OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

Gene Expression Profiling of a Hypoxic Seizure Model of
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Abstract

Microarray profiling was used to investigate gene expression in the hypoxic seizure model of acquired epilepsy in the rat,
with the aim of characterizing functional pathways which are persistently activated or repressed during epileptogenesis.
Hippocampal and cortical tissues were transcriptionally profiled over a one week period following an initial series of seizures
induced by mild hypoxia at post-natal day 10 (P10), and the gene expression data was then analyzed with a focus on gene
set enrichment analysis, an approach which emphasizes regulation of entire pathways rather than of individual genes.
Animals were subjected to one of three conditions: a control with no hypoxia, hypoxic seizures, and hypoxic seizures
followed by treatment with the AMPAR antagonist NBQX, a compound currently proposed to be a modulator of
epileptogenesis. While temporal gene expression in the control samples was found to be consistent with known processes
of neuronal maturation in the rat for the given time window, the hypoxic seizure response was found to be enriched for
components of the PI3K/mTOR and Wnt signaling pathways, alongside gene sets representative of glutamatergic, synaptic
and axonal processes, perhaps regulated as a downstream consequence of activation of these pathways. Wnt signaling
components were also found enriched in the more specifically epileptogenic NBQX-responsive gene set. While activation of
the mTOR pathway is consistent with its known role in epileptogenesis and strengthens the case for mTOR or PI3K pathway
inhibitors as potential anti-epileptogenic drugs, investigation of the role of Wnt signaling and the effect of appropriate
inhibitors might offer a parallel avenue of research toward anti-epileptogenic treatment of epilepsy.
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Introduction greater number and variety of molecular targets for intervention
than the ones currently affected by known anti-epileptic drugs.
To help apprehend the molecular changes underlying epilepsy,
and hence identify potential molecular targets for intervention,
several microarray-based gene expression profiling studies have
been conducted in the past few years [3,4,5,6,7]. These have
generally been based on rodent models of epilepsy, in which for
instance pilocarpine or kainate were used to induce seizures [8],
following which dissected brain tissues were transcriptionally
profiled. Taken together, these studies have led to the identifica-
tion of a large and generally consistent set of genes, differentially
regulated in an epileptic context [9]. However, arguably most of
these studies measured only the acute transcriptional response to
seizures, and did not characterize differential gene expression
during epileptogenesis, because profiling was either done shortly
after induced seizures, or was performed in models in which

Epilepsy is a widespread neurological disorder affecting as many
as 3% of all individuals at some point in their lives, with about
30% of chronic epileptic patients refractory to drugs, and with
many patients experiencing apparently progressive forms of the
disease [1]. While historically attention has been focused on
controlling the acute symptoms of the disease, more recently
emphasis has also been placed on understanding the underlying
process of epileptogenesis, that is, the molecular and structural
changes that occur in brain tissue, sometimes over extended
periods of time of months or years, and which eventually lead to
the epileptic state [2]. This new “disease-modifying” focus might
eventually provide for a more rational approach to treatment of
the disorder, in which one deals with the underlying condition
rather than just its symptoms, and concomitantly may reveal a
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epileptogenesis has not been documented as yet. While recent
profiling studies have more appropriately addressed epileptogenic
processes [10,11,12], identifying genes regulated in chronic or
longer-term settings, a multiplicity of models will doubtless be
required for understanding of the mechanisms underlying
epileptogenesis.

In this context, a rodent model using acute hypoxia-induced
neonatal seizures in post-natal day 10 (P10) rats to generate long-
term chronic epilepsy [13,14] appeared particularly well suited for
a gene expression study of epileptogenesis. This “hypoxic seizure”
model, which has already been extensively characterized pheno-
typically, results in long term increases in neuronal excitability,
seizure susceptibility, and eventually gives rise to spontaneous
seizures [15]. Furthermore, a number of pharmacological agents,
including  AMPA receptor antagonist NBQX, and mTOR
inhibitor rapamycin [16,17,18], have been clearly identified as
anti-epileptogenic in this model when they are applied in a critical
time-widow following the initial event of hypoxia-induced seizures.

We set out to transcriptionally characterize the hypoxic seizure
model, by profiling by microarray over a one week period
hippocampal and cortical tissues of a series of rats subjected to
an initial event of hypoxic seizures at P10 (with a control series of
sham-treated animals generated in parallel). Profiling was also
performed on a series of animals in which anti-epileptogenic
NBOX treatment was applied following the initial hypoxic seizure
event. Brain tissues were collected and profiled at a set of time
points from 1 hour to 1 week following the hypoxic seizures,
sampling being designed to capture both acute and long-term
transcriptional changes in response to the initial seizures, with the
expectation that long-term changes in gene expression reflect the
ongoing epileptogenic process, and hence may inform on its
mechanisms.

Our analysis of the resulting expression data consisted of three
parts. First we examined normal, developmentally-regulated
changes in gene expression in the control animals. This analysis
provided a ‘reality check” on the experimental system, by
confirming induction or repression of genes participating in
known neuronal differentiation processes, and also provided a
measure of novelty, as the P10-P17 developmental period in the
rat had not been previously analyzed by microarray profiling.
Second, we examined the differential response to hypoxic seizures,
finding a set of genes and associated pathways which participate in
the long-term, persistent consequences of hypoxic seizures. Third,
we determined the subset of these genes which also respond to
NBQX administered after the initial hypoxic event, these genes
being potentially more closely implicated in epileptogenic
processes. In these analyses, we systematically used gene set
enrichment analysis, which emphasized discovery of relevant
pathways and functional categories, rather than just of individual
genes.

Results

Experimental design of the epileptogenesis model

The experimental design of the model for hypoxia-induced
epileptogenesis is shown in Figure 1A. Cohorts of P10 rat pups
were subjected to one of three experimental conditions: 1) a
baseline control treatment, with no induction of hypoxic seizures
(noHS), 2) a treatment with hypoxic shock inducing seizures (HS)
in which each animal underwent a 15 minutes passage at 5% Oo,
and 3) a treatment with hypoxic shock, followed by four intra-
peritoneal injections of NBQX over a 48 h period, starting at
30 minutes post-hypoxia (HS+NBQX). Control vehicle injections
of DMSO were performed for the animals under the noHS and
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HS conditions. For the animals undergoing hypoxia, a mean
number of 10.6 (se *2.8) seizures were observed during the
15 minute hypoxic interval. For each treatment condition, cohorts
of 4 to 6 rat pups were killed at five sampling times spanning
1 hour to 1 week post-hypoxia (1 h, 6 h, 12 h, 48 h, 168 h post-
hypoxia), for a total of 75 animals sacrificed. Whole cortex and
hippocampi were extracted from the sacrificed animals and
separately profiled on two Affymetrix high-throughput plate
microarrays (see Methods), resulting in a total of 142 gene
expression profiles after quality-control (File S1). The data for the
study have been deposited in the Gene Expression Omnibus [19],
under data set GSE44903.

As a guide for the data analyses, we used the cartoon in
Figure 1B, which suggests the behavior of a gene under the given
experimental conditions. 1) Under baseline conditions with no
induction of hypoxic seizures (red line, ‘“noHS”), the gene
undergoes solely developmentally-regulated expression. 2) Under
the time course following hypoxic seizures (black line, “HS”) the
gene is for instance induced relative to baseline, and its expression
level remains higher one week later. 3) With in addition NBOQX
treatment  following  hypoxic  seizures  (dashed lines,
“HS+NBQX?”), two possible outcomes are indicated, differential
mnhibition (inhi.) or further increase (incr.) of the hypoxic seizure
response. The responses indicated in Figure 1B are expected to
roughly correspond to effects of decreasing magnitude, with strong
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Figure 1. Experimental design for profiling of the hypoxic
seizure model. A. Factorial table showing the average number of
replicates per combination of treatment condition and sampling time
(hours, post P10) for each tissue separately, for a total of 144 samples
profiled; noHS = no hypoxic seizures induced (baseline condition), HS
= hypoxic seizures induced at t=0 h, HS + NBQX = hypoxic seizures
induced at t=0 h, followed by four IP administrations of NBQX over a
48 h period. Control vehicle injections were performed at the same
times over the same 48 h period under the noHS and HS treatments. B.
Cartoon indicating the location of the sampling times and the duration
of hypoxic shock (gray bar) and NBQX (rose bar) treatments, alongside
hypothetical gene expression profiles for a developmentally modulated
gene which also shows persistent activation after hypoxia-induced
seizures (HS profile) relative to the baseline (noHS profile). Two possible
responses to NBQX treatment are indicated (increase or decrease).
doi:10.1371/journal.pone.0074428.g001
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modulation due to developmental effects, weaker differential
response due to hypoxic seizures, and yet weaker differential
response due to additional treatment with NBQX.

The developmental time course for post P10 neuronal
tissues is consistent with known neuronal maturation

processes

We first examined the baseline, developmentally-regulated gene
expression profiles, as these were obtained for a time interval in
neuronal development not generally studied by microarray
profiling. Thus in Figure 2, the P10-P17 developmental time
courses, for both hippocampal and cortical tissues, are displayed as
heat maps based on the thousand genes with most significant
variation across all time points and all samples [in the figure, genes
correspond to rows and samples to columns, with rows clustered in
accordance to the similarity of their expression profiles (see
Methods)]. Biological replicates within each group are separately
presented in Figure 2, where it can be seen that the multiple
profiles corresponding to each time point form stripes of similar
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genes (1,000)

-2 e—)
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color and intensity, indicating that overall good biological replicate
concordance was achieved in the experiment.

The profiles in Figure 2 can be approximately grouped into five
clusters, A-E. Two of the clusters (A, B) contain genes with
expression specific to cortex and hippocampus respectively, with
corresponding bright red regions in the heat map occurring
specifically for each of these tissues. Two other clusters (C, D, blue
lettering), contain genes with common temporal pattern of
expression in both tissues, with repression over time occurring in
cluster C and induction in cluster D. Casual inspection of these
clusters shows that cluster C contains numerous genes associated
with cellular proliferation (such as cyclin B1, aurora B kinase or
MCM2), with expression strongly down-regulated by the final time
point P17. Cluster D contains numerous genes specific to mature
neuronal or glial cells (such as neurofilament NEFH, nerve growth
factor NFGB, or oligodendrocytic myelination markers MBP or
MOG), with expression strongly up-regulated by the final time
point P17. The small cluster E contains genes common to both
tissues, but which do not show marked temporal changes.

CCNBI
AURKB
BIRCS
MCM2

( MOBP
MAG
MBP
MOG
KCNJ16
KCNAL
CAMK2A
NEFH
NGFB

\ SYNGR2

Figure 2. Baseline developmental time courses show tissue-specific as well as common gene expression patterns. Gene expression
profiles are displayed for hippocampus (left) and cortex (right), over the time period P10-17. Clustered expression intensities standardized to Z-scores
are shown for the thousand genes with most significant variation across all samples. The color scale saturates at Z==*2. Cluster A: genes with
expression specific to cortex; B: genes with expression specific to hippocampus; C: set of genes repressed in time in both tissues, containing many
genes for cellular proliferation control; D: set of genes induced in time in both tissues, containing many genes specifying mature neuronal lineages; E:

common set of genes with no significant changes of expression.
doi:10.1371/journal.pone.0074428.g002

PLOS ONE | www.plosone.org

September 2013 | Volume 8 | Issue 9 | e74428



To mathematically quantify which functional pathways are
significantly modulated in the developmental time course, we
performed a gene set enrichment analysis, using a curated
collection of neuronally-relevant gene sets. For each gene set
considered, enrichments were computed for each of the profiles of
log?2 ratios of expression at times 6, 12, 48 and 168 h relative to
expression at the 1 h time point, using a “regulated” Kolmogorov-
Smirnov (KS) analysis, which generates a P-value, “left” and
“right” enrichments scores Cy, and Cg, and a distributional plot
(KS plot) of log2 ratio values for gene set members relative to the
profile being investigated (see Methods).

As already suggested by inspection of Figure 2, gene sets
representative of cell cycle were found to be significantly down-
regulated over time. This can be seen for a cellular proliferation
gene set (Figure 3), where statistically significant (P=2.6x10"%
and large (Cr = 11.3) negative enrichment is observed at t = 168 h,
with for instance strong down-regulation of MYC, MYCN, cyclin
A2 (CCNA2), and mini-chromosome maintenance (MCM) genes;
for a mitotic processes gene set (Figure S1 in File SO, P<1072,
Cr=9.3 at t=168 h), with strong down-regulation of chromo-
somal passenger genes survivin and aurora kinase B and of mitotic
cyclins Bl and B2; and finally for a gene set containing targets of
the proliferation-inducing sonic-hedgehog [20] (Figure S2 in
File S9, P<107°, Cx =12.6 at t=168 h).

Next focusing on characterization of neuronal lineages, and first
looking at gene sets representative of progenitors cells, we found
that a gene set for neuronal stem cells was negatively enriched over

A Cell proliferation
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time (File S9 in File $9, P=1.6x10"% Cg =8.6 at t= 168 h), with
in particular repression of markers nestin and CD24. A related
gene set for neuronal and glial cell progenitors (Figure S4 in
File S9) showed statistically marginal negative enrichment
(P=6.7x10"%) but with overall repression of its markers
(Cr=1.9 at t=168 h), including strong down-regulation of the
neuronal precursor migration gene doublecortin (DCX). In logical
coordination with the observed repression of gene sets for neuronal
precursors, gene sets for the mature neuronal lineages were found
to be induced. Thus two overlapping gene sets for neurons
(Figure S5, Figure S6 in File S9) showed moderate but statistically
significant positive enrichments (P=2.0x10"%, C;.=1.9; P<107°,
Cr, = 2.7 respectively). Consistently with maturation of neurons, a
collection of synaptic structure genes (File S7, Figure S7 in
File S9) displayed moderate enrichment over one week’s time
(P=2.1x10"2, Cr,= 1.6). Most prominent were induction of genes
for pre-synaptic proteins such as vesicular glutamate transporter
VGLUT1, synapsin 2 and VAMPI, and for post-synaptic
scaffolding proteins such as HOMER1 and SHANKS. Develop-
mental changes in gene expression for selected neuronal receptors
are further described in File S7 (Figure S10- Figure S12 in
File S9).

Regarding the glial cell lineages, a gene set containing astrocytic
markers (Figure S8 in File S9) was more strongly and positively
enriched (P=1.2x10"* Cp.=3.7 at t=168 h) than any of the
neuronal gene sets, with induction of connexin 30 (GJB6),
glutamine synthetase (GLUL) and the glutamate transporter
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Figure 3. A cellular proliferation gene set shows strong repression under baseline developmental conditions. A. Log2-ratios of gene
expression relative to the 1 h time point, in each tissue separately, are displayed as a heat map, with sampling times post-P10 indicated in hours.
Colors saturate for log2-ratio = 1. Almost all members of this manually curated gene set representing cellular proliferation are repressed over time.
B. Detailed intensity profiles for MYCN and cyclin B1 (CCNB1) showing strong repression at t =1 week. C. KS plot showing the distribution of the log2-
ratios at t="1 week for both tissues. P-value and enrichment are reported for hippocampus only. Hipp = hippocampus, cx = cortex. The arrows point

to some of the genes referred to in the main text.
doi:10.1371/journal.pone.0074428.g003
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GLT-1 driving the enrichment. Finally, gene sets for the
oligodendrocytic lineage showed the most dramatic enrichments
of all the lineage markers: a manually curated list of oligoden-
drocytic markers (Figure 4) showed an extremely large, positive
enrichment at one week’s time (P<<107°, Cp =138), driven by
very strong and coordinate up-regulation of canonical myelination
markers such as MBP, MAG, MOG, and MOBP. An empirically-
derived set of oligodendrocytic markers [21] also showed very
strong positive enrichment at one week’s time (Figure S9 in
File S9, P<107°, C;.=16.5).

The down-regulation of genes for cellular proliferation and for
neuronal precursors, and the concomitant up-regulation of genes
for mature neuronal lineages, as noted above, is consistent with the
differentiation processes known to take place over this period of
time in both hippocampal and cortical tissues [22]. Furthermore,
the relative ranking of gene set enrichments observed here,
SChematiCﬁHY Cncurons < Caslrocylcs << Coligodcndrocylcs where €
denotes enrichment, is consistent with the known order of
neuronal maturation processes [22], with neurons at P10 already
partially differentiated, glial cells more immature and still strongly
differentiating, and myelination processes in oligodendrocytes
especially prominent in the time interval P10-P17.
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The hypoxic seizure response gene set is enriched in Wnt
and mTOR pathway components

We next examined the set of genes with persistent changes in
expression post-hypoxia, relative to the baseline normoxic
conditions, these genes defining the ‘“hypoxic seizure (HS)
response set”. To that end, two-way analyses of variance were
separately performed on the hippocampal and cortical gene
expression profiles to find microarray probe sets measuring
statistically significant effects under HS relative to baseline
conditions, after which probe sets were mapped to genes (see
Methods). Sets of 1,049 and 969 genes (out of the total of 14,405
represented on the microarray), were found to be modulated in
hippocampus and cortex, respectively, the intersection of the two
sets consisting of 619 genes, a highly significant number (P<<10~)
(Figure 5A). The non-redundant union of the two sets, containing
a total of 1,399 genes, defines the HS response set (File S2). A heat
map of the clustered, log2-transformed ratios of intensities, HS
versus matched normoxic control, for the HS response set is shown
in Figure 6. It can be seen that the temporal profile of the
differential response is similar for all genes, with early induction at
1 h and moderate peak at 12 h, and is also similar between cortex

- quaking homolog KH domain RMA, binding [mous

i enr:

-myelin associated glycoprotein

P<10°
C =165

D

ABA_up

Population

Figure 4. A gene set containing a set of oligodendrocytic markers is strongly induced under baseline developmental conditions.
Gene expression profiles are shown for a manually curated set of oligodendrocytic markers. A. Heat map of gene profiles, showing very strong

induction of several genes, including myelin basic protein (MBP), myelin

associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG)

and myelin-associated oligodendrocyte basic protein (MOBP). B. Detailed intensity profiles for 2’,3’-cyclic nucleotide 3’ phosphodiesterase (CNP1),
MBP and MOBP. C. KS plot showing the distribution of the log2-ratios at t=1 week for both tissues, with very marked leading edges. D. KS plot for an
independent empirically determined gene set of oligodendrocytic markers [21] (Figure S9 in File S9), also showing large positive enrichment. See

Figure 3 for key to figure color and scale details.
doi:10.1371/journal.pone.0074428.g004
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Figure 5. Determination of the hypoxic seizure and of the
NBQX responsive sets. A. Hypoxic seizure (HS) response set: Venn
diagram showing membership of genes selected separately in the
indicated tissues for significance of response to hypoxic seizures (two-
way ANOVAs, FDR < =0.25). A total of 1,399 genes are contained in the
HS response set. B. NBQX-responsive set: Venn diagram for the subsets
of the HS response which are also NBQX-responsive. The NBQX-
responsive group contains 257 genes.

doi:10.1371/journal.pone.0074428.9005

and hippocampus. Overall about twice as many genes are induced
as are repressed.

In order to quantify which biological pathways are affected by
hypoxic seizures, we considered the 12 h profile in hippocampus
as most representative, because it corresponds to the point of
maximum transcriptional modulation for most of the genes (in
addition, the 12 h time point is also the one at which maximum
activation of glutamatergic signaling components has been
previously observed at the protein level [23]). We performed gene
set enrichment analysis for the 12 h profile using gene sets arising
from five distinct collections containing a total of 6,394 gene sets
(see Methods). Collecting results, we found a total of 37 gene sets
scoring significantly against the 12 h hippocampal profile under
the regulated KS analysis (Table 1, File S3). We then filtered the
gene content of this small collection, by retaining only the most
significantly changing, “leading-edge” genes in each of the 37 gene
sets, and obtaining a final set of 261 genes (see Methods). The
corresponding 37 x261 gene membership matrix (gene sets versus
selected genes, see File S4 and File S5), is displayed as a clustered
heat map in Figure 7.

Inspection of the clusters in Figure 7 suggests that 9 functional
groups, named on the right-hand-side, principally contribute to
gene set membership. Six of these functional categories, named
Wht signaling, Glutamatergic/ NMDA receptor I and II, IGF-1/PI3K/
mTOR, Synaptic and In vitro response (black or red lettering), arise
from more than one gene set each, while three categories (Hypoxia
response, Axonal and Autism associated)(gray lettering, discussed
in File S7, with corresponding Figure S14, Figure SI18 and

PLOS ONE | www.plosone.org
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Figure S19 in File S9, respectively), are based on the presence of
a single gene set.

The In vitro response (BIC or 4AP) group of genes (lower right-hand
corner) arise from two gene sets, obtained from analysis of the
transcriptional response of cultured rat embryonic E18 cortical
cells to induction of seizure-like conditions by the GABA receptor
inhibitor bicuculline (BIC) or by the potassium channel blocker 4-
aminopyridine (4AP) for 8 h duration (internal communication).
The enrichment of these gene sets in the 12 h hippocampal profile
(Figure S13 in File S9) indicates that the pathways activated in
vivo by hypoxia-induced seizures overlap with those artificially
induced in vitro by convulsive agents, despite very different
biological contexts. This observation can be considered providing
a positive control for the experiment.

The enrichments of the overlapping Glutamatergic/ NMDA receptor
1, Glutamatergic/ NMDA receptor II and Synaptic categories (Fig-
ure S15, Figure S16, Figure S17 in File S9, respectively) suggest
modification of synaptic signaling as a result of hypoxic seizures. In
the Glutamatergic/ NMDA receptor I group (Figure S15 in File S9) one
finds for instance induction of i) genes coding for the AMPA
receptor components GLUR1 through GLUR4 (GRIA1-GRIA4),
ii) of genes for the NMDA receptor components NR3A and NR2A
(GRIN3A and GRIN2A, respectively), iii) of genes for the
astrocytic glutamate transporters GLAST1 (SLC1A3) and GLT1
(SLC1A2), and iv) for the glutamatergic post-synaptic neuron
scaffolding components GRIP1 and HOMERI. In the Glutama-
tergic/NMDA receptor II group (Figure S16 in File S9) one finds in
addition induction i) of the genes for beta-catenin (CTNNB1) and
N-cadherin (CDH2), involved in mediation of Wnt signaling and
in cell adhesion, respectively, and ii) induction of the genes coding
for CaM kinases CAMK4, CAMK2D, CAMK2G and CAMK2B,
which mediate response to changes in cytosolic calcium. The
Synaptic group (Figure S17 in File S9) includes NLGN3 coding for
the pre-synaptic adhesive component neuroligin-3, and gene
STX6 coding for syntaxin-6, involved in pre-synaptic vesicular
transport.

Wnt signaling and beta-catenin have important roles in synaptic
plasticity [24-26], and enrichment of the pathway may reflect
synaptic changes in response to hypoxic seizures. Thus, the
enriched Wnt signaling group (Figure 8) includes the gene for beta-
catenin (CTNNBI) already noted above in connection with the
Glutamatergic/NMDA receptor I group, as well as manifold compo-
nents of the Wnt signaling pathway including inhibitory protein
gene SFRP2 and transducer DVL3, already noted in connection
with the In vitro response (BIC or 44P) group, Frizzled co-receptor
LRP6, the beta-catenin regulatory complex components
CSKNI1E, GSK3B, AXIN2, and APC, and genes for Frizzled
ligands WNT2, WNT5A and WNTI0A. A detailed look at
expression ratios for a number of the Wnt pathway genes (Figure 9)
indicates a sizeable induction for beta-catenin under HS relative to
control (Figure 9A, left-hand profile), with expression ratios above
2 at all time points, alongside milder induction of several other
pathway genes considered, with expression ratios in the range 1.2
to 1.5 (Figure 9C-D, left-hand profiles). Additional enrichment
analysis with 7 gene sets not included in the analysis above, each
containing targets of activated Wnt signaling in different biological
contexts (from GeneSigDB [27]) (Table S1), indicated strong
enrichment for targets of WNT3A [28] (P=5.8x10"", C;.=4.95
at t=12 h) (Figure S20 in File S9).

The presence of the IGF-1/PI3K/mTOR group in the member-
ship matrix of Figure 7 (red lettering on right-hand side) is
especially important in light of the growing recognition of the
importance of mTOR pathway activation in epileptogenesis
[18,29,30] and more generally in synaptic plasticity [31-33]. This
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doi:10.1371/journal.pone.0074428.g006

group of genes (Figure 10) includes genes for the insulin receptor
INSR and its transducer IRS1, PI3 kinase signaling components
PIK3CA and PIK3R1, and AKT3, and downstream translational
regulation proteins p70S6 kinase 1 (RPS6KB1), EIF4EBP2, and
EIF4G2. Detailed profiles for the expression ratios of these genes
are shown in Figure 11 and Figure S21A, B in File S9, showing
moderate but consistent effects across several time points. On the
other hand, transcriptional modulation of IGF-1 and BDNF,
upstream signaling molecules important to PI3K activation in a
neuronal context [34-36] was not significant (Figure S21C, D in
File S9).

In summary, these results indicated that persistent induction of
a significant number of Wnt and IGF-1/PI3K/mTOR signaling
components occurs in response to hypoxic seizures, this induction
occurring simultaneously with regulation of large numbers of
genes involved in glutamatergic, synaptic or axonal processes.

Hypoxic seizure responsive genes modulated by NBQX
include Wnt signaling components

We next determined the subset of the HS responsive genes
which were also transcriptionally regulated by NBQX treatment
after hypoxia (with profile comparisons as initially sketched in
Figure 1B). Because in our model NBOX treatment suppresses
epileptogenesis in the wake of hypoxic seizures, we expected that

PLOS ONE | www.plosone.org

this sub-setting procedure might enrich for genes more closely
associated with the epileptogenic process itself. To first determine
the genes differentially regulated by NBQX, two-way analysis of
variance including a treatment effect (HS+NBQX versus HS) and
a time effect was performed for hippocampal and cortical tissues
separately (see Methods). Selection of genes on treatment effects
then resulted in lists of 616 and 267 genes, for hippocampus and
cortex, respectively. Intersection of these lists on a tissue-by-tissue
basis (Figure 5) with the set of 1,399 HS responsive genes already
analyzed above generated an “epileptogenic” set of 257 genes
(Figure 5B, genes indicated in File S2), with clustered heat map as
shown in Figure S22 in File S9. Most of the genes in the
epileptogenic set are differentially up-regulated under HS+NBQX
relative to HS alone.

Gene set enrichment analysis of the epileptogenic set was then
performed with four of the gene sets collections already used for
the analysis of the hypoxia-responsive profiles (see Methods). The
analysis resulted in selection of 61 gene sets significantly enriched
in the epileptogenic set. As had been done for the hypoxia-
response analysis, clustering of the gene membership matrix for
the 61 gene sets (Figure 12) was then performed to determine
salient clusters of genes and gene sets. Only two prominent clusters
resulted from this analysis however, and only one of these could be
easily assigned a functional category (Wat Signaling), due to the
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recurrent presence of the four Wnt signaling pathway genes beta-
catenin (C'TNNBI1), GSK3B, APC and casein kinase 1 alpha
(CSNKI1A).

Inspection of individual expression profiles for the four Wnt
signaling genes (Figure 9A-D, left and right-hand profiles) shows
that changes in expression response to NBQX were the largest for
beta-catenin (Figure 9A): thus in hippocampus at 12 h, hypoxic
seizures alone induces a 2.3-fold change relative to baseline, and
hypoxic seizures followed by NBOQX treatment induces a 3.9-fold
change in expression relative to baseline. In comparison, the
relative inductions of GSK3B, APC and CSNKI1A1 were muted
(Figure 9C-D).

Because of the prominence of four components of the Wnt-
signaling pathway in the results of the enrichment analysis, we
asked whether Wnts themselves were significantly regulated in the
experiments, either by hypoxic seizures alone or differentially by
NBOQX treatment. Of the 10 Wnt genes represented on the
microarray however, only WNT5A was present in the hypoxic
seizure response set (Figure S23A in File S9), and not differentially
regulated by NBQX. WNT2 exhibited a statistically marginal
induction in response to hypoxic seizures (Figure S23B in File S9).
The other Wnts exhibited non-significant changes in expression

(Figure S23C-K).

Discussion

We investigated gene expression in the hypoxic seizure model of
acquired epilepsy, a rodent model in which the progression to later

PLOS ONE | www.plosone.org

life epileptic seizures has been previously described [15]. Rat
neural tissues were transcriptionally profiled over the critical time
interval P10-P17 and the resulting gene expression data was then
analyzed with the goal of uncovering processes specific to
epileptogenesis. In this analysis, we systematically applied gene
set enrichment methods, an approach which emphasizes regula-
tion of entire functional categories and pathways rather than just
of individual genes.

Gene expression in the baseline developmental time course
provided by the control samples was found to be consistent with
known processes of neuronal maturation for the observed time
mterval in the rat. Thus, gene sets specifying cellular proliferation
or progenitors lineages were repressed over time, while gene sets
for the mature neuronal lineages were induced. The relative
ranking of effects observed, with genes representing glial cells more
strongly induced than those indicative of the already more mature
and hence less strongly differentiating neurons, was also consistent
with the known order of differentiation events. More generally, the
developmental signatures taken across all genes provide a detailed
view of the differentiation process ongoing in cortex and
hippocampus, and can be used for baseline comparisons in future
studies.

Gene expression in the response to hypoxia was then analyzed,
with the central result that Wnt and of IGF-1/PI3K/mTOR
signaling components are persistently induced by hypoxic seizures.
Wnt signaling components were also found to be NBQX-
responsive, adding support to their potential role in epileptogenesis
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[18]. These results are of particular interest, as both pathways are
already known to be effectors in generating long-lasting changes in
synaptic connectivity [24,33,37-47], and in the case of IGF-1/
PI3K/mTOR signaling, in promoting epileptogenesis [48-51].

In the context of Wnt signaling, we saw that beta-catenin
displays large transcriptional changes in response to both hypoxic
seizures and to additional NBQX treatment. Beta-catenin has
important roles in formation and maintenance of neuronal
structures and in enabling synaptic plasticity [24]. In particular
neuronal activity enhances dendritic arborization in part through
beta-catenin dependent mechanisms [43]; in hippocampal neu-
rons, depolarization drives beta-catenin from dendritic shafts into
dendritic spines, where by joining cell-cell adhesion complexes it
enhances the size or number of synaptic connections [44], these
effects being concomitant with the release of Wnt protein at the
synaptic sites [45]. Most consistent with the present findings is the
observation of induction of beta-catenin itself in chronic electro-
convulsive seizures in the rat hippocampus [46].

Regarding signaling along the IGF-1/PI3K/mTOR axis,
directly relevant to the present work is an assessment of the role
of mTOR signaling in an identical rodent model of hypoxia-
induced epileptogenesis [18]. In this study, the authors established
that hypoxic seizures lead to rapid and transient induction of
BDNTF protein expression, followed by activation of components of

PLOS ONE | www.plosone.org

10

the PI3K/AKT/mTOR and ERK signaling pathways. Treatment
of the animals with the mTOR inhibitor rapamycin following
hypoxic seizures attenuated the seizure-induced molecular chang-
es at the protein level, protected against development of sub-acute
susceptibility to kainate-induced seizures, and greatly reduced the
development of spontaneous seizures 5 to 6 weeks later, thereby
demonstrating strong anti-epileptogenic effect. More generally
mTOR signaling is dysregulated in several models of congenital or
acquired epilepsy, where it displays activation above normal
[30,47]). Rapamycin has anti-epileptogenic effects in kainate or
pilocarpine models of temporal lobe epilepsy, where beside
directly inhibiting mTOR activation, it inhibits mossy fiber
sprouting [48], neurogenesis and the long-term development of
spontancous epilepsy [49,29]. Rapamycin also prevents epilepsy in
a mouse model of the tuberous sclerosis complex [50], alterations
of which in general impact neuronal morphology and function as
well more directly mTOR signaling [52,53]. These observations
have led to the proposal of rapamycin as an anti-epileptogenic
drug [51,54,55].

Other prominent enriched categories found in the hypoxic
seizure response included gene sets representative of glutamater-
gic, synaptic and axonal processes, with in particular induction of
genes for AMPA receptor subunits, and for the calcium/
calmodulin-dependent kinases. These changes might reflect
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Figure 10. Heat map of response to hypoxic seizures for the genes in the /GF-1/PI3K/mTOR group. Log2-ratios of gene expression of HS to
time-matched normoxic controls are displayed for the genes in the IGF-1/PI3K/mTOR group defined by inspection of the enrichment membership
matrix of Figure 7. Sampling times post-P10 are indicated in hours. Colors saturate for log2-ratio = *1.

doi:10.1371/journal.pone.0074428.g010

synaptic reorganization in the wake of hypoxia-induced seizures,
perhaps under upstream control of Wnt or IGF-1/PI3K/mTOR
pathway signaling. While we did not observe significant changes at
the mRNA level of extracellular ligands BDNF, IGF1 or for most
of the Wnts, protein levels of these ligands might still be enhanced
by non-transcriptional mechanisms such as enhanced translation
or rates of extracellular release.

In brief our work supports the implication of PISK/mTOR
signaling in epileptogenesis, and suggests that aspects of Wnt
signaling might also be involved. For future studies of the role of
these pathways, the hypoxic seizure model can be optimized and
expanded in a number of ways. From a technical point of view,
hypoxic seizure severity might be increased to maximize
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transcriptional response, which in this study was only moderate.
In generating signatures, mTOR or PI3K inhibitors might be used
as putative anti-epileptogenic agents, so as to directly target these
potentially relevant pathways, in a research direction in harmony
with ongoing clinical trials, for instance of the mTOR inhibitor
everolimus [56,57] for the treatment of refractory epilepsy. The
role of Wnt signaling in epileptogenesis might also be investigated,
through testing of the effect of selective Wnt pathway modulators,
for instance signaling suppressors such as inhibitors of tankyrase
[58,59] or porcupine [59], and activators such as lithium [60].
Study of the effect of Wnt pathway modulators may thus
eventually open a new, parallel avenue of research for the
inhibition of epileptogenesis.
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Materials and Methods

Hypoxic seizure model

The rodent model of hypoxic seizures and their consequences
over time in the CNS of young rats has been previously described
[13,14,15]. Briefly, 10 days post-natal (P10) Long-Evans hooded
rat pups are subjected to 15 minutes of mild hypoxia (~ 5% Oy).
This treatment induces immediate, acute seizures, as detected by
observation of convulsive movement, or by concurrent electro-
physiology using depth electrodes [17]. The acute seizures quickly
subside following restoration of normoxia. However, a latent
period of epileptogenesis actually follows: electrographic monitor-
ing of the animals during a period of several weeks shows that the
level of spontaneous brain activity, initially decreasing after the
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hypoxic insult, starts increasing again, and eventually reaches
levels well above baseline controls, manifesting frequent bursting
activity. 30 days after hypoxia, the animals display significantly
decreased thresholds to seizures by convulsants such as kainic acid.
45 to 50 days after hypoxia, in addition to heightened induced
seizure susceptibility, a large fraction of the animals (70%) also
display spontaneous seizures.

All procedures were approved by and undertaken in accordance
with the guidelines of the Animal Care and Use Committee at
Children’s Hospital (Boston, MA, U.S.A.) and the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. All efforts were made to minimize animal suffering and
the number of animals used.
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doi:10.1371/journal.pone.0074428.g012

Experimental design for gene expression profiling

The experimental design of the model for hypoxia-induced
epileptogenesis is shown in Figure 1A. Cohorts of ten days old
(P10) rat pups were subjected to one of three experimental
conditions: 1) a control sham treatment inducing no hypoxic
seizures (noHS), 2) a treatment under hypoxia inducing hypoxic
seizures (HS), in which each animal underwent a 15 minutes
passage at 5% Og, and 3) a treatment with hypoxia inducing
hypoxic seizures, followed by four intra-peritoneal injections of
NBOX over a 48 h period, starting at 30 minutes post-hypoxia
(HS+NBQX). Control vehicle injections of DMSO were per-
formed for the animals under the noHS and HS conditions. Time
of occurrence and number of seizures for the animals undergoing
hypoxia were recorded and analyzed. Times to the first seizure
were found to be exponentially distributed, with mean 114 sec-
onds. The total seizure count for the 15 minute hypoxic interval
was approximately normally distributed, with mean 10.6 and
standard deviation 2.9.

For each treatment condition, cohorts of 4 to 6 rat pups were
killed at five sampling times spanning 1 hour to 1 week post-
hypoxia (1 h, 6 h, 12 h, 48 h, 168 h post-hypoxia), for a total of 75
animals sacrificed. Whole cortex and hippocampi were extracted
from the sacrificed animals and separately profiled on two
Affymetrix high-throughput plate microarrays after RNA quality
control, resulting in a total of 144 CEL files encapsulating the gene
expression data.
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Microarray data preprocessing

The 144 CEL files, generated from scans of the individual
microarrays on the two 96-well Affymetrix HT Rat Focus Arrays
[61], were processed according to the MAS) algorithm [62],
resulting for each input CEL file in output of 24,249 probeset-level
intensities and corresponding absent/present calls. For each
processed scan, two summary statistics, consisting of the total
number of present calls on the chip, and the 75" percentile of
present call intensities, were then computed. A quality control step
was performed by inspecting for outlier scans in the space of these
two statistics (no outliers were found). Additional visual inspection
of a heat map of clustered profiles identified a potential tissue
assignment swap between two samples, which were conservatively
eliminated from further analysis. The resulting 142 quality-
controlled profiles were then assembled into a single data matrix,
and normalized to each other by linear rescaling of all probeset
intensities so as to bring the 75" percentile of present call
intensities on all chips to a single common value. These processing
steps, and most of the subsequent analyses discussed here, were
done using the Gecko gene expression analysis platform [63].
Additional analyses were performed using the R statistical tools
framework [64].

Gene Expression Omnibus
The experimental design and the individual CEL files for the

study have been deposited in the Gene Expression Omnibus [19],
under data set GSE44903.
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Data standardization

When required, standardization of profiles was performed for
each probeset separately, by first log2-transforming the MAS5
intensity values for that probeset, then subtracting from the result
the mean and dividing by the standard deviation of the log2-
transformed intensities across all experimental conditions.

Expression ratio estimation

Expression ratios between two conditions with multiple
replicates available for each condition were estimated using the
Pfold algorithm [65], a robust Bayesian estimator which takes as
input the mean intensity values for each condition, and the
corresponding standard deviation of measurement of the mean
intensities (estimated here from the sample standard deviations of
the intensities across the replicates for each condition). The
corresponding P-values were computed using an equal-variance t-
test. Ratios were first computed at the probeset level, then mapped
to genes; when a gene mapped to multiple probesets, with
corresponding multiple ratios and P-values available, the ratio and
P-value corresponding to the smallest P-value were assigned to
that gene.

Mapping of probesets to genes

Mapping of Affymetrix probesets to genes was implemented
using a correspondence file derived from the Rat230_2.na27.an-
not.csv library file (NetAffx Annotation Release 27) available from
the Affymetrix NetAffx service site [61]. The resulting mapping is
many-to-many, with generally each gene mapping to multiple
probesets and occasionally one probeset mapping to multiple
genes. In the assignment of intensities, when a gene corresponded
to multiple probesets, the largest intensity available was assigned as
that gene’s measured intensity. In the assignment of expression
ratios, the instance with the smallest P-value was assigned as that
gene’s computed expression ratio, as already described above.

Unsupervised filtering and clustering of genes for the
developmental time course

After mapping of probeset intensities to genes in the gene
expression data matrix, for each gene in turn a sum-of-squares
statistic $° was computed (see File S8). S? is largest for genes with
many moderate deviations and/or a few large deviations from the
mean, and hence detects genes with significant variation across the
entire breadth of samples. In generating Figure 2, the data matrix
was subsetted to the 1,000 genes out of 14,405 which had the
largest values of S2. Profiles were standardized as described above,
and then clustered on genes using a self-organized map.

ANOVA to determine the hypoxic seizure response set
To generate the hypoxic seizure response set, two-way analyses
of variance (ANOVAs) were separately performed on the
hippocampal and cortical gene expression profiles to find
microarray probe sets showing significant effects under hypoxia
relative to baseline, normoxic conditions. Effects considered were
treatment (levels = {control, hypoxia}) and time (levels = {1 h,
6 h, 12 h, 48 h, 168 h}), and interaction. Microarray probe sets
were selected on the basis of the treatment-effect P-value, using a
false-discovery rate of 0.25, following which they were mapped to
gene symbols. Sets of 1,049 and 969 genes, out of the total of
14,405 represented on the microarray, were found to be
modulated by hypoxic shock in hippocampus and cortex,
respectively. The intersection of the two sets consisted of 621
genes, a highly significant number (P<<10~7%) as only 71%8 (se)
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genes would be expected for two sets of comparable size chosen at
random. The (non-redundant) union of the two sets contained a
total of 1,399 genes (File S2).

Regulated KS analysis for gene set enrichment analysis of
the hypoxia response

Gene sets were scored for enrichment against the entire profile
of log2-ratios of hypoxia to control intensities for 14,405 genes,
using an algorithmic extension of the Kolmogorov-Smirnov (KS)
test which we have denoted “regulated KS analysis”. In
computing enrichment, the regulated KS analysis accounts for
the sign of regulation of each gene as specified in the input gene
set, as well as its identity. The algorithm generates a P-value, “left”
and “‘right” enrichments scores C; and Cp, and a distributional
plot (KS plot) of log2 ratio values for gene set members relative to
the profile being investigated.

Briefly, consider a query gene set representing a biological
pathway, with %, genes known to be positive regulatees and £,
genes known to be negative regulatees of the pathway (with
subscripts # and d standing for “Up” and “Down” regulation,
respectively), the gene set containing a total of £ = £, + &, genes. For
a given target profile of n expression values (n = 14,405), for which
enrichment of the query gene set is to be determined, the
expression values are first transformed into ranks, with rank =7
corresponding to the largest value and rank = 72 to the smallest
value in the profile. The empirical cumulative distribution
functions (CDFs) of the ranks of the £, and k; positive and
negative regulatees of the gene set are then independently
estimated, and the maximum (signed) deviations d, and d, from
the CDF for a uniform distribution are computed (d, and d,. are
signed versions of the usual Kolmogorov-Smirnov positive-value
statistic |d| [66]). A single test statistic combining d, and d, is then
formed,

kydy, —kady

dUpDown = ko + kd
u

Note that as statistic, dyppeen has a number of desirable
properties: it has a well-defined scale (—1 = dypppen = 1), has
continuous behavior as £, or k£, — 0, and it weighs the contribution
from each regulatee group in proportion to its membership, so that
e.g. a small and noisy set of negative regulatees will not overwhelm
the signal from a complementary, larger set of positive regulatees,
and vice-versa. The mathematical details for computation of a P-
value based on djpyen, and of the enrichment scores €7 and Cp
are described in File S8.

The cumulative distributions of positive and negative regulatees
are graphically displayed together in a “KS plot”, where fractional
rank in the sample (the regulatee group) is plotted against
fractional rank in the population (all genes represented on the
microarray) for each regulatee group in turn (see Figure 4C, D).
Color coding of the distribution curves is red for positive and green
for negative regulatees. A single set of the 95% confidence limits
that obtain under the null hypothesis of random incidence of the
regulates in the population is also indicated in the plot (for the total
number £ =k, + k, of regulatees). Large enrichments correspond to
widely separated positive and negative regulate distribution curves,
with sharp slopes at the ends.

To more fully characterize the gene set relative to the given
target profile, we also determine the subset consisting of only
“leading-edge” genes [67]: for each set of regulatees separately,
these are the genes that occur in the ranked lists up or down to the
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maximum absolute values of the KS statistics d, and dj,
respectively.

We note that the integrative approach embodied in the gene set
enrichment analysis was all the more useful as fold-changes for
individual genes were generally moderate. The analysis focus on
gene sets, rather than on a single gene at a time, enables one to
pool many moderate effects, so as to gain statistical power in
detection of activity at the level of entire pathways or functional
categories.

Gene set collections for gene set enrichment analysis

In order quantify which biological pathways are affected by
hypoxia, we considered the 12 h profile in hippocampus as most
representative, and performed gene set enrichment analysis for this
profile using gene sets arising from five distinct collections. These
collections included a manually curated set of neuronally relevant
groups of genes, already discussed in connection with the
developmental profiles analyzed above (=372 gene sets), a
collection internally generated from parsing of PubMed [68]
articles abstracts (» =802), and three publicly available collections
[69], namely collections derived by manual curation (n=2,457),
from the Gene Ontology [70] (n=1,454) or from the Connectivity
Map [71] (n=1,309), for a grand total of 6,394 gene sets.

Each gene set in each collection was scored against the entire
profile of log2-ratios of hypoxia to control intensities for the 14,405
genes represented on the microarray using the regulated KS
analysis method presented above. For each of the five collections
considered, we selected statistically significant gene sets by
requiring a false-discovery rate of less than 0.25 and an
enrichment score of at least 2. Collecting results, we found a total
of 37 gene sets scoring significantly against the 12 h hippocampal
profile under the regulated KS analysis (Table 1, File S3), for a
total non-redundant content of 1,041 genes. To further organize
this result, for each of the 37 significant gene sets we retained only
its leading-edge genes, and also required that each gene originate
from at least two gene sets before incorporating it into a final list,
this procedure insuring that genes considered were individually
and significantly modulated in the relevant context defined by
their gene sets. The procedure resulted in a set of 261 genes, and a
corresponding 37 x261 gene membership matrix (gene sets versus
selected genes) (File S4).

To generate an even more succinct list of genes, we further
required that the 261 pathway-relevant genes, arising from the
enriched gene sets as discussed above, also individually show
significant effects of hypoxia relative to control, by belonging to
the ANOVA-selected list of 1,399 genes. This resulted in a list of
76 significantly modulated, pathway-relevant genes (list in File S6,
expression ratios in File S2) which summarizes the gene content of
the enrichment analyses.

Finally, a gene set enrichment analysis focused on Wnt signaling
alone was performed, using a small collection of Wnt-responsive
gene sets [27] joined to a group of manually curated Wnt-relevant
gene sets.

ANOVA to determine the epileptogenic set

To determine the genes differentially regulated by NBQX in a
hypoxia background, two-way analyses of variance including a
treatment effect (levels = {hypoxia+tNBQX, hypoxia+vehicle})
and a time effect (levels = {1 h, 6 h, 12 h, 48 h, 168 h}), were
performed for hippocampal and cortical tissues separately.
Selection based on treatment effects was then done as follows,
depending on tissue; 1) hippocampus: a false-discovery-rate (FDR)
threshold was used, with FDR = 0.25 (P=3.35 x10™ %), resulting
in selection of 616 genes, of which 235 overlapped with the set of
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1,051 hypoxic seizure responsive genes in hippocampus; 2) cortex:
a P-value threshold of P=10"7 (corresponding to the very lax
threshold FDR ~ 1) resulted in a selection of 257 genes, 54 of
which overlapped with the hypoxic seizure responsive genes in
cortex. The union of the two resulting sets contained 257 genes,
defining the “epileptogenic” set (indicated in File S2).

Note when acting to inhibit epileptogenesis, NBQX may
function by either repressing pro-epileptogenic genes, or by
enhancing the action of anti-epileptogenic protective genes
(Figure 1B): thus both NBQX-induced and NBQX-repressed

genes are included in the “epileptogenic” gene set.

Enrichment analysis for the epileptogenic set

Four of the five gene set collections (excluding the Connectivity
Map collection) already used for enrichment analysis of the
hypoxia response set (see above) were used for enrichment analysis
of the epileptogenic set. The nested selection criteria defining the
epileptogenic set made assignment of a single representative gene
expression profile ambiguous, and hence the Fisher exact test
rather than the regulated KS analysis was used to establish
whether overlap between a given query gene set and the target
epileptogenic set of 257 genes was significant. A background of
n= 14,405 genes was assumed throughout. P-value thresholds for
significant enrichment were set at 0.01. The analysis resulted in
selection of 61 gene sets significantly enriched in the epileptogenic
set, these gene sets altogether containing a (non-redundant) set
union of 158 genes. Unsupervised clustering analysis of the
61x158 gene membership matrix for the 61 gene sets was then
performed to determine salient groups of associated genes and
gene sets.

An independent enrichment analysis of the epileptogenic set was
also conducted using the NextBio analysis platform [72], in which
the NextBio curated gene set collection was queried. The most
prominent enrichment detected (34 gene overlap, P=5.3x10""7)
was for a set of genes induced in the rat hippocampal CA3 region
in response to a spatial learning task [73], a result consistent with
epileptogenesis inducing persistent modifications in neuronal
connectivity.

Supporting Information

Table S1 Enrichment analysis results for seven Wnt-
relevant gene sets. This small gene set collection includes sets
of transcriptional targets of the activated pathway, as well as two
sets of genes in the signaling pathway itself. Only the WNT3A
target gene set [28] showed significant enrichment (see Figure S20
in File S9 for KS plot). Column keys: ku = number of positive
regulates in gene set; kd = number of negative regulatees in gene
set; P-value P-value from regulated KS test; FDR = false-
discovery rate; the enrichment factors cLeft and cRight refer to
slopes of the distribution functions in the KS plots (see Methods).
(XLS)

Table $2 List of the 76 significantly modulated, path-
way-relevant genes for the hypoxic seizure response.
This set of genes is defined by the intersection of the HS response
set of 1,399 genes determined by ANOVA, and the set of 261
leading-edge genes determined by the gene set enrichment analysis
of the 12 h hippocampal response profile. The list is also provided
in File S6, and expression ratios in File S2.

(XLS)

File S1 Experimental design for the hypoxic seizure
model, including physiological response information.
This file contains the experimental design information for the
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samples matching the 142 Affymetrix scans which passed quality-
control. Physiological response to hypoxia, including seizure
count, is also shown. The individual CEL files for the study have
also been deposited in the Gene Expression Omnibus [19], data
set: GS44903).

(XLS)

File S2 Expression ratios and P-values for the 1,399
genes in the hypoxic seizure (HS) response set. the subset
of 257 NBQX-responsive genes is indicated in the table.

(XLS)

File S3 Gene sets enriched in the response to hypoxic
seizures. The table displays the 37 gene sets out of an initial set
of 6,394 which scored significant enrichment against the 12 hour
hippocampal response to hypoxic seizures (the contents are
identical to those of Table 1).

(XLS)

File S4 Membership matrix for the enriched gene sets
in the hypoxic seizure response. The 261 * 37 membership
matrix for the 261 leading-edge genes in the 37 gene sets which
scored significantly against the 12 h differential response to
hypoxic seizures in hippocampus, with additional filter requiring
that each gene appear in at least two gene sets, is displayed below
(gray columns).

(XLS)

File S5 Table of expression ratios and P-values for the
261 genes in the membership matrix for the hypoxic
seizure response.

(XLS)

File S6 List of the 76 significantly modulated, pathway-
relevant genes for the hypoxic seizure response. This set
of genes is defined by the intersection of the HS response set of
1,399 genes determined by ANOVA, and the set of 261 leading-
edge genes determined by the gene set enrichment analysis of the
12 h hippocampal response profile. The list is displayed in
Table S2, and the genes are also indicated in the expression ratio
spreadsheet, File S2.

(XLS)

File S7 Supplementary Results. Description of gene expres-
sion for glutamatergic and GABAergic receptors in the develop-
mental time course, and of additional gene sets enriched in the
hypoxic seizure response.

(DOC)

File S8 Supplementary Methods. Mathematical details for
the regulated KS analysis.
(DOC)

File S9 Supporting Figures. Contains all Supporting Figures,
S1-523. Figure S1. Mitosis gene set under baseline
developmental conditions. A. Log2-ratios of gene expression
relative to the 1 h time point, in each tissue separately, are
displayed as a heat map, with sampling times post-P10 indicated in
hours. Colors saturate for log2-ratio = *=1. Strong repression of
many genes 1s observed, including for the genes coding for the
chromosomal passenger proteins aurora kinase B (AURKB) and
surviving (BIRCS), and for several centromeric proteins. B. KS
plot showing the distribution of log2-ratios at t=1 week for both
tissues. P-value and enrichment are reported for hippocampus
only. Hipp= hippocampus, cx= cortex. The arrows point to
some of the genes referred to in the main text. Figure S2. Gene
set containing sonic hedgehog (SHH) target genes under
baseline developmental conditions. A. Strong repression of
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most genes in the gene set is observed by t=1 week. B. Detailed
intensity profiles for CXCR4 and TOP2A. C. KS plot showing the
distribution of the log2-ratios at t=1 week for both tissues. See
Figure S1 for key to figure color and scale details. Figure S3.
Neural stem cell markers under baseline developmental
conditions. A. Repression of several genes in the gene set is
observed by t=1 week, including CXCR4, CD24 and nestin
(NES). B. Detailed intensity profile for CD24. c) KS plot showing
the distribution of the log2-ratios at t = week for both tissues. See
Figure S1 for key to figure color and scale details. Figure S4.
Neuronal progenitor markers under baseline develop-
mental conditions. A. Repression of several genes in the gene
set is observed by t=1 week, including doublecortin (DCX) and
OLIG2. B. KS plot showing the distribution of the log2-ratios at
t=1 week for both tissues. See Figure S1 for key to figure color
and scale details. Figure S5. A gene set containing multiple
neuronal markers under baseline developmental condi-
tions. a) Heat map of gene profiles. b) KS plot showing the
distribution of the log2-ratios at t = 1 week for both tissues (P-value
and enrichment here displayed for cortex). See Figure S1 for key
to figure color and scale details. Figure S6. A gene set
containing an empirical collection of neuronal markers
under baseline developmental conditions. The markers
were obtained from the Allen Brain Atlas [21]. A. Heat map of
gene profiles. B. KS plot showing the distribution of the log2-ratios
at t=1 week for both tissues. See Figure S1 for key to figure color
and scale details. Figure S7. A comprehensive collection of
synaptic markers under the baseline developmental
conditions. A. Heat map of gene profiles, showing the 22 genes
most induced in cortex. Gene descriptions are given on the right,
with functional categories color-coded as specified in the legend. B.
Detailed intensity profiles for the chloride transporter KCC2. C.
KS plot showing the distribution of the log2-ratios at t=1 week
for both tissues. See Figure S1 for key to figure color and scale
details. Figure S8. Astrocytic markers under the baseline
developmental conditions. A. Heat map of gene profiles,
showing induction of several genes, including connexin 30 (GJB6),
glutamine synthesase (GLUL) and GLT-1 (SLC1A2). B. Detailed
intensity profiles for GFAP, AQP9 and connexin 30. ¢) KS plot
showing the distribution of the log2-ratios at t=1 week for both
tissues. See Figure S1 for key to figure color and scale details.
Figure S9. A gene set containing an empirical collection
of oligodendrocytic markers under the baseline devel-
opmental conditions. The markers were obtained from the
Allen Brain Atlas [21]. A. Heat map of gene profiles, showing very
strong induction of many genes, including genes for the
myelinating proteins already indicated in Figure 4 (left-hand
arrows). A. KS plot showing the distribution of the log2-ratios at
t=1 week for both tissues, with very marked leading edges. See
Figure S1 for key to figure color and scale details. Figure S10.
NMDA receptor components under the baseline devel-
opmental conditions. A. Heat map of gene profiles, showing
induction of NR1 and NR2C and repression of NR3A and NR2D.
B. Detailed log2-ratio profiles for NR1, NR2C, NR3A and NR2D
in hippocampus and C, in cortex. See Figure S1 for key to figure
color and scale details. Figure S11. AMPA receptor compo-
nents under the baseline developmental conditions. A.
Heat map of gene profiles, showing non-significant changes in
hippocampus, and repression of GLURI1 and GLUR2 in cortex.
B. Detailed log2-ratio profiles for GLURZ2 in hippocampus and C,
for GLUR1 and GLURZ2 in cortex. See Figure S1 for key to figure
color and scale details. Figure S12. GABA receptor compo-
nents and glutamate decarboxylase 1 and 2 under the
baseline developmental conditions. A. Heat map of gene
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profiles, showing generally non-significant changes. B. Detailed
log2-ratio profiles for GABAs-8 (GABRD), GABA4-BI
(GABRBI) and KCC2 in hippocampus and C, in cortex. See
Figure S1 for key to figure color and scale details. Figure S13.
Heat map of the differential response to hypoxic
seizures for the genes in the In vitro response (BIC or
4AP) group. The group is defined by one of the clusters of
enriched gene sets in the membership matrix of Figure 7. Colors
represent log2-ratios of intensities of hypoxic seizure samples to
that of time-matched controls (red = positive, green = negative
values, colors saturate at *1). Arrows point to genes referred to in
the main text. Figure S14. Heat map of the differential
response to hypoxic seizures for the genes in the
Hypoxia response group. The group is defined by one of the
clusters of enriched gene sets in the membership matrix of Figure 7.
See Figure S13 for key to figure color and scale details. Figure
S15. Heat map of the differential response to hypoxic
seizures for the genes in the Glutamatergic/NMDA
receptor I group. The group is defined by one of the clusters
of enriched gene sets in the membership matrix of Figure 7. See
Figure S13 for key to figure color and scale details. Figure S16.
Heat map of the differential response to hypoxic
seizures for the genes in the Glutamatergic/NMDA
receptor II group. The group is defined by one of the clusters
of enriched gene sets in the membership matrix of Figure 7. See
Figure S13 for key to figure color and scale details. Figure S17.
Heat map of the differential response to hypoxic
seizures for the genes in the Synaptic group. The group
is defined by one of the clusters of enriched gene sets in the
membership matrix of Figure 7. See Figure S13 for key to figure
color and scale details. Figure S18. Heat map of the
differential response to hypoxic seizures for the genes
in the Axonal Guidance group. The group is defined by one of
the clusters of enriched gene sets in the membership matrix of
Figure 7. See Figure S13 for key to figure color and scale details.
Figure S19. Heat map of the differential response to
hypoxic seizures for the genes in the Autism associated
group. The group is defined by one of the clusters of enriched
gene sets in the membership matrix of Figure 7. See Figure S13 for
key to figure color and scale details. Figure $20. WNT3A target
genes are enriched in the hypoxic seizure response
profile. Enrichment analysis with the WNT3A target gene set
[28] was performed against the 12 hour profile of transcriptional
response to hypoxic seizures in hippocampus. A. KS plot showing
enrichment profile. B. Table of the corresponding 15 leading-edge

References

1. Das N, Dhanawat M, Shrivastava SK (2012) An overview on antiepileptic drugs.
Drug Discov Ther 6: 178-93.

2. Loscher W, Schmidt D (2004) New horizons in the development of antiepileptic
drugs: the search for new targets. Epilepsy Res 60: 77-159.

3. Elliott RC, Miles MF, Lowenstein DH (2003) Overlapping microarray profiles of
dentate gyrus gene expression during development- and epilepsy-associated
neurogenesis and axon outgrowth. J Neurosci 23: 2218-27.

4. Newton S8, Collier EF, Hunsberger J, Adams D, Terwilliger R, et al. (2003)
Gene profile of electroconvulsive seizures: induction of neurotrophic and
angiogenic factors. J Neurosci 23: 10841-51.

5. Hunsberger JG, Bennett AH, Selvanayagam E, Duman RS, Newton SS (2005)
Gene profiling the response to kainic acid induced seizures. Brain Res Mol Brain
Res 141: 95-112.

6. Hendriksen H, Datson NA, Ghijsen WE, van Vliet EA, da Silva FH, et al. (2001)
Altered hippocampal gene expression prior to the onset of spontaneous seizures
in the rat post-status epilepticus model. Eur J Neurosci 14: 1475-84.

7. Borges K, Shaw R, Dingledine R (2007) Gene expression changes after seizure
preconditioning in the three major hippocampal cell layers. Neurobiol Dis 26:
66-77.

8. Morimoto K, Fahnestock M, Racine RJ (2004) Kindling and status epilepticus
models of epilepsy: rewiring the brain. Prog Neurobiol 73: 1-60.

PLOS ONE | www.plosone.org

18

Gene Expression Profiling of Epileptogenesis Model

genes. Ratios are of gene expression intensities in hypoxic seizure
sample to corresponding control. Figure S21. Expression
ratios as a function of time for selected IGF-1/PI3K/
mTOR pathway genes. The gene name is indicated at the top
of each figure. Time at the bottom refers to the duration following
hypoxic seizures; the left-hand panels (labeled “hyp’) display ratios
of hypoxic seizure response to control; the right-hand panels
(labeled “hyp + NBQX?”) displays ratios of response to combined
hypoxic seizures and NBQX treatment, to control. The expression
ratio R=1 (no fold change) is indicated by the black horizontal
lines. A. IRST displays ~ 1.6 fold induction at 12 h. B. AKT3 is
very moderately but significantly induced over the time course. C
and D. IGF1 and BDNF are not significantly induced. Figure
S$22. Heat map of differential expression for the NBQX-
responsive genes. The profiles of the 257 genes, each of which
is differentially regulated by both hypoxic seizures (HS) relative to
control, and by HS+NBQX relative to HS, are shown (these genes
form a proper subset of the 1,399 HS-responsive genes displayed
in Figure 6). Log?2 ratios of gene expression between time-matched
samples are shown for the ratio combinations indicated on top.
Colors saturate for log2-ratio = *1. Figure $23. Expression
ratios as a function of time for 11 Wnt genes represented
on the microarray. The gene name is indicated at the top of
each figure. Time at the bottom refers to the duration following
hypoxic seizures; the left-hand panels (labeled “hyp”) display ratios
of hypoxic seizure response to control; the right-hand panels
(labeled “hyp + NBQX?") displays ratios of response to combined
hypoxic seizures and NBQX treatment, to control. The expression
ratio R=1 (no fold change) is indicated by the black horizontal
lines. Only WNT5A and WN'T2 are significantly induced.

(PDF)

Acknowledgments

J7T would like to thank Dr. Christoph Brockel for crucial support in the
early stages of this project. Dr. Bruno Biton is much thanked for discussions
and for a detailed reading of the manuscript. Stimulating discussions with
Drs. Olivier Curet, Michel Didier, Magali Agnel and Frangois Besnard are
gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: FE] SNR JT JP. Performed the
experiments: SNR JS NK PK. Analyzed the data: JT SNR. Contributed
reagents/materials/analysis tools: JT SR FEJ. Wrote the paper: JT SNR.

9. Lukasiuk K, Dabrowski M, Adach A, Pitkinen A (2006) Epileptogenesis-related
genes revisited. Prog Brain Res 158: 223-41.

. Winden KD, Karsten SL, Bragin A, Kudo LC, Gehman L, et al. (2011) A
systems level, functional genomics analysis of chronic epilepsy. PLoS One 6:
€20763.

. Laurén HB, Lopez-Picon FR, Brandt AM, Rios-Rojas CJ, Holopainen IE (2010)
Transcriptome analysis of the hippocampal CAl pyramidal cell region after
kainic acid-induced status epilepticus in juvenile rats. PLoS One 5: ¢10733.

. Okamoto OK, Janjoppi L, Bonone FM, Pansani AP, da Silva AV, et al. (2010)
Whole transcriptome analysis of the hippocampus: toward a molecular portrait
of epileptogenesis. BMC Genomics 11: 230.

. Jensen FE, Applegate CD, Holtzman D, Belin TR, Burchfiel JL (1991)
Epileptogenic effect of hypoxia in the immature rodent brain. Ann Neurol 29:
629-37.

. Jensen FE, Wang C, Stafstrom CE, Liu Z, Geary C, et al. (1998) Acute and
chronic increases in excitability in rat hippocampal slices after perinatal hypoxia
In vivo. J Neurophysiol 79: 73-81.

5. Rakhade SN, Klein PM, Huynh T, Hilario-Gomez C, Kosaras B, et al. (2011)
Development of later life spontaneous seizures in a rodent model of hypoxia-
induced neonatal seizures. Epilepsia 52: 753-65.

. Jensen FE, Blume H, Alvarado S, Firkusny I, Geary C (1995) NBQX blocks
acute and late epileptogenic effects of perinatal hypoxia. Epilepsia 36: 966-72.

September 2013 | Volume 8 | Issue 9 | e74428



20.

21.

22.
23.

28.

29.

30.

31.

36.

37.

38.

39.

40.

41.

43.

44.

. Koh S, Tibayan FD, Simpson JN, Jensen FE (2004) NBQX or topiramate

treatment after perinatal hypoxia-induced seizures prevents later increases in
seizure-induced neuronal injury. Epilepsia 45: 569-75.

. Talos DM, Sun H, Zhou X, Fitzgerald EC, Jackson MC, et al. (2012) The

Interaction between Early Life Epilepsy and Autistic-Like Behavioral Conse-
quences: A Role for the Mammalian Target of Rapamycin (mTOR) Pathway.
PLoS One 7: ¢35885.

Gene Expression Omnibus website. Available: http://www.ncbi.nlm.nih.gov/
geo/. Accessed 2013 August 21.

Knoepfler PS, Kenney AM (2006) Shh signaling regulates neural precursor cell
cycle progression through N-Myec. Cell Cycle 5: 47-52.

Allen Brain Atlas website. Available: http://www.brain-map.org/. Accessed
2013 Aug 21.

Bayer SA, Altman J (1991) Neocortical Development. New York: Raven Press.
Rakhade SN, Zhou C, Aujla PK, Fishman R, Sucher NJ, et al. (2008). Early
alterations of AMPA receptors mediate synaptic potentiation induced by
neonatal seizures. ] Neurosci 28: 7979-90.

. Maguschak KA, Ressler KJ (2012) The dynamic role of beta-catenin in synaptic

plasticity. Neuropharmacology 62: 78-88.

. Maguschak KA, Ressler KJ (2011) Wnt signaling in amygdala-dependent

learning and memory. J Neurosci 31: 13057-67.

. Nuriya M, Huganir RL (2006) Regulation of AMPA receptor trafficking by

N-cadherin. J Neurochem 97: 652-61.

. GeneSigDb website. Available: http://compbio.dfci.harvard.edu/genesigdb/.

Accessed 2013 Aug 21.

Baljinnyam B, Klauzinska M, Saffo S, Callahan R, Rubin JS (2012)
Recombinant R-spondin2 and Wnt3a up- and down-regulate novel target
genes in C57MG mouse mammary epithelial cells. PLOS One 7: €29455.
Zeng LH, Rensing NR, Wong M (2009) The mammalian target of rapamycin
signaling pathway mediates epileptogenesis in a model of temporal lobe epilepsy.
J Neurosci. 29: 6964-72.

Wong M (2010) Mammalian target of rapamycin (mTOR) inhibition as a
potential antiepileptogenic therapy: From tuberous sclerosis to common
acquired epilepsies. Epilepsia 51: 27-36.

Jaworski ], Spangler S, Seeburg DP, Hoogenraad CC, Sheng M (2005) Control
of dendritic arborization by the phosphoinositide-3'-kinase-Akt-mammalian
target of rapamycin pathway. J Neurosci 25: 11300-12.

. Horwood JM, Dufour F, Laroche S, Davis S (2006) Signalling mechanisms

mediated by the phosphoinositide 3-kinase/Akt cascade in synaptic plasticity
and memory in the rat. Eur J Neurosci 23: 3375-84.

. Jaworski J, Sheng M (2006) The growing role of mTOR in neuronal

development and plasticity. Mol Neurobiol 34: 205-19.

. Zheng WH, Quirion R (2004) Comparative signaling pathways of insulin-like

growth factor-1 and brain-derived neurotrophic factor in hippocampal neurons
and the role of the PI3 kinase pathway in cell survival. ] Neurochem 89: 844-52.

. Tropea D, Kreiman G, Lyckman A, Mukherjee S, Yu H, et al. (2006) Gene

expression changes and molecular pathways mediating activity-dependent
plasticity in visual cortex. Nat Neurosci 9: 660-8.

Yoshii A, Constantine-Paton M (2007) BDNF induces transport of PSD-95 to
dendrites through PI3K-AKT signaling after NMDA receptor activation. Nat
Neurosci 10: 702-11.

Cuesto G, Enriquez-Barreto L, Caramés C, Cantarero M, Gasull X, et al. (2011)
Phosphoinositide-3-kinase activation controls synaptogenesis and spinogenesis in
hippocampal neurons. J Neurosci 31: 2721-33.

Lee CC, Huang CC, Hsu KS (2011) Insulin promotes dendritic spine and
synapse formation by the PISK/Akt/mTOR and Racl signaling pathways.
Neuropharmacology 61: 867-79.

Kelly A, Lynch MA (2000) Long-term potentiation in dentate gyrus of the rat is
inhibited by the phosphoinositide 3-kinase inhibitor, wortmannin. Neurophar-
macology 39, 643-651.

Opazo P, Watabe AM, Grant SG, O’Dell TJ (2003) Phosphatidylinositol 3-
kinase regulates the induction of long-term potentiation through extracellular
signal-related kinase-independent mechanisms. J Neurosci 23: 3679-88.

Yang PC, Yang CH, Huang CC, Hsu KS (2008) Phosphatidylinositol 3-kinase
activation is required for stress protocol-induced modification of hippocampal
synaptic plasticity. J Biol Chem 283: 2631-43.

Sui L, Wang J, Li BM (2008) Role of the phosphoinositide 3-kinase-Akt-
mammalian target of the rapamycin signaling pathway in long-term potentiation
and trace fear conditioning memory in rat medial prefrontal cortex. Learn Mem
15: 762-76.

Yu X, Malenka RC (2003) Beta-catenin is critical for dendritic morphogenesis.
Nat Neurosci 6: 1169-77.

Murase S, Mosser E, Schuman EM (2002) Depolarization drives beta-Catenin
into neuronal spines promoting changes in synaptic structure and function.

Neuron 35: 91-105.

. Chen J, Park CS, Tang SJ (2006) Activity-dependent synaptic Wnt release

regulates hippocampal long term potentiation. J Biol Chem 281: 11910-6.

PLOS ONE | www.plosone.org

19

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Gene Expression Profiling of Epileptogenesis Model

Madsen TM, Newton SS, Eaton ME, Russell DS, Duman RS (2003) Chronic
electroconvulsive seizure up-regulates beta-catenin expression in rat hippocam-
pus: role in adult neurogenesis. Biol Psychiatry 54: 1006-14.

Zhang B, Wong M (2012) Pentylenetetrazole-induced seizures cause acute, but
not chronic, mTOR pathway activation in rat. Epilepsia 53: 506-11.
Buckmaster PS, Ingram EA, Wen X (2009) Inhibition of the mammalian target
of rapamycin signaling pathway suppresses dentate granule cell axon sprouting
in a rodent model of temporal lobe epilepsy. J Neurosci 29: 8259-69.

Huang X, Zhang H, Yang J, Wu J, McMahon J, et al. (2010) Pharmacological
inhibition of the mammalian target of rapamycin pathway suppresses acquired
epilepsy. Neurobiol Dis 40: 193-9.

Zeng LH, Xu L, Gutmann DH, Wong M (2008) Rapamycin prevents epilepsy in

a mouse model of tuberous sclerosis complex. Annals Neur 63: 444-453.

. Zeng LH, McDaniel S, Rensing NR, Wong M (2010) Regulation of cell death

and epileptogenesis by the mammalian target of rapamycin (mTOR): a double-
edged sword? Cell Cycle 9: 2281-5.

Tavazoie SF, Alvarez VA, Ridenour DA, Kwiatkowski DJ, Sabatini BL (2005)
Regulation of neuronal morphology and function by the tumor suppressors Tscl
and Tsc2. Nat Neurosci 8: 1727-34.

Bateup HS, Takasaki K'T, Saulnier JL, Denefrio CL, Sabatini BL (2011) Loss of
Tscl in vivo impairs hippocampal mGluR-LTD and increases excitatory
synaptic function. J Neurosci 31: 8862-9.

Zeng LH, Rensing NR, Wong M (2009) Developing Antiepileptogenic Drugs for
Acquired Epilepsy: Targeting the Mammalian Target of Rapamycin (mTOR)
Pathway. Mol Cell Pharmacol 1: 124-129.

. McDaniel SS, Wong M (2011) Therapeutic role of mammalian target of

rapamycin (mTOR) inhibition in preventing epileptogenesis. Neurosci Lett 497:
231-9.

(2010).Everolimus (RADOO1) Therapy for Epilepsy in Patients With Tuberous
Sclerosis Complex (T'SC). http://ClinicalTrials.gov NCT01070316.

(2012).A Placebo-controlled Study of Efficacy & Safety of 2 Trough-ranges of
Everolimus as Adjunctive Therapy in Patients With Tuberous Sclerosis Complex
(TSC) & Refractory Partial-onset Seizures (EXIST-3). http://ClinicalTrials.gov
NCTO01713946.

Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier I, et al. (2009) Tankyrase
inhibition stabilizes axin and antagonizes Wnt signalling. Nature 461: 614-20.

Chen B, Dodge ME, Tang W, Lu J, Ma Z, et al. (2009) Small molecule-
mediated disruption of Wnt-dependent signaling in tissue regeneration and
cancer. Nat Chem Biol 5: 100-7.

Gould TD, Manji HK (2002) The Wnt signaling pathway in bipolar disorder.
Neuroscientist 8: 497-511.

Affymetrix HT Rat Focus Array [HT_Rat-Focus] website. http://www.
affymetrix.com/support/technical/byproduct.affx?product = ht_rat-focus_set.
Accessed 2013 Aug 21.

Affymetrix Statistical Algorithms Description Document (2002) Website http://
media.affymetrix.com/support/technical/whitepapers/sadd_whitepaper.
pdf.Accessed 2013 Aug 21.

Theilhaber J, Ulyanov A, Malanthara A, Cole J, Xu D, et al (2004) GECKO: a
complete large-scale gene expression analysis platform. BMC Bioinformatics 5:
195.

R Development Core Team (2008) R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
ISBN 3-900051-07-0. Website http://www.R-project.org. Accessed 2013 Aug
21.

5. Theilhaber J, Bushnell S, Jackson A, Fuchs R (2001) Bayesian estimation of fold-

changes in the analysis of gene expression: the PFOLD algorithm. ] Comput Biol
8: 585-614.

Keeping ES (1995) Introduction to Statistical Inference. New York:Dover, New
York. p. 256.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545-50.
National Library of Medicine website. Available: http://www.ncbi.nlm.nih.gov/
pubmed. Accessed 2013 Aug 21.

Broad Institute Molecular Signatures Database v3.0 website. Available: http://
www.broadinstitute.org/gsea/msigdb/index jsp. Accessed 2013 Aug 21.

. The Gene Ontology website. Available: http://www.geneontology.org/.

Accessed 2013 Aug 21.

. Connectivity Map 02, Broad Institute (2012). Available: http://www.

broadinstitute.org/cmap/.

. NextBio analysis platform website. Available: http://www.nextbio.com. Ac-

cessed 2013 Aug 21.

. Haberman RP, Lee HJ, Colantuoni C, Koh MT, Gallagher M (2008) Rapid

encoding of new information alters the profile of plasticity-related mRNA
transcripts in the hippocampal CA3 region. Proc Natl Acad Sci U S A 105:
10601-6.

September 2013 | Volume 8 | Issue 9 | e74428



