions and cytoskeletal proteins includes a vast number
of proteins whose change in expression may reflect the mor-
phological adaptation of brain cells during formation of mem-
ory. Among them, for example, is 8-catenin, a component of the
cell-cell adherens junctions expressed specifically in the nervous
system. 6-catenin is down-regulated during neuronal migration
and expressed in the apical dendrites of postmitotic neurons
(36). Changes in é-catenin expression, therefore, are considered
to be fundamental for the establishment and maintenance of
dendrites and synaptogenesis. 8-Catenin was originally discov-
ered as an interactor with presenilin 1 (37), whose mutation
causes early-onset familial Alzheimer’s disease. In addition,
hemizygosity of &-catenin is associated with severe mental
retardation in the cri-du-chat syndrome that is associated with
severe mental retardation (38).

The hippocampal expression of several proteins involved in
microtubule formation was reduced 1 h after water maze train-
ing. Among these are B-tubulin, neuraxin, and microtubule-
associated protein 2 (MAP2) and 5. The reduced expression of
MAP2, in particular, was confirmed in three redundant probe
sets. Altered expression of MAP2, which is critical for dendritic
stability (39), has been shown with contextual memory, long-
term potentiation, aging, epilepsy, Alzheimer’s disease, and Rett
syndrome (40—45). We have recently found altered expression of
MAP?2 in a transgenic animal model of fragile X syndrome (10),
which shows behavioral deficits in the Morris water maze (46).
Expression of several others proteins involved cell-cell and
cell-matrix interactions was found to be increased (intercellular
adhesion molecule-1, C-CAM?2a isoform) or more often de-
creased (neurexin 1, connexin 43, contactin 1, chondroitin
sulfate proteoglycan 3, myelin-associated glycoprotein, and ax-
onal glycoprotein). Cell adhesion molecules have already been
implicated in synaptic plasticity, learning, and memory (47).
Together, their changes may be critical in regulating cell-cell
recognition and the establishment of mature dendritic relation-
ships in the neuropil.

Apoptosis. The group of proteins involved in apoptosis includes
Bcl-2-related death gene product BOD-L, caspase 1 and 6, and
DPS, which are all up-regulated after water maze training. In
agreement with other studies (48), our data suggest that beyond

memory-related genes in a dendrogram in which the pattern and length of the branches reflect the relatedness of the samples. Data are presented in a matrix
format. Each row represent a single gene and each column represents an experimental condition. The averaged normalized intensity from two replicates is
represented by the color of the corresponding cell in the matrix. Blue, yellow, and red cells, respectively, represent transcript levels below, equal to, or above
the median abundance across all conditions. Color intensity reflects the magnitude of the deviation from the median (see scale at the bottom). (E-L) Differentially
expressed genes in swimming control (SC) vs. water maze (WM)-trained animals at 1, 6, and 24 h after training.
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their roles in cell death, apoptotic and anti-apoptotic cascades
may play roles in synaptic plasticity.

Enzymes. The group of enzymes includes two proteins involved in
free radical metabolism, heme oxygenase 1 and superoxide
dismutase 3, whose expression was reduced in the hippocampus
of water maze-trained animals. Besides their role in oxidative
stress, these enzymes may be implicated in other physiological
roles such as learning and memory. Indeed, impaired spatial
memory is found in mice overexpressing these two proteins
(49, 50).

Transcription or Translation Regulation. Among the group of dif-
ferentially expressed genes involved in transcription or transla-
tion regulation is the up-regulated gene encoding for cyclin
Ania-6a, whose splicing is dynamically controlled by different
forms of neuronal stimulation (51), and Jun-B, which is induced
after different memory tasks (52).

Synaptic Proteins. The group of synaptic proteins includes a
number of proteins that regulate membrane trafficking and
fusion. They include synaptojanin 1, four members of the
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